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Apart from the rapid ionospheric response to geomagnetic forcing originating from

the Sun during extreme space weather events, forcing from the lower atmosphere

below still exerts a significant influence on the ionosphere during quiet-time

conditions. This study examines the ionospheric response of the equatorial

ionization anomaly (EIA) in the American sector to the combined influence of the

cascades of sudden stratospheric warming (SSW) events and the geomagnetic

storms that coexisted with them during the period of January–March 2016. We

adopted a multi-instrument and multi-modeling approach with the study locations

spanning ±40° geomagnetic latitudes. Our results showed a hemispheric asymmetry

in the total electron content and change in total electron content (ΔTEC) distribution
with higher enhancement clearly visible in the Northern Hemisphere in comparison

to the Southern Hemisphere (NH). Semidiurnal signatures were observed in both

ΔTEC and equatorial electrojet parameters for some days. The double-peak zonal

mean zonal wind amplitude days supported the formation of the reverse fountain

effects. The different SSW peak temperature days also showed either positive or

negative ionospheric response. Generally, orientation of the prompt penetration

electric field (PPEF) and their strengths at either daytime or nighttime played a weak

role in the ionosphere response during some of the geomagnetic storms. The

negative and positive ionospheric responses under geomagnetic storm conditions

were ascribed to changes in the composition of the thermosphere, prompt

penetration electric field (PPEF), and traveling atmospheric disturbances (TADs).
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1 Introduction

Research studies from the ionospheric community have demonstrated that a major

portion (80%) of the observed ionospheric variabilities can be ascribed to the physical

mechanism associated with X-ray flares and geomagnetic storms due to extreme solar

forcing (Goncharenko et al., 2018) while the remaining portion (20%) can be accounted
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for by different physical drivers, originating from the lower

atmosphere (Forbes et al., 2000; Goncharenko et al., 2010a).

Despite the identifications of these drivers originating from the

lower atmosphere accounting for 20% of the variabilities in the

upper atmosphere, systematic investigation of these lower

atmospheric drivers still remains a daunting task owing to the

rapid response of the ionosphere to both solar and

magnetospheric drivers originating from the Sun

(Goncharenko and Zhang 2008). However, despite these

shortcomings, recent studies have shown clear evidence of the

upward transfer of energy and momentum via propagation of

atmospheric waves (tides, gravity waves, and planetary waves)

during the sudden stratospheric warming (SSW) events. Sudden

stratospheric warmings are dynamical meteorological

phenomena associated with abrupt rise in stratospheric

temperature by tens of Kelvin (Scherhag 1952; Liu et al.,

2011). These events can be mainly classified into two types,

major and minor warmings. Major warmings are associated with

the complete reversal of the stratospheric zonal mean zonal

winds, while minor warmings are associated with the steady

deceleration of the stratospheric zonal mean zonal winds without

an accompanying change in wind direction from westerly to

easterly (Andrews et al., 1987; Chau et al., 2012; Vieira et al.,

2017; Goncharenko et al., 2020). Matsuno (1971) attributed their

occurrence to the non-linear interaction of the stratospheric

zonal mean zonal wind flow with the upward vertically

propagating planetary waves (Rossby waves).

These variabilities associated with forcing from the lower

atmospheres during such atmospheric disturbances include

alternate regions of cooling and warming in the mesosphere

and lower thermosphere (MLT) using an ion temperature

parameter obtained from the incoherent scatter radar

(Goncharenko and Zhang, 2008)and semidiurnal variations in

both the total electron content (TEC) and vertical drifts with

morning enhancement and afternoon suppression (Chau et al.,

2009; Chau et al., 2010; Fejer et al., 2010; Chau et al., 2012).

Depletion of the electron density is related to changes in the

thermosphere composition in the daytime hemisphere (Pedatella

et al., 2016). For the nighttime hemisphere, more drastic changes

were visible in the ionosphere such as weakening of ionospheric

scintillations and the formation of an ionospheric hole arising

from the depletion of the electron density (De Paula et al., 2015;

Goncharenko et al., 2018). It is worth mentioning that most of

the SSW studies’ investigations occurred during the period of low

solar activity.

For the period of moderate to high solar activity, semidiurnal

features in the TEC and vertical drift were reported during the

2013 SSW events (Goncharenko et al., 2013; Jonah et al., 2014). De

Jesus et al. (2017a) reported a nighttime enhancement in the TEC

during the 2014 major SSW event in March. Both the SSW events

(2013 and 2014)were also reported to overlap with the occurrence of

geomagnetic storms (Idolor et al., 2021, 2022). Modeling results

using the thermosphere– ionosphere–mesosphere–electrodynamics

general circulationmodel (TIME–GCM) of the vertical drifts for the

2013 SSW event showed a significant increase in daytime vertical

drift of ~100% associated with the moderate geomagnetic storm

occurrence for the American sector (Maute et al., 2015). A similar

report of positive ionospheric response in the TEC was presented in

the American sector and negative ionospheric TEC response in the

African sector associated with the overlap of the moderate

geomagnetic storm with the 2013 SSW event (Idolor et al.,

2022). Several studies have also shown an increase in TEC

enhancement at the equatorial ionization anomaly (EIA) crest

regions during some of the SSW events in the American sector

(Goncharenko et al., 2013; Paes et al., 2014), while the EIA TEC

suppression have been reported in the Brazilian sector (De Jesus

et al., 2017b; Vieira et al., 2017).

As stated in previous studies, the variations in the TEC

magnitude at the low-latitude regions during SSW events can

be comparable to the TEC variations during the occurrence of a

geomagnetic storm (Mannucci et al., 2005; Goncharenko et al.,

2010a; Mosna et al., 2021). Geomagnetic storms are a major

component of space weather. Geomagnetic storms are

disturbances originating from the Sun that often leads to

significant changes in the ionospheric density structures with

overbearing negative consequences (degradation) on space-based

and ground-based communication and navigation system

(National Research Council, 2008; Akala and Adewusi 2020).

Despite the earlier results mentioned on the overlapping of these

SSW phenomena with geomagnetic storms, more concerted

efforts are still required from the space weather community to

resolve the attendant effects associated with the simultaneous

overlap of the SSW events with geomagnetic storms

(Goncharenko et al., 2021a). It is generally perceived that the

FIGURE 1
Map of the global positioning system (GPS) stations and
magnetometer stations in the American sector (green and
magenta).
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combined force arising from these two distinct phenomena can

result in more drastic ionospheric effects that can negatively

affect space-based and ground-based technological

infrastructures heavily relied on for daily economic activities

(Idolor et al., 2021). The present study investigates the

ionospheric response during 2016 SSW events in the

American sector with the motive of distinctly characterizing

the two geophysical drivers associated with the coupling of

the lower and upper atmospheres in order to isolate their

individual contributions to the ionospheric electrodynamics.

