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Abstract

This work examines the weak stratospheric polar vortex (SPV) event of February 2008 and the strong SPV event of February
2021 to understand the potential influence of SPV strength on midlatitude thermospheric composition and ionospheric plasma
density. The weak SPV event shows a reduction in thermospheric O/N2 at all longitudes, changes in the ionospheric total
electron content (TEC) that vary with longitude, and an intensification of the semidiurnal tides. The strong SPV event shows
O/N2 elevated by up to 25% in the Asian sector and a 25% decrease in semidiurnal tidal amplitude. The TEC response during
the strong SPV event is complex, but shows enhanced TEC in the Asian sector where O/N2 is elevated. These are the first
observations of anomalies in the thermospheric composition and ionospheric plasma associated with a strong polar vortex event.
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Key Points:

e For the first time, a strong polar vortex event is shown to have an impact on both
ionospheric electron density and O/N; at midlatitudes.

e Both strong and weak vortex events have an influence on thermospheric composition,
presumably through modified thermospheric circulation.

e Regions of enhanced O/N; coincide with elevated Total Electron Content in the Asian
sector during the strong vortex event.
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Abstract

This work examines the weak stratospheric polar vortex (SPV) event of February 2008 and the
strong SPV event of February 2021 to understand the potential influence of SPV strength on
midlatitude thermospheric composition and ionospheric plasma density. The weak SPV event
shows a reduction in thermospheric O/N; at all longitudes, changes in the ionospheric total
electron content (TEC) that vary with longitude, and an intensification of the semidiurnal tides.
The strong SPV event shows O/N; elevated by up to 25% in the Asian sector and a 25% decrease
in semidiurnal tidal amplitude. The TEC response during the strong SPV event is complex, but
shows enhanced TEC in the Asian sector where O/Nj is elevated. These are the first
observations of anomalies in the thermospheric composition and ionospheric plasma associated
with a strong polar vortex event.

Plain Language Summary

The stratospheric polar vortex is a belt of westerly winds in the midlatitudes that exists in the
middle atmosphere during the winter months. However, the polar vortex is highly variable;
sometimes it is weak and distorted while other times it is strong. Vortex strength is known to
impact weather in the troposphere and variability in the mesosphere, thermosphere, and
ionosphere. The state of the polar vortex is predictable up to two weeks in advance, so
knowledge of the vortex may increase predictability in other regions of the atmosphere. Here we
use two case studies to examine how a weak vortex and a strong vortex impact the composition
of the thermosphere and the density of the ionosphere at midlatitudes. During the weak vortex
case, the thermospheric composition is changed such that there is a decrease in the ratio of
atomic oxygen to molecular nitrogen (O/N;). However, during the strong vortex case, there are
longitude sectors that see elevated values of O/N,. These regions of elevated O/N; correspond to
increased ionospheric plasma density. These are the first observations of anomalies in the
thermosphere and ionosphere associated with a strong vortex event.

1. Introduction

In the polar winter stratosphere and mesosphere, the most notable dynamical feature is the polar
vortex (e.g., Schoeberl et al., 1992; Harvey et al., 2018) which is characterized by a belt of
intense westerly winds in midlatitudes that encircle cold air over the pole (see Harvey et al., 2002
and references therein). It is well known that the polar vortex acts to couple surface weather to
space weather through the generation and modulation of gravity waves, as well as the
modulation of tides and planetary waves (e.g., Chau et al., 2009; Kuroda and Kodera, 1999;
Miyoshi et al., 2015; Oberheide et al., 2020, Pedatella et al., 2012). Of particular interest here is
the impact of polar vortex strength on thermospheric and ionospheric variability (see Harvey et
al., 2022).

The Arctic polar vortex is highly variable in strength, shape, and position (Lawrence and
Manney, 2018). For example, the Arctic polar vortex often weakens as a result of upward
propagating planetary waves (PWs) which can lead to Sudden Stratospheric Warmings (SSWs)
(Scherhag, 1952; Limpasuvan et al., 2004; Matsuno, 1971). SSWs are characterized by warming
of the polar stratosphere by tens of degrees in several days and dramatic weakening or even
reversal of the zonal mean zonal winds (e.g., Charlton & Polvani, 2007). Associated with SSWs
is an increase in the amplitude of semidiurnal solar and the lunar tides (Chau et al., 2015;
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Goncharenko et al., 2012; Limpasuvan et al., 2016; McDonald et al., 2018; Pedatella et al., 2012;
Sathiskumar and Sridharan, 2013; Zhang and Forbes, 2014), which can influence the
thermosphere and ionosphere through multiple mechanisms, including modification of electric
fields (Fejer et al., 2010; Jin et al., 2012), upper thermospheric winds (Pedatella and Maute,
2015), and thermospheric composition caused by tidal dissipation (Jones et al., 2014b; Oberheide
et al., 2020; Yamazaki & Richmond, 2013).

