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Abstract Using the Super Dual Auroral Radar Network observations (clustered around 60°N) and
NCAR CESM2.0 extended Whole Atmosphere Community Climate Model nudged with reanalyzes,

we examine the climatology of semidiurnal tides in meridional wind associated with the migrating
component (SW2) and non-migrating components of wavenumbers 1 (SW1) and 3 (SW3). We then
illustrate their composite response to major sudden stratospheric warmings (SSWs). Peaking in late
summer and winter, the climatological SW2 amplitude exceeds SW1 and SW3 except around late Fall and
Spring. The winter climatological peak is absent in the model perhaps due to the zonal wind bias at the
observed altitudes. The observed SW2 amplitude declines after SSW onset before enhancing ~10 days
later, along with SW1 and SW3. Within the observed region, the simulated SW2 only amplifies after

SSW onset, with minimal SW1 and SW3 responses. The model reveals a stronger SW2 response above

the observed location, with diminished amplitude before and enhancement after SSW globally. This
enhancement appears related to increased equatorial ozone heating and background wind symmetry. The
strongest SW1 and SW3 growth occurs in the Southern Hemisphere before SSW. SW2 and quasi-stationary
planetary wave activities are temporally collocated during SSW suggesting that their interactions excite
SW1 and SW3. After SSW, the model also reveals (1) semidiurnal-tide-like perturbations generated
possibly by the interactions between SW2 and westward-traveling disturbances and (2) the enhancement
of migrating semidiurnal lunar tide in the Northern Hemisphere that exceeds non-migrating tidal and
semidiurnal-tide-like responses. The simulated eastward-propagating semidiurnal tides are briefly
examined.

1. Introduction

Atmospheric solar tides are planetary-scale oscillations generated predominantly by the 24-h periodic solar
heating and its sub-harmonics of 12-, 8-, and 6-h periods. Heating occurs through solar energy absorption
by atmospheric constituents like water vapor throughout the troposphere, ozone in the stratosphere, and
molecular oxygen and nitrogen in the thermosphere (Forbes, 1984). Most dominant tidal variations travel
westward synchronously with the Sun and are referred to as migrating tides. Globally, the migrating semi-
diurnal tide of zonal wavenumber 2 is the most dominant tidal feature at the 12-h period. Its generation is
attributed to solar absorption by low-latitude stratospheric ozone (Chapman & Lindzen, 1970). Following
the standard tidal nomenclature, we refer to this westward-propagating migrating semidiurnal tide as SW2.

Other atmospheric solar tides can be stationary or propagate eastward or westward relative to the apparent
movement of the Sun. The origins of these non-migrating tides are not as obvious, as their forcing mecha-
nisms and propagation characteristics can differ. They can arise from the latent heating associated with deep
convection or the solar heating of longitudinally dependent atmospheric constituents such as water vapor
or ozone (Forbes et al., 2003; Hagan & Forbes, 2003). Non-linear interactions between tides or between mi-
grating tides and quasi-stationary planetary-scale waves (QSPWs) may likewise excite non-migrating tides
(Forbes et al., 2003; Teitelbaum & Vial, 1991). During the solstice, westward-propagating non-migrating
semidiurnal tides with zonal wavenumbers 1 and 3 (hereafter, SW1 and SW3, respectively) can be generated
in the Northern Hemisphere winter stratosphere and mesosphere through the interactions between QSPW
of zonal wavenumber 1 (hereafter, QSPW1) and SW2. The resultant SW1 and SW3 can propagate upward to
the lower thermosphere (Angelats i Coll & Forbes, 2002; Miyoshi et al., 2017).

ZHANG ET AL.

1 of 24


https://orcid.org/0000-0002-8083-8430
https://orcid.org/0000-0001-7454-026X
https://orcid.org/0000-0002-0793-6202
https://orcid.org/0000-0002-6867-2255
https://doi.org/10.1029/2020JD032895
https://doi.org/10.1029/2020JD032895
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2020JD032895&domain=pdf&date_stamp=2021-01-28

/Y ed N |
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2020JD032895

Collectively, SW1, SW2, and SW3 are the major components of the total (i.e., migrating and non-migrating)
westward-propagating semidiurnal tide (Iimura et al, 2010). Their variations have been suggested to re-
spond strongly to the major stratospheric sudden warming (SSW) phenomenon. Previous studies have doc-
umented the complex SW2 behavior through the SSW lifecycle, characterized initially by a decline around
SSW onset when the zonal-mean zonal wind reverses. Then, at least for strong and persistent SSW events
with an elevated stratopause, the SW2 amplitude increases, maximizing around two weeks after the SSW
onset (Conte et al., 2019; Orsolini et al., 2017; Pedatella et al., 2014, 2012; Pedatella & Forbes, 2010; Pedatella
& Liu, 2013; Sassi et al., 2013). With the enhanced QSPW1 activity typically associated with SSW onset, the
SW1 and SW3 amplitudes can increase as SW2 interacts with QSPW1, as suggested by Angelats i Coll and
Forbes (2002), Liu et al. (2010), and Pedatella and Forbes (2010) and modeled by Miyoshi et al. (2017). These
anomalous semidiurnal tidal behaviors may arise through changes during SSWs in the low-latitude ozone
distribution (Goncharenko et al., 2012; Limpasuvan et al., 2016; Siddiqui et al., 2019) or in the background
zonal wind structure that forms the tidal waveguide (Jin et al., 2012).

In general, observing short-term variability of the semidiurnal tidal components is challenging. Asynoptic
mapping, using the along-track profiles of polar-orbiting satellites, cannot resolve perturbations of periods
smaller than 24 h (Salby et al., 1982). Instead, a two-dimensional Fourier fitting technique, with a long
sliding temporal window, like that proposed by Forbes et al. (1997), has been employed to extract climato-
logical semidiurnal tides (e.g., Truskowski et al. (2014) and references therein) and their variations during
SSW events (e.g., Sridharan, 2019). Single-station observations can resolve the 12-h tidal signature but,
independently, cannot distinguish zonal wavenumbers. Consequently, the extracted signal at a station con-
stitutes the total semidiurnal tide (SDT) comprising of SW2 along with other non-migrating semidiurnal
variations in the observational window. Nevertheless, various single stations have observed that the mid-to
high-latitude SDT amplitude tends to decline as the stratospheric wind reverses during SSW before recov-
ering to reach or exceed the previous amplitude value (e.g., Bhattacharya et al., 2004; Conte et al., 2019;
Nozawa et al., 2012; Orsolini et al., 2017).

Recently, Hibbins et al. (2019) combined multiple, simultaneous single-station radar observations to sepa-
rate longitudinal from temporal variations and to explicitly extract SW1, SW2, and SW3. Clustered around
60°N, these stations measure horizontal winds around 95 km as part of the Super Dual Auroral Radar Net-
work (SuperDARN). Based on 13 SSW events, these authors reported a robust, composite SW2 amplitude
reduction after SSW onset followed by an enhancement. Additionally, they identified a smaller accompa-
nying increase in SW1 and SW3 amplitudes. However, the exact nature of the SW1 and SW3 enhancement
during SSWs remains uncertain. Based on a network of five specular meteor radars (SMR) centered near
49°N, another recent study by He and Chau (2019) did not find noticeable SW1 and SW3 responses to
SSWs. These authors suggested that what had been interpreted before as enhanced SW1 and SW3 may be
non-tidal signatures with zonal wavenumbers 1 and 3 but with periods slightly higher or lower than 12 h
(hereafter, SW1 and SW3, respectively). These features may result from the resonance interaction between
SW2 and traveling planetary-scale waves (PWs) of zonal wavenumber 1 with westward period in the range
10-20 days (hereafter, WPW1), as initially hypothesized by He et al. (2017). These WPW1s may be associ-
ated with the quasi 16-days wave (e.g., McDonald et al., 2011) or westward PWs present following an SSW
onset (e.g., Limpasuvan et al., 2016). We refer to SW1 and SW3 as semidiurnal-tide-like waves.

