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Abstract: Variability in the ionosphere during the 2020–2021 sudden stratospheric warming (SSW) is
investigated using a combination of Constellation Observing System for Meteorology, Ionosphere,
and Climate-2 (COSMIC-2) observations and the Whole Atmosphere Community Climate Model with
thermosphere–ionosphere eXtension (WACCM-X) simulations. The unprecedented spatial–temporal
sampling of the low latitude ionosphere afforded by COSMIC-2 enables investigating the short-term
(<5 days) variability in the ionosphere during the SSW event. The COSMIC-2 observations reveal
a reduction in the diurnal and zonal mean ionosphere total electron content (ITEC) and reduced
amplitude of the diurnal variation in the ionosphere during the SSW. Enhanced ITEC amplitudes of
the semidiurnal solar and lunar migrating tides and the westward propagating semidiurnal tide with
zonal wavenumber 3 are also observed. The WACCM-X simulations demonstrate that these variations
are driven by variability in the stratosphere–mesosphere during the 2020–2021 SSW event. The results
show the impact of the 2020–2021 SSW on the mean state, diurnal, and semidiurnal variations in the
ionosphere, as well as the capabilities of the COSMIC-2 mission to observe short-term variability in
the ionosphere that is driven by meteorological variability in the lower atmosphere.

Keywords: COSMIC-2; ionosphere; sudden stratosphere warming

1. Introduction

Sudden stratospheric warmings (SSWs) are large-scale meteorological events that are
driven by the dissipation of planetary waves propagating upwards from the troposphere [1].
SSW events are identified based on the changes that occur in the stratosphere, including a
rapid increase in polar temperatures and a deceleration of the zonal mean zonal winds. A
SSW is classified as a major SSW if the zonal mean zonal winds at 60◦ N and 10 hPa reverse
from eastward to westward and is considered minor if the winds remain eastward for the
duration of the event [2]. Although SSWs were originally identified and characterized by
changes in stratospheric dynamics, it is now recognized that they lead to disturbances
throughout the entire atmosphere. This includes altering tropospheric weather patterns,
chemistry and dynamics of the stratosphere–mesosphere, and the composition, dynamics,
and electrodynamics of the ionosphere–thermosphere [3,4].

Though originally hypothesized by Stening [5], the influence of SSWs on the upper
atmosphere (ionosphere–thermosphere) attracted significant attention following the studies
of Goncharenko and Zhang [6], Chau et al. [7], and Goncharenko et al. [8], who clearly
identified the impacts of SSWs on ion temperatures, equatorial vertical drift, and total
electron content (TEC), respectively. The focus on SSWs is, at least in part, due to the fact
that they represent an identifiable forcing mechanism that can be used to understand cou-
pling mechanisms between the lower and upper atmospheres. Subsequent studies further
demonstrated the broad extent to which SSWs influence the ionosphere–thermosphere.
This includes impacts on electron densities at both low and middle latitudes, equatorial
electrodynamics, small-scale irregularities (i.e., scintillation and traveling ionosphere dis-
turbances), and thermosphere density and composition (see reviews by [9,10]). The SSW

Atmosphere 2022, 13, 368. https://doi.org/10.3390/atmos13030368 https://www.mdpi.com/journal/atmosphere

https://doi.org/10.3390/atmos13030368
https://doi.org/10.3390/atmos13030368
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0002-8878-5126
https://doi.org/10.3390/atmos13030368
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos13030368?type=check_update&version=2


Atmosphere 2022, 13, 368 2 of 14

induced variability in the ionosphere–thermosphere is ultimately driven by the changes
that occur in the stratosphere and mesosphere. Observational and modeling studies have
demonstrated that the changes in the stratosphere influence the generation and propagation
of solar and lunar tides [11–13]. Variability in the tides modifies the winds that drive the
E-region dynamo, introducing variability in the electrodynamics that, in turn, influence
the electron density e.g., [14]. Tidal dissipation also alters the residual mean circulation of
the mesosphere and lower thermosphere (MLT), leading to changes in the thermosphere
composition [15,16]. Changes in thermosphere composition during SSWs subsequently
alter the mean state of the ionosphere [15].