Many studies have focused on the impacts of a weak polar vortex (i.e., SSWs) on the troposphere
below (Baldwin et al., 2021) and the ionosphere above (Chau et al., 2012; Goncharenko et al.,
2021a). Reviews by Chau et al. (2012) and Goncharenko et al. (2021b) summarize the changes in
thermospheric composition, temperature, and winds as well as changes in ionospheric plasma
densities and electrodynamics during weak polar vortex states. However, there have been
relatively few studies of strong polar vortex events and their effects on the thermosphere and
ionosphere. Pedatella and Harvey (2022) examined the zonal mean temperature, circulation, and
atmospheric tides in the mesosphere and lower thermosphere and found that simulated strong
polar vortex events were associated with a decrease in the migrating semidiurnal solar tide
(SW2) amplitudes by 25-35% compared to climatology. Pedatella (2023) used model ensembles
to examine the average change in zonal mean thermospheric composition and ionospheric
density, finding decreases of 1-2% and 5-10%, respectively. This work provides the first
observations of anomalous thermosphere composition and ionosphere density during strong
vortex events using satellite and ground-based observations. Results demonstrate opposite
anomalies in the thermosphere-ionosphere occur during weak and strong vortex events.

2. Observations, Models, and Methods

Aura Microwave Limb Sounder (MLS) satellite observations (Waters et al., 2006) are used to
establish middle atmospheric dynamical conditions during the weak and strong vortex case
studies. MLS version 5.1 temperatures, carbon monoxide (CO), and zonal winds derived from
geopotential height are utilized. The temperature and geopotential height data products are
similar to previous versions described in Schwartz et al. (2008). The geopotential height
observations are used to derive daily mean geostrophic winds. Daily zonal means are calculated
at each pressure level in 1.9° latitude bins by combining both the daytime (13:30 LT) and
nighttime observations (1:30 LT) to reduce tidal effects.

Simulations of the Specified Dynamics version of the Whole Atmosphere Community Climate
Model with thermosphere-ionosphere eXtension (SD-WACCM-X) are used to further examine
conditions in the middle and upper atmosphere during these events. WACCM-X is a whole
atmosphere model that extends from the surface to the upper thermosphere (Liu et al., 2018). The
SD version reproduces observed atmospheric variability by constraining model meteorology up
to ~50 km using the Modern-Era Retrospective analysis for Research and Applications version 2
(MERRA-2) (Gelaro et al., 2017; Smith et al., 2017). For more information on these model runs,
see Pedatella & Harvey (2022). Similar to Pedatella & Harvey (2022), we calculate anomalies
relative to the 1980-2017 model climatology.

The O/N; data used is from the Thermosphere, Ionosphere, Mesosphere, Energetics, and
Dynamics (TIMED) Global UltraViolet Imager (GUVI) instrument (Meier et al., 2015), version
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13. The GUVI instrument provides O/N; on Earth’s day side. The GUVI disk dayglow data at O
(135.6 nm) and N2 LBH (140-150 nm) have been used to derive > O/N, referenced at a fixed N,
column density of 1x10'" cm™, here referred to as simply O/N..

To examine ionospheric variations, we used Total Electron Content (TEC) data provided by the
CEDAR Madrigal database and processed at the MIT Haystack Observatory (Rideout and
Coster, 2006; Vierinen et al., 2016). The TEC data is based on observations of line-of-sight TEC
between ~6000 ground-based receivers and satellite navigation systems. We used a TEC data
product that has 1 x 1 degree latitude by longitude resolution every 5 minutes, and provides
excellent coverage over the continental U.S., Europe, and parts of Asia.