2 Data and methods of analysis

The map of the American sector showing the locations of global

positioning system (GPS) receivers used in this study are presented

in Figure 1. In theAmerican sector, a chain of 18GPS stations within

the range of ±40° geomagnetic latitudes were used. Table 1 shows the

list of GPS stations with their station codes, geography, and

geomagnetic coordinates. Both the stratospheric temperature at

90°N and the zonal mean zonal wind at 60°N at the same

pressure level of 10 hPa (about 32 km) from 1st January to 31st

March 2016 used in this study were obtained from the National

Oceanic and Atmospheric Administration (NOAA) website

(https://downloads.psl.noaa.gov/Datasets/ncep.reanalysis.dailyavgs/

pressure/) in theNetCDF format. In addition, all the available data of

38 years from the NOAA satellites from 1979 to 2015 prior to the

occurrence of the 2016 SSW year investigated were used to generate

both the historical mean of the temperature and zonal mean zonal

wind. In order to probe the solar and geomagnetic conditions of the

ionosphere, the F10.7 cm solar flux, Kp planetary index, and Dst

index used in the present studywere obtained from theKyotoWorld

Data Center (WDC) for geomagnetism (http://wdc.kugi.kyoto-u.ac.

jp/kp/index.html), while the solar flux index was obtained from the

Space Physics Data Facility website operated by the National

Aeronautics and Space Administration (NASA) (http://omniweb.

gsfc.nasa.gov/form/dx1.html).We classified all days with Kp ≤ 3 and

the daily sum of all the three hourly Kp index (ƩKp ≤ 24) as quiet

days while we implemented the geomagnetic disturbance criteria of

a minimum Dst of −30 nT ≤ Dst ≤ −50 nT for weak

storm, −100 nT ≤ Dst ≤ −50 nT for moderate storm,

and −200 nT ≤ Dst ≤ −100 nT for strong storm (Gonzalez

et al., 1994; Loewe and Prolss, 1997) in order to categorize all

geomagnetic storms that occurred for the entire duration of the

2016 SSW event under investigation (Table 2).

The observational GNSS data used in this study were

retrieved from network repositories of the Low Ionospheric

Sensor Network, LISN (http://lisn.igp.gob.pe/data/),

International Global Navigation Satellite Systems Service (IGS)

(www.igs.org), University NAVSTAR Consortium, UNAVCO

TABLE 1 American GPS and magnetometer stations with their geographic and geomagnetic coordinates.

Station Station Station Geographic Geographic Geomagnetic Geomagnetic

Name Code Country Latitude Longitude Latitude Longitude

Lower Matecumbe Key MKEY United States 24.73 oN 81.04 oW 36.38 oN 351.01 oW

PuertoplatCR2012 CN07 Dominican Republic 19.76 oN 70.57 oW 31.16 oN 4.31 oW

St Croix VLBA CRO1 United States Virgin Island 17.76 oN 64.58 oW 28.04 oN 11.79 oW

Managua NIC2012 MANA Nicaragua 12.15 oN 86.25 oW 23.32 oN 344.03 oW

Veracruz park VERA Mexico 10.85 oN 84.87 oW 22.20 oN 345.64 oW

Bogota BOGT Colombia 4.64 oN 74.08 oW 16.93 oN 358.07 oW

Puengasi Permanent Station QUEM Ecuador 0.24 oS 78.49 oW 11.96 oN 352.82 oW

Plura LPIU Peru 5.17 oS 80.64 oW 6.84 oN 350.60 oW

Pucallpa LPUC Peru 8.38 oS 74.57 oW 4.25 oN 356.88 oW

Porto Velho POVE Brazil 8.71 oS 63.89 oW 2.86 oN 7.96 oW

Huancayo LHYO Peru 12.04 oS 75.32 oW 0.64 oN 356.12 oW

Arequipa Laser station AREQ Peru 16.47 oS 71.49 oW 3.61 oS 359.70 oW

Antofagasta UCNF Chile 23.68 oS 70.41 oW 10.58 oS 0.58 oW

Unsa Salta UNSA Argentina 24.73 oS 65.41 oW 12.01 oS 4.62 oW

Valparaiso VALN Chile 33.03 oS 71.63 oW 19.39 oS 359.97 oW

Malargue MGUE Argentina 35.78 oS 69.39 oW 22.00 oS 1.75 oW

Coyhaique COYQ Chile 45.51 oS 71.89 oW 31.03 oS 1.06 oW

Aeropuerto Ushuaia Tierra del Fuego AUTF Argentina 54.84 oS 68.30 oW 39.85 oS 4.72 oW

Magnetometer Station

Huancayo HUA Peru 12.0 oS 75.3 oW 0.68 oN 356.14 oW

Piura Piu Peru 5.2 oS 80.6 oW 6.82 oN 350.64 oW
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(https://data.unavco.org/archive/gnss/rinex/obs/), and Système

d’Observation du Niveau des Eaux Littorales, SONEL (www.

sonel.org) in the file format of Receiver Independent Exchange

(RINEX) having a sampling frequency interval of 30 s. These

RINEX files were further processed using GPS-TEC software

(GPS_Gopi_v3.0) to derive the vertical total electron content

(VTEC) of the respective stations used in this study (https://

seemala.blogspot.com). GPS-TEC processing software (Seemala,

2010) removes both the satellite and receiver biases by leveling

both the pseudo range and carrier phase measurement (Ciraolo

et al., 2007) in order to estimate the relative slant total electron

content (STEC). The satellite biases are provided from the

University of Bern, while the associated TEC variability which

minimizes between 02:00 and 06:00 LT were used to estimate

receiver biases (Amaechi et al., 2021). The absolute STEC was

converted into VTEC using the ionospheric thin-shell model

with an ionospheric pierce point (IPP) altitude of roughly 350 km

(Mannucci et al., 1993). We also adopted a cut-off frequency of

30° to minimize the effects arising from multipath.

