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Abstract

Since the late 2000’s, rapid progress has been achieved in understanding of mech-
anisms coupling the upper atmosphere (thermosphere and ionosphere) with lower
atmospheric layers (tropo-, strato-, and mesosphere). Atmospheric coupling stud-
ies have particularly benefited from investigations of sudden stratospheric warming
(SSW) events, which involve global meteorological disturbances. As the state of
the middle atmosphere rapidly changes during SSWs, it disrupts typical propaga-
tion paths of atmospheric waves that connect the lower and the upper atmosphere.
The modified wave spectrum drives substantial variability in the thermosphere and
ionosphere. Still, many key aspects of SSW impacts on the ionosphere and thermo-
sphere are not known. This thesis addresses important open questions about the
long-distance influence of SSWs, first from the polar stratosphere to the low-latitude
ionosphere, and then inter-hemispheric, e.g., from the polar stratosphere to the mid-
dle and high latitudes of the opposite hemisphere.

The strongest Southern Hemisphere SSW in the last 40 years occurred in September
2019. It is examined whether Antarctic SSWs drive low-latitude ionospheric per-
turbations similarly to how Arctic SSWs do. As a result, quasi-periodic oscillations
in TEC with strong 12-hrs, 5-6 days and 2-3 days periodicities are revealed. The
anomalies can exceed a factor of 2 of the ionospheric background, comparable to the
strongest anomalies associated with Arctic SSWs. In addition, a remarkable longitu-
dinal dependence of the ionospheric disturbances could be related to a modulation
of the non-migrating diurnal tide.

To explore the latitudinal extent of the ionospheric and thermospheric anomalies
during this remarkable Antarctic SSW event, the inter-hemispheric impacts of Antarc-
tic stratospheric disturbances on the mid-latitude upper atmosphere in the Northern
Hemisphere were studied. Persistent (at least 30 days) and strong (up to 80-100%)
positive anomalies in the total electron content and increases in the thermospheric
O/N2 ratio were found in the western region of North America, but the anomalies
were different over the European sector.

The concept of inter-hemispheric coupling has been extended by providing evi-
dence, for the first time, that large disturbances observed in the Arctic winter polar
stratosphere during an SSW event cause large disturbances in both the mesosphere
and ionosphere over Antarctica. There, ionospheric anomalies can reach ∼100% of
the background level and are observed for multiple days. Several possible mecha-
nisms are discussed that contribute to the formation of upper atmospheric anomalies
in the Southern Hemisphere.

This thesis quantifies the effects of SSW events in the thermosphere and ionosphere
and extends our understanding of physical mechanisms by which the lower atmo-
sphere couples to the upper atmosphere on global scales.
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Zusammenfassung

Seit den späten 2000er Jahren wurden erhebliche Fortschritte im Verständnis der
Kopplungsmechanismen zwischen der oberen Atmosphäre (Thermo- und Ionosphäre)
und den darunterliegenden Atmosphärenschichten (Tropo-, Strato- und Mesosphäre)
erzielt. Diese Studien profitierten insbesondere von Untersuchungen zu Zeiten plöt-
zlicher Stratosphärenerwärmung (kurz: SSW – Sudden Stratospheric Warming), welche
mit globalen meteorologischen Veränderungen einhergehen. Da sich der dynamis-
che Zustand der mittleren Atmosphäre während SSWs wesentlich ändert, werden
typische Ausbreitungswege atmosphärischer Wellen, die maßgeblich zur Kopplung
der unteren und der oberen Atmosphäre beitragen, unterbrochen. Das veränderte
Wellenspektrum führt zu erheblichen Veränderungen in der Thermosphäre und Ionosphäre.
Noch immer sind viele Schlüsselaspekte der Auswirkungen von SSWs auf die Ionosphäre
und Thermosphäre nicht bekannt. Diese Arbeit befasst sich mit wichtigen offenen
Fragen zur Fernwirkung von SSWs, zum einen von der polaren Stratosphäre auf die
Ionosphäre in niedrigen Breiten, und zum anderen interhemisphärisch, z. B. von
der polaren Stratosphäre auf die mittleren und hohen Breiten der jeweils anderen
Hemisphäre.

Das stärkste SSW-Ereignis der Südhemisphäre in den letzten 40 Jahren trat im Septem-
ber 2019 auf. In dieser Arbeit wird untersucht, ob antarktische SSWs ähnlich wie ark-
tische SSWs Störungen der Ionosphäre in niedrigen Breitengraden verursachen. Als
Ergebnis werden quasi-periodische Schwankungen im Elektronengehalt der Ionosphäre
(kurz: TEC – Total Electron Content) mit signifikanten 12-Stunden-, 5-6-Tage- und
2-3-Tage-Periodizitäten festgestellt. Die Anomalien können bis zu über einen Faktor
2 des ionosphärischen Hintergrunds erreichen, und ist somit vergleichbar mit den
stärksten Anomalien, die mit arktischen SSWs verbunden sind. Es wird weiterhin
vorgeschlagen, dass eine ebenso beobachtete Längsabhängigkeit der ionosphärischen
Störungen mit einer Modulation der nicht-wandernden täglichen Gezeiten zusam-
menhängt.

Um die Ausbreitung in latitudinaler Richtung der ionosphärischen und thermo-
sphärischen Anomalien während dieses bemerkenswerten antarktischen SSW-Ereignisses
in 2017 zu erforschen, wurden die interhemisphärischen Auswirkungen des SSWs
auf die obere Atmosphäre der mittleren Breiten der Nordhemisphäre untersucht.
Anhaltende (mindestens 30 Tage) und starke (bis zu 80-100%) positive Anomalien
des TECs und Erhöhungen des thermosphärischen O/N2-Verhältnisses wurden in
der westlichen Region Nordamerikas festgestellt, jedoch unterscheiden sie sich von
den Anomalien, wie sie über dem europäischen Sektor beobachtet wurden.

Das Konzept der interhemisphärischen Kopplung wurde erweitert, indem zum er-
sten Mal nachgewiesen wurde, dass große Störungen, die während eines SSW-Ereignisses
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in der polaren Stratosphäre des arktischen Winters beobachtet wurden, große Störun-
gen sowohl in der Mesosphäre als auch in der Ionosphäre über der Antarktis verur-
sachen. Dort können ionosphärische Anomalien 100% des Hintergrundniveaus er-
reichen und über mehrere Tage andauern. Hier wurden mehrere mögliche Mecha-
nismen erörtert, die zur Entstehung von Anomalien in der oberen Atmosphäre auf
der Südhalbkugel beitragen.

Diese Arbeit quantifiziert die Auswirkungen von SSW-Ereignissen in der Thermo-
sphäre und Ionosphäre und erweitert unser Wissen über physikalische Mechanis-
men, durch die die untere Atmosphäre auf globaler Ebene in die obere Atmosphäre
einkoppelt.
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Chapter 1

Introduction

Better understanding of near-Earth space environment recently became a more ur-
gent issue due to the explosive growth in the space satellite industry and the grow-
ing need for accurate nowcast and forecast capabilities. The near-earth space (upper
thermosphere and ionosphere, altitudes between ∼100 km and ∼1000 km above
ground) is strongly driven by solar radiation and magnetospheric energy inputs,
and traditionally has been studied in the context of their changes. However, research
activity over the last 20 years has accumulated convincing evidence that significant
portion of variations in the upper atmospheric parameters is related to processes
that occur at lower altitudes (0 - ∼100 km), and these variations occur on a large va-
riety of spatial and temporal scales. This chapter first introduces main atmospheric
layers (Section 1.1) and different internal waves such as planetary waves, tides and
gravity waves that couple different atmospheric layers (Section 1.2). Than it briefly
describes current understanding of mechanisms through which different waves can
influence upper atmosphere (Section 1.3). Section 1.4.1 introduces a sudden strato-
spheric warming, a type of large-scale meteorological event that influences propaga-
tion of internal waves and thus disrupts nominal pathways that couple atmospheric
layers. Such events have profound influences on the surface weather patterns (Sec-
tion 1.4.2) and have been used by the lower atmospheric research community to
spearhead physics-based development of weather forecasts multiple weeks in ad-
vance. SSW events also strongly affect upper atmosphere (Section 1.4.3), although
our knowledge about these effects is rather limited. Section 1.5 describes objectives
of this Thesis, to employ SSW events to improve our understanding of how large-
scale changes in the upper atmosphere are linked to the lower atmosphere.

1.1 Atmospheric Layers

Earth’s atmosphere is a layer of gases surrounding the planet Earth and is a fun-
damental component of life as we know it. Nitrogen and oxygen account for 99%
of gases. Other planets and moons have very different atmospheres, and some of
them do not have atmospheres at all. Since the nature of gases and forces that act
on them change with altitude, the Earth’s atmosphere is traditionally divided into
different regions. The most frequently used system subdivides regions based on the
temperature gradient, with regions called "spheres", and the boundaries between
them called "pauses". Each "pause" denotes a change in temperature gradient. From
the ground and up, the layers are typically denoted as the troposphere, stratosphere,
mesosphere, thermosphere, and exosphere, as shown in Figure 1.1. The boundaries
between atmospheric layers are not clearly defined, and change depending on many
factors including latitude and season.
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FIGURE 1.1: Regions of the Earth’s atmosphere and ionosphere. Image credit: John
Emmert, Naval Research Laboratory, USA.

Troposphere. The troposphere marks the region of atmosphere that extends from
the Earth’s surface to about 10 km. It is characterized by a decrease in tempera-
ture with altitude, at the adiabatic lapse rate of ∼7 K per kilometer. The temper-
ature continues to decrease until the tropopause. Almost all weather systems are
formed in the troposphere, as it contains the majority of atmospheric water vapor,
and most weather events, including rain, snow, thunderstorms, lightning, cyclones
and weather fronts, occur within this region. This portion of the atmosphere is the
domain of meteorology; it is well studied and understood due to the importance of
weather for human society. Currently, tropospheric parameters can be reliably pre-
dicted about one week in advance, and predictability decreases after that, although
theoretical limits are closer to 3 weeks (Domeisen et al., 2020).

Stratosphere. The stratosphere is located above the troposphere and extends from
an altitude of about 10-13 km to its upper boundary of ∼50 km. The stratosphere is
crucial to life on Earth, as it contains a thin ozone layer that absorbs the ultraviolet
portion of solar radiation which is harmful to human health. Absorption of UV
radiation by ozone layer is a primary reason for a positive temperature gradient in
the stratosphere, and also a major source of semidiurnal tides (Section 1.2) that play
an important role in thermospheric and ionospheric variability (Section 1.3).

Mesosphere. The mesosphere extends from ∼50 km to ∼90km and is characterized
by a negative temperature gradient. Radiative cooling and the lack of strong heating
mechanisms lead to a sharp temperature decrease in this region, with lowest tem-
peratures at the mesopause dropping to 130 K, making the mesopause the coldest
place in the Earth’s atmosphere. The mesosphere is a source of a spectacular high-
latitude phenomena called polar mesospheric clouds or noctilucent clouds (Lübken
et al., 2008). It is also a home for two other prominent and highly dynamic atmo-
spheric phenomena, sprites and elves, that are observed above thunderstorms and
are related to electron acceleration physics within lightning regions.
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Thermosphere. The thermosphere lies above the mesosphere and is a region where
temperature rapidly increases to values well above 1000 K. This temperature in-
crease is caused mainly by the absorption of solar ultraviolet radiation, and vari-
ations in the sunlit conditions result in considerable variation in temperature with
latitude, local time, season, and the well known 11-year cycle in solar activity. So-
lar heating causes the atmosphere to expand on the sunlit side of Earth, creating a
high-pressure region and setting the characteristics of horizontal pressure gradients
and the resulting upper atmosphere wind system. These neutral winds carry energy
away from the heat source, and are balanced by upward or downward winds far
away from the source, forming together a global circulation pattern. Thermospheric
winds are also influenced by other processes, including ion drag, the Coriolis force,
the viscous drag force, and momentum advection. Acting together, all these physi-
cal pathways make the upper thermosphere a very dynamic and complicated system
(Wang et al., 2021). Thermospheric temperatures are also influenced by competing
heating and cooling processes, that, in addition to solar extreme ultraviolet (EUV) ra-
diation, include thermal interaction with ionosphere, infrared radiation from minor
constituents like CO2 and NO, and adiabatic heating and cooling due to dynamic
variations (Jones Jr et al., 2022). Thermospheric composition, winds, and tempera-
ture remain poorly understood in both general and specific characteristics due to the
lack of observations, creating what is called a ’thermospheric gap’ (Oberheide et al.,
2011b).

Exosphere. The exosphere is the uppermost region of the Earth’s atmosphere that
starts at ∼ 500-1000 km, depending on solar radiation, without a clear upper bound-
ary. The composition of the exosphere is dominated by hydrogen, and contains only
trace amounts of other gases. As majority of satellites are placed in low Earth or-
bits, they encounter atmospheric drag from gases in the exosphere that affects satel-
lites’ orbits and lifetime. Due to the rapidly increasing number of satellites, accurate
knowledge of upper atmosphere density and other parameters recently became an
important portion of satellite lifetime planning and collision avoidance.

Ionosphere. The ionosphere is a very different part of the atmosphere. In contrast
to other "spheres" that refer to neutral atmospheric layers, the ionosphere is a region
of the Earth’s atmosphere in which atoms and molecules have become electrically
charged. This ionized portion of the upper atmosphere is produced mostly by so-
lar EUV input. Ionosphere has been studied for decades, as ionization of the upper
atmosphere is of practical importance due to its influence on propagation of radio
waves. In addition, the ionosphere is also known better than the thermosphere be-
cause it is easier to observe using radiowave remote sensing techniques. The iono-
sphere extends from ∼60 km up to ∼1000 km, and has several distinct layers - D, E,
F1 and F2 regions - that are formed by absorption of different portions of solar radi-
ation. On Earth, the ionized portion remains a minor constituent of the atmosphere,
and even in the F2-region peak of ionosphere less than 2% of the neutral atmosphere
is ionized.

1.2 Wave Coupling in the Atmosphere

The neutral atmosphere is highly dynamic and filled with different waves with a
variety of spatial and temporal scales, including planetary waves, tides, and gravity
waves. These waves can be observed as perturbations in different atmospheric pa-
rameters, including temperature, wind, density, and geopotential height. Horizontal
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and vertical propagation of these waves plays an important role in the coupling be-
tween different atmospheric layers and in the dynamic and energy balance of the
atmosphere, as discussed in Sections 1.3, 1.4, 1.4.2, and 1.4.3.

Planetary waves. Planetary waves (PWs) are large-scale perturbations that extend
coherently along longitude, and are responsible for longitudinal variations in atmo-
spheric parameters. These waves can be stationary, meaning that they are fixed in
the rotating reference frame and do not propagate along longitude, or travelling,
and can have periods from 2 days to several weeks. Quasi-stationary planetary
waves with wavenumbers one and two (QSPW1 and QSPW2, also known as PW1
and PW2), which are most relevant to this thesis, dominate spatial and temporal
variability in the stratosphere, and have large amplitudes at middle latitudes (50-
70◦) in winter season (Smith and Perlwitz, 2015). Other important waves that have
significant impact on the upper thermosphere and ionosphere are traveling plane-
tary waves with multi-day periods, e.g., 2, 6, 10, 16 days (Q2DW, Q6DW, Q10DW,
Q16DW, respectively), and ultra-fast Kelvin waves, UFKW (e.g., Forbes, 2021). Plan-
etary waves in general do not propagate above the lower thermosphere (Pogoreltsev
et al., 2007; Forbes et al., 2002), but they can modulate tides or gravity waves that
carry planetary wave signatures to higher altitudes.

Tides. Tides are oscillations that are generated by Earth’s rotation with respect to
the Sun (solar thermal tides) or to the Moon (lunar gravitational tides). Tides have
periods that are linked to the fraction of the planet’s rotation period; solar tides have
periods of 24 hrs (diurnal tide), 12 hrs (semidiurnal tide), 8 hrs (terdiurnal tide), etc.,
while the M2 lunar tide, vitally important for atmospheric coupling, has a period
of 12.421 hrs. Solar tides are excited in the atmosphere by the absorption of differ-
ent wavelengths of solar radiation by different atmospheric constituents. The diur-
nal tide is excited in the troposphere by heating of water vapor, while semidiurnal
tide is created in the stratosphere by heating of ozone. Tides are also excited in-situ
in the thermosphere by heating of oxygen and nitrogen (Forbes, 1995), as well as
via ion-neutral interactions in the thermosphere-ionosphere (Müller-Wodarg et al.,
2001; Jones Jr et al., 2013). Tides are classified into two types: migrating tides that
propagate westward with the same apparent phase speed as the Sun or Moon, and
non-migrating tides, that have apparent phase speeds faster or slower than the Sun’s
motion. Tidal nomenclature uses abbreviations to denote tidal periods (D for diur-
nal, S for semidiurnal, T for terdiurnal), propagation direction (E for eastward, W
for westward, 0 for tides that do not propagate in longitude), and zonal wavenum-
ber, representing the number of maximums and minimums in longitude. The most
important tides for atmosphere-ionosphere coupling are DW1 (diurnal westward
propagating with wavenumber one) and SW2 (semidiurnal westward propagating
with wavenumber two), although other tides like DE3, DW2, SW1, SW3 can signifi-
cantly contribute to perturbations in the atmospheric parameters (Forbes, 2021).

Gravity waves. Gravity waves (GWs) are small-scale atmospheric oscillations with
periods from minutes to several hours. They can be excited when perturbed air
parcels are restored to equilibrium by buoyancy and gravity in a stably stratified
atmosphere. There are many sources of atmospheric GWs, including winds over
mountains (Holton, 1992; Fritts et al., 2016), convective processes (Alexander et al.,
1995), imbalances in jet streams and frontal systems (Wu and Zhang, 2004), higher-
order wave excitation from wave dissipation (Vadas et al., 2003; Vadas et al., 2018),
polar vortex (Yoshiki and Sato, 2000), Joule heating during geomagnetic storms
(Hocke, Schlegel, et al., 1996), and episodic events like tsunamis (Garcia et al., 2014)
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or volcano eruptions (Wright et al., 2022). Under favorable propagation conditions,
GWs can transfer momentum and energy from one atmospheric region to another
in both horizontal and vertical directions, so the impact of a specific GW source can
be seen at locations far away from their generation.

Nonlinear interactions between planetary waves and tides or between different tides
also generate secondary waves (Teitelbaum et al., 1989; Teitelbaum and Vial, 1991).
As waves propagate upward, their amplitudes increase due to the exponential de-
crease in the background neutral density, and reach maximums in the lower ther-
mosphere ( 90 - 120 km). As the wave sources and the propagation condition (back-
ground wind) significantly change in space and time, the resulting waves that enter
the upper atmosphere from below display large variability and significantly con-
tribute to overall thermospheric and ionospheric variability.

1.3 Thermospheric and Ionospheric Variability Forced by Lower
Atmosphere Waves

Observational and modeling studies in the E and F regions of the ionosphere pro-
vide a variety of evidence on the role of multi-scale wave dynamics for understand-
ing thermosphere-ionosphere variations on day-to-day, seasonal, and interannual
scales. Statistical studies show that under quiet geomagnetic conditions variability
in ionospheric peak electron density NmF2 reaches 15-35% of its mean value (Forbes
et al., 2000; Rishbeth and Mendillo, 2001), and this variability is attributed to com-
bined influences of different atmospheric waves. In another spectacular example,
the low-latitude ionosphere exhibits strong longitudinal variations with four-peak
or three-peak structures that are attributed to non-migrating tides DE3 and DE2
(Immel et al., 2006; Hagan et al., 2007; Oberheide et al., 2011a). Pathways that con-
nect lower atmosphere with the upper thermosphere and ionosphere are still not
completely understood, although there has been a rapid progress within a last 10-
15 years. These transformative developments resulted from the superposition of
several factors: growing availability of global observations, development of more
capable physics-based models, and very deep and long minimum of solar cycle 23,
when the influence of solar and geomagnetic drivers of the upper atmosphere was
unusually weak. Numerous mechanisms of coupling between the lower and upper
atmosphere are discussed in recent reviews (Liu, 2016; Forbes, 2021).

One of the important mechanisms for ionospheric variability is the E-region dynamo
that acts at ∼100-150 km altitude. Tidal winds drive E-region electric currents that
generate dynamo electrostatic fields. These fields than map to the F-region and pro-
duce plasma drifts in the direction perpendicular to the magnetic field lines. These
E×B drifts carry the signatures of the original tidal waves and are very efficient in
redistributing ionospheric plasma in the low-latitude ionosphere, leading to the for-
mation of the equatorial ionization anomaly (EIA), known for over a century as a
prominent increase of ionization at ±15°–20° magnetic latitude.

Although tidal amplitudes decrease above ∼120-130 km altitude due to tidal dissi-
pation and molecular damping, observations show that tides can nevertheless prop-
agate directly into the upper thermosphere, where they can modulate thermospheric
winds, composition and density and strongly affect ionospheric parameters (Forbes
et al., 2009; Häusler et al., 2010; Oberheide et al., 2009).
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Numerous simulations have demonstrated that dissipation of upward propagating
tides can affect the background circulation and vertical transport of atomic oxygen in
the lower thermosphere. This manifests in a reduction of thermospheric O/N2 ratio
at low latitudes and, in turn, can contribute to a depletion in ionospheric electron
density or total electron content (TEC) (Jones Jr et al., 2014b; Pedatella et al., 2016;
Yamazaki and Richmond, 2013). Similarly, a reduction in O/N2 ratio and electron
density is also expected in these situations due to the dissipation of gravity waves
(Jones Jr et al., 2020) and planetary waves (Yue and Wang, 2014).

Due to the large change in amplitudes of stratospheric QSPW and background strato-
spheric winds, sudden stratospheric warming events provide the most striking ex-
amples of global perturbations of the ionosphere and thermosphere, and serve as
exemplary cases to gain insights into linking of the lower and upper atmosphere
through complex interactions among tides, planetary waves, gravity waves, and
mean circulation.

1.4 Sudden Stratospheric Warmings and Links to Atmospheric
Variability

1.4.1 Sudden Stratospheric Warming: Phenomenology and Definition

The polar winter stratosphere is typically very cold, maintained radiatively in this
state by cold polar night conditions, and is characterized by strong eastward winds
that form the stratospheric polar vortex. During many winters, the quiet polar vor-
tex becomes disturbed, with stratospheric temperatures rapidly increasing by tens
of degrees, and eastward winds decreasing. These events, known as sudden strato-
spheric warming (SSW), are the most dramatic and dynamic meyeorological phe-
nomenon and a dominant source of variability in the winter stratosphere, particu-
larly in the Northern Hemisphere.