3. Results & Discussion

3.1 Middle Atmosphere Conditions During the Weak & Strong Vortex Case Studies

Figure 1 illustrates the middle atmosphere dynamical conditions during the two selected case
studies: the weak vortex event of 26 February 2008 (left column) and the strong vortex event of
26 February 2021 (right column). These particular events were chosen for their data availability,
low solar flux conditions, low geomagnetic activity, and same seasonality. These events further
satisfy the Northern Annular Mode (NAM) index criteria used by Pedatella & Harvey (2022). In
the top row (panels a and b), the filled colors are the MLS zonal mean temperature anomalies
(deviations from the time mean), the solid and dashed black lines are zonal mean zonal winds,
and the thick red contour is the 0.5 ppmv CO isoline, a proxy for descent. In the weak vortex
case (panel a) the following is observed: (1) alternating warm, cold, warm temperature anomalies
in the polar stratosphere, lower mesosphere, and upper mesosphere, respectively (Randel, 1993;
Limpasuvan et al., 2016), (2) easterly winds at 70°N and 30 km and a weak (~45 m/s) polar night
jet max near 50°N and 50 km, and (3) weak polar descent as evidenced by a relatively flat CO
contour. In the strong vortex case (panel b) the opposite occurs: (1) alternating cold, warm, cold
temperature anomalies in the polar stratosphere, lower mesosphere, and upper mesosphere,
respectively, (2) ~45 m/s westerly winds at 70°N and 30 km and a strong (>90 m/s) polar night
jet max near 50°N and 50 km, and (3) strong polar descent as deduced from the CO contour that
is displaced downward at high latitudes. The remaining panels of the figure are from SD-
WACCM-X simulations of the events. The simulated zonal mean zonal winds and temperature
anomalies (panels ¢ and d) are generally consistent with the observations, confirming that the
model accurately represents the events. In panels (e) and (f), the change in the SW2 amplitude is
shown. During the weak vortex event (panel ), there is an increase in the SW2 amplitude of 10
m/s (~30%) at midlatitudes in the lower thermosphere; this agrees with previous studies (e.g.,
Goncharenko et al., 2021b). The strong vortex event (panel f) shows an opposite behavior with a
decrease in the SW2 amplitude of 8 m/s (~25%). Panels (g-j) show the residual circulation
anomalies (in color) and the residual circulation vectors (black arrows). The large gray arrows
indicate the general direction of the residual circulation. In the weak vortex case (panels g and 1),
there is Equator to pole flow between 110-140 km, with descent at these altitudes over the pole,
but ascent below (consistent with the CO isoline from panel a), consistent with Miyoshi et al.,
(2015). In contrast, during the strong vortex event (panels h and j), there is descent above 140
km over the pole and a pole to Equator flow between 110-140 km.
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Figure 1. MLS temperature deviation from the 2005-2022 mean on February 26 (in color),
zonal mean zonal winds (black lines), and the 0.5 CO ppmv isoline (red line) for a weak
vortex (panel a) and a strong vortex (panel b). Panels (¢) and (d) are the same as (a) and (b)
but for SD-WACCM-X. Panels (e) and (f) show anomalies in the SW2. Panels (g)-(j) show
the change in residual circulation (in color), the residual circulation (black vectors), and
general circulation (transparent gray arrows).
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157 3.2 Baseline Conditions

158  For this study we computed baseline conditions (climatology) for both thermospheric O/N, and
159  ionospheric TEC. The purpose of these climatologies is to quantify anomalies caused by weak or
160  strong polar vortices and account for impacts of solar and geomagnetic activity.
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Climatological medians of O/N; were computed using the following requirements: (a)
observations collected between 2008-2022, (b) F10.7 solar flux between 65 and 80 sfu, (¢)
geomagnetic index ap less than 13 for the day in question as well as the previous day, and (d)
non-major SSW conditions. The bins are +/- 10 days around the central date, +/- 7.5° longitude,
+/- 2.5° latitude, and +/- 45 minutes. Figure 2 shows O/N; (panels a and c¢) and TEC (panels b
and d) climatologies at 15 local time (LT) (top panels) and 10 LT (bottom panels) on 26
February. These LTs were selected based on available GUVI observations during the two events.
It is important to note that at a fixed geographic latitude a significant portion of the longitudinal
variability of O/N; at a given LT is due to variations in geomagnetic latitude (Qian et al., 2016).
For that reason, we include a reference of 35° magnetic latitude (white contour). This magnetic
latitude was selected to avoid contamination by the Equatorial Ionization Anomaly (EIA) and the
auroral oval. All further data analysis will be performed at this geomagnetic latitude to limit the
influence of the configuration of Earth’s geomagnetic field on the O/N; results. In these
climatologies, it is evident that there is a strong LT variation in O/N; and O/N is higher in the
morning hours of the 26 February climatology than the afternoon hours. We note that this LT
behavior is consistent with observations by Global-scale Observations of Limb and Disk (Gan et
al., 2023) and could be driven by atmospheric tides.