In order to isolate the SSW TEC effects, the hourly average

TEC values for the quiet days for the duration of the SSW pre-

condition days of 02–22nd January were estimated. These quiet

days were defined as days having a maximum Kp ≤ 3, while days

with TEC data having maximum Kp > 3 were excluded from

estimation of the hourly quiet days average TEC. The underlying

TEC perturbations associated with the 2016 SSW event was given

by Equation 1:

ΔTECssw � TEC−TEC AVE (1)

where TEC is the diurnal hourly TEC values from 23 January to

31 March 2016, and TECAVE is the mean hourly TEC data for

the quiet days of the period of SSW precondition days with both

TEC and ΔTECssw measured in the TEC unit (TECu), where

1 TECu = 1016 el/m2. In order to isolate the geomagnetic storm

(GS), with the TEC component from days overlapping with the

SSW events using Eq. 1 as reference, we carried out another

round of second-level TEC deviation of the ΔTEC of the

geomagnetic storm days from days associated with only SSW

effects, as shown in Eq. 2:

ΔTEC2 � ΔTECoverlap − ΔTECssw (2)

where ΔTECoverlap is the TEC variations associated with the

overlap of the SSW and geomagnetic storm, and ΔTECssw gives

the TEC variations, resulting solely from the underlying SSW

variations. Similar methodology has been adopted to isolate the

moderate geomagnetic storm effects overlapping with the SSW

event on 17 January 2013 (Idolor et al., 2022).

To probe the electrodynamics effects associated with the

2016 SSW event, we computed both the equatorial electrojet

current (EEJ) and inferred vertical drift (Anderson et al., 2002;

Anderson et al., 2004; Yizengaw et al., 2014; Rabiu et al., 2017). The

sampled 1-min horizontal magnetic field intensity data used to

determine both the EEJ current and verticalEXB drift was obtained

from the Low Ionospheric Sensor Network, LISN (http://lisn.igp.

gob.pe/data/), and pair magnetometer stations of Piura (6.82°N) and

Huancayo (0.68°N), respectively. The solar quiet (Sq) daily

variations were computed using the methodology outlined by

Rabiu et al. (2017). The estimated EEJ is obtained by subtracting

the solar quiet variation of the horizontal magnetic field intensity

obtained from the Piura (6.82°N) low-latitude station from those of

the Huancayo (0.68°N) equatorial station. The EEJ current is given

by the following expression:

ΔH � HHUA −HPLU (3)

TABLE 2 Properties of geomagnetic storm that occurred during the 2016 SSW period.

Day of
the geomagnetic
storm

Minimum
Dst (nT)

Storm
classification

Time of sudden
storm commencement (SSC)/
minimum
Dst (UT)

American sector
(LT)
(LT = UT—5)

01-01-2016 −110 Strong 12:00/00:00 07:00/19:00

20-01-2016–21-01-2016 −93 −56 Moderate–Moderate 19:00/16:00 NA/05:00 14:00/11:00 NA/00:00

01-02-2016 −48 Weak 22:00/08:00 17:00/03:00

03-02-2016 −53 Moderate 13:00/02:00 08:00/21:00

08-02-2016 −39 Weak 08:00/07:00 03:00/02:00

12-02-2016 −40 Weak 06:00/00:00 01:00/19:00

16-02-2016–18-02-2016 −57 −57 Moderate 20:00/19:00 NA/00:00 15:00/14:00 NA/19:00

06-03-2016 −98 Moderate 14:00/21:00 09:00/16:00

15-03-2016–16-03-2016 −49 −56 Weak Moderate 18:00/07:00 NA/23:00 13:00/02:00 NA/18:00

19-03-2016 −43 Weak NA/08:00 NA/03:00

20-03-2016 −42 Weak NA/21:00 NA/16:00

NA: not available.
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where HHUA is the solar quiet (Sq) current computed for

Huancayo and HPLU is the Sq current computed for the Piura

magnetometer stations, respectively, while the estimated inferred

vertical drift of the ΔH horizontal current was obtained from a

mathematical relationship using the vertical drift model

(Anderson et al., 2004). Anderson’s quantitative mathematical

formulation obtained from the neural regression technique is

given by the following expression (Anderson et al., 2002;

Anderson et al., 2004; Yizengaw et al., 2014; Kassamba et al.,

2020; Idolor et al., 2021; Idolor et al., 2022).

Vdrif t � −1989.51 + 1.002YR − 0.00022DOY − 0.0222F107obs

− 0.0282F107adj − 0.0229Ap + 0.0589Kp − 0.3661LT

+ 0.1865ΔH + 0.00028ΔH2 − 0.0000023ΔH3

(4)
where Vdrift is the evaluated vertical drift (m/s), YR is the SSW

study year, DOY is the day of the year, F107obs is the daily

F10.7 cm solar flux, F107adj is the 81-day adjusted average

F10.7 cm solar flux, Ap and Kp are the daily and three hourly

geomagnetic indices, LT is the local time in hours, and ΔH is the

difference in the horizontal magnetic field strength (nT). In

addition, the EEJ for the topside ionosphere for the selected

SSW and GS days investigated was computed using the Swarm

data obtained from the absolute scalar magnetometer (ASM),

following the procedure outlined by Aiken et al. (2013) and

Aiken et al. (2015). These data were obtained from the Swarm

satellite mission operated by the European Space Agency (https://

earth.esa.int/swarm). The EEJ current of the topside ionosphere

are generally measured in milli-Ampere per meter (mA/m)

(Aiken et al., 2015).

Furthermore, in order to probe the effects of the geomagnetic

disturbance overlapping with the 2016 SSW event, the horizontal

component of the magnetic field was also used to compute the

monthly quiet mean given in Equation 5.

HMEAN � 1
n
∑

n

i�1(HQUIET)i (5)

where n represents the five magnetically quiet days of the month

obtained from the World Data Center (WDC) for

Geomagnetism. HMEAN is the mean of the quiet days, and

HQUIET stands for the quiet days. The disturbance current

(Diono) associated with the electric current in the ionosphere

during storm time was computed using the methodology

outlined in the following Equation 6 (Le Huy and Amory-

Mazaudier, 2005).

Diono � Hobs – SYM–H pCos θ –HMEAN (6)

where θ depicts the geomagnetic latitude, Hobs is the observed

horizontal magnetic field current, SYM-H is the symmetric

disturbance index with resolution in minutes of the Earth’s

magnetic field obtained from the International Service of

Geomagnetism Indices (ISGI) website (http://isgi.unistra.fr).

The computed Diono comprises both the disturbance dynamo

(Ddyn) current system and the disturbance polar number 2

(DP2) field-aligned current system. Typically, the prompt

penetration electric field (PPEF) is related to the DP2 field-

aligned current system (Nishida, 1968; Amaechi et al., 2021).

Diono � DP2 + Ddyn (7)

Fathy et al. (2014) provide more details on the procedure for

separating the DP2 andDdyn from the Diono.We also compared

the DP2 current computed with the data from the real-time

prompt penetration electric field (PPEF) model developed by the

Cooperative Institute for Research in Environmental Sciences

(CIRES) of the University of Colorado at Boulder (http://geomag.

colorado.edu/real-time-model-of-the-ionospheric-electric-fields.

html).