Besides the response of solar tides, observations and model simulations both suggest the enhancement
of the 12.42-h migrating semidiurnal lunar tide (M2) in the mesosphere and lower thermosphere (MLT)
during SSW events (Chau et al., 2015; Forbes & Zhang, 2012; He & Chau, 2019; Lin et al., 2019; Pedatella
et al., 2014). M2 arises from the gravitational potential between the Earth and the Moon (Chapman &
Lindzen, 1970). With the M2 period close to SW2, observations of changes in the SW2 component during
SSW could also contain the M2 signature.

In this paper, we examine both the climatological features of the semidiurnal tides (SW1, SW2, and SW3)
and semidiurnal-tide-like waves (SW1 and SW3) in the MLT region as well as their mean response to SSWs.
Along with SuperDARN observations, we use hourly simulations from the newly released Whole Atmos-
phere Community Climate Model with Thermosphere and Ionosphere Extension (WACCM-X) that is part
of the National Center for Atmospheric Research (NCAR) Community Earth System Model (Danabasoglu
et al., 2020) version 2.0 (CESM2.0). Previously, in Limpasuvan et al. (2016), we presented the composite
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SW2 response to SSW based on the NCAR Whole Atmosphere Community Climate Model (WACCM; Marsh
et al., 2013) with a model top near 130 km. However, uncertainty looms over the influence that the relatively
low vertical boundary condition and the limited physical representation in the thermosphere may have on
the tidal structure. Extended through the thermosphere (beyond ~500 km), WACCM-X can fully resolve the
tidal vertical structure. In undergoing key changes in its numerical schemes and representation of physical
processes, the new version of WACCM-X has improved simulations of tides and upper atmospheric variabil-
ity due to lower atmospheric forcing (Liu et al., 2018). This is crucial since we are interested in SSWs which
occur in the lower atmosphere, but their impact on tides can extend well into the thermosphere. While Su-
perDARN observes the MLT over a limited region (namely, near 60°N and around 95 km), the model allows
us to not only compare tidal behaviors at the observed location but also to elucidate their global response.

To our knowledge, this paper is the first to report the robust behaviors of these phenomena using the unique
combination of CESM2.0 WACCM-X and SuperDARN. Furthermore, for the first time in a model study,
we examine the climatological behavior and response to SSW of semidiurnal-tide-like waves. Hence, our
results complement and extend the observational study of Hibbins et al. (2019) using SuperDARN and the
model study of Limpasuvan et al. (2016) based on WACCM as well as the work of He and Chau (2019) using
SMR. In confronting model results against observations, this study may also illuminate the potential role
of model biases in simulating tides. To date, in the literature, various authors have reported model results
on the behavior of semidiurnal tides during SSWs. However, their results focus on individual SSW events
instead of a composite as done here (Pedatella et al., 2016, 2014; Sassi et al., 2013; Siddiqui et al., 2019), are
based purely on model simulations (Pedatella et al., 2012), or are limited to model comparison with sin-
gle-station observations that do not resolve tidal zonal wavenumbers (e.g., Conte et al., 2019).

2. Data and Methods
2.1. Model: SD-WACCM-X

With a top boundary between 500 and 700 km (depending on solar and geomagnetic activities), the NCAR
CESM2.0 WACCM-X includes representations of physical processes found in WACCM which has a model
top around 130 km. It has a revised parameterized non-orographic gravity wave forcing described by Gar-
cia et al. (2017) and treatment of surface stress due to unresolved topography that significantly improves
the SSW frequency of occurrence (Richter et al., 2010). With its new release, WACCM-X now incorporates
additional processes (like neutral wind dynamo, ionospheric transport, and calculations of ion/electron
energetics and temperatures) to better resolve the thermospheric energetics and thermal structure. Along
with the integration of additional processes found in the NCAR Thermosphere-Ionosphere-Electrodynam-
ics General Circulation Model (TIE-GCM; Qian et al., 2014), WACCM-X can self-consistently resolve lower
atmospheric processes (Liu et al, 2018), and can provide a more realistic simulation of upper atmospheric
variability due to lower atmospheric forcing. The finite volume dynamical core (FV dycore) in WACCM-X
accounts for species-dependent specific heats and mean molecular weights. The updated FV dycore pre-
vents unrealistic and excessive large mean meridional and vertical winds and temperature in the thermo-
sphere while generating more realistic tidal structures (more details provided in Liu et al., 2018).

The WACCM-X simulations were performed at NCAR using the specified dynamics configuration (hereafter,
referred to as SD-WACCM-X). The hourly output from SD-WACCM-X from 2000-2014 (the CESM run f.
€20. FXSD.f19_19.001 data) was accessed through Earth System Grid (https://www.earthsystemgrid.org). In
this configuration, the model's temperature, surface pressure, and wind fields are constrained below 50 km
by NASA Modern-Era Retrospective Analysis for Research and Application (MERRAZ2; Gelaro et al., 2017).
Above 60 km, the model is fully interactive and free running. Unlike other models released with CESM2.0, the
horizontal resolution of SD-WACCM-X remains the same as its predecessor at 1.9° latitude by 2.5° longitude.

2.2. Observations: SuperDARN and SKiYMET

Operating since 1993, the high-frequency radars in the SuperDARN network remotely detect ionospheric
plasma convection, upper atmospheric clouds, and neutral winds. Based on the multi-pulse sounding tech-
nique of Farley (1972), these radars infer neutral winds from trails of ablated meteors around 95 km (Hall
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et al., 1997). The measured winds represent a vertical average over an approximate 10-km layer centered
near 95 km. Eight SuperDARN radar stations are located between 150.1°W and 25°E in the 50°N-66°N lat-
itude band: Hankasalmi (HAN: 25.2°E, 64.4°N), Pykkvibaer (PYK: 18°W, 65.7°N), Stokkseyri (STO 26.9°W,
64.7°N), Goose Bay (GBR: 60.3°W, 55.5°N), Kapuskasing (KAP: 83.3°W, 51.4°N), Saskatoon (SAS: 105.2°W,
54.2°N), Prince George (PGR: 123.2°W, 56.1°N), and Kodiak (KOD: 150.1°E, 59.5°N). Hibbins et al. (2019)
used meteor wind data from these radars to perform a non-linear least-square surface fit in longitude and
time on simultaneous measurements of hourly mean horizontal winds over this relatively narrow latitude
band. The fit covers a sliding 4-days data period. Despite missing data coverage over Russia that spans over
100° in longitude, these authors successfully extracted daily mean wind, migrating diurnal tides, and mi-
grating and non-migrating semidiurnal tides (reliably up to zonal wavenumber 3). The amplitude and phase
of planetary-scale tidal winds can be obtained by fitting daily winds as a function of longitude. By similar
fitting techniques, observations from the same eight SuperDARN stations have been used to infer PW cli-
matology and variability (Kleinknecht et al., 2014; Stray et al., 2015a, 2015b). Here, we utilize the derived
SuperDARN data between 1995 and 2016, as in Hibbins et al. (2019).