The World Meteorological Organization (WMO) categorizes SSW events into four
types: major midwinter, minor, final, and Canadian warmings (Butler et al., 2015). It
is now widely accepted to define a SSW to be “major” if, at 10 hectoPascals (hPa)
or below, the zonal mean temperature increases poleward from 60◦ latitude and
the circulation at 60◦ latitude reverses from westerly (eastward) to easterly (west-
ward) winds. “Minor” SSW are defined to occur when the zonal mean temperature
increases poleward from 60◦ latitude but the circulation remains westerly. “Final”
warmings are major warmings that occur late enough in the season to mark the tran-
sition from winter to summer. Figure 1.2 illustrates a major Arctic sudden warm-
ing event in 2018–2019, together with the background climatology and variability of
zonal wind, and the average temperature from 65◦N to 90◦N at 10 hPa. Both lowest
and highest temperatures and winds are observed during these winter conditions.
The warming (red line) peaks in late December and early January and is followed
by another type of anomaly: very low stratospheric temperatures and high eastward
winds in February and March, indicating the long-lasting impacts of SSW events.

Different types of SSW events are also classified through their spatial structure,
where distinctions are made based on whether there are one (PW-1) or two (PW-
2) ridges and troughs around a latitude circle. These two SSW categories are also
referred to as “displaced” (also called "vortex-shift") or “split” polar vortex types
(Charlton and Polvani, 2007; Matthewman and Esler, 2011; Esler and Matthewman,
2011) in which PW-1 modes dominate “displaced” events and “splits” imply PW-2
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FIGURE 1.2: Zonal-mean temperatures (top) and zonal-mean zonal wind at 60◦N
(bottom) at 10hPa and 65–90◦N for July 2018 to June 2019 (red lines). An SSW event
is seen as the upward spike in temperature and the reduction to less than 0 m/s in
zonal wind (easterlies). The yellow lines signify the daily average conditions in the
stratosphere for that time of year, while the gray shading shows 30th/70th (dark)
and 10th/90th (light) percentiles. Solid black lines show the daily max/min for
prior winters 1979–2018. The month ticks indicate the first day of the month. From

Baldwin et al. (2021).

signatures. Figure 1.3 shows an example of a typical polar vortex, vortex displace-
ment SSW, and vortex split SSW. Statistical studies show that about a third of ob-
served major SSWs can be classified as split events, with another third as displace-
ment events. For the rest of the events, the polar vortex both displaces and splits
within a period of several days (Baldwin et al., 2021).

There is an extensive body of literature on SSW dynamics, ranging from composites
(Limpasuvan et al., 2004; Butler et al., 2017) to climatologies (Labitzke et al., 2005;
Charlton and Polvani, 2007) and individual case studies. The current knowledge of
these events is summarized by Baldwin et al. (2021) and Goncharenko et al. (2021b).
The impact of these dramatic changes extends both horizontally into middle and
low latitudes and even into the opposite hemisphere and vertically, down into the
troposphere and up into the thermosphere and ionosphere, as described in the next
sections.
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FIGURE 1.3: Arctic vortex (marked with “L” and thick black contours) and strato-
spheric anticyclones (marked with “H” and white contours) near 30 km on days
with (left) no SSW in January 2011, (middle) a vortex shift SSW in January 2008,

and (right) a vortex split SSW in January 2009. From Goncharenko et al. (2021b).

1.4.2 Downward Influence of SSW

In the Northern Hemisphere (NH), it is known that stratospheric anomalies can
propagate downward into the troposphere on time scales from several days to months
(Baldwin and Dunkerton, 2001; Thompson et al., 2002; King et al., 2019). Many stud-
ies have linked Arctic SSW with surface weather anomalies, and in particular with
extremely low temperatures that last days and weeks (Kidston et al., 2015; Nath et
al., 2016; Karpechko et al., 2018; Domeisen et al., 2020). For example, the major SSW
event in February 2018 has been linked to persistent cold weather over large parts of
Europe in late February and early March after a very warm winter (Karpechko et al.,
2018), as well as anomalously wet conditions over southwestern Europe (Ayarza-
güena et al., 2018). Additional effects include positive temperature anomalies over
Greenland and eastern Canada, and even subtropical Africa and the Middle East
(Baldwin et al., 2021). Several mechanisms have been proposed to explain the down-
ward influence of these stratospheric dynamics (Kidston et al., 2015; Tripathi et al.,
2015a). However, the exact mechanisms responsible for stratosphere-troposphere
connections are not fully known yet, and as a consequence it is still not possible to
predict surface weather impact of a specific SSW. These topics are currently a very
active and promising research area (Baldwin et al., 2021).

Overall, the morphology of the polar vortex is an important factor that determines
the location, strength, and temporal extent of the surface weather response to SSW
(Kidston et al., 2015; Domeisen et al., 2020; Lehtonen and Karpechko, 2016). For
example, vortex-shift events (related to amplification of PW1 oscillations) influence
the occurrence of extreme cold events in East Asia (Lu et al., 2022; Zhong and Wu,
2023). Vortex-split events (related to amplification of PW2 modes) have been associ-
ated with extreme cold events over Europe (Seviour et al., 2013; Lü et al., 2020). Re-
gional changes in the perturbed stratospheric vortex can induce zonally asymmetric
effects in the troposphere and regionally dependent stratosphere–troposphere cou-
pling (Thompson and Wallace, 2000; Kodera et al., 2016; Domeisen et al., 2020; Hall
et al., 2021).
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Surface weather anomalies typically develop with a lag of about 3 days after the
stratospheric anomalies and can persist for up to 60 days (Domeisen et al., 2020).
For longer time scales (longer than 3-4 weeks), surface responses are very similar
for vortex-split and vortex-shift SSW events (White et al., 2021). However, closer
to the central dates of SSW vortex-split events extend deep into the troposphere
faster, within 2-3 days after SSW onset (Kidston et al., 2015), while vortex-shift
events are associated with a more gradual downward propagation over ∼10–15
days. In addition to regional and timing differences in the downward influence
of SSW events, vortex-split events lead to stronger surface weather responses than
vortex-shift events (Lehtonen and Karpechko, 2016).

The impact of stratospheric anomalies on the surface weather is not limited to only
SSW events. Another type of stratospheric extreme, a strong and zonally symmetric
polar vortex, can lead to extreme Eurasian weather with anomalously high temper-
atures, as occurred in early 2020 (Rupp et al., 2022). Such stratospheric extremes can
develop due to a weak planetary wave activity in the stratosphere associated with
a quasi-simultaneous reflection of both PW1 and PW2 modes. Both strong vortex
events (Tripathi et al., 2015b) and final warming events (Butler et al., 2019; Hardi-
man et al., 2011) have been shown to impact surface weather, but their effects are
less understood than SSW events.

The impacts of stratospheric anomalies on surface conditions are much less under-
stood for the Southern Hemisphere, as such anomalies are not as frequent as in the
Northern Hemisphere. However, they occur episodically in austral spring to early
summer (Shiotani and Hirota, 1985; Kuroda and Kodera, 1998). Statistical analysis
shows that the warming and weakening of the stratospheric polar vortex increases
the chances of hot and dry extremes and associated wildfires over Australia (Lim
et al., 2019). The rare Antarctic SSW of September 2019 appeared to be a primary
driver of the extreme hot and dry conditions over subtropical eastern Australia that
accompanied the severe wildfires in Australia in October-December 2019, below-
average rainfall in northeastern Brazil and eastern South Africa, and above-average
rainfall in southeastern Brazil, western Patagonia, and southernmost New Zealand
(Lim et al., 2020).

As emphasized by Lim et al. (2019), understanding and predicting extreme surface
weather conditions - low and high temperatures, low and high rainfall, wildfires
and snowstorms - is crucially important for human society because of the risks and
impacts on economy and human health, including agriculture, wildfires, utilities,
infrastructure, water management, etc. Prolonged temperature or rainfall extremes
in a specific area of the world can be felt in a much larger area through its impacts
on production and export of agricultural products. The state of the stratospheric
polar vortex represents an important source of predictability for surface weather on
sub-seasonal and seasonal scales (from two weeks to two months), and significant
potential benefit to humanity. Even more broadly, this area of research has enor-
mous potential for large advances within the next decade, as it has several attractive
features: already available comprehensive datasets, well-developed models, a large
international research workforce, and intrinsic support from governments due to the
immediate benefits to society from increased understanding.
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FIGURE 1.4: Schematic of the coupling processes and atmospheric variability that
occur during sudden stratospheric warming events. Red and blue circles denote

regions of warming and cooling, respectively. From Pedatella et al. (2018).

1.4.3 Upward Influence of SSW

In contrast to a well-developed understanding of SSW impacts on the troposphere
and surface weather described in the previous section, community understanding of
the influence of such events on upper atmospheric layers is in relatively early stages
of development. It is already well recognized that SSW also affect atmospheric layers
above the stratosphere. SSW effects in the mesosphere have been known since the
1970s and include high-latitude mesospheric cooling and reversal of mesospheric
winds, warming in the tropical mesosphere, and warming in the high-latitude sum-
mer (Southern Hemisphere) mesosphere (e.g, Chandran et al., 2014). A review of
knowledge on the links between SSW and the ionosphere and thermosphere is pro-
vided by Chau et al. (2012), and most recently by Goncharenko et al. (2021b) and
Forbes (2021). Figure 1.4 schematically shows several types of upper atmospheric
anomalies associated with SSW events. This section will primarily address SSW
links with higher atmospheric layers including the lower thermosphere, upper ther-
mosphere, and ionosphere, as physical drivers and responses in these regions are
directly related to this thesis work.

Rapid progress in understanding SSW impacts on the thermosphere-ionosphere sys-
tem began relatively recently, since late 2000’s. Initial observations demonstrated
lower thermospheric warming and upper thermospheric cooling at middle latitudes
(Goncharenko and Zhang, 2008) and strong quasi-semidiurnal anomalies in verti-
cal drifts observed in the low-latitude ionosphere (Chau et al., 2009). Such quasi-
semidiurnal anomalies have been observed in various data sets, including tidal winds
in the lower thermosphere, electrojet amplitudes, vertical drifts, peak electron den-
sity NmF2, and TEC. At low latitudes, anomalies in response are bright and can reach
as much as 100-150% of the background electron density with persistence for an
extended period of time, from several days for short SSW events and up to 30-40
days for prolonged major SSW events (Goncharenko et al., 2013; Goncharenko et al.,
2021b; Pedatella et al., 2014).
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SSW-related changes in middle atmospheric wind and temperature cause an ampli-
fication of several tidal wave modes: the solar semidiurnal migrating tide (SW2),
lunar semidiurnal migrating tide (M2) (Jin et al., 2012; Forbes and Zhang, 2012; Pe-
datella et al., 2014), SW1 tide (Liu et al., 2010; Pedatella et al., 2012), and SW3 tide
(Liu et al., 2010). These tidal modes are thought to be the primary mechanism re-
sponsible for the quasi-semidiurnal signature in observations. Non-migrating tides
SW1 and SW3 are generated through interaction between the strong QSPW and SW2
tide (Forbes, 2021). The increase in tropical ozone during SSW events could also con-
tribute to an enhancement in the SW2 (Goncharenko et al., 2012; Limpasuvan et al.,
2016), although it plays a minor role (∼20-30%). Lunar tides in the equatorial elec-
trojet can be amplified during SSW by a factor of 3 (Yamazaki, 2013). On average,
SSW leads to a 75% increase in the lunar current system, but to only a 10% increase
in the solar current system, and in the absolute sense changes in solar and lunar tidal
winds are comparable in magnitude. From a phasing perspective, when SW2 and
M2 tides are similar in magnitude, their superposition can be constructive during
the first and third quarters of the Moon phase and destructive during the second
and forth quarters of the Moon phase, leading to a multi-day modulation of plasma
drifts (Yamazaki, 2014; Maute et al., 2016). As SSW also can lead to the amplification
in diurnal tides (Sathishkumar and Sridharan, 2013) and terdiurnal tides (Gong and
Zhou, 2011; Gong et al., 2016), a rich spectrum of amplified tides results and leads
to a highly variable wind system in the lower thermosphere. Amplified E-region
winds are the primary reason for the production of enhanced F-region plasma drifts
through the E-region dynamo mechanism and, consequently, for a large change in
low-latitude ionospheric electron density during SSW (Pedatella et al., 2012; Pe-
datella et al., 2014).

Direct penetration of amplified tides to the upper thermosphere is an additional
mechanism that contributes to observed ionospheric variations, in particular at mid-
dle latitudes where the E-region dynamo mechanism is less effective. SSW-modified
upper thermospheric winds can move the F-region upward or downward by trans-
porting plasma along magnetic field lines (Pedatella and Maute, 2015). Goncharenko
et al. (2018) reported a deep depletion in the nighttime ionosphere reaching a fac-
tor of 2-5 relative to non-SSW conditions and attributed it to the SSW modulation
of thermospheric wind. Recent simulations and observations confirmed that tidal
modification of meridional thermospheric winds during SSW can lead to large de-
creases in the nighttime electron density in a large range of latitudes (up to 50 de-
grees in both hemispheres), and such depletions have proved to be a robust feature
during SSWs (Jones Jr et al., 2023).

Numerical simulations suggest that SSWs drive other thermospheric disturbances,
including thermospheric warming and cooling that depend on local time, latitude,
and longitude (Liu et al., 2013; Liu et al., 2014), changes in the meridional circulation
(Miyoshi et al., 2015), and changes in the thermospheric composition (Yamazaki and
Richmond, 2013; Pedatella et al., 2016) that can impact atomic oxygen and hydrogen
density and potentially have implications even at altitudes of several Earth radii
above Earth’s surface (Jones Jr et al., 2020). Due to the scarcity of thermospheric data
many of these predictions have not been tested, although available observations link
SSW to a decrease in O/N2 ratio (Oberheide et al., 2020) and changes in the mean
meridional winds (Gasperini et al., 2023), in consistency with simulations.
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1.4.4 Summary of SSW Importance

In aggregate, the amplitude and variety of the SSW features discussed above clearly
demonstrate the relevance and impact of their dynamic influences on atmospheric
variations, and these pathways arguably form a sometimes dominant and always
essential driver of whole atmosphere variability. Community understanding of the
varieties of SSW mechanisms, and their relative importance over relevant spatial and
temporal scales, remain incomplete but ultimately represent a key goal for better
quantification of dynamics in the tightly coupled atmosphere-ionosphere system.

1.5 Objectives and Structure of the Thesis

This thesis extends the knowledge of ionospheric and atmospheric variability through
SSW-centric observational studies of their drivers and impacts. A study focus on
SSW has been a proven strategy to vastly improve our understanding of multiple
mechanisms connecting the lower and upper atmosphere. However, the majority
of available studies have focused on Arctic SSWs that occur in December - Febru-
ary, and it remains unknown whether Antarctic SSWs can lead to any comparable
perturbations in the ionosphere and thermosphere. Studies available to date also
suggest that SSW effects are not uniform and are considerably more pronounced in
the American longitudinal sector. Given the limitations of single-case studies and
the unavoidable differences in methodology employed by different researchers, it is
not clear whether such conclusions can be generalized. Longitudinal variations in
the ionosphere/thermosphere in response to SSW remain not well documented and
not well understood. In addition, available studies focus on ionospheric variabil-
ity at low latitudes, and perturbations at middle and high latitudes are much less
known, despite studies in the available literature that present fascinating examples
of SSW-associated perturbations at middle to high latitudes.

This work advances knowledge of SSW pathways and impacts through new studies
of SSW dynamics, by first investigating the ionospheric response to a rare Antarctic
SSW in September 2019. Chapter 2 provides a summary of observational data and
methods that were used to isolate SSW signatures. Chapter 3 summarises investiga-
tion of effects of Antarctic SSW at low latitudes. Chapter 4 extends this research to
middle latitudes of the Northern Hemisphere. Chapter 5 continues the topic of far-
reaching effects of SSW in the opposite hemisphere and discusses responses to Arctic
SSW in the mesosphere and ionosphere over Antarctic regions. Finally, conclusions
and suggestions for future work are outlined in Chapter 6.
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Chapter 2

Data and methods

This section describes major observational techniques and stratospheric, mesospheric,
thermospheric and ionospheric datasets used in the studies described in Chapters 3
- 5, as well as methods to identify SSW-associated anomalies in various datasets.

2.1 Total Electron Content from GNSS observations

Total Electron Content (TEC) obtained from the Global Navigation Satellite Systems
(GNSS) is one of the most versatile ionospheric datasets used in numerous studies
of ionospheric variability. As TEC is highly variable due to changes in solar EUV,
season, local time, and other factors, correct attribution of TEC changes to effects of
SSW requires careful separation of contributions from different drivers. Although
numerous earlier studies successfully used 10-day averaging (or similar approach)
to define the background state of the ionosphere (Goncharenko et al., 2010a; Gon-
charenko et al., 2010b), this approach has limitations and is not always applicable.
To improve the description of the background ionospheric state, we utilized addi-
tional methods that are described in Sections 2.1.2 and 2.1.3.

2.1.1 TEC database

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). All
studies described in the next chapters utilize data product that has 1x1 degree lat-
itude 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. Figure 2.1 shows example of data coverage for
September 15, 2019, during Antarctic SSW. The numbers of GNSS receivers varies
with time, increasing from 5360 sites for the January 2013 SSW study (Chapter 5) to
6340 sites for the September 2019 SSW studies (Chapters 3 and 4). MIT Haystack Ob-
servatory currently processes data from more than 6000 GNSS receivers. GLONASS
data was added to the processing in 2017, resulting in the 30% improvement in the
data density. Inspection of the TEC data for the time period between August 1, 2019
and November 1, 2019 shows high data quality, with a median error of a single data
point equal to 0.92 TECu (1 TECU = 1016 electrons m−2), and 99-th percentile in er-
ror 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.
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FIGURE 2.1: GNSS TEC data coverage provided by the CEDAR Madrigal database
for September 15, 2019.

2.1.2 Background TEC: dynamically quiet state

To accurately isolate effects of SSW, we first characterize the typical ‘dynamically
quiet’ ionospheric state for a given season and solar flux conditions. For the case of
September 2019 Antarctic SSW, we calculate median values of TEC and different per-
centiles 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. Average level of stratospheric planetary wave activity
was calculated from 40+ years of MERRA data. 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 are then binned in 30-min
intervals, resulting in several hundred data points per each 1° longitude x 1° lati-
tude bin in areas with good data coverage. Areas with more limited data coverage
(like over Africa) have more data from year 2018 in comparison with 2008 and 2009.
Median TEC values determined from these bins are then used in this study as a base-
line that describes the ‘dynamically quiet’ ionosphere in each geographic sector with
high resolution in latitude and longitude. We have included in the calculation of me-
dians only areas that had more than 50 points in each 1° x 1° x 30-min bin, indicating
that medians were calculated based on observations from at least 8-9 different days.
As an example, the top two panels of Figure 3.2 show median TEC in the American
sector at 17 UT (Fig. 3.2a) and at 21 UT (Fig. 3.2b). 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.

2.1.3 Background TEC: empirical model

To separate effects of meteorological or other types of forcing from known effects of
solar, geomagnetic activity, and seasonal change, we have developed an empirical
model of TEC in the American sector at 75°W based on 15 years of data (2000 -
2015). The model describes TEC variation as a function of solar flux, season, and
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geomagnetic activity through a multiple linear regression fit of the observed TEC to
time series of solar flux proxies, seasonal oscillations, geomagnetic activity indices
(with multiple delays), and cross-modulation of these terms. Explicitly, the model is
formulated as follows:

TEC(t, DOY) = TEC0 +TECsol(t)+TECseas(DOY)+TECgeo(t)+TECcr−terms(t, DOY),
(2.1)

where
TECsol(t) = b1PF107(t) + b2PF2

107(t); (2.2)

TECseas(DOY) =
mseas

∑
m=1

cm sin
(

2πDOYm
365

)
+ dm cos

(
2πDOYm

365

)
; m = 1, 2 (2.3)

TECgeo(t) =
lgeo

∑
l=0

el Ap3(t − l) + el1 Ap2
3(t − l1); l = 0, 3, 6, 9, hours; l1 = 0hours (2.4)

TECcr−terms(t, DOY) = f1PF107(t) sin
(

2πDOY
365

)
+ f2PF107(t) cos

(
2πDOY

365

)
(2.5)

This formula includes a dependence on a solar flux proxy PF107 = (F10.7+ F10.781ave),
where F10.7 and F10.781ave are solar flux for the previous day and 81-day average,
respectively, a seasonal variation as a function of day of year (DOY), a dependence
on current and previous geomagnetic activity (terms with Ap3, where Ap3 is a cur-
rent geomagnetic activity index, Ap3−3 is geomagnetic activity during previous 3
hours, etc.). Terms with coefficients f1 and f2 represent cross-terms between solar
flux and seasonal variations. All coefficients are determined through a multiple lin-
ear regression fit to available data. We note that for GNSS TEC data such coefficients
are obtained independently for every 1 degree in latitude and for every hour, thus
avoiding potential artificial features that can be introduced by fitting with 24hr, 12hr,
and 8hr tides. Subtracting the empirical model prediction from the data produces
residuals that cannot be directly driven by influences of seasonal change, solar activ-
ity, and geomagnetic activity, and contains the potential influence of meteorological
origin. Figure 2.2 illustrates the use of the model for a case study of major SSW that
occurred in January 2013 and compares expected TEC as provided by the empirical
model (top panel) with GNSS TEC observations (middle panel). Data-model differ-
ences (bottom panel) are observed in the large range of latitudes and during both
daytime and nighttime.

2.2 Peak Electron Density NmF2 from Ionosondes

To obtain independent validation of ionospheric anomalies during SSW from dif-
ferent observational technique, we use ionosonde data at several selected locations
and the same modeling approach as described for TEC modeling in Section 2.1.3.
Ionosonde data is obtained from the GIRO database (Reinisch and Galkin, 2011) or,
in case of Vernadsky station, from collaborators. Goncharenko et al. (2018) includes
more details on the performance of empirical models and concludes that the local
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FIGURE 2.2: (top) TEC on January 16, 2013 (during a major SSW) along 75ºW lon-
gitude as predicted by empirical model; (middle) TEC observations for January 16,
2013; (bottom) data-model difference in TECu. Highly anomalous TEC values are
observed from low-latitude Northern Hemisphere to high latitudes of the Southern

Hemisphere.

empirical models provide an accurate description of the mean state for various iono-
spheric features and can serve as the climatological specification of the ionosphere
in the American longitudinal sector during the November-March period.

