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Abstract This study analyzes a simulation of the Arctic winter 2016-2017 with focus on multi-step vertical
coupling (MSVC) by primary, secondary, and higher-order gravity waves (GWs). We employ the HIgh Altitude
Mechanistic general Circulation Model with nudging of the large scales to MERRA-2 reanalysis. Simulation
results confirm the well-known effects from primary GWs in the winter middle atmosphere regarding strong
westward GW drag and a warm winter polar stratopause during the strong-vortex period in late December 2016,
as well as weak eastward GW drag and mesospheric cooling during the sudden stratospheric warming (SSW)
in late January and early February 2017. Since the amplitudes of the primary GWs that dissipate in the middle
atmosphere are weaker for a reversed or weakened polar vortex, the theory for secondary GW generation
predicts reduced MSVC in this case. This is confirmed by strongly reduced secondary and higher-order GW
amplitudes during the SSW and the weak-vortex period in February. The wintertime higher-order GWs show
partial concentric ring structures above their sources in the lower thermosphere. We find that mostly those
higher-order GWs propagate to higher altitudes that have horizontal propagation directions against the tidal
winds. The simulated GWs at 300 km height and observed perturbations of total electron content over Europe
and North America during selected days of low geomagnetic activity show very good agreement regarding (a)
the wave characteristics and (b) the reduction of amplitudes during the SSW and early February as compared to
late December.

Plain Language Summary We analyze the Arctic winter 20162017 using a whole atmosphere
model with resolved gravity waves (GWs) and nudging of the large scales to MERRA-2 reanalysis. Model
results confirm the well-known effects from primary GWs in the winter middle atmosphere regarding strong
westward GW drag and a warm winter polar stratopause during the strong-vortex period in late December
2016, as well as weak eastward GW drag and mesospheric cooling during the sudden stratospheric warming
(SSW), which started in late January 2017 and was followed by a weak vortex in February. Since secondary
and higher-order GWs are the predominant GWs in the winter mesopause region and thermosphere, the vertical
coupling from the lower to the upper atmosphere by GWs is termed multi-step vertical coupling (MSVC).

We find that MSVC is strongly reduced during and after the SSW. The simulated GWs at 300 km height

and observed total electron content (TEC) perturbations over Europe and North America during days of low
geomagnetic activity show very good agreement regarding the wave characteristics. Furthermore, we find a
clear reduction in the TEC perturbation amplitudes during and after the SSW. This agreement between model
and observations strongly suggests that quiet-time TEC perturbations in the winter thermosphere are caused by
GWs from MSVC.

1. Introduction

Major sudden stratospheric warming (SSW) events occur typically in three out of four winter seasons in the
Northern Hemisphere (NH) (Butler et al., 2017). They are characterized by a temporary increase of stratospheric
temperatures by up to 50 K or more at high latitudes. This phenomenon was first observed about 70 years ago
over Berlin (Scherhag, 1952) and remained unexplained for about 20 years. Matsuno (1971) invoked quasi-linear
dynamics of quasi-geostrophic flow and assumed a stationary planetary Rossby wave with zonal wavenumber
2 forced at the tropopause. With these idealizations, Matsuno successfully simulated an SSW for the first time
in a three-dimensional numerical model (see also Andrews et al., 1987, Ch. 6). The applicability of Matsuno's
model to the real atmosphere was, however, limited because (a) a superposition of several zonal wavenumbers
was neglected, but is now known to be important, particularly during the preconditioning of the polar vortex
(e.g., Mclntyre, 1982), (b) the anomalous residual circulation associated with the SSW was not superposed on
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the climatological mean residual circulation, resulting in a zonal-mean momentum budget that did not capture
important features of realistic events (e.g., Dunkerton et al., 1981), and (¢) Matsuno's model could not simulate
the restoration of the polar vortex after the event since his model had no radiative forcing. It is furthermore worth
noting that quasi-geostrophic theory is generally limited since non-balanced ageostrophic motions (including
gravity waves [GWs]) and nonlinear advection by the residual circulation are neglected, but play a significant role
also during an SSW event. Beside these limitations, the necessary tropospheric forcing and resulting stratospheric
dynamics of an SSW can well be understood on the basis of Matsuno's model.

