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Abstract

We investigated the American low-latitude ionosphere around 75°W during the two 2013 sudden stratospheric warming (SSW)
events: one in quiet geomagnetic conditions, and the other overlapped by a minor geomagnetic storm using total electron
content (TEC) data from 12 Global Positioning System (GPS) receivers. A pair of magnetometers revealing the varying inferred
vertical E X B drift and the NASA Thermosphere Ionosphere Mesosphere Energetics and Dynamics (TIMED) satellite airglow
instrument to understand the global changes in the neutral composition, O/N_2 ratio are also used. The late morning inferred
downward-directed E X B drift during the first major SSW did not support the varying equatorial ionization anomaly (EIA)
signature. However, during the second major SSW, the well-reported and enhanced late morning inferred upward-directed E X
B drift relocated a northern EIA crest to higher latitudes. Interestingly, the effect of a minor geomagnetic storm on 17 January
2013 that modulated the ongoing second SSW reduced the maximum inferred upward-directed E X B drift. The second major
SSW contribution to the northern crest is higher than photo-ionization and the first major SSW contribution, while each major
contribution is higher than minor warming. The minor geomagnetic storm reduced the effect of the second major SSW on the
TEC from 58% to 50% and 28% to 20% at the northern and southern crest, respectively. Also, the storm’s overall effect of - 1
% (22 %) leads to a slight reduction (enhancement) in TEC magnitude at the northern (southern) crest.
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Figure 10: Station by station line plots of the total TEC, and individual TEC contributions by the solar flux
and SSW to the American low-latitude ionosphere during the first major warming (7 January 2013) of 2013
SSW event.
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Figure 11: Station by station line plots of the total TEC, and individual TEC contributions by the solar
flux and SSW to the American low-latitude ionosphere during the minor warming (10 January 2013) of 2013
SSW event.
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Figure 12: Station by station line plots of the total TEC, and individual TEC contributions by the solar flux

and SSW to the American low-latitude ionosphere during the second major warming (15-16 January 2013)
of 2013 SSW event.
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Figure 13: Station by station line plots of the total TEC, and individual TEC contributions by the solar flux
, SSW and storm to the American low-latitude ionosphere during the ongoing SSW modulated by minor
storm (17 January 2013) of 2013 SSW event.
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Abstract
We investigated the American low-latitude ionosphere around 75°W during the two 2013 sudden
stratospheric warming (SSW) events: one in quiet geomagnetic conditions, and the other
overlapped by a minor geomagnetic storm using total electron content (TEC) data from 12 Global
Positioning System (GPS) receivers. A pair of magnetometers revealing the varying inferred
vertical E X B drift and the NASA Thermosphere lonosphere Mesosphere Energetics and
Dynamics (TIMED) satellite airglow instrument to understand the global changes in the neutral
composition, 0 /N, ratio are also used. The late morning inferred downward-directed E X B drift
during the first major SSW did not support the varying equatorial ionization anomaly (EIA)
signature. However, during the second major SSW, the well-reported and enhanced late morning
inferred upward-directed E X Bdrift relocated a northern EIA crest to higher latitudes.
Interestingly, the effect of minor geomagnetic storm on 17 January 2013 that modulated the

ongoing second SSW reduced the maximum inferred upward-directed E X B drift. The second
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major SSW contribution to the northern crest is higher than photo-ionization and the first major
SSW contribution, while each major contribution is higher than minor warming. The minor
geomagnetic storm reduced the effect of the second major SSW on the TEC from 58% to 50% and
28% to 20% at the northern and southern crest, respectively. Also, the storm’s overall effect of - 1
% (22 %) leads to a slight reduction (enhancement) in TEC magnitude at the northern (southern)

crest.

Keywords: low-latitude ionosphere, equatorial ionization anomaly (EIA), sudden stratospheric

wind (SSW), geomagnetic storm.

Key points:
1. The late morning inferred download-directed E X B drift did not support the varying EIA
signature during the first major SSW.
2. The late morning inferred upward-directed E X B drift relocated northern EIA crest to
higher latitudes during the second major SSW.
3. The minor geomagnetic storm reduced the effect of the second major SSW on the

ionospheric TEC at both crests.

