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Abstract

The strongest Southern Hemisphere minor sudden stratospheric warming (SSW) in the last 40 years occurred in September
2019 and resulted in unprecedented weakening of the stratospheric polar vortex. Ionospheric total electron content (TEC)
observations are used to provide an overview of statistically significant anomalies in the low-latitude ionosphere during this
event. Quasi-semidiurnal perturbations of TEC are observed in response to the SSW, similar to those seen during Northern
Hemisphere SSWs. Analysis indicates the existence of quasi-periodic oscillations in TEC in the crests of the equatorial ionization
anomaly, with strong 5-6 day and 2-3 day periodicities. Ionospheric anomalies from the combined effects of multiple mechanisms
exceed a factor of 2, comparable to the strongest anomalies associated with Northern Hemisphere SSWs. These results also
indicate, for the first time, a remarkable longitudinal variation in the character and magnitude of variations that could be

related to a modulation of the non-migrating diurnal tide.
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Key Points:

e Minor Antarctic sudden stratospheric warming of September 2019 produces large
ionospheric anomalies at low latitudes

e Changes of total electron content exceeding a factor of 2 are observed

e Large longitudinal differences in total electron content response to Antarctic SSW are
reported
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Abstract

The strongest Southern Hemisphere minor sudden stratospheric warming (SSW) in the last 40
years occurred in September 2019 and resulted in unprecedented weakening of the stratospheric
polar vortex. Ionospheric total electron content (TEC) observations are used to provide an
overview of statistically significant anomalies in the low-latitude ionosphere during this event.
Quasi-semidiurnal perturbations of TEC are observed in response to the SSW, similar to those
seen during Northern Hemisphere SSWs. Analysis indicates the existence of quasi-periodic
oscillations in TEC in the crests of the equatorial ionization anomaly, with strong 5-6 day and 2-
3 day periodicities. lonospheric anomalies from the combined effects of multiple mechanisms
exceed a factor of 2, comparable to the strongest anomalies associated with Northern
Hemisphere SSWs. These results also indicate, for the first time, a remarkable longitudinal
variation in the character and magnitude of variations that could be related to a modulation of the
non-migrating diurnal tide.

Plain Language Summary

Sudden stratospheric warming, a large-scale meteorological disturbance, has been associated
with profound anomalies in the Earth atmosphere, from troposphere all the way to the upper
thermosphere and ionosphere. During the last decade, numerous studies showed that Arctic
sudden stratospheric warmings cause especially large anomalies in the low-latitude ionosphere.
However, it was not clear if similar ionospheric anomalies can be produced by Antarctic sudden
stratospheric warming, mostly because Antarctic sudden stratospheric warmings are pretty rare.
In this study we provide an overview of ionospheric anomalies in total electron content observed
in September 2019, when very strong sudden stratospheric warming developed over Antarctica.
We conclude that Antarctic events produce even more dynamical changes in the ionosphere than
Arctic events. We report for the first time large differences in the observed features at locations
that are separated by only 30 degrees in longitude. Our results indicate that stratospheric weather
can strongly influence the state of the ionosphere not only during December-February period
(winter in the Northern Hemisphere), but also during September (equinox conditions).