Additional observations are provided by the All-Sky Interferometric Meteor Radar (SKiYMET; Hocking
et al., 2001) at Trondheim, Norway (63.4°N and 10.5°E). Operated by the Norwegian University of Science
and Technology (NTNU) since 2012, this SKiYMET radar consists of eight transmitting antennas, phased to
transmit most of the power at zenith angles between 15° and 50°. Over this site, the maximum meteor count
rates occur around 90 km with an average daily count rate of around 6,500 unambiguous meteors between
70 and 100 km. The system can infer neutral winds between 80 and 100 km from meteor trails. Methods
described by De Wit et al. (2014) are used to process the neutral wind. Lacking the constraints to an optimal
retrieval altitude like SuperDARN (i.e., at ~95 km), SKiYMET provides an altitude-time evolution of hori-
zontal winds between 80 and 100 km at around 4 km vertical resolution.

2.3. Data Analysis

For SD-WACCM-X, we apply two-dimensional Fast Fourier Transform (2D FFT) to isolate semidiurnal
variations and other wave signatures in the hourly data. The time series centered over each selected year
comprise 90 days before the first day of January of that year and 90 days after the last day of December of
that same year, yielding a series of nearly 545 days long. A Tukey window is applied to the time series to
taper 90 days before and 90 days after the selected year. The long series length provides a spectral frequency
resolution of ~ (545 x 24)~" cycles per hour (cph) to isolate signals in relatively narrow period bands. After
band-passing for a desired signal in the frequency domain (the bandpass range is described in the next two
paragraphs), the filtered data before January 1 and after December 31 are discarded. When placing the fil-
tered data over consecutive years, discontinuity from one year to the next was verified to be negligible. We
note that tidal signatures can be obtained by least-square fitting (e.g., Wu et al., 1995). The least-square fit-
ting method is suitable to handle irregular sampling data, such as satellites, whereas 2D FFT is the common
approach for regularly gridded model data. For tidal signatures, we nevertheless verified that the filtered
signatures from 2D FFT are similar to those derived from least-square fitting.

Based on the sliding 4-days (hourly) data window, the results extracted from SuperDARN are expected
to capture a broader range of perturbations than just those with purely semidiurnal characteristics. For a
4-days window length, the frequency resolution in Fourier Analysis comparable to the least-square fitting
is roughly 1/96 cph. Hypothethically, such a resolution in FFT yields less than 3 Fourier coefficients to esti-
mate semidiurnal variation centered within a 10-14-h period band. While the longer model data time series
discussed above yields a much higher frequency resolution, we initially apply the broad 10-14-h period
band filter to extract SW1, SW2, and SW3 in SD-WACCM-X to facilitate a comparison with the semidiurnal
tides derived from SuperDARN in Section 3.

The finer spectral resolution afforded by the long model time series allows us to examine SW1, SW2, and
SW3 at a much narrower period band. When focusing solely on the model results (as done in Section 4), we
present model results for these semidiurnal tides filtered between 11.8 and 12.2 h which is comparable to
that of He and Chau (2019). If the non-linear interaction between QSPW1 (say, slower than 30 days) and
SW2 were to occur, this period band would accommodate the resultant SW1 and SW3 products. The finer
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Meridional Wind Westward-Propagating Semidiurnal Tides
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Figure 1. Climatological evolution of three westward-propagating semidiurnal tidal components for (a) SuperDARN
and (b) SD-WACCM-X averaged between 91 and 97 km altitude band. Black curves show the migrating component
(SW2), green and red curves show the wavenumber 1 and wavenumber 3 non-migrating components (SW1 and SW3),
respectively. SuperDARN results are computed from eight stations located between 51°N and 66°N around the globe.
The vertical bars indicate the standard errors. The SD-WACCM-X results are computed from all model grids in the same
latitude. The vertical bars indicate the standard error of interannual variability, which is the standard deviation divided
by the square root of the number of years. The bold lines represent the 30-days running mean.

band-pass filtering also allows us to extract semidiurnal-tide-like wave (SW1 and SW3) at nearby 12-h os-
cillatory period, that may have been included with the observed and broad-band filtered results of SW1 and
SW3 (in Section 3). As noted in the Introduction, SW1 and SW3 may result from the interactions between
SW2 and westward traveling PW with periods between 10 and 20 days (i.e., WPW1). To accommodate for
this possible interaction, SW1and SW3 are derived by filtering for zonal wavenumbers 1 and 3 over a period
range of 12.31-12.63 h and 11.43-11.71 h, respectively. Again, these period bands are comparable to those of
He and Chau (2019). We note that, in using these narrow period ranges (all with a similar frequency band-
width of ~0.002 h™"), the temporal resolution of the bandpassed amplitudes would be reduced. Their time
variation will be roughly 10 days or slower and smoother than the results of the wider period band (10-14-
h). Finally, the QSPW1 and WPW1 signatures are obtained by band-pass filtering for zonal wavenumber 1
with periods longer than 30 days and for periods between 10 and 20 days, respectively. For all model results,
the statistical significance is tested by the Student's ¢-test.

3. A Comparison of SuperDARN and SD-WACCM-X
3.1. Climatological Westward-Propagating Semidiurnal Tides

Figure 1 illustrates the annual climatology of SW1, SW2, and SW3 meridional wind amplitudes from Super-
DARN in panel (a), based on the 1995-2016 period, and SD-WACCM-X in panel (b), based on the 2000-2014
period, near 95 km. The observed SW2 variation (black line in Figure 1a) exhibits a maximum peak around
15 m s™' in early September and a secondary peak around 12 m s™" at the end of the year. Overall, SW2
dominates the non-migrating components during much of the year, except around April and October. Dur-
ing these two periods, the SW2 amplitude dips to around 5 m s and briefly below SW1 (green line). The
SW1 and SW3 amplitudes hover around 5 m s™' throughout the year. Overall, the climatology is similar to
the midlatitudes observations (49 + 8.5°N) of He and Chau (2019) using a network of five SMRs. However,
their SMR SW2 climatology (averaged between the altitude of 80 and 98 km) is always above 7 m s™*
consistently dominates SW1 and SW3.

and

Based on observations from NASA's Sounding of the Atmosphere using Broadband Emission Radiometry
(SABER), Truskowski et al. (2014) indicated a similar peak activity in SW1 and SW3 temperatures in Sep-
tember—October in the northern subtropics to mid-latitudes, with a secondary peak in April for the SW1
case. The non-linear interaction between QSPW1 and SW2 may explain the climatological autumnal SW1
and SW3 maxima. Stray et al. (2015b) observed a QSPW1 in SuperDARN in July, using the same stations
and similar techniques employed here. While direct upward propagation of QSPW1 from below the MLT
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is unlikely, these authors suggested that QSPW1 features may result from

the longitudinal differences in tropospheric gravity wave sources, baro-
tropic and baroclinic instabilities as well as inter-hemispheric propagation
from the Southern Hemisphere (Espy et al., 1997; Hibbins et al., 2009). In
April, QSPWs associated with the stratospheric final warming may again
interact with SW2, whose growth recurs in Spring, to spawn SW1 and
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SW3. Alternatively, the non-linear interactions between westward-propa-
gating diurnal tides of zonal wavenumbers 1 and 2 can theoretically lead
to the seasonal climatological variation of SW3 (Sridharan, 2019), along
with the changing tropospheric forcing below.
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The corresponding SD-WACCM-X results are shown as averaged values