2.3 Thermospheric Composition from TIMED GUVI

We use observations of column O/N2 ratio (∑ O/N2) by the Global Ultraviolet Im-
ager (GUVI) onboard the Thermosphere, Ionosphere, Mesosphere Energetics, and
Dynamics (TIMED) satellite (Strickland et al., 1995; Paxton et al., 2021) to examine
whether anomalous O/N2 variations can be attributed to the SSW of September 2019
(Chapter 4. Background thermospheric O/N2 is calculated as a median value of all
observations collected from 2008-2018, 2020 for low solar flux conditions (F10.7 <
80), low geomagnetic activity (Ap for the current day and previous day < 13), and
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centered on September 15 +/- 10 days, in consistency with approach for TEC data
described in the Section 2.1.2.

2.4 Stratospheric Winds and Temperature from MERRA-2

The Modern-Era Retrospective analysis for Research and Applications, Version 2
(MERRA-2) temperature and horizontal wind data (Bosilovich, 2015) are used in
Chapters 3, 4, and 5 and relevant publications to quantify the background strato-
spheric and lower mesospheric winds and to demark the stratospheric polar vor-
tex. The stratospheric vortex is identified by employing the method of Harvey et al.
(2002). MERRA-2 is provided 4 times daily from the surface to 75 km, at 0.5 degree
latitude by 0.625 longitude resolution, and is available 1980 to the present.

2.5 Stratospheric and Mesospheric Temperature from Aura
MLS

The Earth Observing System Aura Microwave Limb Sounder (MLS) (Waters et al.,
2006) daily global temperature, geopotential height, and derived horizontal wind
observations are used in Chapters 3, 4, and 5 to characterize temperature and winds
changes from stratosphere up to the lower thermosphere and compute PW ampli-
tudes, phases, and periods up to mesopause altitudes. Data is available for 2004-
2023, and covers all longitudes in a near-polar orbit. This data is sufficient for deriv-
ing PW attributes (Yamazaki et al., 2020).

2.6 Polar Mesospheric Cloud Frequency from AIM CIPS

Polar mesospheric cloud (PMC) frequencies are derived from measurements made
by the Cloud Imaging and Particle Size (CIPS) instrument (McClintock et al., 2009),
which is a nadir-viewing panoramic imager that measures scattered radiation at 265
nm. CIPS was launched in 2007 aboard the Aeronomy of Ice in the Mesosphere
(AIM) satellite, and was operational until March 2023. CIPS provides high resolution
images of PMC albedo near the summer polar mesopause every day over the entire
summer polar cap (Lumpe et al., 2013). This work uses the v5.20r05 level 3c data,
which has a spatial resolution of 56 km2. Variations of PMC frequency are used in
Goncharenko et al. (2022) and Chapter 5 as additional indicator of Antarctic summer
mesopause temperature changes during Arctic SSW.
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Chapter 3

Effects of Antarctic SSW in the
low-latitude ionosphere

Summary of:

Goncharenko, L. P., Harvey, V. L., Greer, K. R., Zhang, S.-R., Coster, A. J. (2020). Lon-
gitudinally dependent low-latitude ionospheric disturbances linked to the Antarctic
sudden stratospheric warming of September 2019. Journal of Geophysical Research:
Space Physics, 125, e2020JA028199. https://doi.org/10.1029/2020JA028199.

3.1 Introduction

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 (Krüger et
al., 2005). An outstanding question is whether Antarctic SSWs can produce similar
disturbances in the ionosphere-thermosphere system as Arctic SSWs. As Antarc-
tic SSWs occur much less frequently, only one major SSW was ever recorded, in
September 2002, and only several minor SSWs occurred in the satellite era. Iono-
spheric perturbations during Antarctic SSW of September 2002 included enhanced
quasi-two-day oscillations and perturbations consistent with lunar tide (Olson et al.,
2013), as well as quasi-10-day oscillations in TEC and location of crests of the Equa-
torial Ionization Anomaly (EIA) in the Asian sector (Mo and Zhang, 2020). However,
both studies noted that enhanced geomagnetic activity during that period compli-
cated the interpretation of the ionospheric observations.

A renewed opportunity to investigate how the ionosphere and thermosphere re-
act 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 mid-
dle atmospheric observations alongside the ionospheric equatorial electrojet and the
topside electron density from the Swarm satellites 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 anoma-
lies in ionospheric TEC patterns to the Antarctic SSW. 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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FIGURE 3.1: Time series from 15 August to 1 October 2019 of (top) zonal mean
MLS temperatures at 80ºS as a function of altitude, (middle) MERRA-2 zonal mean
zonal wind at 60ºS and 10 hPa for 1980-2018 (black lines) highlighting 2002 (blue)

and 2019 (red), and (bottom) MLS planetary wave 1 amplitude at 60ºS in 2019.

3.2 Stratospheric and Mesospheric Observations

Figure 3.1 presents an overview of the meteorological conditions in the stratosphere
and mesosphere from 15 August to 1 October 2019. The minor SSW is charac-
terized by the descent of the stratopause from 55 km in late August to 40 km in
mid-September (top panel). As expected, there is simultaneous cooling in the po-
lar mesosphere. The mesospheric response is most apparent in mid-September, at
the same time the zonal winds are weakest (middle panel, red line). 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 3.1. Of particular rele-
vance 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 PW
activity in the stratosphere and mesosphere, we expect to see largest effects in the
thermosphere and ionosphere in mid-September.
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3.3 Ionospheric observations

3.3.1 American longitudinal sector

FIGURE 3.2: 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 3.2 compares the median, e.g. ‘dynamically quiet state’ TEC (as described in
Section 2.1.2 in the American sector around noontime (Fig. 3.2a, 17 UT) and after-
noon (Fig. 3.2b, 21 UT), with observations during Antarctic SSW on September 15,
2019 during the same time, 17 UT (Fig. 3.2c) and 21 UT (Fig. 3.2d). 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 sup-
pression 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., 2010a, see their Figure 1). The
mechanism driving this quasi-semidiurnal ionospheric variability is amplification of
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tidal amplitudes in the lower thermosphere (Liu et al., 2010; Jin et al., 2012; Pedatella
et al., 2014). Anomalous tides modulate electric fields through the E-region dynamo
process, modify F-region vertical drifts and, subsequently, F-region electron densi-
ties. Although the roles of different mechanisms and different tides are a matter of
active research (see reviews by Chau et al., 2012 and Goncharenko et al., 2021b), sim-
ilar quasi-semidiurnal behavior was observed in multiple ionospheric 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 perturba-
tions in the low-latitude ionosphere in a manner similar to Arctic SSW events.

3.3.2 Longitudinal dependence of SSW effects

The ionospheric response to the Antarctic SSW is both hemispheric in scale and re-
gional in strength of specific features; in other words, qualitatively similar large-
scale low-latitude ionospheric anomalies are observed in different geographic sec-
tors, but the strength of these anomalies is different. Figure 3.3 illustrates this point
and presents TEC anomalies observed on 15 September 2019 and calculated as a dif-
ference between observations and median values and expressed as percent change
from median. Around noontime, positive TEC anomalies are seen over the Amer-
ican, African, and Asian sectors, albeit with varying strengths. In the American
sector, 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 20o

latitude of the EIA trough. In contrast, in the Asian sector positive TEC anoma-
lies are rather weak and do not exceed 20-30%. To summarize the ionospheric
anomalies over the globe, the afternoon and nighttime anomalies are more consis-
tent between different geographic sectors and show predominant suppression of
TEC which is stronger in the African and Asian sectors. These negative anoma-
lies could result from a superposition of several mechanisms: a negative phase of a
quasi-semidiurnal perturbation, general decrease of a thermospheric O/N2 ratio re-
lated 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).

One of the important distinctive features of this 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;
Fagundes et al., 2015) or negative disturbances (Vieira et al., 2017) last for multiple
days. 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.

Figure 3.4 demonstrates another important aspect of ionospheric anomalies observed
in September 2019: their phenomenology is different for geographic locations sepa-
rated by as little as 30 degrees in longitude. It depicts TEC variations in the northern
crests of EIA in the African sector at 0oE and 30oE (Figures 3.4a and 3.4b) and in
the Asian sector at 115oE and 145oE. The most dramatic differences between close
longitudes are observed in the African sector (Figures 3.4a and 3.4b). 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
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noontime
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night

FIGURE 3.3: Change in TEC during Antarctic SSW on September 15, 2019 in dif-
ferent 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.

of September 2019, observations reveal increase in TEC above 75-th and 90-th per-
centiles 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. Similar longitudinal differences are observed in the Asian sector, as illustrated
by Figures 3.4c (115°E) and 3.4d (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 3.4 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
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(a) (b)

(c) (d)

FIGURE 3.4: 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).

minimum solar zenith angle and the region of EIA trough as the plasma source of
EIA. This reason could contribute to the observed longitudinal differences in TEC in
the American sector, but could not be responsible for the observed differences in the
African and Asian sectors (Figure 3.4). 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 in the African and Asian sectors. Thus,
geometric effects related to the offset between geographic and geomagnetic equa-
tor 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 a 4-peak structure in the longitudinal variation in low-latitude ionospheric
electron density (Lin et al., 2007; Kil et al., 2007; Scherliess et al., 2008). Amplitudes
of DE3 tide reach their seasonal peaks in September in the lower thermosphere (Ak-
maev et al., 2008) and throughout the thermosphere (Oberheide et al., 2009). Con-
sequently, 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 observa-
tions presented in Figure 3.4 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 vari-
ation 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 interfer-
ence of non-migrating diurnal tides can be a major contributor to TEC enhancements
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during Arctic SSW, even without enhanced amplitudes. To the best of our knowl-
edge, our study presents first observational evidence of ionospheric changes that
could be related to the amplification of DE3 tide during Antarctic SSW. Additional
observational and numerical studies are needed to test our suggestion about SSW
modification of DE3 tide.

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. In the American sector at 75°W, a large amplification in the TEC oscil-
lations with a 5-8 day period is observed in the middle of September and coincides
with decrease in stratospheric winds during Antarctic SSW. This 5-8 day wave is
consistent with amplification in 5-6 day wave reported by Yamazaki et al. (2020).
However, TEC observations at 115°E reveal a different behavior: an amplification
with 2-3 day periods. Planetary waves are not expected to propagate to ionospheric
altitudes directly, but can impact the upper atmosphere indirectly, through modula-
tion of tides extending into upper thermosphere (Oberheide et al., 2009; Liu, 2016),
through modulation of equatorial vertical plasma drifts modified by tides propagat-
ing to the lower thermosphere (Liu and Richmond, 2013), through changes in ther-
mospheric composition related to tidal dissipation (Yamazaki and Richmond, 2013;
Yue and Wang, 2014), or through modulation of gravity waves (Liu, 2016). Our ob-
servations of large longitudinal differences in planetary wave oscillations in TEC
suggest that longitudes with higher median TEC and higher ‘quiet dynamic state’
variability are also more influenced by upward propagating stratospheric planetary
waves, presumably through modulation of non-migrating tides or gravity waves.
This suggestion needs to be further explored in more extended follow-up studies.

3.4 Summary

The rare Antarctic sudden stratospheric warming of September 2019 has provided a
unique opportunity to examine whether stratospheric weather over Antarctica can
produce ionospheric disturbances. Although the SSW of September 2019 is consid-
ered a minor event according to the standard WMO definition, it was associated with
several record-breaking changes in the Southern Hemisphere stratosphere. We have
examined TEC perturbations in the low-latitude ionosphere and have concluded the
following:

1. Comparison of ionospheric TEC in mid-September of 2019 with ‘dynamically
quiet’ mean behavior reveals prominent quasi-semidiurnal variations that are
similar to variations associated with Arctic SSW. However, the semidiurnal be-
havior does not persist for an extended period of time and strongly varies with
longitude, indicating that the ionosphere is likely more dynamically disturbed
during this Antarctic SSW than during a typical Arctic SSW.

2. We identify both positive and negative ionospheric disturbances that exceed
90-th percentile (or decrease below 10-th percentile) of TEC values for ‘dy-
namically quiet’ September equinox and low solar flux conditions. In terms of
absolute changes, TEC increased or decreased by up to a factor of 2 and more.

3. The observed TEC disturbances are consistent with several mechanisms pre-
viously identified for Arctic SSW events: perturbation of semidiurnal tides,
enhanced disturbances with planetary wave periods, in particular the 5-6 day
wave and the 2-day wave, and decrease in daily mean TEC that could result
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from reduction in thermospheric O/N2 density ratio. The study also suggests
new aspects that connect the stratospheric weather to the state of the iono-
sphere.

4. We demonstrate a strong longitudinal variation in the observed TEC distur-
bances, when qualitatively different behavior can be observed at locations sep-
arated by as little as 30 degrees in longitude.

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

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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Effects of Antarctic SSW in the
Northern Hemisphere
Mid-Latitude Upper Atmosphere

Summary of:

Goncharenko, L. P., Harvey, V. L., Greer, K. R., Zhang, S.-R., Coster, A. J., and Paxton,
L. J. (2021). Impact of September 2019 Antarctic Sudden Stratospheric Warming on
Mid-Latitude Ionosphere and Thermosphere over North America and Europe. Geo-
physical Research Letters, 48, e2021GL094517. https://doi.org/10.1029/2021GL094517.

4.1 Introduction

One of the surprising features of ionospheric disturbances during Arctic SSWs is that
the largest anomalies are seen not at the high or middle latitudes of the Northern
Hemisphere (NH), but instead at low latitudes and middle latitudes of the South-
ern Hemisphere (SH). Low-latitude variations are better understood; both obser-
vational and modeling studies suggest that they are produced mainly through the
vertical transport of plasma by enhanced electric field due to amplification of the
E-region dynamo mechanism (Fang et al., 2012; Pedatella and Liu, 2013). In con-
trast, ionospheric variations at the SH middle latitudes have been much less studied
and less understood. Limited observational evidence suggests that SSW-induced
ionospheric perturbations at SH mid-latitudes can be large, reaching a factor of 2 in
TEC (Fagundes et al., 2015) or NmF2 data (Goncharenko et al., 2018). COSMIC ob-
servations during two Arctic SSW events also shows larger ionospheric variations
in the SH middle latitudes, and TIME-GCM simulations suggested that the mecha-
nism responsible for these disturbances is a modulation of thermospheric wind by
an amplified semidiurnal lunar tide (Pedatella and Maute, 2015), which was partic-
ularly strong during these events (Forbes and Zhang, 2012). However, a composite
analysis of Whole Atmosphere Community Climate Model with specified dynamics
(SD-WACCM) indicated stronger amplification of semidiurnal tides in NH (Limpa-
suvan et al., 2016). This conclusion implies a stronger ionospheric response to Arctic
SSWs in the NH, which contrasts with observational results discussed above.

Extension of SSW-induced ionospheric anomalies across the equator and to the mid-
dle latitudes of the opposite hemisphere and the mechanisms responsible for such
anomalies are not fully understood. One of the reasons for this is the scarcity of ob-
servational data at SH middle latitudes. The record strong Antarctic SSW of Septem-
ber 2019 enables addressing the question of inter-hemispheric coupling during SSWs
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FIGURE 4.1: Ionospheric anomalies observed in September 2019. (a) and (b)
Anomalies on September 15, 2019 over North America in the morning (14 UT) and
afternoon (22 UT). (c) and (d) Anomalies over North Africa and Europe on Septem-
ber 21, 2019 in afternoon (14 UT) and in the evening (20 UT). Inlets on the right side

show the magnetic declination angle over given regions.

with unprecedented detail, as there was an exceptional coverage at NH middle lati-
tudes due to the dense networks of GNSS receivers (Figure 2.1). This study demon-
strates that Antarctic SSW produces large anomalies in the middle latitude thermo-
sphere and ionosphere in the NH and suggests mechanisms responsible for these
anomalies.

4.2 Ionospheric anomalies

This study focuses on anomalies over North America and Europe, where TEC data
quality is highest. To clearly identify effects of the SSW and separate them from
ionospheric variations due to changes in solar cycle, season, and geomagnetic activ-
ity, we used the ’quiet dynamic state’ baseline described in Section 2.1.2.

We hypothesize that the striking regional anomaly over the western U.S. is caused
by an abatement or even reversal of the thermospheric zonal wind modified by the
SSW, as zonal winds strongly influence ionospheric electron density in areas with
larger magnetic declination angles (Zhang et al., 2011; Zhang et al., 2012). Figure 4.1
illustrates the spatial development of ionospheric anomalies at NH middle latitudes.
Figures 4.1a and 4.1b show TEC anomalies over North America on September 15,
2019 during morning (14 UT) and afternoon (22 UT) hours, respectively. Anomalies
are expressed as a percentage change relative to the quiet time baseline. In the morn-
ing sector (Figure 4.1a), the prevailing change is a decrease of TEC by 20-40%, with
largest decreases over southern California (110-125ºW, 30-50ºN). In the afternoon
sector (22UT, Figure 4.1b), the most striking feature is an increase up to 80-100% in
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FIGURE 4.2: TEC variations at 40ºN at different longitudes in comparison with
baseline. Panels (a-d) show variations over North America on September 14-16,
2019. Panels (e-h) show variations over Europe on September 20-22, 2019. Thin
dash lines show 25th and 75th percentiles and dotted lines show 10th and 90th

percentiles to illustrate the level of typical quiet-time variability.

TEC observed at the same location. This positive daytime anomaly reaches its max-
imum at 40ºN and is separated from low-latitude anomalies seen near the crests of
the EIA (see Section 3 and Goncharenko et al., 2020); this indicates that the mecha-
nism responsible for the generation of middle-latitude anomaly is different from the
mechanisms driving the low-latitude anomalies. We suggest that the TEC variations
observed over the western U.S. where the declination angle exceeds 10º (see inlets
on the right side of Figure 4.1) could be generated by an enhanced semidiurnal tide
in the zonal wind, with more eastward wind in the morning (providing downward
plasma motion and faster recombination) and more westward wind in the afternoon
(providing upward plasma motion and slower recombination).

The nature of TEC anomalies over Europe is very different, as illustrated in Figures
4.1c and 4.1d. The largest positive TEC anomalies over Europe are seen on Septem-
ber 15 and September 21, 2019 at 14UT (Figure 4.1c) reaching 100-120% from the
baseline at 25-30ºN, i.e. near the northern crest of the EIA. The magnetic equator is
located at 10ºN at these longitudes, and ionospheric disturbances at the EIA crests
are likely driven by perturbations in vertical drifts and electric fields through the
E-region dynamo. As the SSW of September 2019 is associated with a record strong
quasi-6-day wave in the middle atmosphere (Yamazaki et al., 2020; Miyoshi and Ya-
mazaki, 2020; Gu et al., 2021), the timing of the peak TEC anomalies on September
15 and September 21 indicates that they are linked to quasi-6-day oscillations that
peak near the crests of EIA. Spectral analysis of TEC (not shown here) confirms the
presence of oscillations with periods of 4-8 days in the extended latitudinal span in
the European sector.
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As geomagnetic activity often increases during equinox (Russell and McPherron,
1973; Lyatsky et al., 2001), our observations of ionospheric anomalies related to this
Antarctic SSW illustrate the need to include lower atmospheric forcing in ionosphere
and thermosphere studies to avoid incorrect attribution of drivers and mechanisms.
The magnitude of the TEC disturbances observed at middle latitudes during this
SSW event is comparable to positive and negative effects of geomagnetic storms
(Buonsanto, 1999), although geomagnetic activity was quiet.

Another important result of this study is that large ionospheric anomalies are ob-
served only in narrow longitudinal regions. Figure 4.2 compares the baseline (me-
dian) with TEC observations during September 14-16, 2019 over North America (left
panels, Figures 4.2a-d) and during September 20-22, 2019 over Europe (right panels,
Figures 4.2e-h). In the western part of the U.S. (Figure 4.2a) dramatic daytime ( 18-
24 UT) increases in TEC exceed the 90th percentile of typical variability. Over the
eastern U.S. (75ºW, Figure 4.2d), the dominant signature is TEC suppression which
is observed at most times of the day. We note large differences in the baseline TEC
behavior (solid black line) between the western U.S. (125ºW, Figure 4.2a) and the
eastern U.S. (75ºW, Figure 4.2d): daytime TEC is much larger over the eastern U.S.
than over the western U.S., while nighttime TEC is higher over the western U.S.
Such longitudinal differences in the baseline are produced by combined effects of
thermospheric zonal winds and magnetic declination (Zhang et al., 2011; Zhang et
al., 2012) and are at least partially responsible for the regional nature of the observed
TEC anomalies.

The TEC variations over Europe (Figure 4.2e-h) are illustrated for September 20-22,
2019, around the time of the largest disturbances shown in Figure 4.1c. A sharp
daytime peak on September 21 to highly anomalous TEC values (30% higher than
the 90th percentile) was accompanied by a strong decrease in the afternoon. Similar
to observations over North America, significant positive TEC variations are seen
only in a narrow longitudinal band; this signature subsides toward the east (at 20ºE),
and no obvious disturbances are seen at 40ºE or 60ºE.