Direct observations of the ionospheric variability during SSWs has been challenged
by observational limitations, especially given the relatively short time scales that can be
involved. While ground-based observations can clearly observe the day-to-day variations
in the ionosphere that occur during SSWs e.g., [17], they are limited in their longitudinal
coverage. This presents a considerable limitation to ground-based observations given the
presence of longitudinal differences in the ionospheric response to SSWs [18–20]. Satellite
observations can potentially address this issue, though, to date, they have lacked suffi-
cient sampling to observe the ionospheric variability on short time scales. For example,
Lin et al. [21] and Lin et al. [22] investigated the ionospheric variability during the 2009
SSW using the Constellation Observing System for Meteorology, Ionosphere, and Climate
(COSMIC) observations. However, in order to obtain full longitude and local time sampling,
it was necessary to average the results over 20 days, potentially missing the variability that
occurred on shorter time scales.

The COSMIC-2 constellation samples the low latitude ionosphere with significantly
greater density compared to previous satellite missions, giving an unprecedented view
of the day-to-day ionospheric variability. Motivated by the dense sampling of the iono-
sphere made possible by COSMIC-2, the objective of the present study is to investigate
the ionospheric variability during the 2020–2021 SSW. The 2020–2021 SSW occurred when
the COSMIC-2 constellation was nearly in its operational configuration, providing among
the first opportunities to leverage the density of COSMIC-2 observations to investigate the
short-term variability of the ionosphere that is driven by meteorological variability. The
COSMIC-2 observations are complemented by numerical simulations performed using
the Whole Atmosphere Community Climate Model with thermosphere–ionosphere eX-
tension (WACCM-X). The WACCM-X simulations enable understanding of the sources of
the ionosphere variability observed by COSMIC-2. The results illustrate the capabilities of
the COSMIC-2 observations to capture the rapid variations that occur in the ionosphere
during SSW events and demonstrate that the 2020–2021 SSW was associated with complex
variability in the ionosphere that was driven by a combination of variability due to the SSW
and from solar/geomagnetic activity.

2. Observations and Model Simulations
2.1. COSMIC-2 Observations

COSMIC-2 consists of six satellites that were launched into low Earth orbit on 25 June
2019. The COSMIC-2 satellites were initially launched into ∼720 km altitude 24◦ inclination
parking orbits and were subsequently lowered to their operational orbits of ∼550 km [23].
By the time period that is the focus of this study (November 2020–March 2021), five of
the six COSMIC-2 satellites were in their operational orbits. The final satellite (FM6) was
lowered to its operational orbit altitude in January 2021, and no data are available from
this satellite from 10 January to 3 February 2021. Each COSMIC-2 satellite has several
payloads, including a Tri-GNSS Radio Occultation System (TGRS), Ion Velocity Meter
(IVM), and Radio Frequency Beacon (RFB) [24]. The present study analyzes ionosphere
electron density profiles that are derived from the TGRS line-of-sight Total Electron Content
(TEC) observations using the Abel inversion [25,26].

The COSMIC-2 observations are analyzed as follows. The individual electron density
profiles are vertically integrated up to ∼550 km to obtain the ionosphere TEC (ITEC).
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Within a 5-day running window, the ITEC is binned in 2.5◦ magnetic latitude, 12◦ ge-
ographic longitude, and 1 h local time. The value in each bin is based on the median
value of the observations after removal of any ITEC values that fall outside the range
ITECmean± 3 × ITECσ, where ITECmean and ITECσ are the mean and standard deviation
of the ITEC values in each bin. The typical number of points within each bin is 4–8 between
±35◦ magnetic latitude, with greater sampling density between ±20◦ magnetic latitude.
Poleward of ∼35◦ magnetic latitude, COSMIC-2 does not sample all longitudes, so the
results are limited to ±35◦. Following Lin et al. [21], the ITEC is then decomposed into the
mean and the diurnal and semidiurnal migrating and nonmigrating tides:

ITEC(t, φ) = ITEC +
2

∑
n=1

n+5

∑
s=n−5

An,s cos[
2πn
24

LThr − (n + s)λ + θn,s] (1)

where t is time in days, φ is magnetic latitude, ITEC is the zonal and diurnal mean ITEC,
LThr is the solar local time in hours, λ is longitude, n is subharmonic of a solar day, and
s is the zonal wavenumber. Equation (1) is solved for An,s and θn,s for each day, t, and
latitude, φ. Although the tidal variability in the ionosphere does not fully map to variations
in the tides in the neutral atmosphere, it can be used as a reasonable proxy for variability
in the semidiurnal tides [27] and also provides insight into the changes occurring in the
ionosphere during SSWs, e.g., [21,28,29]. Note that due to using a 5-day window, the
semidiurnal tides will contain contributions from both solar and lunar components, since
they cannot be fully separated when considering a short temporal window. Though they
can be separated using a longer window, a 5-day window is used in the present study
to illustrate the advantages of the COSMIC-2 sampling to observe variability on shorter
time scales. The use of a shorter window does, however, mean that beating between the
migrating semidiurnal solar tide (SW2) and migrating semidiurnal lunar tide (M2) occurs,
leading to short-term variations in the SW2 amplitude [29].

2.2. WACCM-X Simulations

WACCM-X simulations are used for both comparison with the COSMIC-2 observa-
tions as well as for aiding in the interpretation of the observational results. WACCM-X
is a whole atmosphere model that extends from the surface to the upper thermosphere
(4.1 × 10−10 hPa, ∼500–700 km depending on solar activity). The simulations are per-
formed using WACCM-X version 2.1, which is part of the Community Earth System Model
version 2.1 [30]. The chemical, dynamical, and physical processes in the troposphere, strato-
sphere, mesosphere, and lower thermosphere are based on the Community Atmosphere
Model version 4 [31] and WACCM version 4 [32]. The ionosphere–thermosphere processes
in WACCM-X are largely adopted from the Thermosphere-Ionosphere-Electrodynamics
General Circulation Model (TIE-GCM) [33]. This includes transport of O+, self-consistent
electrodynamics, and ion/electron energetics. The model resolution is 1.9◦ × 2.5◦ in lati-
tude × longitude. The vertical resolution is ∼1–3 km in the troposphere–stratosphere and
0.25 scale heights above 0.96 hPa. A detailed description of WACCM-X is provided by
Liu et al. [34], and initial validation can be found in Liu et al. [35].

To simulate the conditions during the 2020–2021 SSW event, the model meteorology in
the lower atmosphere (troposphere–stratosphere) is constrained to the National Aeronautics
and Space Administration (NASA) Modern-Era Retrospective analysis for Research and
Applications version 2 (MERRA-2) reanalysis [36]. The constraint is applied using the
specified dynamics (SD) approach described in Smith et al. [37] and consists of nudging
the model dynamical fields to the MERRA-2 dynamical fields up to ∼50 km. The model is
free-running (i.e., unconstrained) above ∼50 km. The SD-WACCM-X simulations account
for the realistic, time-varying, solar and geomagnetic variability through parameterizations
based on the F10.7 cm solar flux and Kp geomagnetic index. The F10.7 cm solar flux is used
to specify the solar extreme ultraviolet (EUV) variability and its effects on the ionosphere–
thermosphere [38]. Kp is used to parameterize the high-latitude convection [39] and auroral
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precipitation [40]. Forcing of the migrating semidiurnal lunar tide is included following
Pedatella et al. [41].

Two additional WACCM-X simulations were performed in order to separate the
ionosphere variability that is driven by the 2020–2021 SSW from solar and geomagnetic
variability and seasonal variations. An additional SD-WACCM-X simulation was per-
formed using constant solar and geomagnetic forcing of F10.7 = 70 solar flux units (sfu,
1 sfu = 10−22 W m−2 Hz−1) and a Kp of 0+. This simulation, which will be referred to as SD-
WACCM-X Constant Solar, allows for separation of the ionosphere variability that is driven
by the lower atmosphere from the solar and geomagnetic variations that occurred during
the 2020–2021 SSW time period. An additional simulation was performed using constant
solar and geomagnetic forcing for a 10-member ensemble of free-running WACCM-X. The
free-running WACCM-X simulations are unconstrained in the lower atmosphere, and the
ensemble mean of the 10-member ensemble is used to isolate the seasonal variations. This
simulation is subsequently referred to as the WACCM-X Constant Solar Ensemble Mean.