(b) within the 51°N-66°N latitude band where the SuperDARN stations are
@20 91-97 km located and within 91-97 km altitude range in Figure 1b. The results
% 15 1 shown are not sensitive to slightly varying the altitude and latitude av-
é 10 i eraging bands. The simulated SW2 amplitude exhibits a primary peak
T . /\ | before autumn with slightly smaller amplitude than observed, and two
N /\_//\\/\ /\ minima around a similar time of the year as in the observations. The sec-
§ 0 /\/ w/ ondary SW2 peak in the model is more diminutive and appears later in
i -5 \/ \/ the winter. Like SuperDARN, the simulated SW2 amplitude dominates
%_10 A the non-migrating amplitudes. However, the non-migrating amplitudes
2 SD-WACCM-X are smaller than observations, and the growth and dominance of SW1

15 TAN R mAR APR WAY JUN JUL AUG SEP OCT NGV DEC around May and October observed in SuperDARN are not captured in
SD-WACCM-X.

Figure 2. Climatology of monthly mean zonal wind for (a) SuperDARN
and (b) SD-WACCM-X. In (a), each circle indicates values at each of the Differences noted in Figures 1a and 1b may be attributed to the contrast-

eight stations noted in the legend. In (b), the red curve represents zonally
averaged values between 51°N and 66°N and between 91 and 97 km. The
gray region denotes maximum and minimum range of zonal wind values
between the averaged latitude band.

ing zonal wind behaviors between observations and model. As noted in
previous studies (Conte et al., 2019; Jin et al., 2012; Pedatella et al., 2012;
Sassi et al., 2013; Siddiqui et al., 2019), the response of semidiurnal tides
is sensitive to the background zonal wind. The observed monthly mean
climatology of zonal wind for the individual SuperDARN stations is shown in Figure 2a. Collectively, the
high-latitude zonal wind at this altitude is eastward most of the year, except between Spring and early Sum-
mer. In comparison with Figure 1a, we see a strong temporal correlation between the observed SW2 ampli-
tudes and the climatological zonal wind. For example, both tend to peak around August and late December
and minimizes around April (when the wind is predominantly westward) and early November. During the
latter two months, when the SW1 amplitude can exceed SW2 in SuperDARN, the radar climatological zonal
winds are at their relative minima.

In their multi-model comparison of the 2009 SSW simulations, Pedatella et al. (2014) noted the diversity of
model background zonal wind in the lower thermosphere. The monthly mean SD-WACCM-X zonal-mean
zonal wind values (averaged between the 91-97 km altitude range) gridded between 51°N and 66°N are
plotted in Figure 2b for comparison with SuperDARN winds. The red curve indicates the average values,
and the gray region illustrates the value range over the latitude band. The monthly mean zonal wind in
SD-WACCM-X differs significantly from SuperDARN. Namely, the simulated climatological wind is pre-
dominantly westward during the year, being weakly eastward only during April-May and August-Septem-
ber. Like the observed behavior, the modeled SW2 amplitude shown in Figure 1b maximizes with the east-
ward wind peak around August. The lack of strong secondary SW2 amplitude maximum toward the end of
the year in the model may be associated with the absence of persistent eastward wind found in observations.
Similarly, the lack of strong springtime westward wind in the model seems to coincide with the weakened
SW1 amplitude in contrast to observations. We also note that, although the zonal-mean zonal winds are in
good agreement during the early Fall, the simulated SW1 and SW3 are still weak compared to observations.

The climatological zonal wind difference between model and observations is further highlighted in Fig-
ure 3. Panel (a) shows the altitude-time evolution of the climatological daily annual cycle of the zonal wind
averaged over 2013-2019 from the NTNU SKiYMET radar, and panel (b) the corresponding SD-WACCM-X
zonal wind (but for 2000-2014) at the same location as SKiYMET. The SKiYMET zonal wind above 88 km
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Figure 3. Altitude versus time annual climatology of zonal wind for (a) the NTNU SKiYMET radar at 63.4°N and
10.5°E and for (b) SD-WACCM-X at the same geographical location. The climatology is computed from 2013 to 2019 for
SKiYMET and from 2000 to 2014 for SD-WACCM-X.

is eastward (warm color) most of the year, except for days between 80 and 130 (between March and May).
This behavior is consistent with the SuperDARN observations (Figure 2a). At lower altitude, westward
wind (cool color) dominates the annual cycle with minimum values of —20 m s™" around July. As seen in
panel (b), the local zonal wind in the model is markedly different from observations. Namely, the presence
of westward wind is more prevalent at these altitudes than the observations reveal. Eastward wind tends to
only appear around late Spring and early Fall, while observations show prevailing eastward wind from day
130 onwards above 88 km.

In summary, the amplitudes of westward-propagating semidiurnal tides between model and observations
bear some likeness. The strongest similarity is evident in SW2, especially with an amplitude peak around
early Fall in coincidence with strong eastward lower-thermospheric winds. Contrasting zonal wind behav-
ior during other seasons may contribute to different tidal behaviors.

3.2. Westward-Propagating Semidiurnal Tides during SSWs

We now compare the composite behaviors of SW1, SW2, and SW3 for 9 SSW events in SD-WACCM-X
(between 2000 and 2014) with the corresponding composite for 13 SSW events in SuperDARN (between
1995 and 2016) reported in Hibbins et al. (2019). For robustness, we chose to build composites using the
maximum number of available SSW events within the model and observation records, rather than to com-
pare the exact same events. The SSW onset dates are taken from Limpasuvan et al. (2016) for persistent SSW
events (defined at 1 hPa) with an elevated stratopause. Before compositing, each SSW event is aligned with
respect to its onset date (defined to be day 0) during which the polar cap zonal mean zonal wind reversal
occurred at 1 hPa. The composite smooths and weakens the amplitude but is used here to reveal the robust
response to SSW. In the model, all SSW events are weighted equally. However, hourly radar winds during
each event in SuperDARN are weighted by a measure of data standard deviation as further explained in
Hibbins et al. (2019).
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Figure 4. Amplitude anomaly composites during SSWs plotted across onset (day 0) for SW1, SW2, and SW3 for
SuperDARN (left column) and SD-WACCM-X (right column). For SuperDARN, the gray region denotes the standard
error of the weighted mean. For SD-WACCM-X, the gray region denotes the standard error of event-to-event variability.
The SuperDARN composite is based on 13 SSW events between 1995 and 2016. The SD-WACCM-X composite is based
on 9 SSW events between 2000 and 2014. The filled circles in the right column indicate where the t-test statistical
significance level is above 95%.

Figure 4 illustrates the time evolution of the composite meridional wind amplitude anomalies for SW1,
SW2, and SW3, starting from 7 days before SSW onset (day 0) to 28 days thereafter. Here, we define the
amplitude anomaly as the departure from the 30-days smoothed climatological values which, between De-
cember and March when SSWs typically occur, are between 5 and 13 m s™* (see Figure 1 bold lines). Each
tidal component is separated by rows and colored as in Figure 1. The 13 individual time evolutions of the
meridional wind amplitude anomalies can be seen in Hibbins et al. (2019) as their Figure 7.