1 Introduction

A sudden stratospheric warming (SSW) event (Scherhag, 1952) is a large-scale disruption
of the stratospheric polar vortex with concomitant warming at the pole and a weakening of the
polar night jet stream (Butler et al., 2015). In recent years, SSWs have been linked to large
variability throughout the ocean-atmosphere-ionosphere system (e.g., Pedatella et al., 2018).
Since the late 2000s, observations have shown a large variety of ionospheric disturbances that
have been associated with Arctic SSWs (see reviews by Chau et al., 2012; Goncharenko et al.,
2020). Briefly, the most notable changes occur in the low-latitude ionosphere and include
disturbances on three distinct temporal scales. The shorter temporal scale is associated with
modification of tidal forcing during SSW and most frequently expressed as quasi-semidiurnal
disturbances in, for example, vertical drift, electron density, and the equatorial electrojet (Chau et
al., 2009; Fejer et al., 2010; Goncharenko et al., 2010a; Pedatella and Forbes, 2010; Yamazaki,
2013) that persist for multiple days or even weeks. The second temporal scale is associated with
ionospheric oscillations with planetary wave time scales, and observed as 2, 5-6, or 10-16 day
quasi-periodic variations in peak electron density, peak height of the F-region, and locations of
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the equatorial ionization anomaly (EIA) (Patra et al., 2014; Mo et al., 2014). The third temporal
scale can last for 10-20 days or longer and is expressed as decreases in zonal and diurnal mean
electron density and mean ionospheric peak height (Pancheva and Mukhtarov, 2011), decrease in
thermospheric density (Liu et al., 2011; Yamazaki et al., 2015), and decrease in thermospheric
O/N; ratio (Oberheide et al., 2020). These observational studies have stimulated considerable
advances in understanding the physical mechanisms that link the state of the stratosphere to low-
latitude ionospheric variability. Three generally accepted mechanisms include 1) changes in the
migrating and non-migrating solar and lunar tides (Pedatella and Forbes, 2010; Liu et al., 2010;
Jin et al., 2012; Forbes and Zhang, 2012), 2) increases in stratospheric tropical ozone during
SSWs that lead to an enhancement in the migrating tide (Goncharenko et al., 2012; Limpasuvan
et al., 2016; Siddiqui et al., 2019), and 3) reductions in the thermospheric O/N2 ratio due to tidal
dissipation (Yamazaki and Richmond, 2013; Oberheide et al., 2020). Superposition of these and
other mechanisms that are still yet to be discovered create highly variable conditions in the quiet-
time ionosphere-thermosphere system that can be observed in multiple upper atmospheric
parameters. This topic is the subject of active research that will undoubtedly bring new insights
as more observational and modeling results are obtained.

Due to larger planetary waves (PWs) in the Northern Hemisphere (NH) winter as
compared to the Southern Hemisphere (SH) winter, Arctic SSWs (e.g., Charlton and Polvani,
2007) are far more common than their Antarctic counterparts (Kruger et al., 2005). An
outstanding question is whether Antarctic SSWs can produce similar disturbances in the
ionosphere-thermosphere system as Arctic SSWs. The main reason for this gap in understanding
is that Antarctic SSWs occur much less frequently, with only one major SSW recorded in
September 2002, and only several minor SSWs in the satellite era. Olson et al. (2013) examined
equatorial ionospheric electric fields and currents during the 2002 event and reported enhanced
quasi-two-day oscillations and multi-day perturbations consistent with lunar tide. Mo and Zhang
(2020) examined observations in the Asian sector and found quasi-10-day oscillations in Total
Electron Content (TEC) and location of crests of the EIA. However, both studies noted that
enhanced geomagnetic activity during that period complicated interpretation of observations.

A renewed opportunity to investigate how the ionosphere and thermosphere reacts to
Antarctic SSWs has emerged with the strong minor SSW that occurred over Antarctica in
September 2019 (Lim et al., 2020). Yamazaki et al. (2020) examined middle atmospheric
observations using Aura Microwave Limb Sounder satellite data alongside the ionospheric
equatorial electrojet and the topside electron density from the Swarm satellite constellation and
reported strong quasi-6-day variations in all parameters during this SSW. Specifically, these
variations reached 20-40% for the topside electron density and 5-10% for the topside TEC and
were observed simultaneously with 6-day wave activity in the lower thermosphere.

The main objective of this study is to examine ionospheric TEC and attribute anomalies
in ionospheric TEC patterns to the Antarctic SSW. We note that analysis of TEC can uncover
significantly different patterns of anomalies as compared to Yamazaki et al., 2020, as it examines
all local times, in contrast to limited local time coverage available for Swarm data. However, as
the ionospheric response to SSW varies with altitude, some patterns observed at fixed altitudes,
like in Swarm (or other satellite) data, could be hard to detect in height-integrated TEC
observations. This study reports SSW-induced TEC anomalies and their variation as a function
of latitude, longitude, and local time, thus presenting different characteristics of ionospheric
changes related to the Antarctic SSW of September 2019.
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2 Results and Discussion