4.3 Thermospheric anomalies

Numerous simulations demonstrated that dissipation of upward propagating tides
can affect vertical transport of atomic oxygen in the lower thermosphere that results
in a reduction of thermospheric O/N2 ratio and, in turn, can contribute to a deple-
tion in electron density or TEC (Jones Jr et al., 2014b; Jones Jr et al., 2014a; Yamazaki
and Richmond, 2013). Similarly, reduction in O/N2 ratio and electron density is also
expected due to the dissipation of gravity waves (Jones Jr et al., 2020) and plane-
tary waves (Yue and Wang, 2014). However, observational evidence to support or
challenge these simulations is scarce. We use TIMED/GUVI observations of column
O/N2 ratio (see Section 2.3) to examine whether the SSW of September 2019 leads
to any anomalous O/N2 variations. Figure 4.3 compares background O/N2 (black)
to O/N2 observations on September 15, 2019 (red) as sampled along different or-
bits. The main difference between the background and SSW conditions seen at all
longitude sectors is a 5-15% depletion in O/N2 at low latitudes, 20ºS to 20ºN. This
depletion is consistent with a 5-10% O/N2 decrease in GOLD data during the Arctic
SSW in January 2019 (Oberheide et al., 2020) and with numerical simulations cited
above. It is likely to be produced by the changes in the residual mean circulation re-
lated to the dissipation of SSW-amplified tides and other waves. This decrease in the
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FIGURE 4.3: Evolution of thermospheric O/N2 at different longitudes. Top panels
(a, c, e) compare O/N2 variations on September 15, 2019 (red) with background
O/N2 behavior (black). Yellow shade indicates 1σ variation. Bottom panels (b, d, f)

show change in O/N2 on SSW day in comparison with the background.

low-latitude O/N2 could contribute to a pronounced depletion of low-latitude TEC
(Chapter 3), as changes in O/N2 are well correlated with changes in TEC. However,
at middle latitudes (30-50ºS and 30-50ºN) the O/N2 change is more complex and
depends on longitude. A decrease in O/N2 seen at middle latitudes over Europe
(Figure 4.3a, b) and the central and eastern U.S. (Figure 4.3c, d) likely contributes
to TEC depletions that dominate ionospheric responses at these locations (Figure
4.2d, e, f). However, the O/N2 anomaly becomes positive at middle latitudes over
the western U.S. (Figure 4.3e, f), where an increase in the daytime TEC is observed
(Figures 4.1b, 4.2e), and thus can contribute to the formation of positive ionospheric
changes over this region.

4.4 Summary

Ionospheric observations in September 2019 provide evidence of large (50-100%)
regional anomalies at middle latitudes of the northern hemisphere linked to the
Antarctic sudden stratospheric warming. The ionospheric response has a quasi-
semidiurnal behavior and is most likely driven by more than one mechanism, in-
cluding variations in O/N2 induced by dissipation of waves (tides, gravity waves,
planetary waves), variations in plasma drift due to the E-region dynamo, and vari-
ations in thermospheric wind. The strongest responses are limited to narrow longi-
tudinal areas with widths of 20-40º, while other longitudes experience similar types
of perturbations but with magnitudes within typical day-to-day variability. Posi-
tive and negative anomalies over the western U.S. (100-130ºW) persist for the entire
month of September. Over Europe (20ºW to 20ºE) the dominating response is long-
lasting TEC suppression superimposed on a quasi-6-day variation. Both positive
and negative changes are observed in the thermospheric O/N2 ratio and can con-
tribute to regional increase and suppression of TEC. This study emphasizes the po-
tential role of thermospheric zonal wind and magnetic declination in the formation
of regional ionospheric disturbances at middle latitudes, in addition to the role of
secondary waves generated through the interaction of quasi-6-day waves and tides.
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Chapter 5

Observations of pole-to-pole,
stratosphere-to-ionosphere
connection

Summary of:

Goncharenko LP, Harvey VL, Randall CE, Coster AJ, Zhang S-R, Zalizovski A, Galkin
I and Spraggs M (2022) Observations of Pole-to-Pole, Stratosphere-to-Ionosphere
Connection. Front. Astron. Space Sci. 8:768629. doi: 10.3389/fspas.2021.768629

5.1 Introduction

Current knowledge of ionospheric physics is heavily influenced by observational
data in the northern hemisphere, while the ionosphere above the sparsely instru-
mented southern hemisphere remains less understood. This study leverages instru-
mentation in South America and Antarctica to show that ionospheric variations at
summer high latitudes may be attributed to SSW. Observations from independent
techniques show a formation of large-scale mesospheric and ionospheric variations
in response to the well documented major Arctic SSW of January 2013 (Goncharenko
et al., 2013; Jonah et al., 2014; De Wit et al., 2015). These variations are observed not
only at low latitudes, but at the middle and polar latitudes of the southern (oppo-
site) hemisphere. The interhemispheric coupling concept (IHC, Becker et al., 2004)
is well known in the middle atmosphere research community. It means that dy-
namic variability in the winter stratosphere is linked to variability of the polar up-
per mesosphere in the summer hemisphere. Here we demonstrate variability in the
summer polar mesosphere and ionosphere over Antarctica induced by Arctic SSW,
and extend the concept of interhemispheric coupling to the upper thermosphere and
ionosphere.

5.2 Observations of TEC

In the American longitudinal sector evolution of TEC with latitude can be investi-
gated in detail due to the dense network of GNSS receivers. Earlier studies reported
that in response to the January 2013 SSW large low-latitude ionospheric disturbances
peaked in mid-January (Goncharenko et al., 2013; Jonah et al., 2014). Figure 5.1A il-
lustrates the latitudinal variation in the TEC anomaly at 75ºW on January 16, 2013.
The TEC anomaly is calculated as a difference between TEC observations and ex-
pected TEC behavior, which is provided by the empirical TEC model (see Section
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(A)

(B)

FIGURE 5.1: (A) Anomaly in the total electron content at 75ºW on Jan 16, 2013 ex-
tends from equatorial to high latitudes of the southern hemisphere. (B) TEC vari-
ation with latitude for 75ºW and 16 UT (11 AM Local Time). TEC values observed
on January 14-16, 2013 (green, blue, red) are compared with TEC values expected

for this season and solar activity as predicted by the empirical model (black).

2.1.3). The anomaly in TEC (Figure 5.1A) includes a well-known low-latitude fea-
tures: large increase in the northern crest of the EIA, (0-15ºN) in the morning-noon
sector (12-18 UT) and a decrease in the afternoon and evening sectors (21-3 UT) (see
reviews by Chau et al., 2012 and Goncharenko et al., 2021b).

Even larger morning-noon TEC anomaly develops in the southern hemisphere, cen-
tered at 40-60ºS and extended to high latitudes, as seen in the Figure 5.1A. In addi-
tion to the morning-noon enhancement, nighttime (3-8 UT) electron density is also
enhanced at latitudes higher than 45ºS (Figure 5.1A); in particular, the ionospheric
Weddell Sea Anomaly, a phenomenon when the nighttime electron density exceeds
the daytime electron density (Penndorf, 1965; He et al., 2009), is modified during
both nighttime and daytime hours, as seen in Figure 5.1A at 60-70ºS. Figure 5.1B
shows the latitudinal variation in TEC at 16 UT (11:00 AM local time) for three con-
secutive geomagnetically quiet days, 14-16 January 2013; similar TEC variations are
observed over the 10-day period. Thick dash lines show 25th and 75th percentiles of
all available data, thin dash lines show 10th and 90th percentiles. Percentiles were
calculated using TEC observations with close solar flux and seasonal conditions.
Continuous extension of TEC anomalies up to a factor of 2 from the expected value
(and in excess of 75th and even 90th percentile) is observed from 20ºS all the way
to the high latitudes in the southern hemisphere. These results provide strong evi-
dence that the impact of Arctic SSW is persistent for multiple days, global in scope,
and extends across the equator up to high latitudes of the opposite hemisphere.
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(D)

FIGURE 5.2: Southern hemisphere polar maps showing the TEC behavior during
undisturbed Arctic conditions in January 2012 (left side, A and B) and during an
SSW in January 2013 (right side, C and D). Top panels show snapshots at 4 UT
and demonstrate increases in TEC over the entire Antarctic continent, with partic-
ularly large enhancement around the Antarctic Peninsula (30-120oW). Bottom pan-
els (snapshot at 15 UT) demonstrate a strong increase in TEC from 60oE to 120oW,
with largest increases in the American longitudinal sector. Magenta dots indicate

the locations of the Port Stanley and Vernadsky ionosondes stations.

Figure 5.1 extends only to 70ºS, as empirical TEC model did not include higher lati-
tudes due to the data scarcity. Figure 5.2 further illustrates extension of the observed
ionospheric anomalies to the high latitudes in the southern hemisphere, up to the
South Pole. Polar maps compare TEC distributions on 15 January 2012, an undis-
turbed Arctic winter day the previous year (panels A and B), to 16 January 2013, a
SSW day (panels C and D). The TEC increase on 16 January 2013 (SSW day) at 4 UT
is observed over the entire Antarctic continent, as seen in Figure 5.2C. The largest
enhancements are over the Antarctic Peninsula and the Weddell Sea in the western
hemisphere and near the Antarctic coast and 90ºE. At 15 UT (Figure 5.2D), increases
in TEC over the Antarctic Peninsula and the Weddell Sea are clearly an extension of
the TEC change that peaked in the middle latitudes of the southern hemisphere, as
shown in Figures 5.1A and 5.1B. Ionospheric disturbances similar to those presented
in Figures 5.2C and 3D were observed for several days and maximized on January
14-16, 2013, simultaneously with disturbances at lower latitudes seen in Figure 5.1.

5.3 Observations of NmF2

Independent confirmation of the impact of an Arctic SSW on the ionosphere over
the middle and high latitudes of southern hemisphere is further obtained using



Chapter 5. Observations of pole-to-pole, stratosphere-to-ionosphere connection 34

a different observational technique, namely ionosondes. Figure 5.3 shows diurnal
variations in the peak electron density NmF2 at mid- and high-latitude stations: Port
Stanley (51.6ºS, 57.9ºW) and Vernadsky (65.1ºS, 64.2ºW), respectively. Typical diur-
nal variations of NmF2 (black lines) at these locations are very different. Daytime
NmF2 (at 12-18 UT) over Port Stanley (Figure 5.3A) exceeds nighttime NmF2 (at 1-6
UT) by 50-60%, as expected in the mid-latitude summer hemisphere, consistent with
effects of maximum photo-ionization rates at noon and indicating that solar photo-
ionization is the dominant mechanism responsible for NmF2 behavior. In contrast to
middle latitude, at high latitude over the Vernadsky location (Figure 5.3B) nighttime
NmF2 exceeds daytime NmF2 by a factor of 2, as expected for the area of the Wed-
dell Sea Anomaly. This behavior in typical NmF2 indicates significant contributions
to NmF2 from ionospheric dynamics, including thermospheric neutral wind and E x
B drift (Chen et al., 2011; Richards et al., 2017). During the SSW, similar ionospheric
anomalies are observed at both locations: dramatic increases (up to a factor of 2) in
NmF2 during daytime hours ( 12-18 UT), weaker increases at night (1-6 UT), and a
slight decrease in the morning hours (6-9 UT). These anomalies are fully consistent
with the GNSS TEC observations shown in Figures 5.1 and 5.2. The similarity of the
diurnal behavior in ionospheric anomalies in the geographic mid- and high-latitude
southern hemisphere suggest that they could be driven by the same mechanism,
despite very different mechanisms being responsible for the typical/climatological
ionospheric behavior in these regions.

(A) (B)

FIGURE 5.3: Variations in the peak electron density NmF2 as measured by ionoson-
des at Port Stanley (A) and Vernadsky (B). Highly anomalous increases in NmF2 are
observed at both locations during the SSW, as illustrated with data from January

14-16, 2013.

5.4 Potential mechanisms

Our observations demonstrate that during the 2013 Arctic SSW event, an extended
region of atmospheric anomalies formed in the southern hemisphere. This region
spans the mesosphere (60–90 km) to the ionosphere (100–1000 km) in the vertical
direction, summer mid-latitudes to the South Pole in the horizontal direction, and
anomalies persists for days. The formation of such extended anomaly region in the
southern hemisphere during the Arctic winter SSW presents a fascinating example
of atmospheric coupling that is most likely driven by multiple mechanisms.

We suggest that SSW-associated semidiurnal variations in the upper thermospheric
wind system is likely a leading mechanism responsible for large ionospheric distur-
bances in the high-latitude southern hemisphere during this SSW event, as varia-
tions in the meridional wind are an important driver of the Weddell Sea Anomaly
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(Jee et al., 2009). At thermospheric altitudes, the wind changes could result from
the superposition of migrating semidiurnal solar tides (SW2), non-migrating solar
semidiurnal tides (SW1), and semidiurnal lunar tides (M1, M2). Earlier observations
and simulations provide evidence of SSW-induced variations in all these tidal com-
ponents. Superposition of these tidal components (SW2, SW1, M1, M2) of varying
amplitudes and phases creates a complicated pattern of anomalies in the thermo-
spheric wind and, consequently, in the ionosphere above Antarctica.

Additional potential mechanism involves changes in thermospheric composition.
Miyoshi et al. (2015) found that Arctic winter SSW weakens the summer residual
circulation between 80 km and 400 km, including decreased descent in the summer
polar lower thermosphere and weakened ascent above 120 km. In general, up-
welling decreases the O/N2 ratio and tends to decrease ionospheric electron density
(Rishbeth, 1998). Weaker upwelling in the upper thermosphere at high latitudes of
the southern hemisphere predicted by Miyoshi et al. (2015) would result in a higher
thermospheric O/N2 ratio and contribute to an overall increase in TEC over Antarc-
tica. Such an increase is seen in Figure 5.1A as a general enhancement in TEC at
60-70ºS, which is observed in addition to the quasi-semidiurnal variation discussed
above. The topic of changes in thermospheric composition has not been explored
yet with sufficient detail and requires additional observational and modeling effort.

Finally, we cannot rule out the influence on ionospheric electron density that is pro-
duced by electric fields.Usually, electric fields are not expected to contribute signifi-
cantly to variations in electron density at middle and high latitudes, due to the high
inclination angle of the Earth’s magnetic field lines closer to its poles. However, the
inclination angle at high latitudes in the southern hemisphere (58º at Vernadsky) is
smaller than in the northern hemisphere (for American longitudes), and an electric
field can produce non-negligible electron density variations. Numerical simulations
demonstrate significant perturbations in the mid-to-high latitude F-region vertical
ion drift due to planetary waves at the model’s lower boundary (Liu et al., 2010), so
electric fields could be expected to play a certain role in the observed anomalies.

5.5 Summary

This study investigated the behavior of the mesosphere and ionosphere at high lat-
itudes of the southern hemisphere during the Arctic SSW of January 2013. Strato-
spheric, mesospheric, and ionospheric data reveal anomalous behavior in multiple
parameters during a multi-day period in January 2013 – neutral temperature, PMC
frequency, TEC, and NmF2. Persistent mesospheric and ionospheric anomalies that
are observed above Antarctica in January 2013 may be related to the SSW in the
Arctic stratosphere. These results provide strong observational evidence that SSW
events generate truly global disturbances that reach the high latitudes of the oppo-
site hemisphere; thus, this study extends the concept of inter-hemispheric coupling
to polar ionosphere. A variety of mechanisms is proposed to interpret the observed
atmospheric and ionospheric variations at middle and high latitudes in the south-
ern hemisphere, but their relative importance is not known yet. This paper aims
to encourage the scientific community to quantify the contributions of the different
mechanisms proposed here, and to suggest or consider other mechanisms responsi-
ble for the mesospheric and ionospheric variability seen in the observations.
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Chapter 6

Conclusion and Outlook

6.1 Thesis summary

This thesis, with three comprehensive studies at its core, is focused on understand-
ing ionospheric and thermospheric variability linked to sudden stratospheric warm-
ings, which are extreme disturbances in the high-latitude middle atmosphere that
occur during the local winter season. The primary dataset to investigate the iono-
spheric state utilizes extensive, global coverage ionospheric total electron content
obtained from GNSS receivers. We also use ionosonde data on peak electron density
as a supporting dataset to characterize ionospheric variability, along with thermo-
spheric composition (O/N2) data to characterize thermospheric changes. In addi-
tion, we use a variety of middle atmosphere data gauging atmospheric parameters
(winds, temperature, geopotential height, polar mesospheic clouds frequency) to
identify the spatio-temporal evolution of disturbances from the stratosphere to the
upper mesosphere.

The work described here builds upon 15+ years of previous effort in this research
area and investigates several of the unsolved issues identified in a recent review on
the topic (Goncharenko et al., 2021b). In particular, the thesis addresses the top-
ics "How does the thermosphere-ionosphere system respond to less frequent SSW
events occurring in the Southern Hemisphere?" and "How significant are longitudi-
nal differences in ionospheric disturbances related to SSW, and what mechanisms
drive these differences?". Understanding of the answers to these questions provides
a new and incisive amount of information on SSW sources, forcing mechanisms, and
atmosphere–ionosphere responses.

A very strong Antarctic SSW of September 2019 presented a perfect opportunity to
address these topical issues, as that particular SSW occurred during a solar min-
imum and quiet geomagnetic activity. During this interval, ionospheric effects are
easier to isolate, and observational resources from the stratosphere to the ionosphere
are much more abundant than during an earlier major Antarctic SSW in 2002, that
occurred almost 2 decades earlier with much more sparse coverage from e.g. GNSS
derived TEC. In a common theme of these studies, a careful characterization of typ-
ical baseline ionosphere behavior is critical to isolating and quantifying SSW-driven
anomalies. Accordingly, we developed and tested two methods (Chapter 2) to de-
scribe the baseline ionosphere, a ’dynamically quiet state’ and local empirical iono-
spheric models for TEC and NmF2. We confirmed in detailed analysis that our results
and findings are robust and do not depend on the selected method to describe base-
line conditions.
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In Goncharenko et al. (2020) (Chapter 3), we analyzed TEC variations during the
Antarctic SSW of September 2019 at low latitudes and in different longitudinal sec-
tors (American, African, and Asian), and isolated quasi-semidiurnal ionospheric
perturbations that reach a factor of 2 in amplitude compared to the baseline state.
The nature and magnitude of quasi-semidiurnal ionospheric perturbations is for the
first time seen as very similar to perturbations during a typical Arctic SSW. In ad-
dition, analysis shows strong longitudinal differences in the observed perturbations
as an important feature, since anomalies are strikingly different at locations sepa-
rated by only 30 degrees in longitude. Our results thus demonstrate that strato-
spheric weather is a key driver of variability and 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).

In Goncharenko et al. (2021a) (Chapter 4), we extended study of the same Antarctic
SSW of September 2019 to middle latitudes of the northern hemisphere, with focus
on SSW-linked variability over North America and Europe. Quasi-semidiurnal per-
turbations in TEC that strongly exceed expected quiet-time variability are identified
in narrow longitudinal regions on the western coast of US (100-130°W) and over Eu-
rope (20°W - 20°E). In addition, we identify both positive and negative disturbances
in thermospheric composition that can contribute to the formation of ionospheric
perturbations. Ionospheric and thermospheric perturbations are most likely driven
by superposition of different mechanisms, including variations in O/N2 induced by
dissipation of waves (tides, gravity waves, planetary waves), variations in plasma
drift due to the E-region dynamo mechanism, and variations in thermospheric wind.
This study emphasizes in particular the potential significant role of thermospheric
zonal wind and magnetic declination in the formation of regional ionospheric dis-
turbances at middle latitudes, in addition to the role of secondary waves generated
through the interaction of quasi-6-day waves and tides. The results indicate that
these observed features form a complex spatio-temporal response to lower atmo-
sphere forcing that is well beyond conventional, and often simplified, assumptions.

Finally, the Goncharenko et al. (2022) study (Chapter 5) extends the observational ev-
idence of far-reaching impacts of variability in the polar vortex, demonstrating that
large disturbances observed in the Arctic winter polar stratosphere (60–90°N) dur-
ing a sudden stratospheric warming event are communicated across the globe and
cause large disturbances in the summertime mesosphere and ionospheric plasma
over Antarctica (60–90°S).

6.2 Thesis conclusions

In conclusion, these studies in aggregate highlight that stratospheric polar vortex is a
key driver and an important source of predictability of the thermosphere-ionosphere
system on a wide range of spatial and temporal scales. Impacts of stratospheric
weather, most easily seen during large amplitude SSW–associated forcing, are reg-
ularly observed in the upper atmosphere and ionosphere from mid-latitudes in the
winter hemisphere, across the equator and to polar regions of the summer hemi-
sphere, and can be expected during both northern hemisphere and southern hemi-
sphere winters. As polar vortex variations have long timescales and can be suc-
cessfully predicted two weeks in advance (Domeisen et al., 2020), a comprehensive
understanding of mechanisms connecting stratosphere, mesosphere, thermosphere
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and ionosphere is not only scientifically productive but holds a tantalizing prospect
of multi-day predictions of thermospheric and ionospheric parameters.

An additional key conclusion of these studies is that we cannot fundamentally un-
derstand the variability and response of the thermosphere and ionosphere without
understanding the episodic forcing from below and the extent of the persistent re-
sponse of the system. In essence, our ability to interpret ionospheric observations is
limited by uncertainty about the behavior of underlying thermospheric parameters,
in particular the precise details of altitude profiles of winds, composition, and neu-
tral density. For these reasons, continuous, high-quality and high spatial resolution
observations of mesospheric, thermospheric and ionospheric parameters must form
an essential part of future community observational systems, as they are critical for
the robust identification of essential features and understanding physical mecha-
nisms responsible for their formation. Without these additional tools, progress in
understanding mechanisms responsible for the observed ionospheric behavior will
continue to be hindered by the lack of thermospheric observations with appropriate
spatio-temporal resolution.

Ultimately, this work demonstrates that a sustained scientific focus on SSW events
and their whole atmosphere response, using multiple tools, can and does form the
basis of compelling and information-rich details on complex and fascinating varia-
tions in the upper atmospheric system. Efforts in these areas will continue to lead
towards a better understanding of Earth atmospheric dynamics and its impacts on
radio communication, propagation, and other societal infrastructure.

6.3 Suggestions for future research

Despite significant progress in understanding connections between the lower and
upper thermosphere within the last 15+ years, there are a number of questions and
topics that remain not answered and that form the basis of future studies. In ad-
dition to those questions outlined in Chapters 3, 4 and 5 and in recent reviews by
Goncharenko et al. (2021b) and Forbes (2021), below we list several topics that will
serve as the core of future studies to further illuminate the variety of mechanisms
coupling different atmospheric layers and, hopefully, inspire new generation of sci-
entists:

1. Studies of polar vortex impacts on ionospheric and thermospheric variabil-
ity on shorter temporal scales (gravity wave and traveling ionospheric dis-
turbances): There is limited observational and modeling work to date that
suggests suppression of gravity waves and traveling ionospheric disturbances
during SSW and enhancement during strong polar vortex conditions (Becker
et al., 2022a; Becker et al., 2022b; Harvey et al., 2023). Following up on these
suggestions is essential to forward variability progress.

2. Studies of SSW impacts on ionosphere on longer temporal scales (planetary
wave scales): Several available studies have found that planetary waves with
different periods (2-day waves, 5-6 day waves, 10-day waves) and zonal wave
numbers can be amplified during SSW due to the variations in zonal mean
wind. In the ionosphere, modulation on planetary wave time scales can be ob-
served in a limited range of longitudes (Goncharenko et al., 2020). However,
underlying reasons for these features are not completely understood. As oscil-
lations on planetary wave time scales represent a large and important portion
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of ionospheric variability, further exploration of these links represents a fruit-
ful research direction.