The observed results indicate a strong positive anomaly in unison for all components between days 10-15
after SSW onset, with SW2 peaking on day 13. The model results at the SuperDARN altitude show a
very small positive response in SW1 and SW3 and a weak enhancement in SW2 around the same period.
A near-doubling of the SW2 amplitude about two weeks after the SSW onset in SuperDARN is consistent
with the case study of the 2012-2013 SSW in Orsolini et al. (2017) and with other studies (Conte et al., 2019;
Pedatella et al., 2016, 2012; Sassi et al., 2013; Siddiqui et al., 2019). The SW2 amplitude becomes anomalous-
ly low after day 17, then enhances again after day 24 in the observations. The simulated SW2 anomaly is also
negative after day 15 but becomes positive before day 20.

Prior to the initial amplification, the observed SW2 amplitude shows a negative anomaly (maximum at
day 5) that is, absent in the model. An amplitude decrease in SW2 early in the SSW development has been
reported previously by Chau et al. (2015), Conte et al. (2019), Pedatella et al. (2012), Sassi et al. (2013), and
Wang et al. (2011).

4. Semidiurnal Tides and Semidiurnal-tide-like Wave in SD-WACCM-X
4.1. Climatological Semidiurnal Tides and Semidiurnal-tide-like Wave

Figure 5a illustrates the SW1, SW2, and SW3 climatology in SD-WACCM-X like Figure 1b but for the
narrower band filter (see Section 2.3). For clarity, only the 30-days running mean values are shown. We see
that the refined SW2 annual climatology (solid black line) remains nearly the same as the broader band
results in Figure 1b. However, the refined SW1 amplitude (solid green line) and SW3 amplitude (solid red

ZHANG ET AL.
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Figure 5. Climatological evolution of SW1, SW2, SW3, semidiurnal-tide-like wave signatures (SW1 and SW3), and migrating semidiurnal lunar tide (M2) in
SD-WACCM-X averaged between 51°N and 66°N for the altitude averaged band of (a) 91 and 97 km and (b) 115 and 125 km. Detailed variations of non SW2
signals are shown in panel (c) and (d). All lines represent the 30-days running mean.

line) are smaller by 1-2 m s™". Further highlighted in Figure 5c, SW1 still dominates over SW3 throughout
the year, peaking between late Fall through Winter (consistent with Figure 1b). Also shown are the §yand

SW3 climatologies in dashed green and red lines, respectively. These semidiurnal-tide-like wave amplitudes

are even smaller than the pure non-migrating semidiurnal tides but tend to maximize around Winter. The
right column of Figure 5 repeats panels (a) and (c) but for the 115-125 km altitude range. The climatological
wave amplitudes are all stronger at this higher altitude. The refined SW2 now exhibits a summertime peak
slightly earlier than at lower altitude, and a secondary peak is more evident in mid-January. The annual
variation of SW3 at these levels (Figure 5d) is more comparable to SW1, and the peaks of SW1and SW3 tend
to occur around January. As explored below, this higher altitude range captures the much stronger response
of semidiurnal tides and semidiurnal-tide-like wave in the model during SSWs.

Analogous to Figures 4b, 4d, 4f, Figures 6a, 6¢, and 6e capture the composite responses of the refined SW1,
SW2, and SW3 (solid lines) during SSWs averaged between 91 and 97 km. In Figure 6a, the anomalous
reduction in SW1 occurs over an extended time period after SSW onset, which is not evident in Figure 4b.
For the refined SW2, the enhancement around day 10 is not as pronounced as in Figure 4d. The dimin-
ished response is perhaps expected for the narrower filter band compared to the broader band used in the
previous section. The latter would include, in addition to SW2, possible small wavenumber-2 perturbations
with periods near 12 h that are model-generated manifestations (such as M2, discussed in Section 4.5) and
are theoretically possible (e.g., Forbes et al., 2012). These perturbations could potentially interfere to yield
a slightly larger broad-band response and at a slightly different time. The SW3 response is generally small,
as also noted in Figure 4f. Overall, SW1 and SW3 (dashed lines) during SSW are smaller than 0.3 m s™" at
this altitude range. Nonetheless, their respective superposition with SW1 and SW3 may be reflected in the
signatures shown in Figures 4b and 4f.
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Figure 6. Amplitude anomaly composites during SSWs plotted across onset (day 0) for SW1 and SW1 (a) & (b), SW2 and M2 (c) & (d), and SW3 and SW3 (e)
& (f). The left column shows the altitude averaged band of 91 and 97 km and the right column for 115 and 125 km. The composite is based on 9 SSW events
between 2000 and 2014. Note in (d) that the y-axis is different from others. The filled (unfilled) circles indicate where the t-test statistical significance level is
above 95% for SW1, SW2, and SW3 (SW1, M2 and SW3).

Between 115 and 125 km (Figures 6b, 6d and 6f), we see stronger responses to SSW. This is especially so in
SW2 between day 5-15 (note the new ordinate range in Figure 6d). The responses of SW1 and SW3 tend to
enhance after day 10. Prior to day 10, at this altitude the modeled SW1 and SW3 anomalies can in fact be
larger than those in SW1 and SW3, as discussed in He and Chau (2019). We also note an anomalous decline
prior to onset for SW2 and even up to day 5 for SW1 and SW3.

4.2. Global SW2 Behavior during SSWs

Figure 7 shows the composite latitude-altitude structure of SW2 meridional wind amplitude (top row) and
the amplitude anomaly (middle row). The response to SSW onset is illustrated by 10-days averages from
day —11 to —1 and from day 5-15 with respect to SSW onset (left and right column, respectively). Days
5-15 are used to capture the strong SW2 growth seen in Figures 6d. The stippled areas indicate where the
anomalies are statistically significant at the 95% level. In general, the SW2 amplitude at each altitude tends
to minimize over the equatorial region. At each latitude, the amplitude grows rapidly with altitude. The
overall structure is dominated by two extrema in the mid-latitudes of both hemispheres above 100 km. To
accentuate the weaker amplitude below 100 km, contours (every 1 m s™*) are shown as dashed lines. The
summertime thermospheric amplitude peak is about 10 km higher than the wintertime peak and roughly
twice as large. Below 100 km, the wintertime amplitude tends to be larger than the summertime counter-
part. After SSW onset (comparing Figure 7a with Figure 7b), the mid-latitude thermospheric SW2 maxima
grow by more than 30% in each hemisphere.

With the climatology removed prior to compositing, we see significant anomalous SW2 response to SSW
(Figures 7c and 7d). Before SSW, the anomalous structure is confined to mainly above 90 km with weaker
than normal amplitudes over the equatorial region near the mesopause that extend toward higher latitudes
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Figure 7. Top row (a), (b) shows the altitude-latitude composite structure of the migrating semidiurnal tide (SW2) meridional wind amplitude during the 10-
days averaged period before (left) and after (right) SSW onset. Solid contours are provided every 5 m s™' and dashed contours every 1 m s~ to accentuate smaller
values. Middle row (c), (d) shows the corresponding plots for SW2 meridional wind amplitude anomaly. Bottom row (e), (f) shows the corresponding plots for
M2 meridional wind amplitude anomaly. The anomaly is defined as a departure from the climatological mean. Red contours show the positive anomaly and
blue contours show the negative anomaly, contoured at 0.5, 1, 2, 4, 8, 12 m s Stippling shows where the t-test statistical significance level is above 95%. The
green dot locates the approximate region of the SuperDARN observations.

while ascending in altitude. The significant negative anomaly is typically less than 3 m s™". After SSW, the
anomalous SW2 amplitude becomes overwhelmingly positive, particularly in the winter hemisphere above
90 km, and consistent with the amplitude enhancement noted in Figure 6d. Peak amplitude anomalies
appear near 40°N and around 125 km. The weak decrease in SW2 from low-to mid-latitudes above 100 km
prior to onset becomes confined around the equatorial region after the SSW onset. The altitude sampled
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by the SuperDARN radars (green circles) lies between height ranges where the model SW2 amplitude has
increased or decreased SW2 (Figures 7d), which could explain the weak modeled increase after SSW onset
in Figures 4d and 6c.