The dynamics of the mesosphere during an SSW is usually characterized by significant cooling, as was first
reported by Labitzke (1972). Holton (1983) explained this mesospheric cooling by taking the momentum depo-
sition from upward propagating GWs into account. More specifically, he used a simplified general circulation
model (GCM) and showed that the climatological westward GW drag in the winter mesosphere is strongly reduced
or even reversed during an SSW, leading to an anomalous equatorward residual flow in the mesosphere at middle
latitudes that is balanced by an anomalous residual upwelling over the polar cap, thereby causing the mesospheric
cooling. Details of this process were extensively studied since then using more comprehensive models (e.g.,
Dunkerton & Butchart, 1984; Siskind et al., 2005; 2010; Tomikawa et al., 2021; Ziilicke et al., 2018).

The variability of momentum deposition by GWs is also crucial when a major SSW is followed by a strong
recovery of the polar vortex, which is often accompanied by an elevated winter polar stratopause (ES). The
phenomenon of an ES was first reported by Manney et al. (2008, 2009) and Randall et al. (2009), and was later
simulated using GCMs with parameterized GWs (e.g., Chandran et al., 2013; Funke et al., 2017; Limpasuvan
et al., 2012; McLandress et al., 2013; Siskind et al., 2010) and resolved GWs (Tomikawa et al., 2021; Ziilicke &
Becker, 2013). It can be understood by noting that a strong vortex allows westward propagating GW's of tropo-
spheric origin to propagate into the upper mesosphere before they become dynamically unstable and dissipate.
The resulting westward GW drag shortly after the SSW is then located at altitudes higher than usual. As a result,
the new winter polar stratopause shortly after the SSW is elevated as well. During this phase, the elevated west-
ward GW drag is not fully balanced by the residual circulation such that the mesospheric part of the polar vortex
weakens. This causes the westward propagating GWs to dissipate at somewhat lower altitudes, causing the strato-
pause to shift to lower altitudes as well. This downward progression ceases when a quasi equilibrium between the
wave driving and the residual circulation is reached, which is typically the case when the winter polar stratopause
is again at its climatological altitude. A summary of our current understanding of SSW events, including effects
in the troposphere and the mesosphere, can be found in the recent review paper by Baldwin et al. (2021).

A model study of a major SSW by Liu and Roble (2002) using the TIME GCM with parameterized GWs showed
that the mesospheric cooling can reach as high as the winter mesopause region. This vertical extent of the meso-
spheric cooling was later confirmed by Cho et al. (2004) based on temperature measurements using airglow. Liu
and Roble (2002) also found an anomalous warming of the lower thermosphere and anomalous eastward zonal
winds in the mesopause region during the SSW. An explanation of the simulated thermospheric warming was
that the anomalous eastward winds around the winter mesopause provided favorable propagation conditions for
westward propagating GWs. Such GWs could propagate to these altitudes in the TIME GCM because they were
not entirely filtered by the stratospheric wind reversal, which in turn was presumably because the launch level
for the parameterized GWs in the TIME GCM was in the mid stratosphere at 10 hPa (about 30 km height). The
dissipation of the westward GWs in the lower thermosphere during the SSW then resulted in enhanced down-
welling and increased temperatures over the winter pole. Given the specific setup of the GW parameterization
in the TIME GCM as used by Liu and Roble (2002), it is not clear whether the winter polar lower thermosphere
exhibits anomalously high temperatures during a major SSW event or not.

Also observational studies do not give a clear picture of the large-scale thermal effects in the thermosphere during
SSW events. For example, alternating regions of warming in the lower thermosphere and cooling above ~150 km
at a middle latitude location (42.6°N) were reported by Goncharenko and Zhang (2008). A moderate 20—50 K
warming was reported in EISCAT lower thermospheric ion temperatures (Kurihara et al., 2010), and lower
thermospheric warming was also seen in satellite data from the Michelson Interferometer for Passive Atmos-
pheric Sounding (Funke et al., 2010). In the upper thermosphere, an SSW-associated cooling of ~100—150 K
at high latitudes was identified in ground-based observations (Conde & Nicolls, 2010), while slight temperature
reductions were seen in heavily averaged satellite observations reported by Yamazaki et al. (2015). Other upper
atmospheric effects during SSW events have been studied by, for example, Fuller-Rowell et al. (2010, 2011) and
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Goncharenko et al. (2010) who focused on thermal tides and zonal-mean fields in the thermosphere and on the
ionosphere at low latitudes, respectively. A recent overview about upper atmospheric effects during SSW events
can be found in Goncharenko et al. (2021).