2.1 The 2019 Antarctic minor SSW and mesospheric cooling

Figure 1 presents an overview of the meteorological conditions in the stratosphere and
mesosphere from 15 August to 1 October 2019. The top panel shows an altitude-time slice of
temperature at 80°S. The minor SSW is characterized here by the descent of the stratopause from
55 km in late August to 40 km in mid-September. As expected, there is simultaneous cooling in
the polar mesosphere. The mesospheric response is most apparent in mid-September, at the same
time the zonal winds are weakest (middle panel, red line). Indeed, to the extent that the speed of
the stratospheric polar night jet can be used as a proxy for the strength of the polar vortex, the
observed vortex weakening in the second week of September is unprecedented in the 40-year
data record. During this time the jet encircling the Antarctic vortex is even weaker than during
the notorious vortex split year of 2002 (middle panel, blue line). The strong minor SSW and
weak polar vortex in the Antarctic in 2019 are driven by large amplitude PWs, as evidenced in
the bottom panel of Figure 1. These PW amplitudes maximize near the stratopause in early
September but remain large in the stratosphere through mid-September. Of particular relevance
to this work is the PW response in the mesosphere between 70 and 90 km in mid-September.
Given the timing of the SSW and mesospheric cooling, and the concomitant PW activity in the
stratosphere and mesosphere, we expect to see largest effects in the thermosphere and ionosphere
in mid-September.

The 2019 SH SSW occurred during a period of very low solar activity; the F10.7 index
varied from 67-70 SFU (1 SFU = 1022 W / m? / Hz) for most of September. Likewise, this time
was also quiet geomagnetically, with an Ap index that ranged from 3-10 units. We note that one
brief enhancement in the Kp index (on Sep 16, Kp=4 at 3-6UT) does not influence our results.
Overall, low and stable levels of solar and geomagnetic activity make it easier to unambiguously
identify ionospheric anomalies related to SSW. In the subsequent analysis we focus on the mid-
September period.

2.2 Ionospheric observations

We use TEC data provided by the Madrigal database and processed by MIT Haystack
Observatory as described by Rideout and Coster (2006) and Vierinen et al. (2016). This data has
Ix1 degree latitude and longitude resolution and 5 minute temporal resolution for locations that
are covered by ground-based GNSS receivers, resulting in data gaps over the oceans and areas
without GNSS receivers. MIT Haystack Observatory currently processes data from more than
6000 GNSS receivers. GLONASS data was added recently to the processing, resulting in the
~30% improvement in the data density. For this study we have analyzed 3 months of data from
August 1, 2019 to Nov 1, 2019. Inspection of the TEC data for this time period shows high data
quality, with a median error of a single data point equal to 0.92 TECu (1 TECU = 10'¢ electrons
m2), and 99-th percentile in error equal to 1.36 TECu. The error in TEC data exceeded 3 TECu
in 0.01% of original data, and this data was excluded from the subsequent analysis.

To isolate effects of the September 2019 SSW, we first characterize the typical
‘dynamically quiet’ ionospheric state for September under solar minimum conditions within
three broad geographic areas: American sector (125°W to 25°W), African sector (20°W to 70°E),
and Asian sector (110°E to 160°E). For each longitudinal sector, we have calculated median
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values of TEC and different percentiles for the following conditions: low solar activity (F10.7
daily index is 70 +/- 5 sfu; 81-day average F10.7 index is 70 +/- 5 sfu), low geomagnetic activity
(daily Ap index < 15 for the current day and previous 24 hours), average or below average
stratospheric planetary wave activity at 10hPa and 60°S, and centered on September 15 with a +/-
15-day window. The Madrigal database contains 79 days that satisfy the aforementioned
conditions, with data collected in 2008, 2009, and 2018. The TEC observations for the selected
79 days were then binned in 30-min intervals, resulting in several hundred data points per each
1° longitude x 1° latitude bin in areas with good data coverage. Median TEC values determined
from these bins were then used in this study as a baseline that describes the ‘dynamically quiet’
ionosphere in each geographic sector with high resolution in latitude and longitude. As an
example, the top two panels of Figure 2 show median TEC in the American sector at 17 UT (Fig.
2a) and at 21 UT (Fig. 2b). In addition, different percentile estimates obtained from these 79
days of data (for example, difference between 10-th and 90-th percentiles or 25-th and 75-th
percentiles) enabled quantitative description of typical ionospheric variability during
dynamically quiet conditions.