Furthermore, the observed changes in neutral

composition of the thermosphere for the days of weak and

moderate geomagnetic storms and the major and minor

2016 SSW events were examined using the oxygen and

nitrogen ratio (O/N2) maps obtained from the Global

Ultraviolet Imager (GUVI) on board the Thermosphere,

Ionosphere, Mesosphere Energetics, and Dynamics

(TIMED) satellites. These maps were obtained from the

website gallery (http://guvitimed.jhuapl.edu/).

3 Results

Figure 2A shows the stratospheric zonal mean zonal wind at

60°N, historic zonal mean zonal wind at 60°N, zonal mean air

temperature at 90°N, and historic zonal mean air temperature at

90°N and the daily variations in the Dst index for the period of

both the pre-SSW and SSW events (2 January to 31 March 2016),

with all stratospheric parameters used in this study obtained at

the pressure level of 10 hPa. Three minor and one major SSW

events denoted by blue lines were identified from Figure 2A. The

first cascade of the minor SSW event (M–SSW–1) with dual

temperature peak of 224.15 and 233.19 K on 27 January and

1 February 2016 occurred within the period of

22 January–5 February 2016. The second minor warming

during the period of 6–17th February showed a stratospheric

temperature climax of 269.31 K on 8 February 2016. The third

minor warming occurred between 18 February and 3 March

2016, with a peak stratospheric temperature recorded at 227.04 K

on 26 February. The major warming associated with the reversal

of the zonal mean zonal wind occurred on 5 March at 264.77 K.

This event stretched on until the end of March, with the zonal

wind showing signs of a reverse signature on same temperature

peak day with a corresponding dual maximum zonal mean zonal

wind speed of −31.15 and −30.83 m/s attained on 11th and 15th

of March, respectively. The historic mean stratospheric

temperature showed an increasing trend (green line), while
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the historic mean stratospheric zonal wind showed an opposing

trend of decrease in magnitude (red line). For the duration of

1 January—31 March 2016, a total of 13 geomagnetic storms

were observed from the Dst plot. A strong storm with minimum

Dst of −110 nT occurred at 00:00 UT on 1 January 2016. Table 2

shows the summary of the sudden storm commencement and

minimumDst of the main phase of the six moderate and six weak

storms investigated during the duration of the SSW events. A

direct overlap occurred between the minor SSW event and weak

geomagnetic storm on 1 and 8 February 2016. Similar direct

overlap of the major SSWwith a moderate geomagnetic storm on

6th March was also observed. Figure 2B shows 3 days having a

daily maximum hourly Kp index value of 6, 13 days recorded a

Kp value of 5, while the remaining days’ investigation showed

lower geomagnetic activity with the Kp value ranging between

4 and below; all Kp values used in this study are given in the

nearest whole number. The highest absolute Kp value for each

day was used as a daily representative value. The solar flux

observed was generally below the value of ~120 solar flux

units for the entire study duration.

Figure 3 shows the daily variations in the EIA TEC response

from January to March 2016. On 1st January (Figure 3I),

coinciding with the occurrence of the strong geomagnetic

storm, the EIA crest (region of maximum TEC enhancement

within ±20°) was situated around ~6.0°N for the Northern

Hemisphere (NH) and ~3.5°S in the Southern Hemisphere

(SH) with an observed maximum TEC value of ~38.88 TECu

recorded for that day. More TEC enhancements were observed

on 20th January, while 21st January showed a corresponding

TEC suppression indicating different ionospheric responses to

the moderate geomagnetic storms. Table 3 showed the computed

average crest location for the days of the SSW precondition for

the NH was ~9.28°N and 9.39°S in the SH. Figure 3II showed the

general TEC suppression coinciding with the days of minor SSW

peak temperature and weak storm on 1–2nd February. The well-

defined two-peak EIA crest signatures were observed for some

FIGURE 2
(A) Stratospheric zonalmean air temperature at 90°N, stratospheric historic zonal mean air temperature at 90°N, stratospheric zonalmean zonal
wind at 60°N, stratospheric historic zonalmean zonal wind at 60°N, all at 10 hPa, and daily variations of Dst index, all from 1 January to 31March 2016.
M-SSW-1 represents the period of first minor SSW, M-SSW-2 for secondminor SSW, M-SSW-3 for third minor SSW, and GS represents the periods of
geomagnetic storms. (B) Kp index (black bar plots) and F10.7 cm solar flux (red stem plots) from 1 January to March 31.
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FIGURE 3
Day-to-day variations of EIA (TEC) from 1 January to 31 March 2016 in the American sector: (I–III) represent January, February, and March,
respectively (UT = LT + 5). The black vertical dash lines represent the geomagnetic storm (GS) days.

TABLE 3 Average crest locations for the SSW precondition, M-SSW-1, M-SSW-2, M-SSW-3, and major SSW events are shown.

SSW events Northern hemisphere average
crest location (°N)

Southern hemisphere average
crest location (°S)

SSW precondition 9.28 9.39

M-SSW-1 8.64 9.90

M-SSW-2 14.24 9.83

M-SSW-3 12.70 8.58

Major SSW 16.23 9.68
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days of the M–SSW-2 event with the highest maximum TEC

enhancements ~85.00 TECu recorded at 16.93°N on 13 February.

16 February showed a poleward expansion of plasma observed in

the NH, while a reverse equatorward flow of plasma was noted on

19 February 2016. Figure 3III shows that on 5 March major SSW

peak temperature day coinciding with the zonal mean zonal wind

reversal, significant TEC enhancement (~68.00 TECu) in the NH

were observed, while it was practically impossible to ascertain the

response of the SH due to the data gap (white background). TEC

enhancement was also observed in both hemispheres from 8 to

10 March with equatorward plasma movement displayed in the

EIA features on 11 and 15 March. Generally, for most days of the

major SSW in March, TEC enhancement were relatively higher

in the NH compared to SH. Table 3 shows the average EIA crest

locations for each of the SSW phases, while Table 4 shows the

EIA crest locations for both quiet SWW (minor and major) days

and geomagnetically disturbed storm days.

Figures 4I–III show the daily variations in ΔTEC of the EIA

profile obtained from Equation 1 from January to March 2016.

Most of the days of January showed no conspicuous TEC

enhancement except for 8, 11, 20, 25, 28, and 30. Semidiurnal

TEC variations were observed in both the NH and SH at ~17 °N

TABLE 4 Variations of EIA crest locations in the American sectors during 2016 pre-SSW and extremely quiet geomagnetic activity days, SSW peak
days, five most quiet geomagnetic days of February and March 2016, and geomagnetic storm days.