1.0  Introduction

A daytime production of photo-ionization associated with solar extreme ultra-violet (EUV)
radiation increases electron density at all the latitudes as discussed by Rishbeth et al. (2000) using
solar radio flux as a proxy for solar EUV. In addition to photoionization during quiet geomagnetic

conditions, the varying atmosphere neutral wind modulated electron density across all latitudes



47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

(Balan et al., 2018). Compared to the high and middle latitudes, the equatorial and low-latitude
ionosphere is also strongly associated with a transport process characterized by the equatorial
electrojet (EEJ) strength, fountain effect and equatorial ionization anomaly (EIA). During the quiet
conditions, the magnetic equator’s daytime zonal electric field (EEJ strength) gets mapped into F-
region through the magnetic field lines. This creates a vertical upward-directed E X B drift that is
responsible for removing plasma around the dip equator to higher altitudes as the new ionosphere
develops at the lower altitudes (Balan et al., 1998). After losing momentum due to the force of
gravity and electron density gradient, the uplifted plasma diffuses along the magnetic field lines to
higher altitude on both sides of dip equator; a process called fountain effect (Hanson and Mofett,
1966; Balan and Bailey, 1995; Balan et al., 1997). This transport process led to a crest being
formed on both sides of the low latitude and reduced the ionosphere plasma around the magnetic
equator. This combined signature is referred to as equatorial ionization anomaly (EIA).

The magnetosphere-ionosphere coupling during a geomagnetic storm is a space weather event,
which is generally referred to as forcing from above the ionosphere. During the magnetosphere-
ionosphere coupling, almost all the atmosphere latitudes are modulated (Fuller-Rowell et al., 1994;
Richmond and Lu, 2000). This is attributed to different large-scale physical processes like changes
in the storm-time neutral atmospheric composition, the prompt penetration of electric field (PPEF),
the ionospheric disturbance dynamo electric field (DDEF), solar heating, and thermospheric winds
(Nishida, 1968; Vasyliunas, 1970, 1972; Gonzales et al., 1979; Blanc and Richmond, 1980; Fuller-
Rowell et al., 1994, 1996). It is important to note that the varying storm-time equatorward wind
and PPEF in the low latitudes that enhanced the EIA features (Tsurutani et al., 2008) and
modulated it to an equatorial peak (Bolaji et al., 2021) can cause a more complex variability of the

equatorial and low-latitude electrodynamics (Venkatesh et al., 2017).
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It is also important to note that, aside from the famous space weather event that is due to a
geomagnetic storm, studies have shown that a significant portion of day-to-day ionosphere
variability is also related to forcing from the lower atmosphere, sudden stratospheric warming
(SSW) event that coupled the ionosphere (Forbes et al., 2000; Lastovicka, 2006; Goncharenko et
al., 20104, b; Liu et al., 2013). SSW event is a meteorological phenomenon related to a rapid
increase of the polar stratosphere temperature for several days during the northern winter. During
this period, the zonal mean zonal wind that propagates westward decelerates (minor warming) or
reverses to eastward (major warming) and interact non-linearly with the planetary wave (PW),
resulting in the upward propagating waves towards the mesosphere lower thermosphere (MLT)
region (Matsuno, 1971, Meyer, 1999). Energy and momentum transfer due to SSW events
modulate the vertical ions drift (Chau et al. 2009, 2012; Fejer et al. 2010, 2011, Anderson &
Araujo-Pradere, 2010)), equatorial electrojet (Yamazaki et al., 2012; Bolaji et al., 2016), and total
electron content, TEC in the ionosphere (Chau et al., 2010; Goncharenko et al., 2010a; Liu et al.,
2011; 2012; Korenkov et al., 2012; Fagundes et al., 2015; De Jesus et al., 2017; Bolaji et al., 2017,
2019).