Figure 2 compares the median, e.g. ‘dynamically quiet state’ TEC in the American sector
around noontime (Fig. 2a, 17 UT) and afternoon (Fig. 2b, 21 UT), with observations during
Antarctic SSW on September 15, 2019 during the same time, 17 UT (Fig. 2¢) and 21 UT (Fig.
2d). Large increases in TEC are observed at 17 UT during the SSW, with enhancements in both
crests of the EIA, while the opposite behavior is observed several hours later, at 21 UT, with
suppression of both crests of EIA. Similar quasi-semidiurnal deviations in TEC in the low-
latitude ionosphere in the American sector have been previously reported to occur during Arctic
SSW events (Goncharenko et al., 2010, see their Figure 1). The mechanism driving this
ionospheric variability is amplification of tidal amplitudes in the lower thermosphere.
Anomalous tides modulate electric fields through the E-region dynamo process, modify F-region
vertical drifts and, subsequently, F-region electron densities. Although the roles of different
mechanisms and different tides are a matter of active research (see reviews by Chau et. al., 2012;
Goncharenko et al., 2020), similar quasi-semidiurnal behavior was observed in multiple
ionospheric and thermospheric parameters and during multiple Arctic SSW events, both major
and minor. We thus conclude that a minor Antarctic SSW of September 2019 causes quasi-
semidiurnal perturbations in the low-latitude ionosphere in a manner similar to Arctic SSW
events.

The ionospheric response to the Antarctic SSW is both hemispheric in scale and regional
in strength of specific features; in other words, qualitatively similar large-scale low-latitude
ionospheric anomalies are observed in different geographic sectors, but the strength of these
anomalies is different. Figure 3 illustrates this point and presents TEC anomalies observed on 15
September 2019 and calculated as a difference between observations and median values and
expressed as percent change from median. Around noontime, positive TEC anomalies are seen
over the American, African, and Asian sectors, albeit with varying strengths. In the American
sector, noontime positive TEC anomalies are seen over a broad latitude band extending from
40°S to 40°N, including the EIA trough. The largest anomalies are observed in the areas several
degrees poleward of the EIA crests, reaching ~40-60% poleward of the northern crest of EIA and
~60-80% poleward of the southern crest of EIA. Positive noontime anomalies are larger in the
African sector where they reach 100%, while negative anomalies formed within ~20° latitude of
the EIA trough. In contrast, in the Asian sector positive TEC anomalies are rather weak and do
not exceed 20-30%. To summarize the ionospheric anomalies over the globe, the afternoon and
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nighttime anomalies are more consistent between different geographic sectors and show
predominant suppression of TEC which is stronger in the African and Asian sectors. These
negative anomalies could result from a superposition of several mechanisms: a negative phase of
a quasi-semidiurnal perturbation, general decrease of a thermospheric O/N2 ratio related to the
dissipation of enhanced tides (Yamazaki and Richmond, 2013; Oberheide et al., 2020), and
perturbations in upper thermospheric winds that could contribute to the night-time anomalies
(Pedatella and Maute, 2015; Goncharenko et al., 2018). The positive TEC anomalies observed in
the afternoon directly north of 20°N in the American sector (red area in the left side of the middle
panel in Figure 3) do not exhibit a semi-diurnal pattern. We hypothesize that they are produced
by a different mechanism than the low-latitude anomalies and thus will be explored in a separate
study.

One of the important distinctive features of this minor SSW is the fact that ionospheric
anomalies are highly dynamic, with their phenomenology strongly varying from one day to
another. This contrasts with typical TEC anomalies during Arctic major and minor SSW events
where similar quasi-semidiurnal (Goncharenko et al., 2010b, Paes et al., 2014, Fagundes et al.,
2015) or negative disturbances (Vieira et al., 2017) last for multiple days. For example, by
September 19, the American sector shows a negative TEC anomaly in the noontime sector, the
African sector still shows a positive anomaly albeit with a reduced magnitude, but the Asian
sector shows the strongest positive anomaly that exceeds 100% (Figure 4, compare to Figure 3).