3. Studies of SSW impacts at middle and high latitudes: Although increased
upper atmospheric and ionospheric variability during SSW at middle and high
latitudes was noted over a decade ago and is further explored in this thesis
(Goncharenko et al., 2021a; Goncharenko et al., 2022), understanding of these
links remains insufficient, as observational evidence is limited, perturbations
most likely are driven by a constructive or destructive superposition of several
mechanisms, and models have limited success in reproducing essential fea-
tures of observations. Advancing progress and resolving these limitations is
important for a full understanding of the middle (heavily populated) and high
latitude ionospheric and upper atmospheric state.

4. Links between SSW, night-time ionospheric state, and plasma bubbles and
scintillations: Earlier work documented a large-scale depletion during SSW in
the nighttime ionosphere and suggested that SSW can affect development of
equatorial spread F and plasma irregularities (Goncharenko et al., 2018). More
recent whole atmosphere simulations and observations have indeed confirmed
that nighttime ionospheric depletions are a robust feature during SSWs, at least
in the American longitudinal sector, and that they result from tidal modifica-
tions of themospheric meridional wind (Jones Jr et al., 2023). Although several
studies have attempted to link SSW to changes in the thermospheric wind sys-
tem and than to the formation of plasma irregularities and scintillations (De
Paula et al., 2015; Patra et al., 2014; Valladares et al., 2022), results are mixed
to date. As plasma irregularities, scintillations and plasma bubbles are impor-
tant space weather phenomena, further research in this area is important for
numerous applications including transionospheric communications.

5. Analysis of other minor Antarctic SSW events: Beyond the September 2019
event described here, further studies are needed to explore repeatability of
ionospheric features and responses at low and middle latitudes during SSW
events located in the opposite hemisphere.

6. Studies of ionospheric/thermospheric variability during strong polar vor-
tex events: A strong polar vortex event is an anomaly opposite to SSW, when
stratospheric eastward winds remain abnormally strong. There have been very
few studies of strong polar vortex events in general, and in particular very
few studies of their manifestations in the thermosphere and ionosphere. Ex-
isting work suggests anomalies may occur opposite to SSW response studied
to date, in the form of a suppression of tidal amplitudes (Pedatella and Har-
vey, 2022; Kumar et al., 2023) and a minor decrease in thermospheric composi-
tion. However, experimental observations demonstrate longitudinally depen-
dent anomalies and include strong amplifications in thermospheric composi-
tion and ionospheric electron density (Greer et al., 2023). Resolving theory and
observations for these conditions is a compelling future direction.

7. Anomalies following sudden stratospheric warming events: It is known that
many SSW events are followed by long-lasting stratospheric anomalies of an
opposite nature. For example, Figure 1.2 illustrates these conditions, as a
record low stratospheric temperature in February and March 2019 occurred
after a major SSW that peaked in early January 2019. These historically cold
stratospheric conditions were also accompanied by strong eastward wind (e.g.
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strong polar vortex state) lasting from mid-February to mid-April in a manner
expected to affect upward propagation of planetary waves, tides, and gravity
waves. However, such anomalies remain unexplored to date. Further study
of these anomalies forms a scientifically rich avenue of exploration, and will
illustrate the persistence and complexity of these tight atmosphere-ionosphere
coupling processes.

8. Other significant lower atmospheric phenomena (QBO, MJO): In addition to
SSW, a polar phenomenon in the stratosphere, there are several other lower
atmospheric phenomena that potentially can influence the upper atmosphere.
Some of them, like quasi-biennual oscillation (QBO) and semi-annual oscil-
lation (SAO), occur in the tropical stratosphere. Others, like Madden-Julian
Oscillation (MJO) and the El Niño-Southern Oscillation (ENSO), are linked to
the ocean-atmosphere interactions. Although effects of such phenomena are
very challenging to distinguish in the upper atmosphere, recent progress in
data analysis and simulations demonstrated statistically significant response
in tidal fields to MJO (Kumari et al., 2020) and ENSO (Liu et al., 2017; Sun et
al., 2019). As these patterns regularly occur in the lower atmosphere, further
investigations of these links hold a promise of better space weather predictabil-
ity on sub-seasonal and seasonal scales.
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Longitudinally Dependent Low‐Latitude Ionospheric
Disturbances Linked to the Antarctic Sudden
Stratospheric Warming of September 2019
L. P. Goncharenko1 , V. L. Harvey2 , K. R. Greer2 , S.‐R. Zhang1 , and A. J. Coster1

1Haystack Observatory, Massachusetts Institute of Technology, Westford, MA, USA, 2Laboratory for Atmospheric and
Space Physics, University of Colorado, Boulder, CO, USA

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‐ to 6‐day and 2‐ to 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 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° 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‐atmo-
sphere‐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., 2021). Briefly, themost 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, Chau, et al., 2010; Pedatella & Forbes, 2010; Yamazaki, 2013) that persist for mul-
tiple days or even weeks. The second temporal scale is associated with ionospheric oscillations with plane-
tary wave time scales and observed as 2‐, 5‐ to 6‐, or 10‐ to 16‐day quasi‐periodic variations in peak electron
density, peak height of the F region, and locations of the equatorial ionization anomaly (EIA) (Mo et al., 2014;
Patra 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 &Mukhtarov, 2011),
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decrease in thermospheric density (Liu et al., 2011; Yamazaki et al., 2015), and decrease in thermospheric
O/N2 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 (Forbes & Zhang, 2012; Jin et al., 2012; Liu et al., 2010; Pedatella & Forbes, 2010),
(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 thermo-
spheric O/N2 ratio due to tidal dissipation (Oberheide et al., 2020; Yamazaki & Richmond, 2013).
Superposition of these and other mechanisms that are still yet to be discovered creates highly variable con-
ditions in the quiet‐time ionosphere‐thermosphere system that can be observed in multiple upper atmo-
spheric 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 & Polvani, 2007) are far more common than their
Antarctic counterparts (Kruger et al., 2005). An outstanding question is whether Antarctic SSWs can pro-
duce 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 2‐day oscillations
and multiday 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 inter-
pretation 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.

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 zonal mean 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 unprece-
dented 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

10.1029/2020JA028199Journal of Geophysical Research: Space Physics

GONCHARENKO ET AL. 2 of 13

56



large in the stratosphere through mid‐September. Presented middle
atmosphere dynamics is fully consistent with variations described by
Lim et al. (2020) and Yamazaki et al. (2020). 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 cool-
ing, and the concomitant PW activity in the stratosphere and meso-
sphere, 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 ¼ 10−22 W/m2/Hz) for most
of September. Likewise, this time was also quiet geomagnetically, with
an Ap index that ranged from 3 to 10 units. We note that one brief
enhancement in the Kp index (on 16 September, Kp ¼ 4 at 3–6 UT) does
not influence our results. Overall, low and stable levels of solar and geo-
magnetic 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
Massachusetts Institute of Technology (MIT) Haystack Observatory as
described by Rideout and Coster (2006) and Vierinen et al. (2016).
These data have 1° × 1° latitude and longitude resolution and 5‐min tem-
poral resolution for locations that are covered by ground‐based Global
Navigation Satellite System (GNSS) receivers, resulting in data gaps over
the oceans and areas without GNSS receivers. MIT Haystack Observatory
currently processes data from more than 6,000 GNSS receivers. GLObal
NAvigation Satellite System (GLONASS, operated by Russia) data were
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

1 August 2019 to 1 November 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 ¼ 1016 electrons m−2), and 99th per-
centile in error equal to 1.36 TECu. The error in TEC data exceeded 3 TECu in 0.01% of original data, and
these data were excluded from the subsequent analysis.

To isolate effects of the September 2019 SSW, we first characterize the typical “dynamically quiet” iono-
spheric 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 values of TEC and different percentiles for the follow-
ing 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 h), average or below aver-
age stratospheric PW activity at 10 hPa and 60°S, and centered on 15 September with a ±15‐day window.
Average level of stratospheric PW activity was calculated from 40+ years of MERRA data. 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 × 1° latitude bin in areas with good data coverage.
Areas with more limited data coverage (like over Africa) have more data from year 2018 in comparison with
2008 and 2009. 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. We have included in the calculation of medians only areas that had more than 50 points in
each 1° × 1° × 30‐min bin, indicating that medians were calculated based on observations from at least 8
to 9 different days. As an example, the top two panels of Figure 2 show median TEC in the American sector
at 17 UT (Figure 2a) and at 21 UT (Figure 2b). In addition, different percentile estimates obtained from these

Figure 1. Time series from 15 August to 1 October of (top) zonal mean 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.
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79 days of data (e.g., difference between 10th and 90th percentiles or 25th and 75th percentiles) enabled
quantitative description of typical ionospheric variability during dynamically quiet conditions.

Figure 2 compares the median, for example, “dynamically quiet state” TEC in the American sector around
noontime (Figure 2a, 17 UT) and afternoon (Figure 2b, 21 UT), with observations during Antarctic SSW on
15 September 2019 during the same time, 17 UT (Figure 2c) and 21 UT (Figure 2d). Large increases in TEC

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 noontime sector on 15 September 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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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 pre-
viously reported to occur during Arctic SSW events (Goncharenko, Chau, et al., 2010, see their Figure 1). The
mechanism driving this quasi‐semidiurnal ionospheric variability is amplification of tidal amplitudes in the
lower thermosphere (Jin et al., 2012; Liu et al., 2010; Pedatella et al., 2014). Anomalous tides modulate elec-
tric fields through the E region dynamo process and 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., 2021), similar quasi‐semidiurnal beha-
vior 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 spe-
cific 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 sev-
eral 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 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 dis-
sipation of enhanced tides (Oberheide et al., 2020; Yamazaki & Richmond, 2013), and perturbations in upper
thermospheric winds that could contribute to the nighttime anomalies (Goncharenko et al., 2018; Pedatella
& Maute, 2015). 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 semidiurnal pat-
tern. 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 1 day to another. This contrasts with typical TEC
anomalies during Arctic major and minor SSW events where similar quasi‐semidiurnal (Fagundes
et al., 2015; Goncharenko, Coster, et al., 2010; Paes et al., 2014) or negative disturbances (Vieira et al., 2017)
last for multiple days. For example, by 19 September, 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 (14, 15, 17, and
19 September) in the northern crests of the EIA (Figures 5a and 5b) and in the southern crests of the EIA
(Figures 5c and 5d) for geographic longitudes 75°W (left panels, Figures 5a and 5c) and 45°W (right panels,
Figures 5b and 5d). The quasi‐semidiurnal feature that was illustrated in Figure 2 is shownwith blue and red
lines in Figures 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 depar-
ture frommedian values is short lived and present for only 2 days, 14 and 15 September. In the northern crest
of EIA at 75°W (Figure 5a), on 16–18 September, it is replaced by a general increase in TEC for all daytime
hours that at times exceeds the 90th percentile, and by 19 September, the dominant feature is the suppres-
sion of TEC below the 25th 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. PWs, in particular quasi 6‐day waves, affect TEC during all daytime hours (Qin
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et al., 2019; Yamazaki et al., 2018), although this effect depends on solar local time and largest PW
modulations of the ionosphere are observed in the afternoon hours (Gu et al., 2018; Liu et al., 2012).
Thus, in the northern crest of EIA at 75°W, the low‐latitude ionosphere exhibits signs of superposition of
tidal effects and ~5‐ to 6‐day PW 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‐ to 6‐day wave and
other PWs 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° in longitude. Figures 5b (for

Figure 3. Change in TEC during Antarctic SSW on 15 September 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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the northern crest of EIA) and 5d (for the southern crest of EIA) show that at 45°W, TEC anomalies are
much weaker than at 75°W in both absolute and relative magnitudes, with the exception of a large
increase in the southern crest of the EIA on 17 September. 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) (Fagundes et al., 2015; Paes et al., 2014) 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 contrast 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

Figure 4. Same as Figure 3, but for 19 September 2019. Note large differences from 15 September 2019 at noontime.
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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.'s (2014) and Fagundes et al.'s (2015) studies or
prolonged decrease in TEC due to the dissipation of amplified tides in Vieira et al.'s (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 produces
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 10th and 90th percentiles) are
significantly higher at 0°E than at 30°E. During the Antarctic SSW of September 2019, observations reveal
increase in TEC above 75th and 90th percentiles or suppression below 25th and 10th 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 6c
(115°E) and 6d (145°E): longitude with higher median TEC, such as 115°E, has higher quiet dynamic varia-
bility and higher disturbances during SSW of September 2019 in comparison with longitude with lower med-
ian 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 med-
ian 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 geo-
magnetic and geographic equator and variations in the magnetic declination as a function of longitude

Figure 5. TEC variations on 14, 15, 17, and 19 September 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 and panels (c) and (d) in the southern crest of EIA. Locations of EIA crests are given in geographic
coordinates (GLON, GLAT).
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(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 subsolar point of minimum solar zenith angle and the region
of EIA trough as the plasma source 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° 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 diurnal
eastward‐propagating with zonal wavenumber‐3 (DE3) 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 × Bdrifts (Kil et al., 2007; Ren et al., 2009), and elec-
tron 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 iono-
sphere in September 2019. Longitudes of higher and lower TEC reported in this study are consistent with
longitudinal variations in ionospheric parameters related to DE3 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 long-
itudinal 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 con-
tribute to ionospheric changes during Arctic SSWs (Fuller‐Rowell et al., 2010; McDonald et al., 2015;
Pedatella & Forbes, 2010). McDonald et al. (2018) suggested that interference of non‐migrating diurnal tides
can be amajor 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 that could

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).
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be related to the amplification of DE3 tide during Antarctic SSW. Additional observational and numerical
studies are needed to test our suggestion about SSW modification of DE3 tide.

Our analysis also suggests that large longitudinal variation in ionospheric effects during Antarctic SSW of
September 2019 is also manifested in different PW 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 1 August to 1
November 2019 (blue line) binned in 30‐min intervals. To focus on multiday oscillations, we obtained a run-
ning 24‐h mean of TEC (black line) and a seasonal variation of this 24‐h mean from a polynomial fit (red
line). The middle panels in Figure 7 present a difference between a running 24‐h 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 1 August 2019 and advancing 24 h at each step until 1
November 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 amplifica-
tion in the TEC oscillations with a 5‐ to 8‐day period in the middle of September that coincides with decrease
in stratospheric winds during Antarctic SSW. This 5‐ to 8‐day wave corresponds to large TEC variations pre-
sented earlier in Figure 5a. It is also fully consistent with amplification in 5‐ to 6‐day wave reported by
Yamazaki et al. (2020) in Swarm daytime data. However, TEC observations at 115°E reveal a different beha-
vior: oscillations with 5‐ to 6‐day period during SSW in mid‐September are weaker than during non‐SSW
periods. Instead, this longitude reveals an amplification with 2‐ to 3‐day periods. PWs are not expected to
propagate to ionospheric altitudes directly, but can impact the upper atmosphere indirectly, through mod-
ulation of tides extending into upper thermosphere (Liu, 2016; Liu et al., 2012; Oberheide et al., 2009),
through modulation of equatorial vertical plasma drifts modified by tides propagating to the lower thermo-
sphere (Liu & Richmond, 2013), through changes in thermospheric composition related to tidal dissipation
(Yamazaki & Richmond, 2013; Yue &Wang, 2014), or through modulation of gravity waves (Liu, 2016). Our
observations of large longitudinal differences in PW oscillations in TEC suggest that longitudes with higher
median TEC and higher “quiet dynamic state” variability are also more influenced by upward‐propagating

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 panels (a, b) show
TEC variations from 1 August to 1 November 2019 (blue line), 24‐h running mean of this TEC (black line), and polynomial fit to 24‐h 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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stratospheric PWs, presumably through modulation of non‐migrating tides or gravity waves. We will further
explore this suggestion in a more extended follow‐up study.

3. Conclusions

The rare Antarctic SSW of September 2019 has provided a unique opportunity to examine whether strato-
spheric weather over Antarctica can produce ionospheric disturbances. Although the SSW of September
2019 is considered a minor event according to the standardWorldMeteorological Organization (WMO) defi-
nition, it was associated with several record‐breaking changes in the SH stratosphere. We have examined
TEC perturbations in the low‐latitude ionosphere and have concluded the following.

1. Comparison of ionospheric TEC in mid‐September of 2019 with “dynamically quiet” mean behavior
reveals prominent quasi‐semidiurnal variations that are similar to variations associated with Arctic
SSW. However, the semidiurnal behavior does not persist for an extended period of time and strongly var-
ies with longitude, indicating that the ionosphere is likely more dynamically disturbed during this
Antarctic SSW than during a typical Arctic SSW.

2. We identify both positive and negative ionospheric disturbances that exceed 90th percentile (or decrease
below 10th percentile) of TEC values for “dynamically quiet” September equinox and low solar flux con-
ditions. In terms of absolute changes, TEC increased or decreased by up to a factor of 2 and more.

3. The observed TEC disturbances are consistent with several mechanisms previously identified for Arctic
SSW events: perturbation of semidiurnal tides, enhanced disturbances with PW periods, in particular the
5‐ to 6‐day wave and the 2‐day wave, and decrease in daily mean TEC that could result from reduction in
thermospheric O/N2 density ratio. The study also suggests new aspects that connect the stratospheric
weather to the state of the ionosphere.

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

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

6. Our results indicate that stratospheric weather can strongly influence the state of the ionosphere not only
during December–February period (winter in the NH), but also during September (equinox conditions).
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Arecibo Observatory, Low‐Latitude Ionospheric Sensor Network (LISN), Topcon Positioning Systems,
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d'Observation du Niveau des Eaux Littorales (SONEL), RENAG: REseau NAtional GPS permanent,
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MLS v4.2 data are available from the NASA Goddard Space Flight Center for Earth Sciences Data
and Information Services Center (DISC) at https://mls.jpl.nasa.gov/data/. MERRA‐2 data are available
at MDISC, managed by the NASA Goddard Earth Sciences (GES) DISC at https://gmao.gsfc.nasa.gov/reana-
lysis/.

References
Akmaev, R. A., Fuller‐Rowell, T. J., Wu, F., Forbes, J. M., Zhang, X., Anghel, A. F., et al. (2008). Tidal variability in the lower thermosphere:

Comparison ofWhole Atmosphere Model (WAM) simulations with observations from TIMED. Geophysical Research Letters, 35, L03810.
https://doi.org/10.1029/2007GL032584

10.1029/2020JA028199Journal of Geophysical Research: Space Physics

GONCHARENKO ET AL. 11 of 13

Acknowledgments
L. P. G., V. L. H., and K. R. G.
acknowledge support from NASA
Grant 80NSSC19K0262. L. P. G., S. R.
Z., and A. J. C. were also supported by
ONR Grant N00014‐17‐1‐2186. V. L. H.
also acknowledges support by NASA
Grants NNX17AB80G and
80NSSC18K1046.

65



Butler, A., Seidel, D., Hardiman, S., Butchart, N., Birner, T., & Match, A. (2015). Defining sudden stratospheric warmings. Bulletin of the
American Meteorological Society, 96(11), 1913–1928. https://doi.org/10.1175/BAMS-D-13-00173.1

Charlton, A. J., & Polvani, L. M. (2007). A new look at stratospheric sudden warmings. Part I: Climatology and modeling benchmarks.
Journal of Climate, 20(3), 449–469. https://doi.org/10.1175/JCLI3996.1

Chau, J. L., Fejer, B. G., & Goncharenko, L. P. (2009). Quiet variability of equatorial ExB drifts during a sudden stratospheric warming
event. Geophysical Research Letters, 36, L05101. https://doi.org/10.1029/2008GL036785

Chau, J. L., Goncharenko, L. P., Fejer, B. G., & Liu, H.‐L. (2012). Equatorial and low latitude ionospheric effects during sudden strato-
spheric warming events. Space Science Reviews, 168(1‐4), 385–417. https://doi.org/10.1007/s11214-011-9797-5

England, S. L. (2012). A review of the effects of non‐migrating atmospheric tides on the Earth's low‐latitude ionosphere. Space Science
Reviews, 168(1–4), 211–236. https://doi.org/10.1007/s11214-011-9842-4

England, S. L., Maus, S., Immel, T. J., & Mende, S. B. (2006). Longitudinal variation of the E‐region electric fields caused by atmospheric
tides. Geophysical Research Letters, 33, L21105. https://doi.org/10.1029/2006GL027465

Fagundes, P. R., Goncharenko, L. P., de Abreu, A. J., Venkatesh, K., Pezzopane, M., de Jesus, R., et al. (2015). Ionospheric response to the
2009 sudden stratospheric warming over the equatorial, low, and middle latitudes in the South American sector. Journal of Geophysical
Research: Space Physics, 120, 7889–7902. https://doi.org/10.1002/2014JA020649

Fejer, B. G., Olson, M. E., Chau, J. L., Stolle, C., Lühr, H., Goncharenko, L. P., et al. (2010). Lunar‐dependent equatorial ionospheric
electrodynamic effects during sudden stratospheric warmings. Journal of Geophysical Research, 115, A00G03. https://doi.org/10.1029/
2010JA015273

Forbes, J. M., & Zhang, X. (2012). Lunar tide amplification during the January 2009 stratosphere warming event: Observations and theory.
Journal of Geophysical Research: Space Physics, 117, A12312. https://doi.org/10.1029/2012JA017963

Fuller‐Rowell, T., Wu, F., Akmaev, R., Fang, T.‐W., & Araujo‐Pradere, E. (2010). A whole atmosphere model simulation of the impact of a
sudden stratospheric warming on thermosphere dynamics and electrodynamics. Journal of Geophysical Research, 115, A00G08.
https://doi.org/10.1029/2010JA015524

Goncharenko, L., Harvey, V., Liu, H., & Pedatella, N. (2021). Sudden stratospheric warming impacts on the ionosphere‐thermosphere
system—A review of recent progress. In C. Huang & G. Lu (Eds.), Space physics and aeronomy: Advances in ionospheric research: Current
understanding and challenges (Vol. 3). Hoboken, NJ: Wiley.