A better understanding of the ionosphere response to SSW events that have remained one of the
ongoing frontrunners about space weather is the key aim of this study. For example, January 2013
SSW event (7 January — 20 January 2013) is a peculiar one because three (3) space weather events
characterized it: a minor SSW, major SSW and an ongoing major SSW modulated by a moderate
geomagnetic storm. Furthermore, a major SSW condition was fulfilled on 7 January 2013 (first
major SSW) and 12-20 January 2013 (second major SSW). A minor warming condition was met
on 10 January 2013. A minor geomagnetic storm modulated the ongoing second major SSW on

17 January 2013. Maute et al. (2015) had also recognized the first and second major warmings,
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but their attention was more focused on the second major warming (15-20 January 2013) because
it was modulated by a moderate storm on 17 January 2013. Except for Maute et al. (2015), Hagan
et al. (2015), Pedatella (2016) and Pedatella and Liu (2018) that used numerical simulations to
investigate the combined effects of geomagnetic and meteorological activities on the ionosphere,
the majority of earlier studies, especially in January 2013 were reported discretely. For instance,
Goncharenko et al. (2013) and Jonah et al. (2014) studied the ionospheric effect of the 2013 SSW
events over American low-latitude region using the GPS-TEC data. They reported strong
perturbations in the TEC value at the crests of EIA compared to the background value and
attributed it to the anomalous variations in vertical ion drift. Ribeiro et al. (2019) also used GPS-
TEC data over the American sector to investigate the response of equatorial and low-latitudes
positive ionospheric phases due to moderate geomagnetic during high solar activity in January
2013. They revealed significant changes in the electrodynamics of the ionosphere during the
storm’s main and recovery phases and attributed them to the travelling ionospheric disturbance
(TID).

Although, these investigations have enlarged our scope of understanding about the SSW effect on
the ionosphere on one side and the minor geomagnetic storm effect on another side. Most
significantly, the effort of Maute et al. (2015) is acknowledged as they used vertical drift
observations and the National Center for Atmospheric Research (NCAR) thermosphere-
ionosphere-mesosphere electrodynamics general circulation model (TIME-GCM) to investigate
ongoing major SSW that was modulated by a moderate geomagnetic storm on 17 January 2013.
On this day, they observed an enhancement in the daytime vertical drift compared to 22 January
2013 (a non-SSW day) and attributed it to 50% contribution, each from SSW and a moderate

geomagnetic storm effect. On the SSW effect, the increase in the wind dynamo leading to
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enhancement in the daytime vertical drift was attributed to the migrating solar and semidiurnal
westward propagating tides. The moderate geomagnetic storm effect was attributed to an increase
in daytime vertical drift due to prompt penetration electric field (PPEF).

Despite these efforts, it is still unclear to the space weather community how this vertical drift
characterized by a combined effect of a major SSW and minor geomagnetic storm on 17 January
2013 modulated the equatorial ionization anomaly (EIA) signature from GPS TEC observations.
We will compare the effect of the first, minor and second major SSWs on the EIA signatures and
discuss the interplay of photo-ionization, SSW and geomagnetic storm forcing that could be
responsible for such changes. In addition, this study will demonstrate to the space weather
community and document the contributions of the inferred vertical drift, photo-ionization, SSW

and the minor geomagnetic storm effects to the low latitude crests.

2.0  Data and Methodology
Table 1 shows the list of station names, their codes, geographic and geomagnetic coordinates of
the TEC data employed over 12 low-latitude stations along the American longitudes (Figure 1).

The GPS TEC data were retrieved from cddis.nasa.gov/archive/gnss/data/. More details on GPS

TEC analysis have been given in the works of Goncharenko et al. (2010b) and Bolaji et al. (2012).
Figure 2 shows the varying stratospheric temperature, zonal mean zonal wind, solar flux, Kp index,
IMF Bz and SYM-H during the months of December 2012 - February 2013 in panels a, b, c, d,
and e, respectively. The stratospheric temperature started increasing significantly on 4 January
2013 (210 K) and reached its peak (239.9 K) on 7 January 2013 (shown between vertical red and
green lines, Figure 2 panel a). This corresponds to more than 25 K increase in the stratospheric

temperature at 10hPa within a week from 1 January to 10 January 2013 (Maute et al. 2015).