Figure 5 further illustrates this behavior and depicts TEC variations for several selected
days (Sep 14, 15, 17, 19) in the northern crests of the EIA (Figure 5a, 5b) and in the southern
crests of the EIA (Figures 5c, 5d) for geographic longitudes 75°W (left panels, 5a and 5¢) and
45°W (right panels, 5b and 5d). The quasi-semidiurnal feature that was illustrated in Figure 2 is
shown with a blue and red lines in Figure 5a and 5c for 75°W, indicating TEC increase in the
morning to early afternoon sector (prior to 19 UT) and TEC suppression in the late afternoon
(after 19 UT). However, this quasi-semidiurnal departure from median values is short-lived and
present for only 2 days, Sep 14 and Sep 15. In the northern crest of EIA at 75°W (Figure 5a), on
September 16-18 it is replaced by a general increase in TEC for all daytime hours that at times
exceeds the 90" percentile, and by September 19 the dominant feature is the suppression of TEC
below the 25™ percentile for all daytime hours. Increase in TEC for all daytime hours followed
by a decrease in TEC for all daytime hours 3 days later is likely a manifestation of ionospheric
oscillation with ~6-day period. Planetary waves, in particular quasi 6-day waves, affect total
electron content during all daytime hours (Qin et al., 2019), although this effect depends on solar
local time and largest planetary wave modulations of the ionosphere are observed in the
afternoon hours (Liu et al., 2012; Gu et al., 2018). Thus, in the northern crest of EIA at 75°W,
the low-latitude ionosphere exhibits signs of superposition of tidal effects and ~5-6-day planetary
wave effects that were discussed by Yamazaki et al. (2020). A plausible cause for the lack of
persistence in quasi-semidiurnal anomalies during September 2019 SSW is the co-occurrence of
a very strong quasi 6-day wave. We will discuss manifestations of 5-6-day wave and other
planetary waves in a later portion of this study.

Figure 5 demonstrates another important aspect of ionospheric anomalies observed in
September 2019: their phenomenology is different for geographic locations separated by as little
as 30 degrees in longitude. Figure 5b (for the northern crest of EIA) and Figure 5d (for the
southern crest of EIA) show that at 45°W TEC anomalies are much weaker than at 75°W in both
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absolute and relative magnitudes, with the exception of a large increase in the southern crest of
the EIA on September 17. The quasi-semidiurnal disturbance evident at 75°W is not present at
45°W, and the dominant variation is the TEC suppression, which is largest in the afternoon and
nighttime hours. This contrasts with results obtained during several Arctic SSW, where TEC
anomalies in the Brazilian sector (45°W) were found to be very similar to anomalies in the
Peruvian sector (75°W) (Paes et al., 2014; Fagundes et al., 2015), and semidiurnal behavior was
preserved for multiple days. For Arctic SSWs, EIA suppression in the Brazilian sector in the
afternoon hours was stronger than intensification in the morning, in contracts to behavior in the
Peruvian sector (Paes et al., 2014). However, Vieira et al. (2017) found that during a minor
Arctic SSW of 2012 the dominating ionospheric response is suppression of TEC during daytime
hours, and this depletion is stronger in the eastern Brazilian sector than in the western sector.
Different responses to different Arctic SSW events are likely related to different mechanisms
dominating ionospheric changes, quasi-semidiurnal variation due to the amplification of
semidiurnal tide in Paes et al., 2014 and Fagundes et al., 2015 studies or prolonged decrease in
TEC due to the dissipation of amplified tides in Vieira et al., 2017 study. Although some
differences between the Peruvian sector (75°W) and Brazilian sector (45°W) are expected due to
the difference in the offset between the magnetic and geographic latitudes, Arctic SSW produce
qualitatively similar ionospheric disturbances in these geographic areas. However, in the case of
Antarctic SSW of September 2019, observed differences between these sectors are larger. This
result indicates that Antarctic SSWs can produce larger dynamic variability in the ionosphere
than Arctic SSWs.

Figure 6 further illustrates striking longitudinal differences in ionospheric disturbances
during Antarctic SSW of September 2019. It depicts TEC variations in the northern crests of EIA
in the African sector at 0°E and 30°E (Figures 6a and 6b) and in the Asian sector at 115°E and
145°E. We have analyzed observations only in the northern crests of EIA due to the lack of
data in the southern crests of EIA in these sectors. The most dramatic differences between close
longitudes are observed in the African sector (Figures 6a and 6b). The median TEC and quiet
dynamic state variability (TEC variation between 10-th and 90-th percentiles) are significantly
higher at 0°E than at 30°E. During the Antarctic SSW of September 2019, observations reveal
increase in TEC above 75-th and 90-th percentiles or suppression below 25-th and 10-th
percentiles at both longitudes in the African sector. However, the magnitude of these
disturbances is higher at 0°E than at 30°E in both absolute TEC units and relative TEC units, as
percentage change compared to the median value. Similar longitudinal differences are observed
in the Asian sector, as illustrated by Figures 6¢ (115°E) and 6d (145°E): longitude with higher
median TEC, such as 115°E, has higher quiet dynamic variability and higher disturbances during
SSW of September 2019 in comparison with longitude with lower median TEC, such as 145°E.
All four locations of EIA crests depicted in figure 6 show a mixture of tidal effects and daily
mean TEC suppression during SSW, but these effects are stronger at longitudes with higher
median TEC.