Goncharenko, L. P., Chau, J. L., Liu, H.‐L., & Coster, A. J. (2010). Unexpected connections between the stratosphere and ionosphere.
Geophysical Research Letters, 37, L10101. https://doi.org/10.1029/2010GL043125

Goncharenko, L. P., Coster, A. J., Chau, J. L., & Valladares, C. E. (2010). Impact of sudden stratospheric warmings on equatorial ionization
anomaly. Journal of Geophysical Research, 115, A00G07. https://doi.org/10.1029/2010JA015400

Goncharenko, L. P., Coster, A. J., Plumb, R. A., & Domeisen, D. I. V. (2012). The potential role of stratospheric ozone in the
stratosphere‐ionosphere coupling during stratospheric warmings. Geophysical Research Letters, 39, L08101. https://doi.org/10.1029/
2012GL051261

Goncharenko, L. P., Coster, A. J., Zhang, S.‐R., Erickson, P. J., Benkevitch, L., Aponte, N., et al. (2018). Deep Ionospheric Hole Created by
Sudden Stratospheric Warming in the Nighttime Ionosphere. Journal of Geophysical Research: Space Physics, 123, 7621–7633.
https://doi.org/10.1029/2018JA025541

Gu, S.‐Y., Ruan, H., Yang, C.‐Y., Gan, Q., Dou, X., & Wang, N. (2018). The morphology of the 6‐day wave in both the neutral atmosphere
and F region ionosphere under solar minimum conditions. Journal of Geophysical Research: Space Physics, 123, 4232–4240. https://doi.
org/10.1029/2018JA025302

Jin, H., Miyoshi, Y., Pancheva, D., Mukhtarov, P., Fujiwara, H., & Shinagawa, H. (2012). Response of migrating tides to the stratospheric
sudden warming in 2009 and their effects on the ionosphere studied by a whole atmosphere‐ionosphere model GAIA with COSMIC and
TIMED/SABER observations. Journal of Geophysical Research, 117, A10323. https://doi.org/10.1029/2012JA017650

Kil, H., Oh, S. J., Kelley, M. C., Paxton, L. J., England, S. L., Talaat, E., et al. (2007). Longitudinal structure of the vertical E × B drift and ion
density seen from ROCSAT‐1. Geophysical Research Letters, 34, L14110. https://doi.org/10.1029/2007GL030018

Kil, H., Talaat, E. R., Oh, S. J., Paxton, L. J., England, S. L., & Su, S. Y. (2008). Wave structures of the plasma density and vertical E × B drift
in low‐latitude F region. Journal of Geophysical Research, 113, A09312. https://doi.org/10.1029/2008JA013106

Kruger, K., Naujokat, B., & Labitzke, K. (2005). The unusual midwinter warming in the Southern Hemisphere stratosphere 2002: A
comparison to Northern Hemisphere phenomena. Journal of Atmospheric Science, 62(3), 603–613. https://doi.org/10.1175/JAS-3316.1

Lim, E. P., Hendon, H. H., Butler, A. H., Garreaud, R. D., Polichtchouk, I., Shepherd, T. G., et al. (2020). The 2019 Antarctic sudden stra-
tospheric warming. SPARC Newsletter 54 (p. 10).

Limpasuvan, V., Orsolini, Y. J., Chandran, A., Garcia, R. R., & Smith, A. K. (2016). On the composite response of the MLT to major sudden
stratospheric warming events with elevated stratopause. Journal of Geophysical Research: Atmospheres, 121(9), 4518–4537. https://doi.
org/10.1002/2015JD024401

Lin, C. H., Hsiao, C. C., Liu, J. Y., & Liu, C. H. (2007). Longitudinal structure of the equatorial ionosphere: Time evolution of the
four‐peaked EIA structure. Journal of Geophysical Research, 112, A12305. https://doi.org/10.1029/2007JA012455

Liu, G. P., England, S. L., Immel, T. J., Kumar, K. K., Ramkumar, G., & Goncharenko, L. P. (2012). Signatures of the 3‐day wave in the
low‐latitude and midlatitude ionosphere during the January 2010 URSI World Day campaign. Journal of Geophysical Research, 117,
A06305. https://doi.org/10.1029/2012JA017588

Liu, H., Yamamoto, M., Tulasi Ram, S., Tsugawa, T., Otsuka, Y., Stolle, C., et al. (2011). Equatorial electrodynamics and neutral back-
ground in the Asian sector during the 2009 stratospheric sudden warming. Journal of Geophysical Research, 116, A08308. https://doi.org/
10.1029/2011JA016607

Liu, H.‐L. (2016). Variability and predictability of the space environment as related to lower atmosphere forcing. Space Weather, 14,
634–658. https://doi.org/10.1002/2016SW001450

Liu, H. ‐L., & Richmond, A. D. (2013). Attribution of ionospheric vertical plasma drift perturbations to large‐scale waves and the depen-
dence on solar activity. Journal of Geophysical Research: Space Physics, 118, 2452–2465. https://doi.org/10.1002/jgra.50265

Liu, H.‐L., Wang, W., Richmond, A. D., & Roble, R. G. (2010). Ionospheric variability due to planetary waves and tides for solar minimum
conditions. Journal of Geophysical Research, 115, A00G01. https://doi.org/10.1029/2009JA015188

McDonald, S. E., Sassi, F., & Mannucci, A. J. (2015). SAMI3/SD‐WACCM‐X simulations of ionospheric variability during northern winter
2009. Space Weather, 13, 568–584. https://doi.org/10.1002/2015SW001223

McDonald, S. E., Sassi, F., Tate, J., McCormack, J., Kuhl, D. D., Drob, D. P., et al. (2018). Impact of non‐migrating tides on the low latitude
ionosphere during a sudden stratospheric warming event in January 2010. Journal of Atmospheric and Solar‐Terrestrial Physics, 171,
188–200. https://doi.org/10.1016/j.jastp.2017.09.012

10.1029/2020JA028199Journal of Geophysical Research: Space Physics

GONCHARENKO ET AL. 12 of 13

66



Mo, X., & Zhang, D. (2020). Quasi‐10 d wave modulation of an equatorial ionization anomaly during the Southern Hemisphere strato-
spheric warming of 2002. Annales Geophysicae, 38(1), 9–16.

Mo, X. H., Zhang, D. H., Goncharenko, L. P., Hao, Y. Q., & Xiao, Z. (2014). Quasi‐16‐day periodic meridional movement of the equatorial
ionization anomaly. Annales Geophysicae, 32, 121–131. https://doi.org/10.5194/angeo-32-121-2014

Oberheide, J., Forbes, J. M., Häusler, K., Wu, Q., & Bruinsma, S. L. (2009). Tropospheric tides from 80 to 400 km: propagation, interannual
variability, and solar cycle effects. Journal of Geophysical Research, 114, D00I05. https://doi.org/10.1029/2009JD012388

Oberheide, J., Pedatella, N. M., Gan, Q., Kumari, K., Burns, A. G., & Eastes, R. (2020). Thermospheric composition O/N2 response to an
altered meridional mean circulation during sudden stratospheric warmings observed by GOLD. Geophysical Research Letters, 47,
e2019GL086313. https://doi.org/10.1029/2019GL086313

Olson, M. E., Fejer, B. G., Stolle, C., Lühr, H., & Chau, J. L. (2013). Equatorial ionospheric electrodynamic perturbations during Southern
Hemisphere stratospheric warming events. Journal of Geophysical Research: Space Physics, 118, 1190–1195. https://doi.org/10.1002/
jgra.50142

Paes, R. R., Batista, I. S., Candido, C. M. N., Jonah, O. F., & Santos, P. C. P. (2014). Equatorial ionization anomaly variability over the
Brazilian region during boreal sudden stratospheric warming events. Journal of Geophysical Research: Space Physics, 119, 7649–7664.
https://doi.org/10.1002/2014JA019968

Pancheva, D., & Mukhtarov, P. (2011). Stratospheric warmings: The atmosphere‐ionosphere coupling paradigm. Journal of Atmospheric
and Solar‐Terrestrial Physics, 73, 1697–1702. https://doi.org/10.1016/j.jastp.2011.03.006

Patra, A. K., Pavan Chaitanya, P., Sripathi, S., & Alex, S. (2014). Ionospheric variability over Indian low latitude linked with the 2009
sudden stratospheric warming. Journal of Geophysical Research: Space Physics, 119, 4044–4061. https://doi.org/10.1002/2014JA019847

Pedatella, N. M., Chau, J. L., Schmidt, H., Goncharenko, L. P., Stolle, C., Hocke, K., et al. (2018). How sudden stratospheric warming affects
the whole atmosphere. Eos, 99. https://doi.org/10.1029/2018EO092441

Pedatella, N. M., & Forbes, J. M. (2010). Evidence for stratosphere sudden warming‐ionosphere coupling due to vertically propagating tides.
Geophysical Research Letters, 37, L11104. https://doi.org/10.1029/2010GL043560

Pedatella, N. M., Fuller‐Rowell, T., Wang, H., Jin, H., Miyoshi, Y., Fujiwara, H., et al. (2014). The neutral dynamics during the 2009 sudden
stratosphere warming simulated by different whole atmosphere models. Journal of Geophysical Research: Space Physics, 119, 1306–1324.
https://doi.org/10.1002/2013JA019421

Pedatella, N. M., & Maute, A. (2015). Impact of the semidiurnal lunar tide on the midlatitude thermospheric wind and ionosphere during
sudden stratosphere warmings. Journal of Geophysical Research: Space Physics, 120, 10,740–10,753. https://doi.org/10.1002/
2015JA021986

Qin, Y., Gu, S.‐Y., Dou, X., Gong, Y., Chen, G., Zhang, S., & Wu, Q. (2019). Climatology of the quasi‐6‐day wave in the mesopause region
and its modulations on total electron content during 2003–2017. Journal of Geophysical Research: Space Physics, 124, 573–583. https://
doi.org/10.1029/2018JA025981

Ren, Z., Wan, W., Liu, L., & Xiong, J. (2009). Intra‐annual variation of wave number 4 structure of vertical E × B driftin the equatorial
ionosphere seen from ROCSAT‐1. Journal of Geophysical Research, 114, A05308. https://doi.org/10.1029/2009JA014060

Rideout, W., & Coster, A. (2006). Automated GPS processing for global total electron content data. GPS Solutions, 10(3), 219–228. https://
doi.org/10.1007/s10291-006-0029-5

Scherhag, R. (1952). Die explosionsartigen Stratosphärenerwärmungen des Spätwinter 1951/1952 (The explosive warmings in the strato-
sphere of the late winter 1951/1952). Berichte des Deutschen Wetterdienstes in der US‐Zone, 38, 51–63.

Scherliess, L., Thompson, D. C., & Schunk, R. W. (2008). Longitudinal variability of low‐latitude total electron content: Tidal influences.
Journal of Geophysical Research, 113, A01311. https://doi.org/10.1029/2007JA012480

Siddiqui, T. A., Maute, A., & Pedatella, N. M. (2019). On the importance of interactive ozone chemistry in earth‐systemmodels for studying
mesophere‐lower thermosphere tidal changes during sudden stratospheric warmings. Journal of Geophysical Research: Space Physics,
124, 10,690–10,707. https://doi.org/10.1029/2019JA027193

Vieira, F., Fagundes, P. R., Venkatesh, K., Goncharenko, L. P., & Pillat, V. G. (2017). Total electron content disturbances during minor
sudden stratospheric warming, over the Brazilian region: A case study during January 2012. Journal of Geophysical Research: Space
Physics, 122, 2119–2135. https://doi.org/10.1002/2016JA023650

Vierinen, J., Coster, A. J., Rideout, W. C., Erickson, P. J., & Norberg, J. (2016). Statistical framework for estimating GNSS bias. Atmospheric
Measurement Techniques, 9(3), 1303–1312. https://doi.org/10.5194/amt-9-1303-2016

Yamazaki, Y. (2013). Large lunar tidal effects in the equatorial electrojet during northern winter and its relation to stratospheric sudden
warming events. Journal of Geophysical Research: Space Physics, 118, 7268–7271. https://doi.org/10.1002/2013JA019215

Yamazaki, Y., Kosch, M. J., & Emmert, J. T. (2015). Evidence for stratospheric sudden warming effects on the upper thermosphere derived
from satellite orbital decay data during 1967–2013. Geophysical Research Letters, 42, 6180–6188. https://doi.org/10.1002/2015GL065395

Yamazaki, Y., Matthias, V., Miyoshi, Y., Stolle, C., Siddiqui, T., Kervalishvili, G., et al. (2020). September 2019 Antarctic sudden strato-
spheric warming: Quasi‐6‐day wave burst and ionospheric effects. Geophysical Research Letters, 47, e2019GL086577. https://doi.org/
10.1029/2019GL086577

Yamazaki, Y., & Richmond, A. D. (2013). A theory of ionospheric response to upward‐propagating tides: Electrodynamic effects and tidal
mixing effects. Journal of Geophysical Research: Space Physics, 118, 5891–5905. https://doi.org/10.1002/jgra.50487

Yamazaki, Y., Stolle, C., Matzka, J., & Alken, P. (2018). Quasi‐6‐day wave modulation of the equatorial electrojet. Journal of Geophysical
Research: Space Physics, 123, 4094–4109. https://doi.org/10.1029/2018JA025365

Yue, J., & Wang, W. (2014). Changes of thermospheric composition and ionospheric density caused by quasi 2 day wave dissipation.
Journal of Geophysical Research: Space Physics, 119, 2069–2078. https://doi.org/10.1002/2013JA019725

10.1029/2020JA028199Journal of Geophysical Research: Space Physics

GONCHARENKO ET AL. 13 of 13

67



68

Appendix B

Goncharenko et al. (2021a)

Goncharenko, L. P., Harvey, V. L., Greer, K. R., Zhang, S.-R., Coster, A. J., Paxton, L. J.
(2021). Impact of September 2019 Antarctic Sudden Stratospheric Warming on Mid-
Latitude Ionosphere and Thermosphere over North America and Europe. Geophys-
ical Research Letters, 48, e2021GL094517. https://doi.org/10.1029/2021GL094517



1.  Introduction
Significant progress in understanding mechanisms connecting the lower and upper atmosphere was 
achieved within the last decade by focusing on the analysis of sudden stratospheric warming events (SSWs). 
SSWs are large-scale phenomena characterized by rapid temperature increases in the winter high-latitude 
stratosphere, disruptions to the polar vortex, and decelerations or reversals of the stratospheric zonal winds. 
A review by Baldwin et al. (2021) summarizes the current state of knowledge about the mechanisms driving 
SSWs. Dramatic anomalies associated with SSWs are not limited to the stratosphere and have large impacts 
from the ocean to the ionosphere (see Pedatella et al., 2018 and references therein). Downward propagation 
of stratospheric disturbances affects tropospheric weather and leads to anomalous cold air outbreaks over 
Europe, Asia, and the eastern U.S. (Kolstad et al., 2010; King et al., 2019; Lehtonen & Karpechko, 2016). 
Dramatic changes are observed in the thermosphere and ionosphere where plasma temperatures can drop 
by ∼100–150K (L. Goncharenko & Zhang, 2008; Conde & Nicolls, 2010) and plasma density varies by up to 

Abstract  Limited observational evidence indicates that ionospheric changes caused by Arctic 
sudden stratospheric warmings (SSWs) occur at middle latitudes in the Southern Hemisphere. However, 
it is not known if a similar interhemispheric linkage is produced by Antarctic SSWs. Here we examine 
thermospheric and ionospheric anomalies observed in September 2019 at middle latitudes in the Northern 
Hemisphere. We report persistent (at least 30 days) and strong (up to 80%–100%) positive anomalies in 
the daytime total electron content (TEC) and increases in the thermospheric O/N2 ratio in the western 
region of North America. However, central and eastern regions of North America experience moderate 
suppression of TEC reaching 20%–40% of the baseline. Different positive and negative anomalies are 
observed over the European sector. We hypothesize that regional differences in the TEC response could be 
related to modulation of thermospheric winds during SSWs, changes in thermospheric composition, and 
differences in declination angle.

Plain Language Summary  Sudden stratospheric warmings (SSWs) are large-scale 
meteorological disturbances that have 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 shown that Arctic SSWs cause large anomalies in the low-latitude ionosphere, and 
few studies pointed out especially large disturbances at middle latitudes in the southern hemisphere 
ionosphere. However, it is not known if similar mid-latitude ionospheric anomalies on the other side of 
the globe are produced by Antarctic SSWs, mostly because Antarctic SSWs occur less often than Arctic 
ones. In this study we analyze ionospheric and thermospheric observations in September 2019, when 
a very strong SSW developed over Antarctica. We found both positive and negative disturbances in the 
thermospheric O/N2 ratio and total electron content over North America and over Europe. Surprisingly, 
these disturbances are limited to narrow (20–40°) longitude ranges, differ between North America and 
Europe, and persist for a long time. We discuss the reasons why these anomalies occur only at specific 
longitudes and suggest that differences in magnetic declination angle play an important role as they affect 
how SSW-modified thermospheric wind influences ionospheric electron density.
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a factor of 2 (Chau et al., 2010; L. P. Goncharenko et al., 2010; L. Goncha-
renko et al., 2013). Ionospheric and thermospheric anomalies related to 
SSWs are discussed in reviews by Chau et al. (2012) and L. Goncharenko 
et al. (2021).

One of the surprising features of ionospheric disturbances during Arctic 
SSWs is that the largest variations are seen not at the high or middle lati-
tudes of the Northern Hemisphere (NH), but at low latitudes and middle 
latitudes of the Southern Hemisphere (SH). Low-latitude variations have 
a semi-diurnal character and reach their peaks near the crests of Equa-
torial Ionization Anomaly (EIA), located within 10–20° latitude of the 
magnetic equator. Both observational and modeling studies suggest that 
tropical variations are produced mainly through the vertical transport of 
plasma by enhanced electric field due to amplification of the E-region dy-
namo mechanism (Fang et al., 2012; Pedatella & Liu, 2013). Ionospheric 
variations at the SH middle latitudes are much less understood. Fagundes 
et al. (2015) reported increases in total electron content (TEC) by almost 
a factor of 2 at a mid-latitude location (Rio Grande: 53.8°S, 67.8°W), dur-
ing the 2009 SSW. L. P. Goncharenko et al. (2018) saw similarly large in-
creases in the daytime peak electron density NmF2 in Port Stanley (51.6°S, 
57.9°W) ionosonde data during the 2013 SSW event. Analysis of TEC data 
along the 75°W longitude for the same event shows that nighttime de-
creases in TEC are largest near 40°S, and much weaker in the NH mid-
dle latitudes (L. P. Goncharenko et al., 2018). Pedatella and Maute (2015) 
noted larger ionospheric variations during two Arctic SSW events in the 
SH mid-latitudes using both observations and simulations. They suggest-
ed that the mechanism responsible for these mid-latitude disturbances 
is a modulation of thermospheric wind by an amplified semidiurnal lu-
nar tide (Forbes & Zhang, 2012). However, simulations by Limpasuvan 
et al. (2016) indicated stronger amplification of semidiurnal tides in NH. 
This conclusion implies a stronger ionospheric response to Arctic SSWs 
in the NH, which contrasts with observational results discussed above.

SSW-induced ionospheric anomalies in the middle latitudes of the oppo-
site hemisphere and the mechanisms responsible for such anomalies are 

not fully understood. One of the reasons for this is the scarcity of observational data at SH middle latitudes. 
A record strong Antarctic SSW that occurred in September 2019 (Lim et al., 2020; Shen et al., 2020) ena-
bles addressing the question of inter-hemispheric coupling during SSWs with unprecedented detail, as NH 
middle latitudes have exceptional coverage due to the dense networks of GNSS receivers. Studies of this 
SSW event demonstrate a record strong quasi 6-days wave (Q6DW) in the mesosphere-lower thermosphere 
(MLT) region and low-latitude ionosphere (Yamazaki et al., 2020), multiple dynamo processes driving the 
Q6DW in the ionosphere (Lin et al., 2020), propagation of the Q6DW to 25–30°N in the Asian sector and 
a strong longitudinal variation in the ionospheric Q6DW at low latitudes (L. P. Goncharenko et al., 2020; 
Gu et al., 2021; Yamazaki et al., 2020). Other features include a Q10DW in the NH MLT (He et al., 2020), a 
Q2DW in TEC in the Asian sector at low latitudes, and quasi-semidiurnal disturbances in TEC at low lat-
itudes (L. P. Goncharenko et al., 2020). Here we utilize a variety of observational data to demonstrate that 
this Antarctic SSW produced anomalies in the middle-latitude thermosphere and ionosphere in the NH and 
to suggest mechanisms responsible for these anomalies.

2.  Results and Discussion
2.1.  Stratospheric and Mesospheric Anomalies

Figure 1 illustrates spatio-temporal variations in anomalies from the stratosphere to the MLT during the 
September 2019 SSW. These anomalies follow a well-known “quad pattern”, when polar SH stratospher-
ic warming and mesospheric cooling are accompanied by tropical stratospheric cooling and mesospheric 
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Figure 1.  Altitude-time sections of temperature and zonal wind 
anomalies in the middle atmosphere during the September 2019 Antarctic 
sudden stratospheric warmings event. Anomalies are computed by 
subtracting the 2004–2020 (except 2019) average from each day in 2019. 
(a) Temperature anomaly at 60°S. (b) Zonal mean zonal wind anomaly at 
60°S. (c) Temperature anomaly at 40°N. (d) Zonal mean wind anomaly 
at 40°N. (e) Latitude-height section of the temperature anomaly on 
September 15, 2019. (f) Latitude-height section of the zonal wind anomaly 
on September 15, 2019. Panels (a)–(e) use Aura MLS data, panel (f) is 
based on MERRA2 data. Note the nonlinear color bar levels for both 
temperature and zonal wind anomalies.
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warming (Limpasuvan et al., 2016; Randel, 1993). This quad pattern is associated with anomalous strato-
spheric and mesospheric circulation cells that result in adiabatic warming in the polar stratosphere and 
adiabatic cooling in the tropical stratosphere (and vice versa in the mesosphere). Figures 1a and 1b show 
the development of temperature and zonal wind anomalies, respectively, at 60°S. Positive stratospheric 
temperature anomalies at 60°S (values exceeding 8K, Figure 1a) persisted from late August to early Oc-
tober and peaked on 13 September. Mesospheric cooling between 60 and 80 km also reached its peak in 
mid-September. Negative zonal wind anomalies at 60°S (values less than −20 m/s, Figure 1b) which are 
physically consistent with the temperature anomalies, persist from late August through mid-October, and 
peak in mid-September. Figures 1c and 1d demonstrate that long-lasting middle atmospheric anomalies, 
while significantly weaker, are also observed at 40°N. Figure 1c shows SSW-induced stratospheric cooling 
of 2–3 K at 40°N in mid-September. Likewise, Figure 1d shows negative zonal wind anomalies in Septem-
ber, with values less than −5 m/s (a strengthening of the summer easterly jet) from 40–60 km. We note that 
the negative zonal wind anomaly reaches 9 m/s at 40°N and 50 km and represents a significant departure 
from the average background wind of −12 m/s (not shown here). The negative temperature (Figure 1c) 
and zonal wind (Figure 1d) anomalies are accompanied by positive anomalies near 80 km, as expected 
(e.g., Goldberg et al., 2004; Gumbel & Karlsson, 2011). Figure 1e further illustrates the global nature of the 
SSW-induced temperature anomalies on September 15, 2019. In the extreme case of the September 2019 
SSW, tropical temperature anomalies extend to the NH mid-latitudes. Zonal wind anomalies (Figure 1f) 
also extend to middle and high latitudes of the NH, albeit they are weaker than in the SH. Pedatella and 
Liu (2013) showed that changes in the zonal mean middle atmospheric winds and temperatures are the pri-
mary drivers of the enhancement in the semidiurnal solar and lunar tides during SSWs, thus we can expect 
that during this Antarctic SSW event, semidiurnal tidal amplitudes are enhanced from SH high latitudes to 
NH mid-latitudes.