139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

Coincidentally, on this same day of stratospheric temperature peak, the varying zonal mean zonal
wind at 60 °N and 10 hPa turned eastward (shown in Figure 2 panel b). These indicate an ongoing
major sudden stratospheric warming, SSW (classifies as first major warming). The stratospheric
temperature begins a downward progression that lasts for about 3 days after the peak as the zonal
mean zonal wind was reversing westward, an indicator of looming minor SSW. A major SSW was
repeated on 12-20 January 2013 with the zonal mean zonal wind reaching a maximum of -12 m/s
on 18 January 2013 (classifies as second major warming). These January 2013 SSW events
coincided with the varying F10.7 in the range of 110 sfu - 168 sfu. While the second major SSW
was ongoing, a minor geomagnetic storm started with SYM-H = -58 nT on 17 January 2013
(indicated by blue dotted lines). The varying IMF Bz was southward directed reaching - 15 nT.

Figures 3, 4, and 5 also indicate the stratospheric, solar, and geomagnetic parameters during the
2011/2012 (when F1o7 = 140 sfu), 2013/2014 (F107 = 168.2 sfu), and 2012/2013 (when F1o7 = 120
sfu) SSW events (indicated by vertical dashed brown, blue and black lines) respectively. These
periods are regarded as quiet periods for individual solar flux values while other parameters are
relaxing. The stratospheric parameters consisting of the zonal mean zonal wind (60°N) and
stratospheric temperature (90°N) at 10 hPa (~32km altitude) were retrieved from the NOAA

Physical Sciences Laboratory at https://psl.noaa.gov/. This is used to study the influence of

meteorological forcing on different current systems in the ionosphere. Further details regarding
the NCEP-NCAR reanalysis data can be found in Kalnay et al. (1996). While, the geomagnetic
(SYM-H and Kp), and solar (F10.7, IMF Bz) conditions were also obtained from the NASA

OMNIweb service, https://omniweb.gsfc.nasa.gov/, and the National Oceanic and Atmospheric

Administration (NOAA) solar data service at

https://www.ngdc.noaa.gov/stp/solar/solardataservices.html. = The  neutral ~ composition,
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thermospheric O/N2 column density data is optically obtained from NASA Thermosphere
lonosphere Mesosphere Energetics and Dynamics satellite (TIMED/GUVI) Far Ultraviolet (FUV)

airglow instruments at http://quvitimed.jhuapl.edu.

Figures 6, 7 and 8 depict the corresponding daily TEC variability due to solar flux effect, when
F10.7 = 140 sfu (Figure 3), F10.7 = 168.2 sfu (Figure 4) and F10.7 = 120 sfu (Figure 5), (1sfu = 10°
2\Wm2Hz!) respectively. These solar flux values correspond to the values of the ongoing first
major (when F10.7 = 140 sfu), minor (when Fyo.7 = 168 sfu) and second major (when Fio7 = 119.8
sfu) warming events (Figure 2, panel c). The corresponding TEC values due to solar flux effect on
Figures 6, 7 and 8 are averaged and denoted by TECquiet (TECquietaverio.7)). TECquietaveio.z
simply implies the solar flux effect contributions to the low-latitude varying TEC while other
parameters are not active (quiet period). Hence, during the first major SSW (7 January 2013), we
deduced the contributions of SSW (TECssw)) to the varying TEC by subtracting the
TECquietaveio.7) in January 2012 (Figure 6, when F10.7 = 140 sfu) from the TEC variations during
the first major warming induced by solar flux (TECssw-+r10.7), Figure 9a). A similar approach was
used to estimate the minor (10 January 2013, Figure 7) and second major (15 and 16 January 2013,
Figure 8) SSW contributions to the varying ionospheric TEC. The station by station line plots of
these individual contributions during the first major, minor and second major SSW are shown in
Figures 10, 11, and 12 respectively. On 17 January 2013 that included both the ongoing SSW,
F10.7, and a minor geomagnetic storm (TECssw-+F10.7+sTorM)), the contribution of the F10.7 (regarded
as TECquiet when F10.7 = 120 sfu, Figure 8) was deducted leaving the contribution of SSW and a
minor geomagnetic storm (TECssw+Stormy). Thereafter, the contribution of a minor geomagnetic

storm (TEC(storm)) to the ongoing SSW-induced TEC was deduced by subtracting the SSW


http://guvitimed.jhuapl.edu/

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

contribution (TEC(ssw)) on 16 January 2013 (as shown in Figure. 12, panel d) from TECssw-Storm,

on 17 January 2013 (Figure. 13, panel c). All of these are mathematically expressed as follow:

TEC(ssw) = TEC(ssw+r10.7) - TECquietaveFio.7) 1
TECssw+storm) = TEC(ssw+F10.7+sTorM) - TECQquietave(rio.7y 2
TEC(storm) = TEC(ssw+sTtorm) - TEC(ssw on 16 January 2013) 3

Where TECquietaverio.z), TEC(ssw+r10.7+sTorM), TEC(ssw+r10.7, TECssw), and TECstorm)
represent the averaged solar flux effect during the quiet period, the combined varying TEC consist
of the SSW, solar flux and storm effects, varying TEC during ongoing SSW events induced by
solar flux, TEC contribution due to SSW effect and TEC contribution due to storm effect,
respectively.

More so, percentage contribution of the storm and SSW is as follow:

0 _ _ TEC(SSW) *
% TEC(ssw) TEC(SSW+STORM) 100 4
% TEC(storm) = TEC(ssw + sTorm) - % TEC(ssw) S

Conclusively, the individual contribution effect of SSW, solar flux and geomagnetic storm during

the major and minor warmings are shown in Table 2.

3.0 Results and Discussion

Figure 9a-9b shows the day-to-day EIA variations of TEC in the American low latitude ionosphere
around 75°W from 1 to 20 January 2013. The EIA crests seen around 18:00 UT (13:00 LT) on
most of the days are higher at the northern crest, LPUC (4.25°N), than the southern crest, IACR
(5.58°S). Some exceptions are seen during the second major SSW on 12-20 January 2013, where
a higher EIA crest at IACR (5.58°S) compared to LPUC (4.25°N) characterized 12-14 January

2013. Also distinct is the re-location of the northern crest from LPUC to ESMR (4.25°N to
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13.02°N) on 14 January 2013 and its further re-location to BOGT (4.25°N to 16.93°N) on 15-19
January 2013. These results were related to the varying amplitude of the daily EEJ strength in
Figure 14a-14b (magnetometer-inferred EXB drift velocity, Anderson and Araujo-Pradere, 2010)
and variations in the thermospheric 0 /N, column density ratio (Figure 15). Similar results have
been presented in the works of Goncharenko et al. (2013) and Siddiqui et al. (2018).

On 7 January 2013 (first major SSW), a daytime counter electrojet (CEJ) depicting a semidiurnal
signature (downward in the morning-afternoon and upward in the afternoon-evening period) was
seen in Figure 14a. This contrasts the well-reported semidiurnal upward (late morning) and
downward (afternoon) varying equatorial EXB drift velocity signature (Chau et al., 2009;
Sridharan et al., 2009; Fejer et al., 2010; Anderson and Araujo-Pradere, 2010) that increased the
low latitude TEC and affected the EIA crests (Kelley, 2009). Recall that a semidiurnal signature
indicates SSW-time semidiurnal tide in the varying equatorial EXB drift velocity (Chau et al.,
2009; Fejer et al., 2010). Due to 2-dimensional pictures, such as a morning CEJ (Figure 14a) that
can be related to a morning westward electric field and indicating that the daytime eastward electric
field is not active, could not be seen in the works of Goncharenko et al. (2013) and Siddiqui et al.
(2018). Therefore, a poleward plasma flow, which the eastward electric field can trigger, is rule-
out in this context. To the best of our understanding, simulation and experimental investigations
during geomagnetic conditions (Balan et al., 2009; Bolaji et al. 2021) have shown that the daytime
westward electric field inhibited EIA formation and supported the formation of an equatorial peak.
Hence, on 7 January 2013, the combined effects of the varying solar flux (photo-ionization
production), SSW-time neutral wind and SSW-time thermospheric neutral composition
0/ N, ratio can be responsible for the EIA formation and its enhancement at the northern (LPUC)