Figure 8a shows the latitude-time evolution of the anomalous SW2 amplitude in the model, averaged over
91-97 km. Between 51°N and 66°N where the SuperDARN stations are located, we see a consistent evo-
lution in Figure 8a that explains the two maxima in Figure 6c. The positive anomalies persist more than
one month with peak amplitude around day 30. The stronger SW2 enhancement after SSW onset in the
Northern Hemisphere actually appears at lower latitudes. Significant low-latitude negative anomalies (al-
beit weak) are also evident before SSW onset, consistent with Figure 6a.

The latitude-time evolution of anomalous SW2 amplitude averaged between 115 and 125 km is illustrat-
ed in Figure 9a. Consistent with Figures 6b and 6a large positive enhancement occurs in the mid-to high
winter latitude after SSW onset, peaking around day 15 and lasting thereafter for nearly 3 weeks. The win-
tertime enhancement occurs after the strong positive SW2 anomaly in the Southern Hemisphere (peaking
around day 3). This strong summer SW2 anomaly appears to be modulated by an equatorward propagating
oscillation of about 20 days from the Northern Hemisphere. Prior to SSW onset, the anomalies are nega-
tive in the Northern Hemisphere and are statistically significant over some instances. The development
of the global SW2 structure in SD-WACCM-X is consistent with the case studies of the 2009 SSW by Sassi
et al. (2013) using an older version of SD-WACCM-X and Jin et al. (2012) using the Ground-to-topside mod-
el of Atmosphere and Ionosphere for Aeronomy (GAIA) model, and with the SSW composite of Pedatella
et al. (2012) using WACCM.

We examine the changes in SW2 wave activity flux (WAF) before and after SSW onset in Figures 10a and
10b, respectively. The WAF vector is normalized in length but colored to show its magnitude. In general,
SW2 wave activity emanates from below 100 km in the Northern Hemisphere tropical region, indicative of
tropical ozone heating in the stratosphere as a source for SW2. The wave activity then diverges meridionally
toward the mid-latitude region of both hemispheres between 100 and 125 km. In the Southern Hemisphere,
the wave activity amplifies with extended upward propagation to 175 km. In the Northern Hemisphere,
vertical wave propagation is limited to around 125 km, a similar finding was shown in the WACCM-based
results of Pedatella et al. (2012).

Over the displayed altitude range, in addition to dissipation by wave breaking, molecular diffusion can
become effective at damping wave growth. Correspondingly, mid-latitude Eliassen-Palm (EP) flux conver-
gence (and associated westward momentum forcing contoured with dashed lines) is evident in the Southern
Hemisphere above 100 km and in the Northern Hemisphere above 125 km. Overall, the uneven upward
penetration of wave activity in this altitude range appears consistent with the SW2 amplitude structure
(see Figure 7, top row). The prevalence of SW2 wave propagation from the tropics into the Southern Hem-
isphere between 110 and 125 km also accounts for the earlier occurrence of anomalous SW2 amplitude in
the Southern Hemisphere shown in Figure 9a.

The SW2 response to SSW is quite dramatic in Figure 10b. Equatorial vertical upwelling of WAF appears
stronger in the upper mesosphere, as evidenced by the appearance of red/orange vectors and EP flux vectors
emanating from a slightly lower altitude (~75 km). Enhanced energy propagation into each hemisphere
also occurs, giving rise to strong EP flux convergence in the winter lower thermosphere. Around 30°N
and 112 km, westward SW2 tidal forcing after SSW is nearly twice the magnitude before SSW. However,
below 130 km, SW2 westward forcing does not penetrate into the winter polar region. Interestingly, the
EP flux patterns consistently show strong flux divergence over the polar region, as also found in Pedatella
et al. (2016).

The changes in QSPW1 WAF due to SSW onset are shown in Figures 10c and 10d. We verified that the
total QSPW (zonal wavenumbers 1-5) is dominated by QSPW1. QSPW1 activity emanates from the win-
ter lower stratosphere and is refracted equatorward with EP flux convergence near the midlatitude strat-
opause. The WAF then continues to propagate upward and equatorward, converging in the middle meso-
sphere. The presence of wintertime QSPW1 in the MLT has been readily observed in satellite observations
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Figure 8. Latitude-time distribution of the composite meridional wind amplitude (line contours) and its anomaly (filled contours), averaged between 91 and
97 km, for (a) SW2, (b) M2, (c) QSPW1, (d) WPW1, (e) SW1, (f) SW3, (g) SW1, and (h) SW3. The time is shown with respect to SSW onset (day 0, green line).
Stippling indicates where the t-test statistical significance level is above 95%.
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Figure 9. Same as Figure 8, except averaged between 115 and 125 km.

(e.g., Smith, 1997), SuperDARN observations (e.g., Stray et al., 2015a, 2015b), and model simulations (e.g.,
Smith, 2003), particularly in association with SSW (e.g., Limpasuvan et al., 2016). These waves may be
associated with the longitudinally varying gravity wave drag due to the underlying planetary-scale wind
variation (Smith, 2003).
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Figure 10. Top row (a), (b) shows the altitude-latitude composite structure of the Eliassen-Palm (EP) flux (vectors) and its divergence (contours) during the
10-days averaged period before (left) and after (right) SSW onset. Solid contours show eastward acceleration and dashed westward acceleration, contoured
every 2 ms' day™". Middle row (c), (d) and bottom row (e), (f) shows the corresponding plots for QSPW1 and WPW1 with flux divergence contoured every 5
and 2 m s~ day ', respectively. All vectors are normalized and their colors show their magnitude. The green dot locates the approximate region of SuperDARN

observations.
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Figure 11. Top row (a), (b) shows the altitude-latitude composite structure of the zonal-mean temperature anomaly during the 10-days averaged period before
(left) and after (right) SSW onset. Red contours show positive anomaly, contoured every 5 (k) Blue contours show negative anomaly, contoured every 2 (k)
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in black.

Before SSW onset, the QSPW1 westward forcing is strong near the stratopause with a magnitude in excess of
15 m s~ day . In response to QSPW1 driving, the (residual) mean meridional circulation after SSW onset
intensifies with enhanced upwelling (and adiabatic cooling) over the equatorial region and increased down-
welling (adiabatic heating) over the stratospheric winter pole. As confirmed in Figure 11b, the enhanced
anomalous tropical cooling (gray regions) and polar warming (red contours) are evident in the zonal-mean
temperature anomaly structure after SSW onset between 20 and 60 km. This simulated global temperature
response captures the features reported in the observational study of the 2013 SSW by De Wit et al. (2015).
We expect the significant tropical cooling to lead to a net increased production of equatorial stratospheric
ozone (e.g., Limpasuvan et al., 2016). This consequently can result in an increase in solar heating that
excites SW2, as suggested in Goncharenko et al. (2012). This excitation is consistent with the enhanced
SW2 WAF illustrated in Figure 10b, and the positive SW2 amplitude anomaly in Figure 7d after SSW on-
set. Dedicated WACCM simulations of the 2009 SSW both with and without interactive ozone by Siddiqui
et al. (2019) confirm the key role played by such an ozone increase in amplifying the tides by 10%-60%,
albeit the temporal development of the tide in their simulations seemed to be set by the mean flow changes.