Longitudinal variations in ionospheric parameters are expected to arise for several
different reasons. One set of reasons is related to purely geometric effects arising from the
longitudinal differences between the geomagnetic and geographic equator and variations in the
magnetic declination as a function of longitude (e.g. England 2012 and references therein). The
longitudinal variation in the difference between the geographic and geomagnetic equator leads to
the longitudinal variation in the distance between the region with largest photoionization near the
sub-solar point of minimum solar zenith angle and the region of EIA trough as the plasma source
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of EIA. This reason could contribute to the observed longitudinal differences in TEC in the
American sector (Figure 5 in this study), but could not be responsible for the observed
differences in the African and Asian sectors (Figure 6 in this study). The longitudinal variation in
the magnetic declination changes the angle between the neutral winds and geomagnetic field and,
consequently, transport of ionospheric plasma. Effects of varying declination angle for locations
separated by 30 degrees in longitude are expected to be strongest in the low-latitude American
sector, but weaker (though potentially non-negligible) in the African and Asian sectors. Thus,
geometric effects related to the offset between geographic and geomagnetic equator and
declination angle variations could not be a leading cause of the observed longitudinal TEC
variations in the African and Asian sectors.

Previous studies concluded that non-migrating tides, in particular non-migrating DE3
(diurnal eastward propagating with zonal wavenumber 3) tide can be a major driver of
longitudinal variation in low-latitude ionospheric electron density. This longitudinal variation is
expressed as a strong wavenumber-4 signature in a fixed local time frame and is reported in
various ionospheric parameters, including equatorial electrojet (England et al., 2006), E x B
drifts (Kil at al., 2007; Ren et al, 2009), and electron density (Lin et al., 2007; Scherliess et al.,
2008). Amplitudes of DE3 tide reach their seasonal peaks in September in the lower
thermosphere (Akmaev et al., 2008) and throughout the thermosphere (Oberheide et al., 2009).
Consequently, the wavenumber-4 signature is expected to be strong in the low-latitude
ionosphere in September 2019. Longitudes of higher and lower TEC reported in this study are
consistent with longitudinal variations in ionospheric parameters related to DE-3 tide (England et
al. 2006; Kil et al. 2008; Scherliess et al., 2008). TEC observations presented in Figures 5 and 6
strongly suggest that observed longitudinal variations are related to the DE3 tide, and not only
for ‘dynamically quiet state’, but also for the SSW conditions. Moreover, we suggest that
Antarctic SSW of September 2019 led to the strong amplification of DE3 tide and, subsequently,
to large longitudinal variation in ionospheric perturbations caused by SSW. Previous numerical
simulations suggested that modification of semidiurnal non-migrating tides could contribute to
ionospheric changes during Arctic SSWs (Pedatella and Forbes, 2010; Fuller-Rowell et al., 2010;
McDonald et al., 2015). McDonald et al. (2018) suggested that interference of non-migrating
diurnal tides can be a major contributor to TEC enhancements during Arctic SSW, even without
enhanced amplitudes. To the best of our knowledge, our study presents first observational
evidence of ionospheric changes related to the amplification of DE3 tide during Antarctic SSW.