compared to the southern (IACR) crest. To clarify this, a major SSW depicted by dramatic changes
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in the stratospheric temperature ( 239.9 K, Figure 2 panel a) and zonal mean zonal wind (- 5.64
m/s, Figure 2 panel b) at high latitudes on 7 January 2013 triggers the upward propagating waves
interacting non-linearly with PW and propagating vertically towards the mesosphere lower
thermosphere (MLT) region (Meyer, 1999). This set up an upward and equatorward circulation in
the MLT region (Liu and Roble, 2002). Due to the heating of the high latitude thermosphere by
the stratospheric temperature, meridional circulation changes associated with the varying SSW
modulated the zonal mean zonal wind and connected the MLT with the middle and low latitude
ionosphere (Laskar et al., 2014). As the suspected SSW-time equatorward wind due to heating of
the thermosphere coupled the ionosphere with insignificant hindrance from the poleward plasma
flow (especially at the middle latitudes), the ionosphere can be raised to higher altitudes of low
recombination rate. Obviously, during the SSW-induced day of 7 January 2013, around 75°W, the
chemical effect due to the down-welling O/N,, ratio (Roble, 1982) characterized by richer atomic
oxygen and poorer molecular nitrogen at the northern high-middle latitudes is slightly higher than
that of 6 January 2013 (Figure 15). The SSW-induced equatorward wind can bring along this
slightly-high down-welling O/N, ratio seen at the northern high-middle latitudes to the low
latitude ionosphere on 7 January 2013. Then, the combined effects of the SSW-time equatorward
wind, a slight increase in the SSW-time down-welling effect and daytime photo-ionization
production can facilitate the well-developed EIA signature and enhance the northern crest more
than the southern crest on 7 January 2013. Recall that SSW is a northern winter phenomenon where
its effect is dominant. This was supported by our results in Table 2, revealing that the SSW effect
is the reason for a higher northern crest. For example, solar flux contributed 84% to the northern

crest and 85% to the southern crest. In comparison, the SSW effect (SSW-time equatorward wind
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and down-welling effect) contributed 16% and 15% to the northern and southern crest,

respectively.

A westerly-directed zonal mean zonal wind flow of 1m/s (Figure 2 panel b) observed on 10 January
2013 (a minor SSW) signifies a weak SSW-induced period which can be related to a weak SSW-
time equatorward wind varying in the thermosphere. In addition to this, is a weak (26 nT)
magnetometer-inferred upward EXB drift velocity (Figure 14a) seen around 75°W depicting a
weak SSW-time eastward electric field in the ionosphere. Also, the SSW-time neutral composition
O/N, ratio on 10 January 2013 in American low latitude is weak (0.45). An exception is a
significant increase in solar flux from 140 sfu (7 January 2013) to 168 sfu (10 January 2013). This
was evident in Table 2 on 10 January 2013 as solar flux and SSW effects contributed 90% and
10%, respectively, to the northern crest. Solar flux contributed 77% at the southern crest and SSW
contributed 23%. These indicate that a minor SSW effect on the ionosphere is not remarkable in
the northern winter hemisphere on 10 January 2013. Therefore, combined effects of the above
physical mechanisms can be responsible for the EIA formation with photo-ionization production

as the leading factor.

Compared to 7 January 2013 first major SSW, significant re-location of the northern crest from
ESMR (14 January 2021) to BOGT station and its TEC enhancement on 15 and 16 January 2013
(second major SSW, Figure 9b) are attributed to intensified SSW conditions (stratospheric
temperature, T = 240 K, Figure 2 panel a and zonal mean zonal wind, U = -5.72 m/s - -6.83 m/s,
Figure 2 panel b). These intensified SSW conditions modulate the varying semidiurnal inferred
EXB drift velocity on 14 January 2013 and significantly increase its value in the morning and CEJ
in the afternoon on 15-16 January 2013 (Figure 14b). As mentioned, a similar semidiurnal

signature in the inferred EXB drift velocity (Chau et al., 2009; Sridharan et al., 2009; Fejer et al.,
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2010) increased the low latitude TEC and EIA crests (Kelley, 2009). This indicates a large increase
in the daytime eastward electric field that transports more ionosphere plasma from around the
magnetic equator through the magnetic field lines to higher altitudes. After losing momentum, due
to gravity and electron density gradient, this large poleward ionosphere plasma flowing on both

sides of the dip equator get deposited at higher latitudes.