The polar stratospheric warming (indicated in Figure 11b) should weaken the eastward zonal-mean strato-
spheric polar jet (in Figure 11c), leading eventually to polar stratospheric wind reversal shown in Figure 11d
in the Northern Hemisphere. The global zonal-mean zonal wind structure below 100 km consequently
becomes more symmetric about the Equator, compared to the structure before SSW onset. As first noted
by Jin et al. (2012), the reduction in the background wind asymmetry could give rise to the global response
of SW2, as highlighted in Figure 7d. Theoretically, SW2 corresponds to the symmetric Hough mode (2,2)
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(Forbes, 1995), which can become enhanced in the winter hemisphere as the background wind becomes
more symmetric (Conte et al., 2019).

4.3. Global Behaviors of SW1 and SW3 during SSWs

The top two rows of Figures 12 and 13 display the composite global SW1 and SW3 amplitude structures
and their anomalies in response to SSW. Compared to SW2 (top two rows of Figure 7), these non-migrat-
ing semidiurnal tides are generally much weaker. Their total amplitudes tend to be larger in the South-
ern Hemisphere. Although our results here are for meridional wind, the overall dominance of SW3 over
SW1 in the Northern Hemisphere is consistent with studies based on satellite tidal temperatures (Forbes
et al., 2008; Pancheva & Mukhtarov, 2012). Before SSW, the SW1 and SW3 amplitude anomalies are positive
in the Southern Hemisphere unlike SW2 anomalies (compare Figures 12¢ and 13c with Figure 7c). In the
Northern Hemisphere, the amplitude anomalies are smaller, especially for SW3. After SSW, significant SW1
amplitude reduction occurs around 60°N and below 100 km, like SW2 in Figure 7d.

The latitude-time evolution of SW1 averaged between 91 and 97 km during SSW generally reveals stronger
anomalies globally than SW3 (Figures 8e and 8f). The evolution of the anomalous SW1 and SW3 amplitudes
is more robust and larger between 115 and 125 km (Figures 9e and 9f). At these higher levels, the amplitude
enhancement of these non-migrating components occurs around SSW onset (day 0) near the equatorial
region and at the middle to high Southern latitudes, just a few days before the SW2 growth in the Southern
Hemisphere (Figure 9a). After day 5, the summer SW1 amplitude anomaly becomes negative. For the 2009
SSW event based on WACCM simulations with interactive ozone chemistry, Siddiqui et al. (2019) also noted
that SW1 and SW3 can attain higher amplitudes in the summer mid-latitudes along with the strong develop-
ment of SW2. In the Northern Hemisphere, the non-migrating semidiurnal tidal responses are more mod-
est. Nonetheless, between 30°N and 70°N, the SW3 anomaly peaks around day 0, followed by the growth of
SW1 around day 10. The illustrated middle to high latitude winter SW1 and SW3 amplification after SSW
onset is consistent with the meridional cross-sections shown in Figures 12d and 13d.

Before SSW onset, the panels in the top two rows of Figures 10 indicate that QSPW1 activity can overlap
with SW2. Correspondingly in Figures 8c and 9c, we see anomalously strong QSPW1 amplitudes in the mid-
dle to high winter altitudes prior to SSW onset (starting around day —20). The significant QSPW1 positive
anomaly persists to around day 0 and is collocated, by then, with regions of strong SW2 positive anomaly
seen in Figures 8a and 9a. The possible interaction between SW2 and QSPW1 during this spatiotemporal
overlapping may qualitatively account for the bursts in SW1 and SW3 positive anomaly between 30°N and
60°N noted in Figures 8e, 8f, 9¢, and 9f. Pedatella and Liu (2013) showed that the development of QSPWs
was key in eliciting a SW1 response, maximizing in the summer hemisphere mid-latitudes, prior to SSW
onset. However, the detailed timing of the SW2-QSPW1 interactions is not obvious and changes in the tidal
waveguide may also play a role, as well as model biases, in explaining the discrepancies with observations.
In their 2009 SSW case study, Pedatella et al. (2014) noted discrepancies among different models in the de-
tailed day-to-day evolution of the SW1 response. The resultant response of SW1 and SW3 may also appear
in other part of the globe (as suggested by Figures 12d and 13d).

We note that significant anomalous tidal response can occur leading up to SSW onset. Negative SW2 anom-
alies before SSW onset are evident mainly in the lower summer latitude band (e.g., Figures 7c and 9a).
Such diminished SW2 response may be due to pre-existing background conditions that impact SW2 prop-
agation and eventually facilitate SSW occurrence. The background winds are set up by drags exerted by
gravity waves and various planetary waves such as those noted in Figures 10c, 10e for QSPW1 and WPW1.
Furthermore, positive anomalies are evident in SW1 and SW3 before SSW onset in the summer hemisphere
(e.g., Figures 9e, 9f, 12c, and 13c). The possible interaction between diminished SW2 and QSPW1 before
SSW onset may account for the positive bursts of SW1 and SW3 in the summer hemisphere.

4.4. Global Behaviors of SW1 and SW3 during SSWs

The interactions between SW2 and WPW1 may account for the presence of SW1 and SW3. Figures 10e

and 10f show WPW1 EP flux emanating from the winter middle stratosphere. Upon reaching the MLT,
WPW1 WAF can overlap with SW2 (c.f., top row of Figure 10) even well after SSW onset. The latitude-time
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Figure 12. Top row (a), (b) shows the altitude-latitude composite structure of SW1 meridional wind amplitude during the 10-days averaged period before (left)
and after (right) SSW onset. Solid contours are provided every 2 m s™* and dashed contours every 1 m s~ to accentuate smaller values. Middle row (c), (d) shows
the corresponding plots for SW1 meridional wind amplitude anomaly. Bottom row (e), (f) shows the SW1 meridional wind amplitude anomaly. The anomaly is
defined as a departure from the climatological mean. Red contours show positive anomaly and blue the negative anomaly, contoured at 0.5, 1,2, and 4 m s ™.
Stippling shows where the -test statistical significance level is above 95%. The green dot locates the approximate region of the SuperDARN observations.

evolution of WPW1 amplitude anomalies in Figures 8d and 9d demonstrates that WPW1 becomes signifi-
cantly positive poleward of 30°N around SSW onset and over a deep vertical layer. This enhancement slight-
ly precedes the SW2 growth in the winter hemisphere (Figures 8a and 9a).

The SW1 and SW3 amplitude anomalies in the 10-days averaged meridional cross-sections are generally
positive above 100 km (bottom rows of Figures 12 and 13). These anomalies become enhanced after SSW
in the winter hemisphere. Although the amplitude anomalies are small (typically < 1 m s~* throughout the
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Figure 13. Same as Figure 12, except for SW3 and SW3.

MLT region), they are comparable to the modeled SW1 and SW3 anomalies. However, these small SW1 and
SW3 enhancements may easily be attributed to SW1 and SW3 anomalies for short data series with inade-
quate spectral resolution to distinguish them, as suggested by He and Chau (2019).