Figure 2, panels (b) and (d) show the TEC climatologies. The median TEC values were
calculated for the same dates as in the O/N, climatology, but TEC data has a 1x1 degree
resolution in longitude and latitude, as well as 30-minute temporal resolution. Further
descriptions of the development of the baseline TEC can be found in Goncharenko et al. (2020).
Figures 2b and 2d show a clear longitudinal and latitudinal variability of TEC, which is
influenced by several factors including composition, neutral dynamics, and the electric field.
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Figure 2. Climatologies of O/N; (left panels) and TEC (right panels) at 15 LT (top panels) and
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10 LT (bottom panels). The thick white line is 35° magnetic latitude.

3.3 O/N; & TEC Anomalies

Figure 3 compares the events (colored symbols and colored lines) to the median thermospheric
and ionospheric climatologies (black dashed lines) as a function of longitude at 35° magnetic
latitude for the 3 days around the selected events. The gray shaded region represents the 25" to
75" percentiles of the climatologies. Panels (a) and (c¢) show O/N,, while panels (b) and (d) show
TEC. TEC data for the weak and strong events has been smoothed by taking the median of a bin
that is +/- 5° longitude, +/-3° latitude, and +/- 30 minutes.

In general, during the weak vortex event (panel a) the O/N; is ~15% lower than the climatology
and is outside the 25" percentile everywhere except the American sector. This is consistent with
previous studies (e.g., Oberheide et al., 2020). Numerical simulations suggest that this is due to
amplified tides and PWs during weak vortex events that affect the vertical transport of atomic
oxygen in the lower thermosphere, leading to a reduction in O/N; that extends to midlatitudes
(Jones et al., 2014a,b). There is little longitudinal variability in the suppressed O/N; in the weak
vortex case.
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Figure 3. The O/N, climatology data (gray) and event data (in color) at 35° magnetic latitude for
a weak vortex event (a) and strong vortex event (c) at constant local times. The TEC at the same
magnetic latitude and local times are shown for the weak vortex event (b) and strong vortex
event (d). The dotted lines are the median data from the quiet-time climatology, with shaded
areas indicating the bounds of the 25th and 75th percentiles. Colored/line symbols are for
individual days during the event.
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During the strong vortex event (panel c) there is a striking longitudinal variability, a planetary
“wave 17 pattern, with different longitude sectors exhibiting different behaviors. In the Asian
sector, the O/N; is elevated by approximately 25%, while in the American sector O/N, is within
the climatology. As we consider results at a fixed magnetic latitude, this variation is attributed to
factors other than variations in magnetic latitude that are seen at a fixed geographic latitude. We
largely attribute these O/N; changes to the changes in the tidal dissipation and MLT residual
circulation during the weak and strong vortex events (Figure 1), which can alter the
thermosphere O/N, (Oberheide et al., 2020; Pedatella, 2023). Specifically, when the vortex is
weak, SW2 is strong and O/N; is reduced; the opposite is true when the vortex is strong. The
large longitude asymmetry in O/N; in the strong vortex case may due to a longitude dependence
of the meridional and vertical thermospheric winds advecting the neutral composition, and/or a
longitudinal dependence in dissipating gravity waves. Complete understanding of these effects
requires further observationally-based and modeling studies.

Figures 3 also shows the TEC at 35° magnetic latitude as a function of longitude for the weak
vortex event (panel b) and the strong vortex event (panel d). It is evident that the ionospheric
response to the strength of the vortex is complex. In the weak vortex case, the TEC is elevated
over the climatology in the American sector, but suppressed compared to the climatology in the
Asian sector. In the European sector, the TEC is close to the climatology. Significant
longitudinal differences in mid-latitude ionospheric disturbances during weak polar vortex events
were reported in numerous studies (Chen et al., 2016; Chernigovskaya et al., 2017; Oyama et al.,
2015; Shpynev et al., 2015; Yue et al., 2010). The complex nature of ionospheric disturbances
likely results from the superposition of several mechanisms and varying roles of thermospheric
winds and geomagnetic fields. In the strong vortex case, ionospheric disturbances are less
variable in longitude: the TEC is elevated in the Asian sector by up to 50%, near the climatology
in the European and Eastern American sector, and again elevated over the Western American
sector by 25-60%. Note, this longitude dependence would be obscured by zonal means. Clearly,
strong vortex conditions have a significant impact on the ionospheric plasma content, though the
detailed mechanisms generating the longitudinal variations require further study.

Figure 4 further explores the complex nature of the TEC variations during weak and strong polar
vortices by showing the LT dependence at different longitudes, finding that some longitudes are
dominated by composition driving the TEC. In the weak vortex case (top panels), there is an
enhanced SW2 signature in TEC in the Western US sector (panel a) and possibly in the European
sector (panel b), when TEC is increased during some LTs and suppressed 6 hours later.