Our analysis also suggests that large longitudinal variation in ionospheric effects during
Antarctic SSW of September 2019 is also manifested in different planetary wave effects. Figure
7 compares these effects in the northern crest of EIA at 15° magnetic latitude in the American
sector at 75°W, 5°N (Figure 7a) and Asian sector at 115°E, 23°N (Figure 7b). Top panels show
diurnal variation in TEC at these locations from August 1 to November 1, 2019 (blue line)
binned in 30-min intervals. To focus on multi-day oscillations, we obtained a running 24-hr
mean of TEC (black line) and a seasonal variation of this 24-hr mean from a polynomial fit (red
line). The middle panels in Figure 7 present a difference between a running 24-hr mean TEC and
a seasonal variation. To extract temporal evolution in significant periodicities, we applied Lomb-
Scargle analysis to 10-day segments of differential TEC, starting on August 1, 2019 and
advancing 24 hours at each step until November 1, 2019. As we preserved 30-min resolution
from the initial data, our results are significant at 95% significance level for spectral power
exceeding 9.1 units. The bottom panels of Figure 7 show periodograms produced by this
procedure. In the American sector at 75°W, the most striking feature is a large amplification in
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333 the TEC oscillations with a 5-8 day period in the middle of September that coincides with

334 decrease in stratospheric winds during Antarctic SSW. This 5-8 day wave corresponds to large
335  TEC variations presented earlier in Figure 5a. It is also fully consistent with amplification in 5-6
336  day wave reported by Yamazaki et al. (2020) in Swarm daytime data. However, TEC

337  observations at 115°E reveal a different behavior: oscillations with 5-6 day period during SSW
338 in mid-September are weaker than during non-SSW periods. Instead, this longitude reveals an
339 amplification with 2-3 day periods. Planetary waves are not expected to propagate to

340  ionospheric altitudes directly, but could propagate indirectly, through modulation of tides

341  (Yamazaki and Richmond, 2013) or through vertical plasma drifts (Liu and Richmond, 2013).
342 Our observations of large longitudinal differences in planetary wave oscillations in TEC suggest
343 that longitudes with higher median TEC and higher ‘quiet dynamic state’ variability are also

344  more influenced by upward propagating stratospheric planetary waves, presumably through

345  modulation of non-migrating tides. We will further explore this suggestion in a more extended
346  follow-up study.

347 3 Conclusions

348 The rare Antarctic sudden stratospheric warming of September 2019 has provided a

349 unique opportunity to examine whether stratospheric weather over Antarctica can produce

350  ionospheric disturbances. Although the SSW of September 2019 is considered a minor event
351  according to the standard WMO definition, it was associated with several record-breaking

352 changes in the Southern Hemisphere stratosphere. We have examined TEC perturbations in the
353 low-latitude ionosphere and have concluded the following:

354 1. Comparison of ionospheric TEC in mid-September of 2019 with ‘dynamically quiet’
355 mean behavior reveals prominent quasi-semidiurnal variations that are similar to

356 variations associated with Arctic SSW. However, semidiurnal behavior does not persist
357 for extended period of time, indicating that ionosphere is likely more dynamically

358 disturbed during this Antarctic SSW than during typical Arctic SSW.

359 2. We identify both positive and negative ionospheric disturbances that exceed 90-th

360 percentile (or decrease below 10-th percentile) of TEC values for ‘dynamically quiet’
361 September equinox and low solar flux conditions. In terms of absolute changes, TEC
362 increased or decreased by up to a factor of 2 and more.

363 3. The observed TEC disturbances are consistent with several mechanisms previously

364 identified for Arctic SSW events: perturbation of semidiurnal tides, enhanced

365 disturbances with planetary wave periods, in particular the 5-6 day wave and the 2-day
366 wave, and decrease in daily mean TEC that could result from reduction in thermospheric
367 O/N2 density ratio. The study also suggests new aspects that connect the stratospheric
368 weather to the state of the ionosphere.

369 4. We demonstrate a strong longitudinal variation in the observed TEC disturbances, when
370 qualitatively different behavior can be observed at locations separated by as little as 30
371 degrees in longitude.

372 5. Stronger TEC disturbances are observed at longitudes that correspond to higher electron
373 density in response to variations in non-migrating diurnal eastward propagating (DE3)
374 tide. We suggest that amplification of DE3 tide during SSW plays a major role in the

375 observed ionospheric behavior.
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6. Our results indicate that stratospheric weather can strongly influence the state of the
ionosphere not only during December-February period (winter in the Northern
Hemisphere), but also during September (equinox conditions).
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Figure captions

Figure 1. Time-series from 15 August to 1 October of (top) MLS temperatures at 80°S during
2019 as a function of altitude, (middle) MERRA-2 zonal mean zonal wind at 60°S and 10 hPa
for 1980-2018 (black lines) highlighting 2002 (blue) and 2019 (red), and (bottom) MLS

planetary wave 1 amplitude at 60°S during 2019 as a function of altitude.