In addition to this is the increase of thermospheric neutral composition O /N, ratio (Fig. 14) from
0.5 (14 January 2013) to 0.7 (15-16 January 2013). As the SSW-time equatorward wind was
transporting the down-welling O /N, ratio into the low latitudes, it could not reduce the ongoing
stronger poleward plasma flow in the northern hemisphere. Hence, the relocation of the northern
crest from ESMR to BOGT while the southern crest location is not changing (Figure 9b). We
suspect that the disparity in the hemispheric crests is related to the difference in the inferred EXB
drift velocity between the northern and southern hemispheres. In addition to the well-reported
thermospheric wind that modulated EIA crests, this is a future investigation as our inferred EXB
drift velocity displayed in Figure 14b only originated from the northern hemisphere. The combined
effect of SSW-time equatorward wind, indirect down-welling 0 /N, and stronger eastward electric
field in the northern hemisphere contributed 58% (Table 2) to increase in TEC magnitude at the
northern crest and its relocation. Together with the ongoing daytime production of ionization that
contributed 42%, they are responsible for these significant changes seen in EIA signatures on 15-
16 January 2013. However, in the southern hemisphere, where the SSW effect rarely modulates
the ionosphere, photo-ionization contribution was more prominent (72%) than SSW, which

contributed 28%.

On 17 January 2013, our results (Figure 9b, Figure 14b and day 17 in Figure 15) revealed that the

effect of the ongoing intense SSW got modulated by a minor geomagnetic storm (SYM-H of - 58
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nT), storm-time induced SSW. Contrasting Pedatella et al. (2008)’s work, the ongoing major SSW
altered by a minor geomagnetic storm on 17 January 2013 did not disrupt the SSW-induced EIA
signature but modulated it by reducing the northern crest and increasing the southern crest to ~ 75
TECU and ~ 77 TECU, respectively (Figure 9b). This reduction of SSW effect on the ionosphere
by the minor geomagnetic storm of 17 January 2013 is interestingly evidenced in Figure 14b as
the inferred upward-directed EXB maximum observed in the northern hemisphere was reduced
compared to prior and after the SSW-induced days (15,16, 18 and 19 January 2013). Also, as
shown in Table 2, the minor geomagnetic storm reduced SSW contributions at the northern crest
to 50% and increased the photo-ionization contribution to 51%. Therefore, the overall reduction
contributed by the minor geomagnetic storm to both effects was -1%. At the southern crest, the
minor geomagnetic storm reduces both the photo-ionization (58%) and SSW (20%) effects
compared to 15-16 January 2013 (Table 2). Then, the minor geomagnetic storm contributed 22%
to both effects at the southern crest. Overall, the minor geomagnetic storm reduced (increased) the
northern (southern) crest on 17 January 2013. Our results agree with the work of Ribeiro et al.
(2019) on the higher southern crest of 17 January 2013 (77 TECU) compared to 16 January 2013
(65 TECU). However, their suggestion of invoking travelling ionospheric disturbances, TIDs
cannot be substantiated as the varying TEC residual wave-form reported in their work is actually
of SSW origin, as shown by our efforts in this work (Figure 13 panel e). Also, our results strongly
disagree with the suggestion of Goncharenko et al. (2013) that a brief minor geomagnetic activity
of 17 January 2013 will not drive these above-described variations in the low latitude TEC. Our
observed results strongly agree with the suggestions of Maute et al. (2015), Hagan et al., 2015,

Pedatella (2016) and Pedatella and Liu (2018) in that combined effect of the lower atmospheric
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forcing and a geomagnetic storm is important to specifying and forecasting the near-Earth space

environment.

4.0

Conclusions

In this paper, we have presented and discussed the response of the low latitude ionosphere in the

American sector to the 2013 SSW event and a minor geomagnetic storm overlapping it on 17

January 2013. The main results from the study are as follow:

1.

The late morning inferred downward-directed E X B drift was inactive in the formation of
EIA signature during the first major warming. During the second major warming, the
upward directed late morning-near inferred upward-directed E X B drift leads to the
relocation of plasma to higher latitude during the second major warming.

With or without the inferred E X B drift, a well-developed EIA signature during SSW
events is due to the combined effects of increase in SSW-time equatorward wind, SSW-
time down-welling 0 /N, effect and daytime photo-ionization production.