2.2.  Ionospheric Anomalies

For the purposes of this study, we used the CEDAR Madrigal TEC database and “quiet dynamic state” base-
line (L. Goncharenko, 2021), as it provides a quantitative description of typical variability. The TEC data 
we used has a 1 × 1 degree resolution in latitude and longitude and 5 min resolution in time, and provides 
excellent coverage over continental U.S. and Europe (Vierinen et al., 2016). To clearly identify effects of the 
SSW and separate them from ionospheric variations due to changes in solar cycle, season, and geomagnetic 
activity, we tested two approaches for the description of background conditions. In the first approach, we 
followed the methodology originally described in L. P. Goncharenko et al. (2020) to develop the “quiet dy-
namic state” baseline for September low solar activity conditions (L. Goncharenko, 2021). We have also test-
ed an alternative approach through the use of the empirical North America TEC model (Chen et al., 2015). 
We have concluded that these two approaches are consistent within 1.2–2.0 TECu average error estimates. 
Results of this study therefore do not depend on the selected method to describe background conditions.

This study focuses on anomalies over North America and Europe, where TEC data quality is highest. We 
hypothesize that the striking regional anomaly over the western U.S. is caused by an abatement or even re-
versal of the thermospheric zonal wind modified by the SSW, as zonal winds strongly influence ionospheric 
electron density in areas with larger magnetic declination angles (S.-R. Zhang et al., 2011; 2012). Figure 2 
illustrates the spatial development of ionospheric anomalies at NH middle latitudes. Figures  2a and  2b 
show TEC anomalies over North America on September 15, 2019 during morning (14 UT) and afternoon 
(22 UT) hours, respectively. Anomalies are expressed as a percentage change relative to the quiet time base-
line. In the morning sector (Figure 2a), the prevailing change is a decrease of TEC by 20%–40%, with largest 
decreases over southern California (110–125°W, 30–50°N). In the afternoon sector (22UT, Figure 2b), the 
most striking feature is an increase up to 80%–100% in TEC observed at the same location. This positive 
daytime anomaly reaches its maximum at 40°N and is separated from low-latitude anomalies observed near 
the crests of the EIA (L. P. Goncharenko et al., 2020). The central and eastern regions of North America 
experience only minor TEC variations, within the expected daily variability. The inlets on the right side of 
Figure 2 show declination angles (in degrees) over specific regions. The TEC variations observed over the 
western U.S. where declination angle exceeds 10° could be generated by an enhanced semidiurnal tide in 
the zonal wind, with more eastward wind in the morning (providing downward plasma motion and faster 
recombination) and more westward wind in the afternoon (providing upward plasma motion and slower 
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Figure 2.  Ionospheric anomalies observed in September 2019. (a) and (b) Anomalies on September 15, 2019 over North America in the morning sector (14 UT) 
and afternoon sector (22 UT). (c) and (d) Same as (a)–(b), but for September 21, 2019. (e) and (f) Anomalies over North Africa and Europe on September 15, 
2019 around noontime (13 UT) and in the evening (19 UT). (g) and (h) Same as (e)–(f), but for September 21, 2019. Inlets on the right side show variations in 
the magnetic declination angle over given regions.
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recombination). The observed quasi-semidiurnal variation in TEC is strongest in mid-September, but is 
sustained for an extended period of time, as shown in Figures 2c and 2d for September 21, 2019.

The nature of TEC anomalies over Europe is very different, as illustrated in Figures 2e and 2f for September 
15, 2019. Large positive anomalies, 100%–120% from the baseline, are seen in the early afternoon (13 UT) in 
a narrow longitudinal region (20°W–20°E) at 25–30°N, that is, near the northern crest of the EIA. Positive 
anomalies subside to 10%–20% poleward of 40°N. The magnetic equator is located at ∼10°N at these longi-
tudes and ionospheric disturbances at the EIA crests are strongly linked to perturbations in vertical drifts 
and electric fields through the E-region dynamo (Liu 2016). The positive disturbances over northwest Africa 
and western Europe are likely driven by perturbations in the electric field. The negative 20%–40% distur-
bances over Europe, which are observed several hours later at 19UT (Figure 2f), are not connected to the 
EIA and are seen over a broader range of latitudes, indicating contributions from mechanisms other than 
the electric field. Although TEC anomalies over Europe also exhibit quasi-semidiurnal variations, similar to 
the quasi-semidiurnal anomalies over North America, the local times of positive and negative variations are 
different, indicating contributions from different mechanisms.

As geomagnetic activity often increases during equinox (Lyatsky et al., 2001; Russell & McPherron, 1973), 
our observations of ionospheric anomalies related to this Antarctic SSW illustrate the need to include lower 
atmospheric forcing in ionosphere-thermosphere studies to avoid misinterpretation of drivers and mech-
anisms, as suggested by Hagan et al. (2015) and Pedatella (2016). The largest positive TEC anomalies over 
Europe are seen on September 21, 2019 (Figure 2g), reaching higher latitudes and spanning a wider range 
of longitudes than on September 15. Negative TEC anomalies observed several hours later remained at the 
20%–40% level (Figure 2h). As the SSW of September 2019 is associated with a record strong quasi-6-days 
wave in the middle atmosphere and low-latitude ionosphere (L. P. Goncharenko et al., 2020; Gu et al., 2021; 
Lin et al., 2020; Miyoshi & Yamazaki, 2020; Yamazaki et al., 2020), the timing of the peak TEC anomalies on 
September 15, 2019 and September 21, 2019 indicates that they are linked to quasi-6-days oscillations that 
peak near the crests of EIA. Spectral analysis of TEC (not shown here) confirms the presence of oscillations 
with periods of 4–8 days in the extended latitudinal span in the European sector The regional nature of 
these disturbances could be related to secondary waves generated by the non-linear interaction between the 
quasi-6 days wave and the migrating semidiurnal tide (Miyoshi & Yamazaki, 2020). We note that both days, 
September 15 and 21, 2019 (as well as preceding days) were geomagnetically very quiet, with Kp = 1–3 and 
Kp = 1–2+. The magnitude of the TEC disturbances observed at middle latitudes during this SSW event is 
comparable to positive and negative effects (Buonsanto, 1999; Prolss, 1995) of geomagnetic storms.

The differences in the baseline TEC behavior between the western and eastern U.S. are particularly large 
in our solar minimum condition case, and are likely to be enhanced by longitudinal differences in thermo-
spheric zonal winds (K. Zhang et al., 2018). Strong daytime eastward winds seen by K. Zhang et al. (2018) 
at longitudes with positive magnetic declination (90–150°W) work to decrease electron density by moving 
ionospheric plasma to lower altitudes with higher recombination rates. Weakening or a reversal in this 
eastward zonal wind direction increases electron density and leads to higher TEC values. Observations of 
larger daytime TEC increases and larger nighttime decreases over the western U.S. in comparison with the 
eastern U.S. seen in Figures 2a–2d, 3a and 3b suggest that changes in the zonal wind during SSWs lead to 
the observed TEC behavior. As our ability to properly interpret TEC observations is hindered by the lack 
of observations of thermospheric winds, this hypothesis needs to be tested with model simulations and 
additional case studies. Figure 3 compares the baseline (median) with TEC observations during September 
14–16, 2019 over North America (left panels, Figures 3a and 3b) and during September 20–22, 2019 over 
Europe (right panels, Figures 3c and 3d). Dramatic daytime (∼18–24 UT) increases in TEC in the western 
part of the U.S. (Figure 3a) exceed the 90th percentile of typical variability. TEC suppression is observed 
from nighttime to morning hours (∼3–15 UT), with negative anomalies often below tenth percentile. Max-
imum negative and positive variations occur several hours apart and exhibit a semidiurnal pattern. Similar 
disturbances are seen between 125 and 90°W (not shown), albeit with reduced strength. The TEC variations 
over the central and eastern U.S. have the same general character but smaller magnitudes and are mostly 
within expected quiet-time variability.

Over the eastern U.S. (75°W, Figure 3b), the dominant signature is TEC suppression which is observed at 
most times of the day. We note large differences in the baseline TEC behavior (solid black line) between the 
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western U.S. (125°W, Figure 3a) and the eastern U.S. (75°W, Figure 3b): daytime TEC is much larger over 
the eastern U.S. than over the western U.S., while nighttime TEC is higher over the western U.S. In other 
words, the ratio of the diurnal TEC maximum to the diurnal TEC minimum is larger over the eastern U.S. 
than over the western U.S. Such longitudinal differences in the baseline are produced by combined effects 
of thermospheric zonal winds and magnetic declination (S.-R. Zhang et al., 2011, 2012) and are at least 
partially responsible for the regional nature of the observed TEC anomalies.

The TEC variations over Europe are illustrated in Figures 3c and 3d (right panels) for September 20–22, 
2019, around the time of the largest disturbances shown in Figure 2g. A sharp daytime peak on September 
21 to highly anomalous TEC values (30% higher than the 90th percentile) was accompanied by a strong 
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Figure 3.  (Top part) TEC variations at 40°N at different longitudes in comparison with baseline. Panels (a–b) show 
variations over North America on September 14-16, 2019. Panels (c–d) show variations over Europe on September 20–
22, 2019. Thin dash lines show 25th and 75th percentiles and dotted lines show 10th and 90th percentiles to illustrate 
the level of typical quiet-time variability. (Bottom part) Evolution of TEC anomalies in absolute units (TECu) in 
September 2019 at selected mid-latitude locations over North America (panels e–f) and Europe (panels g–h). Variations 
in F10.7 index (divided by 10, black line) and Kp index (blue line) provide context for the TEC anomalies.
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decrease in the afternoon. Surrounding days experienced only minor daytime increases, within typical qui-
et time variations, and TEC suppression that dominated at most times of the day. Similar to observations 
over North America, significant positive TEC variations are seen only in a narrow longitudinal band; this 
signature subsides toward the east (at 20°E), and no obvious disturbances are seen at 40°E (Figure 3d) or 
60°E (not shown).

The long-lasting changes in TEC over the western U.S. and Europe are consistent with long-lasting anom-
alies in the middle atmosphere shown in Figure 1 and imply that prolonged anomalies in the stratospheric 
wind system are imprinted on the thermosphere-ionosphere system for an extended period of time. To 
illustrate the duration of the ionospheric anomalies, the bottom portion of Figure 3 presents the evolution 
of TEC anomalies over North America (panels 3e–3f) and over Europe (panels 3g–3h) for the entire month 
of September 2019 at the same locations as shown in the top portion of Figure 3. The most striking feature 
is that in the western U.S. (125°W, Figure 3e), positive TEC anomalies are observed for the entire month of 
September during the daytime (∼16–3 UT) while negative anomalies are observed at nighttime (∼6–15 UT). 
This behavior is seen only in a narrow longitude band (100–130°W) and subsides to the east of 100°W (not 
shown). Minimal TEC anomalies are seen over the central U.S. (90°W, not shown). The eastern U.S. (75°W, 
panel 3f) experiences moderate suppression of TEC for most local times (except minor increases during 
daytime, ∼17–19 UT). The TEC suppression becomes stronger, has a more pronounced quasi-semidiurnal 
behavior, and extends for most of September over central Europe (0–20°E, Figure 3g), but subsides by 40°E 
(Figure 3h).

2.3.  Thermospheric Anomalies

Numerous simulations have demonstrated that dissipation of upward propagating tides can affect vertical 
transport of atomic oxygen in the lower thermosphere that results in a reduction of thermospheric O/N2 
ratio and, in turn, can contribute to a depletion in ionospheric electron density or TEC (Jones, Forbes & 
Hagan, 2014; Jones, Forbes, Hagan & Maute, 2014; Pedatella et al., 2016; Yamazaki & Richmond, 2013). 
Similarly, reduction in O/N2 ratio and electron density is also expected due to the dissipation of gravity 
waves (Jones et al., 2020) and planetary waves (Yue & Wang, 2014). We use observations of column O/N2 ra-
tio (ΣO N/ )2 by the Global Ultraviolet Imager (GUVI) onboard the Thermosphere, Ionosphere, Mesosphere 
Energetics, and Dynamics (TIMED) satellite (Meier, 2021; Paxton et al., 2017, 2021; Strickland et al., 1995; 
Y. Zhang & Paxton, 2021) to examine whether anomalous ΣO N/ 2 variations can be attributed to the SSW 
of September 2019. Background thermospheric ΣO N/ 2 is calculated as a median value of all observations 
collected from 2008 to 2018, 2020 for low solar flux conditions (F10.7 < 80), low geomagnetic activity (Ap 
for the current day and previous day < 13), and centered on September 15 ± 10 days. Figure 4 compares 
background ΣO N/ 2 (black) to ΣO N/ 2 observations on September 15, 2019 (red) as a function of latitude 
as sampled along different orbits. The main difference between the background and SSW conditions seen 
at all longitude sectors is a ∼5%–15% depletion in ΣO N/ 2 at low latitudes, ∼20°S to 20°N. This depletion is 
consistent with a 5%–10% ΣO N/ 2 decrease in Global-scale Observations of the Limb and Disk data report-
ed by Oberheide et al. (2020) during the Arctic SSW in January 2019. It is also consistent with numerical 
simulations cited above, and is likely to be produced by the changes in the residual mean circulation related 
to the dissipation of SSW-amplified tides and waves. This decrease in the low-latitude ΣO N/ 2 observation 
could contribute to a pronounced depletion of low-latitude TEC (L. P. Goncharenko et al., 2020), as changes 
in ΣO N/ 2 are well correlated with changes in TEC (Tsugawa et al., 2007; Y. Zhang & Paxton, 2021; Zhao 
et  al.,  2007). However, at middle latitudes (30–50°S and 30–50°N) the ΣO N/ 2 change is more complex 
and depends on longitude. A decrease in ΣO N/ 2 seen at middle latitudes over Europe (Figures 4a and 4b) 
and the central and eastern U.S. (Figures 4c and 4d) likely contributes to TEC depletions that dominate 
ionospheric responses at these locations (Figures 3b, 3c, 3d, 3f, 3g, and 3h). However, the ΣO N/ 2 anomaly 
becomes positive at middle latitudes over the western U.S. (Figures 4e and 4f), where an increase in the 
daytime TEC is observed (Figures 2b, 3a and 3e), and thus can contribute to the formation of positive iono-
spheric changes over this region.

GONCHARENKO ET AL.

10.1029/2021GL094517

7 of 10

75



Geophysical Research Letters

3.  Conclusions
Ionospheric observations in September 2019 provide evidence of large (50%–100%) regional anomalies at 
middle latitudes of the northern hemisphere linked to the Antarctic sudden stratospheric warming. We 
expect that changes in thermospheric zonal wind play a major role in the formation of ionospheric anom-
alies, especially over western North America. The ionospheric response has a quasi-semidiurnal behavior 
and is most likely driven by more than one mechanism, including variations in ΣO N/ 2 induced by dis-
sipation of waves (tides, gravity waves, planetary waves), variations in plasma drift due to the E-region 
dynamo mechanism, and variations in thermospheric wind. This study emphasizes the potential role of 
thermospheric zonal wind and magnetic declination in the formation of regional ionospheric disturbances 
at middle latitudes, in addition to the role of secondary waves generated through the interaction of quasi-
6-days waves and tides previously discussed in the literature. The strongest responses are limited to narrow 
longitudinal areas with widths of 20–40°, while other longitudes experience similar types of perturbations 
but with magnitudes within typical day-to-day variability. Positive and negative anomalies over the western 
U.S. (100–130°W) persist for the entire month of September. Over Europe (20°W to 20°E) the dominating 
response is long-lasting TEC suppression superimposed on a quasi-6-days variation. Both positive and neg-
ative changes are observed in the thermospheric �O N/ 2� � ratio and can contribute to regional increases 
and suppressions of TEC.

The paper's additional key finding is that we cannot understand the variability and response of the ther-
mosphere and ionosphere without understanding the episodic forcing from below and the extent of the 
persistent response of the system. Further, our ability to interpret ionospheric observations is limited by the 
uncertainty about the behavior of underlying thermospheric parameters, in particular the altitude profiles 
of winds, composition, and neutral density. The progress in understanding physical mechanisms respon-
sible for the observed ionospheric behavior is hindered by the lack of thermospheric observations with 
appropriate spatio-temporal resolution.

Data Availability Statement
The TEC data used as “quiet dynamic state” baseline in this study is available at Zenodo via http://doi.
org/10.5281/zenodo.5083832. MLS v4.2 data are available from the NASA Goddard Space Flight Center for 
Earth Sciences Data and Information Services Center (DISC) at https://mls.jpl.nasa.gov/data/. MERRA-2 
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Figure 4.  Evolution of thermospheric O/N2 at different longitudes. Top panels (a, c, e) compare O/N2 variations on September 15, 2019 (red) with background 
O/N2 behavior (black). Yellow shade indicates 1σ variation. Bottom panels (b, d, f) show differences in O/N2 between the background and the SSW day.
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data are available at https://gmao.gsfc.nasa.gov/reanalysis/. TIMED GUVI O/N2 data are available at http://
guvitimed.jhuapl.edu/data_products.
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The behavior of the Earth’s middle atmosphere and ionosphere is governed by multiple
processes resulting not only from downward energy transfer from the Sun and
magnetosphere but also upward energy transfer from terrestrial weather.
Understanding the relative importance of mechanisms beyond solar and geomagnetic
activity is essential for progress in multi-day predictions of the Earth’s atmosphere-
ionosphere system. The recent development of research infrastructure, particularly in
Antarctica, allows the observation of new ionospheric features. Here we show for the first
time that large disturbances observed in the Arctic winter polar stratosphere (20–50 km
above ground and at 60–90°N) during a sudden stratospheric warming event are
communicated across the globe and cause large disturbances in the summertime
ionospheric plasma over Antarctica (60–90°S). Ionospheric anomalies reach ∼100% of
the background level and are observed for multiple days. We suggest several possible
terrestrial mechanisms that could contribute to the formation of upper atmospheric and
ionospheric anomalies in the southern hemisphere.

Keywords: sudden stratospheric warming, stratosphere, ionosphere, Antarctica, tides

INTRODUCTION

As the Earth’s ionosphere—the charged portion of the atmosphere with maximum ionization at
∼300 km—is created primarily by solar ionizing flux, conventional thinking implies that major
variations in ionospheric electron density are related to solar and geomagnetic activity. While these
factors are the primary drivers of ionospheric variability, many studies demonstrate significant
variations in electron density due to the influences from the lower atmosphere through effects of
gravity waves (Fritts and Lund, 2011, and references therein), tides (England, 2011, and references
therein), and planetary waves (Pancheva and Mukhtarov, 2011). Terrestrial influences on
ionospheric variability are often thought to be limited to a narrow geographic region or a short
time frame. In the last decade it has become widely accepted that large (50–100% deviations from the
background), persistent (>2 weeks) ionospheric variations are driven by middle atmosphere changes
that are particularly enhanced during dramatic meteorological events called sudden stratospheric
warmings (SSWs) (e.g., Goncharenko et al., 2010, 2021; Chau et al., 2012). SSWs cause large-scale
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variations in temperature, wind, and ozone density in the Arctic
wintertime stratosphere at high latitudes (60–90°N). SSW-
induced variations extend both above and below the
stratosphere, and across the equator to the tropics and
summer polar mesosphere (e.g., Karlsson et al., 2007, 2009;
Smith et al., 2020), and to the tropical ionosphere (e.g.,
Pedatella et al., 2018). However, known ionospheric
disturbances associated with such changes are believed to be
greatest at low latitudes (0–20°) and to fall off rapidly in the mid-
latitudes (Pancheva and Mukhtarov, 2011), implying complex
mechanisms of atmospheric connections in both the vertical and
horizontal directions.

The Earth’s ionosphere has been monitored for several decades,
mostly by ionosondes due to their simplicity (Reinisch, 1986);
however, such instruments allow studies of only local conditions.
For the last 2 decades, large progress in understanding the spatial
and temporal evolution of the ionosphere was achieved through
observations of Total Electron Content (TEC) by ground-based
Global Navigation Satellite System (GNSS) receivers. Although
thousands of GNSS receivers are currently used in ionospheric
research, data gaps over the oceans and hard-to-reach areas impact
the utility of GNSS TEC data and hinder understanding of
ionospheric behavior over those regions. Current knowledge of
ionospheric physics is heavily influenced by observational data in
the northern hemisphere, while the ionosphere above the sparsely
instrumented southern hemisphere remains less understood. The
last several years have seen an important development with the
installation of new instrumentation in South America and
Antarctica, enabling fundamentally new types of studies. This is
the first work to leverage new instrumentation in South America
and Antarctica to show that ionospheric variations at the summer
high latitudes may be attributed to SSW. This study presents
observations from independent techniques that show large-scale
mesospheric and ionospheric variations in response to the Arctic
SSW in January 2013. These variations occur not only at low
latitudes, but at the middle latitudes and polar latitudes of the
southern (opposite) hemisphere. The interhemispheric coupling
mechanism (IHC, Becker et al., 2004) was invoked by de Wit et al.
(2015) to explain variability at the summer polar mesopause during
January 2013. Here we forge new territory by showing SSW-
induced variability in the summer polar ionosphere.