Figure 2. Maps of TEC over the American sector for low solar, geomagnetic, and stratospheric
PW activity levels (top) and for 15 September 2019 (bottom). Left panels show TEC at 17 UT
(noon in LT at 75°W), and right panels show TEC at 21 UT (afternoon sector at 75°W).
Enhancement of TEC in the noon-time sector on Sep 15, 2019 is followed by a strong depletion
several hours later. This behavior is similar to TEC variations observed during Arctic SSW
events and is driven by strong enhancements in tidal amplitudes during SSW.

Figure 3. Change in TEC during Antarctic SSW on September 15, 2019 in different geographic
regions and different local time sectors. Change is expressed as percentage from median values.
Positive daytime anomalies are strongest in the African sector, but weak in the Asian sector.
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Negative anomalies in the afternoon and nighttime are more uniform for different geographic
regions.

Figure 4. Same as Figure 3, but for September 19, 2019. Note large differences from September
15, 2019 at noontime.

Figure 5. TEC variations on Sep 14, 15, 17 and 19, 2019 in the American sector at different
longitudes, 75°W (left side) and 45°W (right side). Panels (a) and (b) show variations in the
northern crest of EIA, panels (¢) and (d) — in the southern crest of EIA. Locations of EIA crests
are given in geographic coordinates (GLON, GLAT).

Figure 6. Variations in TEC during Antarctic SSW in the northern crests of EIA over African
sector, panels (a) and (b), and Asian sector, panels (c¢) and (d).

Figure 7. TEC variations in the northern crest of EIA in the American sector (left side,75°W,
5°N) and in the Asian sector (115°E, 23°N). Top panel (a, b) show TEC variations from August 1
to November 1, 2019 (blue line), 24-hr running mean of this TEC (black line), and polynomial fit
to 24-hr mean (red line). The middle panels (c, d) show residual TEC. The bottom panels (e, f)
show power spectra of residual TEC.
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Figure 1. Time-series from 15 August to 1 October
of (top) MLS temperatures at 80°S during 2019 as
a function of altitude, (middle) MERRA-2 zonal
mean zonal wind at 60°S and 10 hPa for 1980-2018
(black lines) highlighting 2002 (blue) and 2019
(red), and (bottom) MLS planetary wave 1
amplitude at 60°S during 2019 as a function of
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Figure 2. Maps of TEC over the American sector for low solar, geomagnetic, and stratospheric
PW activity levels (top) and for 15 September 2019 (bottom). Left panels show TEC at 17 UT
(noon in LT at 75°W), and right panels show TEC at 21 UT (afternoon sector at 75°W).
Enhancement of TEC in the noon-time sector on Sep 15, 2019 is followed by a strong depletion
several hours later. This behavior is similar to TEC variations observed during Arctic SSW
events and is driven by strong enhancements in tidal amplitudes during SSW.
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Figure 3. Change in TEC during Antarctic SSW on September 15, 2019 in different geographic
regions and different local time sectors. Change is expressed as percentage from median values.
Positive daytime anomalies are strongest in the African sector, but weak in the Asian sector.
Negative anomalies in the afternoon and nighttime are more uniform for different geographic
regions.
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Figure 5. TEC variations on Sep 14, 15, 17 and 19, 2019 in the American sector at different
longitudes, 75°W (left side) and 45°W (right side). Panels (a) and (b) show variations in the
northern crest of EIA, panels (¢) and (d) — in the southern crest of EIA. Locations of EIA crests
are given in geographic coordinates (GLON, GLAT).
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731  Figure 6. Variations in TEC during Antarctic SSW in the northern crests of EIA over African
732 sector, panels (a) and (b), and Asian sector, panels (c) and (d).
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741
742

743 Figure 7. TEC variations in the northern crest of EIA in the American sector (left side,75°W,

744 5°N) and in the Asian sector (115°E, 23°N). Top panel (a, b) show TEC variations from August 1
745  to November 1, 2019 (blue line), 24-hr running mean of this TEC (black line), and polynomial fit
746  to 24-hr mean (red line). The middle panels (c, d) show residual TEC. The bottom panels (e, f)
747  show power spectra of residual TEC.