The reduction of SSW effect on the ionosphere by the minor geomagnetic storm of 17
January 2013 correlated with reduced inferred upward-directed EXB drift maximum
observed in the northern hemisphere compared to prior and after the SSW-induced days.
The SSW effect that contributed 16% (58%) to the northern crest during the first (second)
major warmings is higher than 10% contributed to the northern crest during minor
warming.

The storm-time induced SSW causes slight reduction and increment in the TEC magnitude
at northern and southern crest, respectively.

The overall reduction contributed by the moderate geomagnetic storm to both SSW, and

the photoionization effect was - 1% at the northern crest and 22% at the southern crest.
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7. Contrary to the assertion of Pedatella et al. (2008) while studying event of July 2004, the
interplay between the ongoing SSW and geomagnetic storm of 17 January 2013 did not
disrupt the EIA signature but modulated it by reducing (increasing) the northern (southern)
crest.

8. Our observation that agreed with the intensification of ionospheric plasma seen at the
southern crest in the work of Ribeiro et al. (2019) contrasted their suggestions of being
driven by TID of gravity waves origin. Actually, a major SSW was ongoing prior to being

overlapped by a brief and minor geomagnetic storm.

9. Contrary to Goncharenko et al. (2013) suggestion, our observed results revealed that
geomagnetic activity, among others, is a factor to reckon with in driving the ionospheric
variations seen on 17 January 2013. Hence, modellers should start considering SSW
forcing along geomagnetic storm forcing in their future modelling efforts. This would
improve the forecasting of the near-Earth space environment.

Finally, we concluded that it is now becoming increasingly clear that understanding the forcing
from SSW is critically important for the space weather modelling community to predict and
forecast the day-to-day TEC during the northern wintertime in the low latitude. Thus, incorporating
the forcing due to SSW during the northern wintertime into the future modelling efforts is critically
important to accurately characterize the day-to-day variability of TEC in the low latitude

ionosphere.
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2. | Bogota Colombia | BOGT | 4.71°N, 74.07°W 16.93°N, 358.11°W
3. | Esmeraldas Ecuador ESMR | 0.96°N, 79.65°W | 13.02°N, 351.56°W
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8. | Arica Chile IACR | 18.47°S,70.33°W | 5.58°S, 0.70°W
9. | Antofagasta Chile VCNF | 23.68°S, 70.41°W | 10.58°S, 0.58°W
10. | Copiapo Chile COPO | 27.38%S, 70.33°W | 14.10°N, 0.69°W
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12. | Talcahuano Chile CONZ | 36.84%S, 73.02°W | 22.96°S, 359.34°W
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546  Figurel: A map showing the American low latitude GPS stations used in this investigation.
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562 2014 SSW events. The two vertical dashed blue lines indicate the period when the solar flux, Fio.7
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570  Figure 6: The daily TEC variations and averaged TEC value (TECquiet) during the periods when
571  the Fi07 = 140 sfu (2 - 4 January, 2012) in the American sector.
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573  Figure 7: The daily TEC variations and averaged TEC value (TECquiet) during the periods when

574  the Fi07 = 166.2 sfu (9 - 11 December, 2013) in the American sector.
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Table 2: Showing the individual contribution of F10.7, SSW, and geomagnetic storm during the

Major and Minor warmings.

Hemisphere

07/01/2013 F10.7 (%) SSW Contribution Storm Contribution (%)
(%)

Northern 84 16 NIL

Hemisphere

Southern 85 15 NIL

Hemisphere

10/01/2013

Northern 90 10 NIL

Hemisphere

Southern 77 23 NIL

Hemisphere

15-16/01/2013

Northern 42 58 NIL
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Southern 72 28 NIL
Hemisphere

17/01/2013

Northern 51 50 -1

Hemisphere

Southern 58 20 22
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Figure 9a: The day-to-day variability of the American EIA from 01-10 January 2013.
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587  Figure 9b: The day-to-day variability of the American EIA from 11-20 January 2013.
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Figure 14 a and b: The inferred E X B drift over the Northern Hemisphere in the South America

during January 2013 SSW events.
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Figure 15: Thermospheric O/N2 ratio from GUVI for the period of 03 — 20 January 2013.
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