S/N Event Date EIA crests location American
sector

NH (oN) SH (oS)

1 Pre-SSW + extremely quiet geomagnetic activity days 04/1/16 7.00 7.00

2 15/1/16 7.00 9.00

3 16/1/16 7.00 10.00

4 17/1/16 6.00 4.00

5 18/1/16 6.00 10.00

1 SSW 27/1/16
01/2/16

12.00
8.00

12.00
8.00

2 08/2/16 12.00 7.30

3 26/2/16 8.00 5.60

4 05/3/16 15.00 10.00

1 Five internationally quiet geomagnetic days of February 2016 04/2/16 4.00 5.60

2 05/2/16 10.00 9.00

3 20/2/16 12.00 11.00

4 21/2/16 8.00 10.00

5 22/2/16 17.00 12.00

1 Five internationally quiet geomagnetic days of March 2016 03/3/16 7.00 5.00

2 04/3/16 12.00 11.00

3 22/3/16 16.00 10.00

24/3/16 15.00 10.00

4 25/3/16 16.00 10.00

1 Geomagnetic storms 20/01/16 10.00 5.00

2 21/01/16 6.00 3.20

3 01/02/16 6.00 10.00

4 03/02/16 16.00 12.00

5 08/02/16 12.00 12.00

6 12/02/16 7.00 10.00

7 16/02/16 22.00 3.00

8 18/02/16 15.00 3.00

9 06/03/16 23.00 3.00

10 15/03/16 6.00 10.00

11 16/03/16 16.00 10.00

12 19/03/16 16.00 10.00

13 20/03/16 11.00 5.00
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and ~15 °S, respectively, during M–SSW-1 event on 28 January.

TEC suppression was evident on the 8 February minor SSW peak

temperature day at the equatorial and low-latitude regions of the

EIA in both hemispheres. Some days in February (Figure 4II)

showed the semidiurnal EIA patterns. Semidiurnal features

(represented by black dash spheres) are generally depicted by

two maxima and one minimum over a 24-h window. Figure 4III

shows the ΔTEC daily EIA profile for the days of March 2016.

Higher TEC enhancements were observed in the NH in

comparison to the SH for most days of the major SSW event

in March.

Figures 5I–III show the residual EIA TEC response to the

geomagnetic storms after subtracting the mean of the five quiet

reference days for each month from the days of the geomagnetic

storm occurrence. For themoderate storm of 20 January (Figure 5I),

an enhancement in TEC response was observed at the EIA region

spanning both daytime and nighttime, while the moderate

geomagnetic storm of 21 January showed EIA TEC suppression.

Daytime suppression occurred in TEC response Figure 5II shows

observation on 3 and 8 February storm (superimposed with SSW

peak temperature), while the geomagnetic storms of 16 February

showed EIA TEC enhancement. Suppression in EIA TEC response

was observed for the storm occurrence (Figure 5III on 15, 19, and

20 March). Suppression of the daytime EIA response was observed

on 16 March. Poleward expansion of plasma on 6th March was

observed in both NH and SH.

FIGURE 4
Day-to-day variations of EIA (ΔTEC) from 1 January to 31 March 2016 in the American sector: (I–III) represent January, February, and March,
respectively (UT = LT + 5). The black vertical dash lines represent the geomagnetic storm (GS) days, while the black dash eclipse depict the
semidiurnal TEC variations.
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Figure 6 shows the daily EIA ΔTEC variation arising from

the overlap of SSW events with geomagnetic storm using

Equation 2. We deduce the geomagnetic storm TEC

component after isolating TEC contribution, resulting from

SSW events. For the February storms that occurred on 1 (Kp

4 and Dst −48 nT) and 8 (Kp 5 and Dst −39 nT), the ΔTEC
quiet-day data for 2 (Kp 3) and 10 (Kp 3) were used to isolate

the storm components, respectively. A similar procedure

using 5 March (Kp 2) SSW quiet-day ΔTEC data were

adopted to obtain the TEC contributions arising from

6 March (Kp 6 and Dst −98 nT) moderate storm. TEC

enhancement was observed at ± 15° during the post sunset

hours (19:00–22:00 LT) for 1 February, while negative TEC

response was observed at the EIA regions for most of the day

(06:00–18:00 LT) with patches of TEC enhancement

~10 TECu (yellow pattern) observed at post sunset hours at

~ 5°N on 8 February. For the moderate storm that occurred on

6 March, higher TEC anomalies were observed at 25–40° of

both hemispheres. However, more TEC enhancements

(asymmetric EIA plasma density profile) were observed in

the SH in comparison to the NH.

Figure 7 shows the real-time modeled response of the prompt

penetration electric field (PPEF) (mV/m) for selected days of the

SSW and geomagnetic storm disturbance from December

2015 to March 2016. The PPEF amplitude oscillated between

the interval range of 0.6 mV/m and −0.4 mV/m for the moderate

storm of 21st January. The PPEF amplitude fluctuated between

0.2 mV/m and 0.4 mV/m on 31 December 2015 during the main

phase of the 1 January 2016 strong storm. The moderate storm

on 16 February PPEF had a maximum amplitude oscillation of

FIGURE 5
Responses of TEC to the geomagnetic storms in the American sector (I) January, (II) February, and (III) March using the mean of the
geomagnetically quiet days of each month as the reference for the respective months (UT = LT + 5).
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0.38 mV/m and −0.28 mV/m. All the remaining days observed

showed oscillations below ±0.3 mV/m.

Figure 8 shows the DP2 horizontal magnetic field signatures

obtained using Equation 7. Large magnetic oscillations of

amplitudes 105.9 nT and −100.2 nT were recorded on

31 December 2015 strong storm. The moderate storms of

20–21 January showed the positive amplitude of 49.73 nT and

70.79 nT with a corresponding negative amplitude of −113.50 nT

and −59.91 nT, respectively. The moderate storm magnetic field

oscillations on 16th February also showed a large positive

amplitude of 163.9 nT and a negative amplitude of roughly

~−118.2 nT. For March, DP2 oscillations of ~128.4 nT

and −147.2 nT were observed on 6 March, while 11 March

showed a magnetic field oscillation amplitudes signature of

115.6 nT and −83.67 nT. The remaining selected quiet and

disturbed days showed magnetic field fluctuations within the

interval range of ±40 nT.