3. Results and Discussion

Figure 1 presents the meteorological and solar/geomagnetic activity that drove the
ionospheric variations between November 2020 and March 2021. Focusing first on the
meteorological variability, the zonal mean zonal winds at 60◦N illustrated an abrupt reversal
of the winds throughout the stratosphere–mesosphere in early January. The winds at 10 hPa
reversed on day 5, indicating the onset of a major SSW. Following the wind reversal, the
stratospheric winds remained weak for 30–35 days, with additional stratospheric wind
reversals occurring around days 12–22 and 31–34. The prolonged weakening of the winds
in the lower stratosphere was attributed to the persistent tropospheric wave forcing during
January 2021 [42]. However, it was only the initial wind reversal in early January that was
accompanied by a wind reversal throughout the middle atmosphere, and the winds in the
upper stratosphere and mesosphere remained eastward during the later wind reversals.
The geomagnetic and solar activity were variable throughout the 2020–2021 SSW. The Kp
index (Figure 1b) exhibited periods of moderate activity, with Kp values exceeding four on
several occasions. Though this does not represent significant geomagnetic activity, even
minor to moderate variations in Kp can impact the ionosphere [43]. The F10.7 cm solar flux
had a high of ∼110 sfu on day −32, and then steadily declined to ∼70 sfu around day 5,
where it remained relatively constant for the remainder of the time period.

The response of the mean state of the ionosphere to the SSW and the solar/geomagnetic
variability is shown in Figure 2, which shows the diurnal and zonal mean ITEC (i.e., ITEC
in Equation (1)) from the COSMIC-2 observations and the different WACCM-X simulations.
The COSMIC-2 observations exhibited enhanced ITEC around days −40 to −20, days
−10 to 0, and after day 50. A relative minimum in ITEC was also observed beginning
around day 0 and persisted for ∼20 days. These features were, for the most part, well
reproduced in the SD-WACCM-X simulation, indicating the fidelity of the model to capture
the variations in the ionosphere that occurred due to both the 2020–2021 SSW as well as
those due to geomagnetic and solar activity. The different model simulations provide
insight into the sources of the ITEC variations. The enhancements prior to the SSW onset
were absent from the SD-WACCM-X Constant Solar simulation, indicating that these were
driven by increased solar and geomagnetic activity. The increased ITEC beginning around
day 50 was attributed to seasonal variations due to its presence in both the SD-WACCM-X
Constant Solar and WACCM-X Constant Solar Ensemble Mean simulations. The relative
minimum in ITEC that was observed by COSMIC-2 in early January coincided with the
SSW onset and was also present in both the SD-WACCM-X and SD-WACCM-X Constant
Solar simulations. Though the WACCM-X Constant Solar Ensemble Mean simulation
showed an ITEC seasonal minimum occurred around this time, there was a clear shift in
the timing of the minimum in the SD-WACCM-X Constant Solar simulation. In particular,
the seasonal minimum in ITEC occurred in late December, while the minimum in the
SD-WACCM-X Constant Solar simulation occurred ∼10–15 days later, coincident with the
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SSW. This demonstrates that the ITEC minimum was not solely due to seasonal variability.
Rather, the ITEC minimum was attributed to the occurrence of the SSW and was related
to the altered residual circulation in the MLT during the SSW. This led to a decrease in
thermosphere composition and electron density [15,16]. The observed minimum in the
COSMIC-2 ITEC in early January was thus due to the SSW. It should, however, be noted
that the SSW was not responsible for the entirety of the observed ITEC decrease due to the
gradual decline in F10.7 in the month prior to the SSW onset, which also led to a reduction
in the ITEC.
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Figure 1. Variability in the (a) zonal mean zonal winds at 60◦N from SD-WACCM-X, (b) geomagnetic
Kp index, and (c) F10.7 cm solar flux during the 2020–2021 SSW.