Specific information about the response of GWs in the thermosphere during SSW events can be deduced from
observations of Traveling Ionospheric Disturbances (TIDs). For example, Frissell et al. (2016) and Nayak and
Yigit (2019) found that the wintertime TID activity in the NH is correlated to the strength of the polar vortex,
thereby suggesting a weakening of thermospheric GW activity during SSW events. Owing to recent modeling
studies (Becker & Vadas, 2020; Vadas & Becker, 2019) and analysis of satellite observations in the thermo-
sphere (Vadas et al., 2019), it is very likely that GWs in the winter thermosphere are often not primary GWs of
tropospheric origin, but are rather secondary and higher-order GWs that result from multi-step vertical coupling
(hereafter: MSVC). MSVC can be understood based on the theory described in Vadas et al. (2003, 2018), but may
be more complicated for more realistic flows (Fritts et al., 2020). In simple terms (see also Vadas & Becker, 2019,
their Figure 21), MSVC means that the spatially localized and intermittent momentum deposition by a GW packet
(hereafter: body force) leads to an imbalance of the ambient flow. This imbalance results in the generation of
new GWs that propagate into various directions, except perpendicular to the direction of the body force. For
example, when secondary GWs are generated in the winter mesosphere from the momentum deposition of west-
ward propagating primary GWs, these secondary GWs will have predominant westward and eastward intrinsic
propagation directions. The eastward propagating secondary waves have favorable conditions to propagate into
the mesopause region because of the westward vertical zonal wind shear associated with the polar vortex in the
mesosphere. When these secondary GWs break in the winter mesopause region, they exert an eastward drag.
According to Becker and Vadas (2018), this effect can explain the observed predominant eastward wind direction
in the wintertime mesopause region at middle to high latitudes during medium-to-strong polar vortex periods, as
is found in observations (de Wit et al., 2017; Hindley et al., 2022; Hoffmann et al., 2010; Smith, 2012; Stober,
Janches, et al., 2021). In turn, the dissipation of secondary GWs leads to the generation of tertiary GW's that can
propagate well into the thermosphere (Vadas & Becker, 2019). These wintertime thermospheric GWs generally
have much larger horizontal phase speeds and vertical wavelengths than what is typically observed in the lower
and middle atmosphere. The model study by Becker and Vadas (2020) showed that wintertime higher-order GWs
caused by MSVC can explain the observed southward propagation of TIDs during local noon and afternoon (e.g.,
Crowley & Rodrigues, 2012), as well as the observed thermospheric GW hot spot over the Southern Andes/
Antarctic Peninsula during southern hemispheric winter (Park et al., 2014; Trinh et al., 2018; Xu et al., 2021).

The effects from secondary and higher-order GWs are excluded in conventional whole atmosphere models with
parameterized GWs. Also the new generation of transient GW schemes that are currently being developed rely
on the specification of launch level parameters at a certain altitude and exclude higher-order GWs (e.g., Boloni
et al., 2021). According to current wisdom, the simulation of MSVC requires the explicit simulation of GWs.
The HIgh Altitude Multi-scale general Circulation Model (HIAMCM) explicitly resolves GWs from the surface
up to about 450 km height. MSVC in the winter hemisphere is simulated by the HTAMCM because GW-mean
flow interactions resulting in new GWs are consistently induced by a macro-turbulent vertical and horizontal
diffusion scheme (Becker, 2009; Becker & Vadas, 2020). This scheme includes molecular viscosity for both
vertical and horizontal diffusion. More recently, Becker et al. (2022) developed nudging to MERRA-2 reanalysis
for the HTAMCM. This nudging is performed in spectral space and restricted to the large scales. In the present
study we employ the nudged HIAMCM to simulate MSVC and the resulting GWs in the winter thermosphere
during an SSW event. We chose the NH winter 2016-2017 with an SSW from about 25 January to 6 February
2017 because there was generally low geomagnetic activity during this winter, thereby allowing us to associate
observed perturbations in total electron content (TEC) with thermospheric GWs “from below.” The only excep-
tion is for the period from 31 January to 7 February 2017, when increase in geomagnetic activity could lead to
ionospheric perturbations of auroral origin in addition to the GWs from below.