Figure 9 shows the equatorial electrojet current (EEJ) for days

of SSW peak temperature and geomagnetic storms, selected in

January, February, and March for Equation (3). The highest

equatorial electrojet current of ~93.14 nT occurred on 5March at

noon. 19 March recorded an EEJ current of ~69.5 nT with the

remaining days observed depicting the EEJ current intensity of

~60 nT or below. Amorning counter electrojet (CEJ) signature of

~−22.04 nT and −73.74 nT was depicted at 9:00 LT on 21 January

and 16 February, respectively. Afternoon counter electrojet

signatures of magnitudes −41.36 nT (15:00 LT), −39.73 nT

(16:00 LT), −0.71 nT (16:00 LT), and −60.88 nT (14:00 LT)

were observed on 20 January, 9 February, 5 March, and

6 March, respectively. Figure 10 also shows the topside

equatorial electrojet currents obtained from the Swarm

satellites constellation within the same longitudinal

coordinates as the ground-based equatorial magnetometer in

the American sector for same selected quiet and disturbed days of

January, February, and March. The highest equatorial electrojet

FIGURE 6
Removal of SSW-induced ionospheric effect overlapping
with geomagnetic activity-induced ionospheric effect for some
weak storms in February (1 and 8 weak geomagnetic storm) and
6 March moderate geomagnetic storm.

FIGURE 7
Daily prompt penetration electric field (PPEF) current signatures for the storm days of geomagnetic disturbance in December 2015, January,
February, and March 2016.
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currents of 163.6, 128.0, and 103.8 mA/m were recorded on 5th

March, 19th March, and 18th February, respectively. Seven days

depicted the formation of the daytime EEJ current profile ranging

in magnitude between ~40 and 80 mA/m with about 6 days

showing lower electrojet signatures ranging in values from

~ −30 to −40 mA/m.

Figure 11 shows the estimated vertical drift obtained using

Equation 4 of the Anderson’s mathematical relationship. Positive

vertical drift was observed for all the selected days investigated.

The highest drift velocities of ~39.26 m/s and 35.09 m/s were

observed on 5 and 19 March 2016 at noon, respectively. The

lowest vertical drift velocities of magnitudes 10.14 m/s (09:00 LT)

and 10.31 m/s (14:00 LT) were recorded on 16 February and

6 March 2016, respectively. Figure 12 shows the observed

changes in neutral composition of the thermosphere for the

selected days of geomagnetic storms, and SSW events were

obtained from the Global Ultraviolet Imager (GUVI). The

days of SSW and geomagnetic storms showed a higher O/N2

ratio in the Northern Hemisphere than that of the concentration

of O/N2 in the Southern Hemisphere. The days 1 and 3 February

showed complete data gaps (white background) in both

hemispheres, while all the remaining days observed had

consistent data gap patches in the Southern Hemisphere with

lower O/N2 ratios depicted. On 8–9th February, the O/N2 was

relatively lower in both hemispheres than all other days

investigated.

4 Discussion

The present study investigates the ionospheric variabilities

associated with the simultaneous occurrence of both

geomagnetic storms and the sudden stratospheric warming

events during the winter months of January–March 2016. The

EIA crest locations (Table 4) in the NH were relatively higher on

the SSW peak temperature days in comparison to the

preconditioned quiet days of the SSW, while the EIA crest

locations for SSW days were lower in the SH except on

27 February, where they were much higher than

preconditioned phase. Both the TEC (Figure 3) and ΔTEC
(Figure 4) EIA responses on 27 January, 1, and 8 February

were negative in comparison to the precondition SSW quiet

days with positive ionospheric response visible on 26 February

and 5 March. As shown in Figure 12, the column of the O/N2

ratio was relatively lower for the first three SSW events in

comparison to the last two. These results are consistent with

earlier reports of the observed occurrence of positive and

negative ionospheric responses during 2019 Antarctic SSW

events with observed magnitude of ionospheric disturbances

comparable to those of the geomagnetic storms (Goncharenko

et al., 2021b). The negative response of our result was also

consistent with the recent report of the first experimental

evidence of ~10% decrease in O/N2 ratio using data obtained

from the Global-scale Observation of the Limb and Disk (GOLD)

FIGURE 8
Daily variations in the DP2 magnetic current signatures for the storm days of geomagnetic disturbance in December 2015, January, February,
and March 2016.
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instrumentation during the Arctic winter 2019 SSW events

(Oberheide et al., 2020). The negative response may be

attributed to wave forcing and changes in residual circulation,

while positive ionospheric response depicted by the overall

increase in O/N2 ratio was consistent with the enhancement

in TEC observed during the 2019 Antarctic SSW events in the

western sector of America (Goncharenko et al., 2021b).

The 2016 Arctic SSW event in the American sector was also

characterized by the semidiurnal features in both ionospheric

ΔTEC (Figure 4), equatorial electrojets (Figure 9), and vertical

drifts (Figure 10) on 8, 9, 26 February, and 5th March. Previous

studies have demonstrated an existing relationship between

sudden stratospheric warming and afternoon counter

electrojets due to the enhancement of semidiurnal tidal

amplitudes (Stening et al., 1996; Rastogi 1999; Sridharan et al.,

2009; Vineeth et al., 2009). The generation of these semidiurnal

tides is mainly due to the absorption of ultraviolet radiation by

ozone in the stratosphere and mesosphere and the absorption of

infrared radiation by water vapor in the troposphere (Sridharan

et al., 2009; Fuller Rowell et al., 2011). Similar semidiurnal SSW

features were reported in TEC and vertical drifts (Chau et al.,

2009; Goncharenko et al., 2010a; Goncharenko et al., 2010b;

Chau et al., 2012; Goncharenko et al., 2013). These semidiurnal

features have been linked to the non-linear interaction of

planetary waves with tides at lower altitudes, resulting in large

changes in both migrating and non-migrating tides. These tides

have maximum amplitudes at low latitudes and can migrate to

the region of the thermosphere where they modulate the electric

fields using the ionospheric wind dynamo (Goncharenko et al.,

2010a; Goncharenko et al., 2010b; Goncharenko et al., 2013). The

ΔTEC (Figure 4) daily variation also showed higher TEC

enhancements in the NH in comparison to SH. Similar

differences were observed in the O/N2 ratio between the

winter and summer hemispheres for the SSW days. This

difference in O/N2 ratio has been ascribed to reduce large-

scale circulation of the thermosphere in the summer

hemisphere and enhancement in the winter hemisphere

(Oberheide et al., 2020). Denitrification has also been

proposed as a possible mechanism responsible for the

observed hemispheric asymmetry. Denitrification due to the

FIGURE 9
Daily variations in equatorial electrojet current (EEJ) for the observed peak SSW temperature and geomagnetic storm days in January, February,
and March in the American sector.
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less intense lower stratospheric temperature in the northern

hemisphere results in the less destruction of ozone in the

winter hemisphere during SSW events (Kodera, 2006) with

contrary response observed in the SH. Yue et al. (2010)

ascribed the hemispheric asymmetry during SSW events to

the upward tidal propagation interacting with the planetary

waves and modulating dynamo region in the more disturbed

northern hemisphere.