4.5. Global M2 Behaviors during SSWs

As mentioned in the Introduction, SSWs may elicit changes in M2, the migrating semidiurnal lunar tide.
Dominant above 105 km, the M2 tide observed in SABER temperature tends to maximize in July and again
in December between 10°N and 30°N (Forbes et al., 2013). In WACCM-X, the direct mechanism for M2
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generation is absent without adding lunar tide forcing (e.g., Pedatella et al., 2012). Nonetheless, M2 sig-
natures may still arise from the MERRA2 nudging below the stratopause, as done in SD-WACCM-X. To
capture M2, we filter the SD-WACCM-X data for westward propopating signal between 12.29 and 12.63 h.
Figure 5 shows the climatological M2 evolution (dashed black lines) averaged between 51°N and 66°N that
also maximizes during similar months and becomes stronger with altitude (compare Figures 5c and 5d).
Figure 7f illustrates a strong and significant global M2 enhancement in both hemispheres during SSWs. The
composite M2 structure bears likeness to the WACCM-X results of Pedatella et al. (2012) but with weaker
(stronger) amplitude in the winter (summer) hemisphere. Above 115 km, the dual-hemispheric positive M2
anomaly appears shortly after SSW onset and persists for over 20 days (Figure 9b). Although much smaller
than SW2, the M2 response in the Northern Hemisphere exceeds that of SW1, SW3, SW1, and SW3.

4.6. Eastward-Propagating Semidiurnal Tides during SSWs

While not central to the thesis of this paper, we also examined the presence of eastward-propagating semidi-
urnal tides (i.e., SE) in the model to motivate future exploration. The SE climatology within the 40°N-40°S
has been investigated using SABER data by Truskowski et al. (2014), who showed that they can occasion-
ally attain similar amplitudes to the westward-propagating non-migrating tides, for example, in the South-
ern Hemisphere subtropics in summer. Depending of their wavenumbers, SEs can propagate upward from
the underlying forcing regions but can also be generated in situ by non-linear interactions. In theory, the
non-linear interactions between SE2 and QSPW1 may lead to the production of SE1 and SE3. However, they
have not been discussed extensively in numerical simulations in the context of SSWs. An exception is Sassi
et al. (2013) who showed the occurrences of SE1, SE2, and SE3 in temperature during January and February
2009 in a case study of the 2009 SSW using the previous version of WACCM-X. These authors found that the
SE2 amplitude had a peak at northern mid-latitudes in that period.

Figure 14 shows the composite evolution of SE1, SE2, and SE3 for the 115-125 km altitude range. Analo-
gous to the extraction of westward-propagating tides, the time series for zonal wavenumbers 1 and 3 were
band-pass filtered to obtain eastward-propagating signatures with periods between 11.8 and 12.2 h to cap-
ture SEs. The SE anomalies are smaller than their westward-propagating counterparts in Figure 9. Sig-
nificant negative SE2 response occurs after SSW onset in the 0°-30°N band and overlaps with significant
negative QSPW1 seen in Figure 9c. The interactions between SE2 and QSPW1 may qualitatively account for
the positive equatorial SE3 anomaly after SSW onset in Figure 14c.

5. Summary and Discussions

The aim of this study is to better understand the behaviors of westward-propagating semidiurnal tides in the
MLT in response to SSWs. We first note the differences in the annual climatology of these tidal signatures
between model and observations, which are probably due to discrepancies in the climatological background
zonal wind in the altitude range of 80 and 100 km. The wind bias in the model can impact the amplitude
and propagation of migrating tides and other slow-traveling PWs, and, thereby, the wave-wave interactions
that may generate the non-migrating tidal components. Nevertheless, the broad characteristics of the SW2
climatology (except in winter) is well replicated in the model, with an amplitude that overwhelms SW1 and
SW3 most of the year. During SSWs, the observed SW2 amplitude in the winter midlatitude declines just
after the SSW onset and then enhances at 10 days later. The observed enhancement of SW1 and SW3 occurs
at the same time. The corresponding simulated SW2 amplifies after SSW onset and peaks nearly the same
time as the observations. The modeled SW1 and SW3 responses to SSWs are much weaker than observa-
tions. We acknowledge that we did not sample the model at observed locations to get a direct one-to-one
comparison with SuperDARN.

The analyses of the long time series from the model allow us to use a higher spectral resolution to extract
a smaller period range (albeit at the expense of the temporal resolution) for SW1, SW2, and SW3 to better
isolate them from other semidiurnal-tide-like waves (i.e., SW1 and SW3). While the climatology of the
refined SW2 remains similar to observations, the SW2 response is more attenuated shortly after the SSW
onset around the observed altitude range compared with using the broad filtering band (Figures 4d and
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6¢). However, a much stronger SW2 response to SSW in the model occurs above the observed altitude, with
diminished amplitude before and enhancement after SSW onset in both hemispheres. The simulated SW2
enhancement likely arises from two influences, both induced by the circulation changes to SSW. The first
influence is the increased tidal forcing due to the anomalous ozone heating in the stratosphere as a result of
strong equatorial upwelling. The second is the decreased asymmetry of the background zonal-mean zonal
wind as the winter polar vortex breaks down. In general, SW1 and SW3 tend to anomalously amplify just
before SSW onset but mainly in the Southern Hemisphere. The model also suggests some overlap between
SW2 and westward PWs of 10-20-day period that may result in SW1 and SW3 through non-linear interac-
tions. These semidiurnal-tide-like waves amplify weakly (but on par with SW1 and SW3) after SSW onset
in the Northern Hemisphere. As noted by He and Chau (2019), these semidiurnal-tide-like waves may con-
tribute to observed changes in SW1 and SW3, if the analyzed data series is too short.

The generally favorable comparison between model and observations perhaps points to the improvement of
this WACCM-X version, especially its new divergence damping scheme that reduces numerical damping on
tides and its upgrades to improve tidal representation along with the relevant physics above the homopause.
The simulated tides and the background circulation are still dependent on model parameters to address
unresolved phenomena (e.g., diffusion, gravity waves). The model results may also be affected by persisting,
unsolved model biases like the climatological background zonal wind in Figures 2 and 3. However, the
background zonal wind biases in the model appear to be considerably less during SSW events. As suggested
in Figure 11c, the predominantly westward zonal-mean zonal winds between 90 and 100 km at polar lati-
tudes reverse to eastward in the two weeks following the onset. The daily peak value of 25 m s™* (not shown)
is in good agreement with the composite wind (based on 4 of the same SSW events) from specular meteor
radar observations at Andenes (69,3°N) in Conte et al. (2019; see their Figure 2a).

While we did not process SuperDARN for eastward-propagating semidiurnal tides (i.e., SE), future investiga-
tions of eastward-propagating semidiurnal tides (SE) and their response to SSWs could be worthwhile as sug-
gested by the model results. Furthermore, despite lacking the direct mechanism for M2 generation, SD-WAC-
CM-X exhibit M2 response to SSWs potentially through nudging toward observations below the stratopause.

Data Availability Statement

The CESM2.0 SD-WACCM-X hourly data was accessed through Earth System Grid (https://www.earthsys-
temgrid.org), called CESM run f. e20. FXSD.f19_19.001 data. The Fitacf-level data containing the fitted
backscatter returns for each beam and each range gate from each SuperDARN radar are available from
http://vt.superdarn.org.
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