We now turn our attention to the tidal variability during the 2020–2021 SSW, and its
impact on the ionosphere. Figure 3 shows the variability in the diurnal migrating tide
(DW1), semidiurnal migrating tide (SW2), and the westward propagating semidiurnal
nonmigrating tides with zonal wavenumbers 1 (SW1) and 3 (SW3) in the MLT simulated by
SD-WACCM-X. Note that as previously discussed, fitting for SW2 using a 5-day window
will include a contribution from M2. The SW2 should thus be recognized as having
contributions from both the SW2 and M2 tides, though it is referred to as SW2 in the
remainder of the text. A number of different tidal modes exhibited variability during
the the 2020–2021 SSW time period. Some of these variations may be due to nonlinear
planetary wave tide interactions, e.g., [44,45], while others may be unrelated to the SSW (i.e.,
they arose due to internal atmospheric variability unrelated to the SSW). As the present
study is focused on the ionosphere, we restrict our focus to the the DW1, SW2, SW1,
and SW3 as these tides are known to exhibit a consistent response to SSWs and couple
to the ionosphere [14,19,46–48]. The most pronounced variation in the tides during the
2020–2021 SSW was an enhancement in SW2, which was consistent with prior studies,
e.g., [49]. Although previous studies have found a decrease in DW1 during some SSWs
(e.g., 2009), the DW1 minimum during the 2020–2021 SSW occurred in early to middle
December and was largely attributed to the seasonal variation in the DW1 [50]. SW2 was
drastically enhanced in both hemispheres beginning around day 0, coincident with the wind
reversal in the middle atmosphere. This initial enhancement lasted for ∼10 days, which
was consistent with the timing of the wind reversal throughout the middle atmosphere.
Subsequent enhancements in SW2 occurred primarily in the Northern Hemisphere around
days 14–22 and 26–34. The timing of these enhancements coincided with periods of weaker
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winds in the stratosphere–mesosphere (Figure 1a), indicating that they were likely related
to enhanced propagation conditions [11]. Additionally, there was an evident periodicity
to the SW2 amplitudes, with a period of ∼14 days that was attributed to the influence of
M2 and the inability to separate the SW2 and M2 with a 5-day window. Notable variations
were also seen in the SW1 and SW3, with several periods of enhanced amplitudes occurring
throughout the 2020–2021 SSW time period. These enhancements often, though not always,
corresponded to decreases in the SW2 amplitude suggesting that they may be due to
nonlinear interactions between the SW2 and the quasi-stationary planetary wave with
zonal wavenumber 1 (PW1) [51,52].
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Figure 2. Diurnal and zonal mean ITEC (ITEC) from (a) COSMIC-2 observations, (b) SD-WACCM-X,
(c) SD-WACCM-X Constant Solar, and (d) WACCM-X Constant Solar Ensemble Mean.
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Figure 3. SD-WACCM-X amplitudes of the (a) DW1 at 0.01 hPa in temperature, (b) SW2 at 10−4 hPa
in zonal wind, (c) SW1 at 10−4 hPa in zonal wind, and (d) SW3 at 10−4 hPa in zonal wind.

Figures 4–7 show the corresponding behavior of the tides in ITEC based on COSMIC-2
observations and WACCM-X simulations. The ITEC DW1 variations closely followed the
behavior of the ITEC (Figure 2) in both the observations and model simulations, with little
relationship to the DW1 in the MLT. In particular, a notable reduction occurred in both the
ITEC as well as the ITEC DW1 in early January. The reduction in the ITEC DW1 can be
interpreted as a reduction in the diurnal amplitude (i.e., difference between daytime and
nighttime electron densities) of the ionosphere. As previously discussed, this decrease in
ITEC is due to the altered residual circulation in the middle atmosphere during the SSW.
The correspondence between the ITEC and ITEC DW1 is consistent with the numerical
experiments of Chang et al. [27], who demonstrated that the DW1 in the ionosphere closely
follows the diurnal and zonal mean electron density, and that both are influenced by
changes in the residual circulation due to tidal dissipation. Thus, although the ITEC DW1
was not directly driven by the DW1 in the MLT, it was indirectly impacted by the enhanced
tidal dissipation in the MLT during SSW events that, in turn, altered the residual circulation
and mean state of the ionosphere–thermosphere.
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Figure 4. DW1 amplitude in ITEC from (a) COSMIC-2 observations, (b) SD-WACCM-X, (c) SD-
WACCM-X Constant Solar, and (d) WACCM-X Constant Solar Ensemble Mean.