In addition, an equatorward transport of plasma (reverse

fountain effect) in the EIA profile coinciding with the period of

maximum reversal of the stratospheric zonal wind was visible on

11, 14, and 15 March. The 15 March SSW wind reversal also

coincided with the simultaneous occurrence of a weak

geomagnetic storm (Table 2). The time of onset of the storm

main phase was within the nighttime hours. The enhancement of

the EIA TEC profile during the daytime can be attributed to the

intensification of the forward plasma fountain (super-fountain

effect) via the prompt penetration electric field (PPEF)

mechanism strengthening the dayside eastward electric field

(Akala et al., 2020; Arowolo et al., 2021). At nighttime, the

PPEF has been reported to trigger the suppression of the EIA

TEC profile (reverse fountain) by the formation of a westward

electric field (Akala et al., 2020; Arowolo et al., 2021). Our study

results showed a low DP2 magnetic amplitude oscillation

(Figure 8) on 15 March. In addition, a weak afternoon

counter electrojet (Figure 9) and vertical drift (Figure 11)

depicting the semidiurnal SSW signature (Anderson and

Araujo-Pradere, 2010) were observed on 15 March. Similar

features of weak enhancement in the EEJ current density

(Figure 10) profile were observed on 15 March from the

FIGURE 10
Daily variations in the eastward (EW) current density profile for the observed peak SSW temperature and geomagnetic storm days in January,
February, and March in the American sector.
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Swarm satellite data. This equatorward shift of the EIA crest

profile from higher to lower latitudes regions may be attributed to

significant increase in both gravity and planetary waves arising

from the deceleration of stratospheric zonal mean zonal wind.

The interaction of these tides with gravity waves arising from

enhanced planetary wave activities may lead to changes in the

lower atmospheric circulation and the modification of the

ionospheric wind system (De Jesus et al., 2017a; Idolor et al.,

2021).

Pancheva and Mukhtarov (2011) suggested that the

equatorward transport of plasma can be attributed to the

perturbed ionospheric wind system arising from the forcing of

the equatorward wind system originating from the lower

thermosphere owing to heating. In addition, the main

mechanism associated with the ionospheric variations on

15 March can be attributed to changes in the observed

thermospheric composition arising from changes in the

composition of the neutral gas species in the atmosphere.

These changes in the neutral gas composition have been

identified as one of the major drivers of ionospheric

variabilities during SSW events (Fagundes et al., 2015; Idolor

et al., 2021). It is noteworthy to mention that the observed

semidiurnal pattern in the EEJ parameter on 15 March

strongly suggests that the overlap of the weak geomagnetic

storm with the minor SSW event had very little or no effects

on the modulation of the ionosphere. Goncharenko et al. (2010b)

reported a similar persistent semidiurnal pattern ascribed to the

lower atmospheric forcing during the days of February 27–29

2008 SSW. According to Goncharenko et al. (2010b), the lower

atmospheric forcing arising from the 2008 SSW event also

coincided with the increase in geomagnetic activity.

Highest EEJ currents (Figures 9, 10) and vertical E X B drifts

(Figure 11) were observed on 5 and 19 March. The 5 March EEJ

(Anderson and Araujo-Pradere, 2010) semidiurnal signature

coincided with the occurrence of the 2016 Major SSW event,

while the 19 March diurnal EEJ signature coincided with the

FIGURE 11
Daily estimates of the equatorial vertical drift for the observed peak SSW temperature and geomagnetic storm days in January, February, and
March in the American sector.
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weak storm. The PPEF (Figure 7) and DP2 (Figure 8) magnetic

oscillation signatures on 19 March was relatively low, indicating

little or no effects arising from the weak storm. Thus, we can

attribute the enhancement in the EEJ current strength on 5 and

19 March to tidal enhancement originating from the lower

atmospheric forcing. Our EEJ results for the 2016 SSW events

are consistent with tidal analysis report of ionospheric

parameters for the 2013 SSW events at mid-latitudes (Chen

et al., 2016). Chen et al. (2016) reported the enhancement of

the 24-, 12-, and 8-h tidal components, especially the semidiurnal

12-h tides. This enhancement in diurnal and semidiurnal tides

has been linked to the non-linear interaction of the migrating

tides with the quasi-stationary planetary waves. These

interactions strongly influence the E-region dynamo and

electric fields via the generation of non-migrating tides (Liu

et al., 2010; Chen et al., 2016).

FIGURE 12
O/N2 ratio of the thermosphere for the selected peak SSW days and geomagnetic storms days in January, February, and March 2016.
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Generally, for this study, a total of 13 storms were identified

and investigated with the four cascades of SSW events. Based on

the time of occurrence of the storm main phase (Table 2), the

effect of the prompt penetration electric field on the ionosphere

revealed six storms (21 January, 1 February, 3 February,

8 February, 15 March, and 19 March), depicting the negative

ionospheric response (TEC suppression) coinciding with the

westward PPEF nighttime occurrence of their main phase

(Figure 5), and three storms (20 January, 16 February, and

6 March) revealed a positive response (TEC enhancement)

coinciding with the eastward daytime PPEF of the storm main

phase. The remaining storms (1 January, 18 February, 16 March,

and 20 March) investigated (Figure 6) showed a negative EIA

TEC signature. These negative EIA TEC features are contrary to

the recent report of the positive ionospheric response in the

American sector for the 2013 SSW event (Idolor et al., 2022).

Idolor et al. (2022) reported that the impact of the PPEF on the

ionosphere just around sunset enhances the eastward electric

field via the vertical EXB drift leading to the enhancement of the

EIA TEC profile (Tsurutani et al., 2008). Thus, the negative

response on 18th February observed around the same evening

may suggest little or no significant impact associated with the

prompt penetration electric field (PPEF) mechanism.

Our DP2 current oscillation signatures (Figure 8) indicating

the possible impacts of the prompt penetration electric field on

the ionosphere were higher on 31st December, 20–21st January,

16th February, and 6th and 11 March 2016. The present results

from this study showed the poleward expansion of plasma

stretching toward the low-latitude regions in the NH for the

geomagnetic storms on 20 January and 16 February 2016. The

results for the SH were not shown due to the data gap for both the

storms. However, positive poleward plasma expansion in the low

latitudes was observed for both hemispheres on 6 March 2016.

Removing the contributions arising from the SSW ionospheric

disturbance superimposed with the geomagnetic storms

(Figure 6) revealed a negative ionospheric response for

8 February and positive response on 6 March solely from the

storm components. The positive response associated with

16 February storm can be attributed to the reinforcement of

the dayside forward fountain effect by the superimposed

eastward PPEF generated from the southward turning of the

interplanetary magnetic field (IMF) with the dayside eastward

ionospheric electric field (Tsurutani et al., 2004). This PPEF

signature is clearly depicted in the afternoon enhancement of the

EEJ (Figure 9) and vertical EXB drift (Figure 11).