DATA AND METHODS

This work requires the use of disparate data to study pole-to-pole
teleconnections between the winter stratosphere and summer
ionosphere during January 2013. We use temperature
measurements from the Aura Microwave Limb Sounder (MLS)
(Waters et al., 2006) to determine the response of the middle
atmosphere to the SSW 2013 event. Temperature anomalies are
computed by removing the 2004–2021 average from each day;
however, this average does not include the day in question.

Polar mesospheric cloud (PMC) frequencies are derived from
measurements made by the Cloud Imaging and Particle Size
(CIPS) instrument (McClintock et al., 2009), which is a nadir-
viewing panoramic imager that measures scattered radiation at

265 nm. CIPS was launched in 2007 aboard the Aeronomy of Ice
in the Mesosphere (AIM) satellite (Russell et al., 2009), and is still
operational. CIPS is a nadir-viewing panoramic imager that
measures scattered radiation at 265 nm. It provides high
resolution images of PMC albedo near the summer polar
mesopause every day over the entire summer polar cap
(Lumpe et al., 2013). This work uses the v5.20r05 level 3c
data, which has a spatial resolution of 56 km2.

To determine characteristics of ionospheric disturbances, we
employ global TEC maps that utilize ground-based vertical TEC
values (measured with TEC unit TECU; one TECU � 1016 e−/m2)
from several thousand GNSS receivers. The resolution of this data
is 1°longitude by 1°latitude every 5 min. This work uses 17 years of
data from 2000–2016. On each day, all TEC data in the American
sector (75°W ± 7.5°) is averaged in 1°latitude by 1-h local time
bins. To separate effects of meteorological or other types of
forcing from known effects of solar, geomagnetic activity, and
seasonal variations, we use an empirical model of TEC based on
the same 17 years of data. See Goncharenko et al. (2018) for
details on model formulation and performance. We construct the
TEC model for 75°W by fitting each latitude and local time bin
with a formula that combines a dependence on the F10.7 solar
flux proxy, a dependence on the Ap geomagnetic activity index
and its history, a sinusoidal parameterization of seasonal
variation, and a modulation of seasonal variations by solar
activity. Fitting coefficients are obtained independently for
every 1°latitude and 1-h local time bin, thus avoiding artificial
features that can be introduced by fitting with 24-, 12-, and 8-h
tides. Subtracting empirical model estimates from the
observational data produces residuals that we interpret as
having a meteorological origin. Note that inclusion of
additional terms in the fit formula does not change the
residuals significantly and does not change the results of this
study. The TEC model was developed only for 75°W due to the
relative data scarcity at other longitudes; however, this approach
can be applied in the future to other locations as more data for a
variety of conditions becomes available.

For comparison with TEC results, we have analyzed ionosonde
data on maximum F-region density (NmF2) that is highly
correlated with TEC. We used data from two instruments that
are located in the American longitudinal sector, the Port Stanley
(51.6°S, 57.9°W) digisonde and the Vernadsky (65.1°S, 64.2°W)
ionosonde. The Port Stanley digisonde data was provided by the
Lowell GIRO Data Center (http://spase.info/VWO/
NumericalData/GIRO/CHARS.PT15M) which is discussed by
Reinisch and Galkin (2011). The Vernadsky ionosonde data is
provided by the National Antarctic Scientific Center of Ukraine,
which has operated Vernadsky station since 1996. We use Port
Stanley data collected in 1997–2015 and Vernadsky data collected
in 2011–2013 to construct empirical models of NmF2 in the same
manner as described above for GNSS TEC.

RESULTS

In January 2013, a major Arctic SSW caused significant
disturbances in Earth’s middle atmosphere. Figure 1A (top
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panel) shows the temperature impacts, using MLS satellite
observations. This major SSW was associated with the growth
of planetary wave-2, which split the stratospheric polar vortex. As
is typical for SSWs, the momentum deposited by the planetary
wave breaking altered the mesospheric residual circulation,
leading to anomalous descent and warming in the polar
winter stratosphere and upwelling and cooling in the polar
winter mesosphere, as indicated in Figure 1A. Stratospheric
polar temperatures maximized on January 11th and
mesospheric cooling peaked on January 12th.

The teleconnection pattern whereby planetary wave
disturbances in the winter stratosphere lead to temperature
variations at the summer mesopause is referred to as
interhemispheric coupling (IHC) (e.g., Becker and Schmitz,
2003; Becker et al., 2004; Becker and Fritts, 2006; Karlsson

et al., 2007; 2009). Figure 1B shows 5-days average
temperature anomalies for 10–15 January, during the peak
SSW and mesospheric cooling. The classic quadrupole pattern
in temperature anomalies is in an agreement with de Wit et al.
(2015) (Figure 4), who documented IHC coupling during the
same SSW. This panel illustrates the low latitude and summer
hemisphere extension of SSW-induced temperature
perturbations. Several IHC mechanisms are described as
follows. The cooling in the tropical stratosphere and warming
in the tropical mesosphere causes meridional temperature
gradients (and thus zonal winds) in the summer hemisphere
to strengthen. The tropical warm anomaly in the mesosphere (red
area in Figure 1B) increases the summer hemisphere equator-to-
pole temperature gradient, leading to a westerly shift in the zonal
winds in the summer upper mesosphere. According to Körnich
and Becker (2010), this causes a lowering of the zero wind line,
and thus a lowering of the altitude at which gravity waves break.
The resulting downward shift in the ascending branch of the
residual circulation then leads to warming near the summer polar
mesopause. Smith et al. (2020) found repeatable temperature
correlations between the winter stratosphere and the summer
mesopause that exhibited expected IHC latitude-altitude
structures (Randel, 1993) in 195 simulated years in the Whole
Atmosphere Community Climate Model; however, they could
not confirm that gravity wave filtering was the primary coupling
mechanism in the model. Rather, they concluded that IHC in the
model is due to a compensating circulation that arises to restore
balance to the zonal mean atmosphere. Further, France et al.
(2018) and Lieberman et al. (2021) showed that warming at the
summer mesopause can arise due to inertial instability-triggered
growth of the quasi-2-days wave. Thus, while IHC is both
observed and simulated, the mechanisms responsible for the
coupling remain elusive.

Figure 1C shows the time evolution of temperature anomalies
in the stratosphere and mesosphere of the summer hemisphere.
Prior to the SSW, the summer mesosphere was significantly
colder than average, as evidenced by the persistent negative
anomalies above ∼60 km over the southern polar cap in late
December and early January. However, within days of the SSW,
the negative temperature anomalies decreased in magnitude and
then turned positive. This is due to warming in the polar summer
mesosphere; this warming is consistent with a sharp decrease in
PMC frequencies (given by the thick black line). The changes in
Antarctic summer mesopause temperatures and PMC
frequencies are consistent with robust IHC processes.

To understand ionospheric behavior during this period, we
focus on GNSS TEC in the American longitudinal sector, where
evolution of TEC with latitude can be investigated in detail due to
the dense network of GNSS receivers. Large, long-lasting
ionospheric disturbances in response to this SSW event were
reported in earlier studies at low latitudes and peaked in mid-
January (Goncharenko et al., 2013; Jonah et al., 2014). Figure 2A
shows the latitudinal variation in the TEC anomaly at 75°W on
January 16, 2013, a geomagnetically quiet day (Ap � 5) during
moderate solar activity (F10.7 � 137). The TEC anomaly is
calculated as a difference between TEC observations and
expected TEC behavior, which is provided by the empirical

FIGURE 1 | (A) Altitude-time section of zonal mean MLS temperature
averaged at 80°N from December 25, 2012 through January 31, 2013, (B)
Latitude-altitude section of zonal mean temperature anomalies (deviations
from the time mean) averaged from 10 to 15 January 2013, (C) Altitude-
time section of temperature anomalies at 80° S from December 25, 2012
through January 31, 2013. The thick black line indicates daily CIPS PMC
frequencies (number of pixels in which a PMCwas detected relative to the total
number of pixels, in %) at 80°S for clouds with albedos greater than 5 × 10–6

sr−1, smoothed over 3 days.
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TEC model described in Data and Methods and in Goncharenko
et al. (2018). The anomaly in TEC (Figure 2A) includes a large
increase in the northern crest of the Equatorial Ionization
Anomaly (EIA, 0–15°N) in the morning-noon sector (12–18
UT) and a decrease in the afternoon and evening sectors
(21–3 UT), as was reported for multiple SSW events in
numerous studies (see reviews Chau et al., 2012; Goncharenko
et al., 2021).

Observations in January 2013 show that an even larger
morning-noon TEC anomaly develops in the southern
hemisphere, centered at 40–60°S and extending to high
latitudes, as seen in Figure 2A. Figure 2B shows the

latitudinal variation in TEC at 16 UT (11:00 AM local time)
for three consecutive geomagnetically quiet days, 14–16 January
2013; similar TEC variations are observed over the 10-days
period. Continuous extension of TEC anomalies up to a factor
of two from the expected value is observed from ∼20°S all the way
to the high latitudes in the southern hemisphere. Recent
modeling studies are coming to a consensus that amplification
in solar and lunar semidiurnal tides during SSWs is the most
likely physical mechanism driving variations in the electric field
and plasma velocity at the magnetic equator and, consequently, in
plasma density in the EIA region (Fang et al., 2012; Jin et al., 2012;
Pedatella and Liu, 2013; Wang et al., 2014). Solar semidiurnal

FIGURE 2 | (A) Anomaly in the total electron content at 75°W on Jan 16, 2013 extends from equatorial to high latitudes of the southern hemisphere. (B) TEC
variation with latitude for 75°W and 16 UT (11 AM Local Time). Shown are TEC values observed on January 14–16, 2013 (green, blue, red) compared with TEC values
expected for this season and solar activity as predicted by the empirical model (black). Thick dash lines show 25th and 75th percentiles of all available data, thin dash lines
show 10th and 90th percentiles. Percentiles were calculated using TEC observations with close solar flux conditions (127 < F10.7 < 136) and from mid-December
to mid-February.
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migrating tides (SW2) experience stronger amplifications in the
mid-latitude southern hemisphere than in the northern
hemisphere (Liu et al., 2010). Upward propagation of these
tides can modulate the thermospheric wind system and
directly influence the ionosphere, particularly at middle
latitudes. Pedatella and Maute (2015) also suggest that
semidiurnal lunar tides amplified during SSWs propagate all
the way to the upper thermosphere, leading to the quasi-
semidiurnal variation of the F-region peak height and,
consequently, electron density. As lunar tides were strongly
amplified during the 2013 SSW (Zhang and Forbes, 2014), our
observations of increased TEC at southern hemisphere mid-
latitudes support both solar and lunar semidiurnal tide
mechanisms.

In addition to the morning-noon enhancement, nighttime (3-
8 UT) electron density is also enhanced at latitudes higher than
∼45°S (Figure 2A); for example, the ionospheric Weddell Sea
Anomaly, a phenomenon when the nighttime electron density
exceeds the daytime electron density (Penndorf, 1965; He et al.,
2009), is modified during both nighttime and daytime hours, as
seen in Figure 2A at 60–70°S. We note that Figure 2 extends only
to 70°S, as empirical TEC model did not include higher latitudes
due to the data scarcity. Figure 3 further illustrates extension of
the observed ionospheric anomalies to the high latitudes in the
southern hemisphere, up to the South Pole. Polar maps compare
TEC distributions on January 15, 2012, an undisturbed Arctic
winter day the previous year (panels (3A) and (3B), to January 16,
2013, a SSW day (panels 3C and 3D). The control day of January

FIGURE 3 | Southern hemisphere polar maps showing TEC behavior during undisturbed Arctic conditions in January 2012 (left side, A, B) and during an SSW in
January 2013 (right side, C, D). Top panels show snapshots at 4:00 UT and demonstrate increases in TEC over the entire Antarctic continent, with particularly large
enhancement around the Antarctic Peninsula (30–120°W). Bottom panels (snapshots at 15:00 UT) demonstrate a strong increase in TEC from ∼60°E to 120°W, with
largest increases in the American longitudinal sector. Magenta dots indicate the locations of the Port Stanley and Vernadsky ionosondes stations.
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15, 2012 was chosen to minimize differences due to seasonal
change, solar flux, and geomagnetic activity (F10.7 � 133, Ap � 4
on Jan 15, 2012; F10.7 � 137, Ap � 5 on Jan 16, 2013). The TEC
increase on January 16, 2013 (SSW day) at 4 UT is observed over
the entire Antarctic continent, as seen in Figure 3C. The largest
enhancements are over the Antarctic Peninsula and the Weddell
Sea in the western hemisphere and near the Antarctic coast and
90°E. At 15 UT (Figure 3D), increases in TEC over the Antarctic
Peninsula and the Weddell Sea are clearly an extension of the
TEC change that peaked in the middle latitudes of the southern
hemisphere, as shown in Figures 2A,B. Ionospheric disturbances
similar to those presented in Figures 3C,D were observed for
several days and maximized on January 14–16, 2013,
simultaneously with disturbances at lower latitudes seen in
Figure 2.

Independent confirmation of the impact of an Arctic SSW on
the ionosphere over the middle and high latitudes of southern
hemisphere is further obtained using a different observational
technique, namely ionosondes. Figure 4 shows diurnal variations
in the peak electron density NmF2 at mid- and high-latitude
stations: Port Stanley (51.6°S, 57.9°W) and Vernadsky (65.1°S,
64.2°W), respectively. Typical diurnal variations of NmF2 (black
lines) at these locations are very different. Daytime NmF2 (at
∼12–18 UT) over Port Stanley (Figure 4A) exceeds nighttime
NmF2 (at ∼1-6 UT) by ∼50–60%, as expected in the mid-latitude
summer hemisphere, consistent with effects of maximum photo-
ionization rates at noon due to the smallest solar zenith angle and
indicating that solar photoionization is the dominant mechanism
responsible for NmF2 behavior. In contrast to middle latitude, at
high latitude over the Vernadsky location (Figure 4B) nighttime
NmF2 exceeds daytime NmF2 by a factor of ∼2, as expected for
the area of the Weddell Sea Anomaly. This behavior in typical
NmF2 indicates significant contributions to NmF2 from
ionospheric dynamics, including thermospheric neutral wind
and E x B drift, and from composition (Chen et al., 2011;
Richards et al., 2017). During the SSW, similar ionospheric

anomalies are observed at both locations: dramatic increases
(up to a factor of 2) in NmF2 during daytime hours (∼12–18
UT), weaker increases at night (1-6 UT), and a slight decrease in
the morning hours (6-9 UT). These anomalies are fully consistent
with the GNSS TEC observations shown in Figures 2, 3. The
similarity of the diurnal behavior in ionospheric anomalies in the
geographic mid- and high-latitude southern hemisphere suggest
that they could be driven by the same mechanism, despite very
different mechanisms being responsible for the typical/
climatological ionospheric behavior in these regions. Seasonal
variations in the meridional wind have long been considered an
important driver of the Weddell Sea Anomaly (Jee et al., 2009).
Thus, we suggest that SSW-associated semidiurnal variations in
the upper thermospheric wind system is likely a leading
mechanism responsible for large ionospheric disturbances in
the high-latitude southern hemisphere during this SSW event.

DISCUSSION

Our observations demonstrate that during the 2013 Arctic SSW
event, an extended region of atmospheric anomalies formed in
the southern hemisphere. This region spans the mesosphere
(60–90 km) to the ionosphere (∼100–1,000 km) and from
summer mid-latitudes to the South Pole, and persists for days.
The formation of mesospheric and ionospheric anomalies in the
mid- and high-latitude southern hemisphere during the northern
hemisphere winter SSW presents a fascinating example of
atmospheric coupling that is most likely driven by multiple
mechanisms. Although we do not fully understand how the
Arctic SSW leads to the ionospheric variability in the summer
hemisphere, the following discussion presents some hypotheses
about associated mechanisms. These hypotheses need to be tested
with both additional observations and numerical simulations.

In the mesosphere, warming of the summer mesopause region
in late January 2013 and associated decrease in the frequency of

FIGURE 4 | Variations in the peak electron density NmF2 as measured by ionosondes at Port Stanley (A) and Vernadsky (B). Highly anomalous increases in NmF2
are observed at both locations during the SSW, as illustrated with data from January 14–16, 2013.
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PMCs has been attributed to IHC. The notion that large planetary
wave activity and warming in the polar winter stratosphere is
correlated with increasing temperatures at the polar summer
mesopause is well accepted. However, as explained above, several
mechanisms have been proposed to explain this global
teleconnection. It is still unclear whether one or more of these
mechanisms are at play in different situations. The weakened
ascent near the summer mesopause due to IHC is also consistent
with the SSW-induced weakening of the residual circulation in
the lower thermosphere reported by Miyoshi et al. (2015).

In the ionosphere, the formation of anomalous features over the
entire Antarctic continent likely results from thermospheric wind
changes brought about by the SSW. At thermospheric altitudes, the
wind changes could result from the superposition of migrating
semidiurnal solar tides (SW2), non-migrating solar semidiurnal
tides (SW1), and semidiurnal lunar tides (M1, M2). Enhancement
of the SW2 tide during SSWs is a well-known phenomenon
documented in both observations and simulations (Liu et al.,
2010; Pedatella and Liu, 2013; Limpasuvan et al., 2016). The SW1
tide is generated through interaction of planetary wave 1 with solar
semidiurnal migrating tide SW2. Simulations by Liu et al. (2010)
indicate that amplitudes of the resulting SW1 tide in the meridional
wind are larger in the mid-latitude southern hemisphere than in the
northern hemisphere, and are particularly strongly enhanced in the
high-latitude southern hemisphere. The SW1 tide remains strong
even in the high-latitude upper thermosphere, making it potentially a
key component for ionospheric variability above Antarctica. The
semidiurnal lunar tide was particularly strongly amplified during the
January 2013 SSW, as reported by Zhang and Forbes (2014). Liu et al.
(2021) found that lunar tides in ionospheric TEC are not symmetric
in latitude in several cases of analyzed SSW events, and signatures of
lunar tides extend deep into middle latitudes of the southern
hemisphere and weaken the Weddell Sea Anomaly. We thus can
expect that amplification of any of the above-mentioned tides in
association with SSWs can influence thermospheric winds at middle
to high latitudes in the southern hemisphere. Superposition of these
tidal components (SW2, SW1, M1, M2) of varying amplitudes and
phases creates a complicated pattern of anomalies in the
thermospheric wind and, consequently, in the ionosphere above
Antarctica.

Additionally, Miyoshi et al. (2015) found that the effect of a
winter SSW is to weaken the summer residual circulation between
∼80 and ∼400 km, including decreased descent in the summer polar
lower thermosphere and weakened ascent above ∼120 km. These
thermospheric circulation changes are compounded with IHC
effects to weaken ascent near the summer mesopause. In general,
upwelling decreases theO/N2 ratio and tends to decrease ionospheric
electron density (e.g., Rishbeth, 1998). Weaker upwelling in the
upper thermosphere at high latitudes of the southern hemisphere
predicted by Miyoshi et al. (2015) would result in a higher
thermospheric O/N2 ratio and contribute to an overall increase in
ionospheric electron density and TEC observed over Antarctica.
Such an increase is seen in Figure 2A as a general enhancement in
TEC at 60–70°S, which is observed in addition to the quasi-
semidiurnal variation discussed above. An increase in TEC at
even higher latitudes, including the overall increase in TEC above
Antarctica seen in Figure 3C, might also be linked to SSW-induced

variations in thermospheric composition. Pedatella et al. (2016)
reveled a slight increase in O/N2 at high latitudes of the southern
hemisphere in TIE-GCM simulations and in COSMIC zonal mean
peak electron density during the SSW of January 2009. Although
their study was limited to lower latitudes than Antarctica, it is
consistent with the general increase in TEC above Antarctica
reported here. We note that SSW-induced changes in the
thermospheric composition can vary strongly with latitude, as
they are driven by variations in thermospheric circulation. Other
simulations emphasized changes in thermospheric composition
[such as (O), (O2), (N2), (H)] induced by the dissipation of
amplified tides and generally predicted a decrease in the O/N2

ratio at low and middle latitudes that would lead to a decrease in
ionospheric electron density and TEC (Yamazaki and Richmond,
2013; Pedatella et al., 2016; Jones et al., 2020). The topic of changes in
composition of different species has not been explored yet with
sufficient detail and requires additional observational and modeling
effort.

We cannot rule out the influence on ionospheric electron
density that is produced by electric fields; these effects contribute
significantly to the vertical plasma motion in the low-latitude
ionosphere and are a well-known driver of the EIA (Anderson,
1981). Usually, effects of the electric field are not expected to
contribute significantly to variations in electron density at middle
and high latitudes, due to the high inclination angle of the Earth’s
magnetic field lines closer to its poles. However, the inclination
angle at high latitudes in the southern hemisphere (58 at
Vernadsky) is smaller than in the northern hemisphere (for
American longitudes), and an electric field can produce non-
negligible electron density variations. Numerical simulations
demonstrate that significant perturbations in the mid-to-high
latitude F-region vertical ion drift can be generated by inclusion
of planetary waves at the model’s lower boundary (Liu et al.,
2010).

CONCLUSION

This study investigated the behavior of the mesosphere and
ionosphere at geographic high latitudes of the southern
hemisphere during and after the Arctic SSW of January 2013.
We use a combination of stratospheric, mesospheric, and
ionospheric ground-based and satellite data to demonstrate
anomalous behavior in multiple parameters during a multi-day
period in January 2013—neutral temperature, PMC frequency,
TEC, and peak electron density. Our observations show that
persistent mesospheric and ionospheric anomalies that are
observed above Antarctica in January 2013 may be related to
the SSW in the Arctic stratosphere. The results provide strong
observational evidence that SSW events generate truly global
disturbances that reach the high latitudes of the opposite
hemisphere; thus, this study extends the concept of inter-
hemispheric coupling to polar ionosphere. A variety of
mechanisms is proposed to interpret the observed atmospheric
and ionospheric variations at middle and high latitudes in the
southern hemisphere, but their relative importance is not known
yet. This paper aims to spark curiosity and encourage the
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scientific community to quantify the contributions of the
different mechanisms proposed here, and to suggest or
consider other mechanisms responsible for the mesospheric
and ionospheric variability seen in the observations.
Continuous, high-quality observations of mesospheric,
thermospheric and ionospheric parameters are critical for the
robust identification of essential features. As the southern
hemisphere remains poorly instrumented, detailed studies of
this coupling remain a matter of future research.
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