The ITEC SW2 showed notable oscillations throughout the entire time period of the
2020–2021 SSW event (Figure 5a–c). As previously discussed, the periodic behavior was
related to the use of a 5-day window, which was unable to separate the semidiurnal solar
and lunar tides leading to a ∼14-day oscillation in the SW2 [29]. The COSMIC-2 observa-
tions exhibited large amplitudes throughout nearly the entire period of November 2020 to
March 2021. This differed from the SD-WACCM-X simulations, which showed enhanced
ITEC SW2 amplitudes only between December 2020 and February 2021. However, both
the SD-WACCM-X simulation and the COSMIC-2 observations demonstrated enhanced
ITEC SW2 amplitudes occurring around days −30, 0, and 30. The enhancement occurring
around day −30 was largely attributed to the enhanced solar activity at this time as it was
not present in the SD-WACCM-X Constant Solar simulation. The enhanced ITEC SW2
amplitudes around days 0 and 30 were also present in the SD-WACCM-X Constant Solar
simulation. Note that although the ITEC SW2 was slightly enhanced in early January in
the WACCM-X Constant Solar Ensemble Mean simulation, the enhancement was greater
in the SD-WACCM-X Constant Solar case demonstrating that these enhancements can
be attributed to the SSW event. The timing of these enhancements was coincident with
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enhanced SW2 amplitudes in the MLT (Figure 3b), indicating that they were likely due
to the enhanced SW2 in the MLT modulating the E-region dynamo generation of electric
fields [53,54].

−60−50−40−30−20−10 0 10 20 30 40 50 60 70 80
−30
−20
−10

0
10
20
30

M
ag

. L
at
itu

d 

a. COSMIC-2 ITEC, SW2

−60−50−40−30−20−10 0 10 20 30 40 50 60 70 80
−30
−20
−10

0
10
20
30

M
ag

. L
at
itu

d 

b. SD-WACCM-X ITEC, SW2

−60−50−40−30−20−10 0 10 20 30 40 50 60 70 80
−30
−20
−10

0
10
20
30

M
ag

. L
at
itu

d 

c. SD-WACCM-X Constant Solar ITEC, SW2

−60−50−40−30−20−10 0 10 20 30 40 50 60 70 80
Da, of Y ar, 2021

−30
−20
−10

0
10
20
30

M
ag

. L
at
itu

d 

d. WACCM-X Constant Solar Ens mbl  M an ITEC, SW2

1

2

3

TECU

0
1
2
3
4
5

TECU

0
1
2
3
4
5

TECU

0
1
2
3
4
5

TECU

Figure 5. SW2 amplitude in ITEC from (a) COSMIC-2 observations, (b) SD-WACCM-X, (c) SD-
WACCM-X Constant Solar, and (d) WACCM-X Constant Solar Ensemble Mean.