Also, 11th March recorded a Kp index of +5, Ap index of 19,

and ∑Kp of 25 with a minimum Dst of −17 nT for the SSW day

associated with maximum speed of the zonal mean zonal wind.

The Dst index of −17 nT recorded for 11 March following our

criteria earlier mentioned for storm classification (Gonzalez et al.,

1994; Loewe and Prolss, 1997) showed the absence of

geomagnetic storm on 11th March. We suggest the increase in

the Dp2 amplitude oscillations for 11 March coinciding with

reversal of the stratospheric zonal wind maximum amplitude

may arise possibly from the auroral electrojet activities. Similar

conclusion of ionospheric variations associated with

geomagnetically disturbed days having an Ap > 12 during

SSW events has been reported in the literature. The study

authors concluded that tidal forcing alone during such an

SSW event may not be sufficient to interpret the observed

ionospheric behavior for such days since the geomagnetic

fields can also be partly influenced by auroral electrojets

(Sridharan et al., 2009).

The positive ionospheric response observed on 20 January

and 6 March may be attributed to traveling atmospheric

disturbances (TADs) associated with the storm time

disturbances, apart from the positive response observed in

both TEC and ΔTEC. Both days from our result showed the

formation of westward electric fields indicated by the afternoon

counter electrojets (CEJs) (Figure 9) signature. Zhu et al., 2022

attributed the upward movement of plasma along magnetic field

lines to the formation of storm time neutral wind disturbance

propagating equatorward. Blanc and Richmond (1980) reported

that during such storm days the neutral wind disturbance has the

tendency to generate a westward electric field. Traveling

atmospheric disturbances are wave-like impulse disturbances

generated from the superposition of the atmospheric gravity

waves propagating from the polar to the equatorial regions at

high velocity. These disturbances are associated with increase in

temperature, density, and equatorward-directed winds (Prolss

2004). During TADs, the general ionosphere is lifted upward to

higher altitudes, resulting in an ionization density peak due to

fast decrease in the molecular oxygen. Molecular oxygen species

are responsible for the ionospheric density loss rate with

elevation in comparison to the species of the atomic oxygen

that govern the production rate. Hence, the overall net result of

the elevated ionospheric layers due to TADs is an effective

increase in ionization density of the F layer of the ionosphere

(Prolss 2004; Idolor et al., 2021; Mosna et al., 2021). Our results

are consistent with the observational and modeling simulations

of ionospheric variations associated with the superposition of

SSW with geomagnetic disturbances leading to an overall

increase in TEC, height profile (hmF2), and electron density

(NmF2) during the Arctic 2019 SSW events (Mosna et al., 2021).

These authors demonstrated that the storm time effects of the

neutral atmosphere on the ionosphere, leading to the

enhancement of the electron density on 26–27 January

2009 to thermospheric winds and traveling atmospheric

disturbances (TADs). For the negative ionospheric response,

disturbances in the neutral gas composition can lead to an

overall decrease in both the oxygen density and oxygen ion

production and a corresponding increase in the molecular

nitrogen species in the atmosphere. The combined effects of

these competing neutral gas species result in a decrease in the

ionization density via increase in the lost rates of the ion species

(Prolss 2004; Idolor et al., 2021; Mosna et al., 2021).
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Conclusion

The present study investigates the equatorial/low-latitude

ionospheric response over the American sector to (a) the

cascades of minor and majors SSW events (January–March

2016) and (b) weak and moderate geomagnetic storms that

occurred during same duration of the SSW events. This

study’s conclusions are:

1. Apart from the roles played by upper atmospheric forcing arising

from geomagnetic storms and other solar events in space

weather, lower atmospheric forcing also plays a key role in

ionospheric variability associated with the dynamics of the

ionospheric space weather (Mosna et al., 2021). With

reference to the SSW quiet preconditioned days, our result

showed a negative response on 27 January, 1, and 8 February,

while the SSW peak temperature days on 27 February and

5 March showed positive ionospheric response. These

positive/negative responses were ascribed to increase/decrease

in the O/N2 ratios during the 2016 SSW events (Oberheide et al.,

2020; Goncharenko et al., 2021a).

2. Despite the increase in geomagnetic activities, the characteristic

semidiurnal features were still observed in ΔTEC, equatorial
electrojet currents (EEJs), and E x B vertical drifts for some days

of the 2016 SSW events. These semidiurnal features have been

ascribed to the non-linear interaction of quasi-stationary

planetary waves with tides and gravity waves leading to the

tidal amplification responsible for the modulation of the electric

fields via an ionospheric wind dynamo (Goncharenko et al.,

2010a; Goncharenko et al., 2010b).

3. Asymmetry distribution of plasma was observed in the

American sector with generally higher TEC enhancement

in the winter hemisphere and a corresponding lower TEC

magnitude in the summer hemisphere. These hemispheric

differences in TEC response have been attributed to the

interaction of tides and gravity waves with the upward

propagation of quasi stationary planetary waves originating

from the lower troposphere.

4. During the days of reversal of the maximum amplitude of the

stratospheric zonal mean zonal wind, a general equatorward

movement of plasma (reverse fountain effect) was visible on

11, 14, and 15 March. These plasma intensifications at the

equatorial region can be linked to the modification of the

ionospheric wind system driven by equatorward wind

generated via the thermospheric heating of the Earth’s

atmosphere (Pancheva and Mukhtarov, 2011).

5. The 2016 SSW events coincided with the multiple occurrences

of both weak and moderate geomagnetic storms. The weak

and moderate geomagnetic storms of 8 February and 6 March

2016 overlapped with the minor and major SSW peak

temperature days. After deducting the TEC contribution

associated with each of the respective SSW event, the weak

storm revealed a negative ionospheric disturbance, while the

moderate storm showed an opposing daytime positive

ionospheric response. The negative response was ascribed

to changes in the neutral gas composition leading to the

decrease in the ion species in the ionosphere, while the

positive response was attributed to wave impulse arising

from traveling atmospheric disturbances in the upper

atmosphere (Prolss 2004).

6. The results from this study provides more insight into the

combined effect of the overlapped geomagnetic and SSW

forcing during the period of descending phase of the solar

activity, with the objective of isolating the role of each of the

individual forcing on the ionosphere. In addition, the results

from this study may support the development of future

models with the possibilities of predicting the combined

effects of SSW-induced and geomagnetic storm-induced

ionospheric disturbance for the purpose of mitigating their

adverse effects on the technological system for space weather

applications.
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