However, the TEC is depressed at 50° E (panel ¢) and 130° E (panel d) at most LTs. Lower TEC
in these longitude sectors is consistent with decreased O/N; at these longitudes as shown in
Figure 3a. Oyama et al. (2015) examined the relationship between composition and TEC in two
different longitude sectors and also found a complex situation during the 2009 Arctic SSW. In
the strong vortex case, over the Western US (panel e) there is enhanced TEC in the morning
hours and TEC near climatology in the evening and nighttime hours. The European sector (panel
f) is consistent with climatology. At 50° E longitude, there is elevated TEC in the morning hours
followed by average conditions in the afternoon. Finally, the Asian sector (panel h) indicates
elevated TEC throughout the day, suggesting that this behavior is not related to the enhanced
SW2. The opposite TEC behavior in the Asian sector is particularly intriguing as it corresponds
closely to the O/N, behavior seen in the Figure 3b.
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Figure 4. The LT behavior of the TEC climatology (black dashed line) and event data (solid
lines) at 35° magnetic latitude for the weak vortex event (a-d) and strong vortex event (e-h) at
different longitudes. The dotted lines are the median climatologies, with shaded areas
indicating the bounds of the 25th and 75th percentiles. Colored lines are for individual days
during the event. Vertical solid gray lines indicate the local times of the corresponding O/N;
observations for the event.

Changes in TEC are driven by changes in at least three factors: (1) composition, (2) electric
fields, and (3) neutral winds. The O/N, changes may indicate the extent to which chemistry is
dominating the TEC changes during weak and strong vortex events. As O/N; increases, it
increases the available source of O for production of O+ and an electron, increasing TEC. As
O/N; decreases, the recombination rate increases, leading to lower plasma densities and lower
TEC (Yamazaki & Richmond, 2013). Modified atmospheric tides may drive TEC enhancements
or depletions (depending on phase of tides) through the E-region wind dynamo and modification
of electric fields. Neutral winds have the ability to advect composition and drive vertical plasma
drifts by blowing across geomagnetic field lines (Zhang et al., 2011), and both meridional and
zonal components of neutral winds can significantly affect mid-latitude electron density. The
relative importance of vertical drifts caused by thermospheric neutral winds vary depending on
magnetic inclination and declination, and thus strongly vary with longitude. While
electrodynamics play a lesser role in the midlatitudes, changes in thermospheric meridional
winds act to change the F-region electron densities and peak height (Pedatella & Maute, 2015).
A strong longitudinal dependence in meridional winds could, in turn, impart a longitudinal
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dependence in TEC, in addition to any changes to composition, or electric field. Complete
understanding of the mechanisms responsible for longitudinal variations in TEC during weak and
strong vortex states is beyond the scope of this paper and is the subject of future work.

4. Conclusions

The stratospheric polar vortex exists in a continuum of states. At the extremes, a weak vortex or
a strong vortex, there are noticeable impacts throughout the atmospheric column. Using two
opposing case studies we examined the impact of the strength of the polar vortex on
thermospheric composition and ionospheric plasma density at middle latitudes (35° magnetic
latitude). We conclude the following:

(1) The selected case studies of weak and strong vortex conditions have amplified and
suppressed SW2 amplitudes, respectively. The resulting differences in tidal dissipation
change the residual meridional circulation in the lower thermosphere and impact
thermospheric composition.

(2) Both weak and strong polar vortex conditions are associated with significant longitudinal
variations in thermospheric composition and ionospheric plasma content at midlatitudes.

(3) During the strong vortex case, O/Nj; is elevated by up to 25% compared to climatology
over Asia. This increase in O/N; is observed for at least several days.

(4) During a strong vortex case, TEC is significantly enhanced over the climatology over
Asia during all daytime hours. This indicates that increase in O/N; may be the main
mechanism driving enhancement in the TEC at these longitudes.

(5) The ionospheric response at midlatitudes to weak and strong vortex events exhibits large
longitudinal variability, which is thought to result from longitudinal differences in
composition, thermospheric neutral winds, and electric fields.

(6) Disentangling the competing factors driving the longitudinal variations in TEC requires
comprehensive observational and modeling studies that examine concurrently the
thermospheric composition, thermospheric winds, electric fields, and TEC (or electron
density profiles).

(7) The polar vortex is predictable up to two weeks in advance (e.g., Domeisen et al., 2020;
Tripathi et al., 2009) and may provide valuable insights into forecasting thermospheric
and ionospheric weather.
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