Last, we discuss the variability in the semidiurnal nonmigrating tides SW1 and SW3
(Figures 6 and 7). There is little agreement between the COSMIC-2 ITEC SW1 and the
SD-WACCM-X ITEC SW1. Although the enhancements observed by COSMIC-2 around
days −40 to −30, 40–60 and the periodic enhancements between days −20 and 20 also
occurred in the SD-WACCM-X simulations, there were clear differences in the amplitudes
of the enhancements and whether they occurred in the Northern or Southern Hemisphere.
The SD-WACCM-X simulations also exhibited enhanced amplitudes that were not seen in
the COSMIC-2 observations, especially in the Northern Hemisphere between days −30 and
40. A number of the enhancements seen in the simulations appeared to be driven by the
lower atmospheric variability, as indicated by their presence in the SD-WACCM-X Constant
Solar simulation. The enhanced ITEC SW1 amplitudes between roughly days −20 and
40 closely corresponded to enhanced SW1 amplitudes in the MLT (Figure 3c) indicating
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that they were at least in part driven by the tidal variability. This would suggest that the
COSMIC-2 ITEC SW1 were partly tidal driven, though this cannot be concluded with
certainty owing to the lack of tidal observations and the disagreement between the model
and observations. It should be noted that direct correspondence between SW1 in the MLT
and ITEC may not be expected since the geomagnetic main field can introduce wavenumber
1 variations in the ionosphere, e.g., [14]. However, Maute et al. [52] demonstrated that the
enhanced SW1 during SSWs is a significant contributor to the wavenumber 1 variations
in the vertical drift. It is, thus, possible to attribute at least a portion of the ITEC SW1
to the enhanced tidal amplitudes in the MLT. Comparison of the observed and modeled
ITEC SW3 (Figure 7) also showed considerable disagreement between the observations
and SD-WACCM-X simulations. There was, however, clear agreement in the enhanced
ITEC SW3 around the time of the SSW onset, with both the observations and simulations
showing enhanced SW3 amplitudes around days −5 and 10. As indicated by their presence
in the SD-WACCM-X Constant Solar simulation, these enhancements can be attributed to
SSW related variability, and were likely driven by the enhanced SW3 amplitudes at MLT
altitudes that occurred at the same time periods (Figure 3d).
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Figure 6. SW1 amplitude in ITEC from (a) COSMIC-2 observations, (b) SD-WACCM-X, (c) SD-
WACCM-X Constant Solar, and (d) WACCM-X Constant Solar Ensemble Mean.
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Figure 7. SW3 amplitude in ITEC from (a) COSMIC-2 observations, (b) SD-WACCM-X, (c) SD-
WACCM-X Constant Solar, and (d) WACCM-X Constant Solar Ensemble Mean.

4. Summary and Conclusions

The impact of the 2020–2021 SSW on the low latitude ionosphere was demonstrated
in the present study using a combination of COSMIC-2 observations and WACCM-X
simulations. This represents the first global-scale observational investigation into the short-
term ionosphere variability during a SSW event and was enabled by the dense sampling of
the low latitude ionosphere provided by COSMIC-2. The COSMIC-2 observations revealed
that several notable changes occurred in the ionosphere during the 2020–2021 SSW. By
combining the observations with WACCM-X simulations, the observed variability can be
separated into variability driven by geomagnetic/solar activity and that due to the SSW.
SSW induced changes in the ionosphere observed by COSMIC-2 include:

1. A ∼20 day decrease in the zonal and diurnal average ITEC beginning around the SSW
onset in early January 2021. This decrease is attributed to changes in the residual circulation
in the MLT, which altered the mean composition of the thermosphere and ionosphere.

2. A decrease in the diurnal amplitude (i.e., DW1) in the ionosphere in early January.
The decreased diurnal variability in the ionosphere was coincident, and connected to, the
decreased zonal and diurnal average ITEC.
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3. An increase in the ITEC SW2, which was a combination of the solar and lunar semid-
iurnal migrating tides, during the SSW that was attributed to the influence of enhanced
SW2 amplitudes in the MLT on the electrodynamics of the low latitude ionosphere.

4. Periodic enhancements occurred in the ITEC SW1, which may be due to enhanced
SW1 amplitudes in the MLT. This is, however, difficult to determine due to poor agreement
between the observed and simulated SW1.

5. Enhanced ITEC SW3 amplitudes ∼10 days before and ∼5 days after the SSW onset.
These enhancements are thought to be due to nonlinear planetary wave–tide interactions
that led to enhanced SW3 amplitudes in the MLT at these times.

From these results, it is clearly evident that the 2020–2021 SSW significantly impacted
the low latitude ionosphere electron densities, and, most likely, also the electrodynamics.
Furthermore, they demonstrate the unique capabilities of the COSMIC-2 observations to
investigate the day-to-day variability of the low latitude ionosphere that arises due to lower
atmosphere meteorological variability.
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