In Sections 2 and 3, we briefly describe the HTAMCM, as well as our analysis of observed TEC perturbations
over Europe and over North America. Section 4 presents zonal-mean results from the HTAMCM simulation for
the winter 2016-2017. In Sections 5 and 6, we present and discuss our main results regarding the simulated GWs
in the thermosphere and the related TEC perturbations. Our summary and concluding remarks are presented in
Section 7.
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2. Model Description

The HIAMCM is based on standard spectral dynamical core with a terrain-following hybrid vertical coordinate
(Simmons & Burridge, 1981). It is currently run at a spectral resolution of T256 (triangular spectral truncation at
a total horizontal wavenumber of 256), which corresponds to a horizontal grid-spacing of ~52 km and a shortest
resolved horizontal wavelength of 4, ~ 156 km. Becker et al. (2022) showed that the effective horizontal resolu-
tion of the HTAMCM corresponds to 4, ~ 200 km. The vertical level spacing is ~600—650 m between the bound-
ary layer and 3 x 1073 hPa (z ~ 130 km), and increases with altitude above that level, reaching ~10 km above
~300 km. Using 280 full layers, the model top is at 4 X 10~ hPa, corresponding to z ~ 450 km for temperatures
of T ~ 950 K above ~250 km. These temperatures correspond to moderate solar maximum conditions, which is
applied in the present study.

The dynamical core of the HIAMCM is equipped with a correction for non-hydrostatic dynamics (Becker &
Vadas, 2020, Appendix B), which is important in the thermosphere where many of the resolved GWs have high
intrinsic frequencies. Furthermore, the dynamical core includes a thermodynamically consistent extension of the
equation of state and the sensible heat equation into the thermosphere. This is achieved by specifying the gas
constant as a function of the pressure and the heat capacity at constant pressure as a function of the temperature
(Becker & Vadas, 2020, their Appendix D).

The HIAMCM includes explicit computations of radiative transfer and water vapor transport, parameteri-
zations of large-scale condensation and moist convection, as well as the full surface energy budget, includ-
ing full topography and a slab ocean. Macro-turbulent vertical and horizontal diffusion is represented by the
Smagorinsky scheme, with both diffusion coefficients depending on the Richardson number, R, giving rise to
strong wave damping in the troposphere for R, < 0, and in the mid stratosphere and farther above for R; < 0.25
(Becker, 2009). This three-dimensional diffusion scheme accommodates molecular viscosity. Indeed, molecular
viscosity becomes the predominant vertical diffusion coefficient above z ~ 150 km in models. In the HIAMCM,
molecular viscosity furthermore becomes the predominant horizonal diffusion coefficient above z ~ 200 km. As
a result, molecular viscosity turns out to be the major dissipation mechanism for GWs in the upper thermosphere
(Pitteway & Hines, 1963; Vadas, 2007). Note that in the HTAMCM, this effect of molecular viscosity is strongly
due to the horizontal diffusion of momentum and sensible heat. To the best of our knowledge, the HTAMCM
is the first GCM that consistently includes molecular viscosity and heat conduction in the horizontal diffusion
scheme (Becker & Vadas, 2020, their Section 2 and Appendix A).

To simulate the neutral-ion coupling that leads to damping of the large-scale winds in the thermosphere, the
simple ion drag scheme based on the parameters given in Hong and Lindzen (1976) has been extended by adding
a diurnal cycle of the ion density (Becker & Vadas, 2020, their Appendix E). This parameterized ion drag is the
major dissipation mechanism in the thermosphere for the in situ generated diurnal tide. For the purpose of the
present study, another ion drag parameterization has been added that drives the auroral circulation in the polar
regions (e.g., Forbes, 2007). This new parameterization is described in Appendix A of this paper.

Nudging to MERRA-2 reanalysis in the troposphere and stratosphere was recently developed for the HTAMCM
by Becker et al. (2022). This nudging is performed in spectral space and is restricted to the planetary-scale and
synoptic-scale flow. As a result, the explicit simulation of GWs is preserved since GWs are not directly affected
by the nudging.

The HIAMCM employs radiation and moist convection schemes that are simplified compared to comprehensive
methods used in community models. Furthermore, the model does not include a chemistry module, and ion drag
is the only ionospheric process that is accounted for. To distinguish these idealizations from methods employed
in comprehensive community models, the HHAMCM is called a “mechanistic model.”

We take advantage of the spectral formulation when analyzing model data with respect to resolved GWs and
the large-scale flow. Throughout this study, we associate dynamical fields that are spectrally truncated at a total
wavenumber of n = 30 as the large-scale flow. This corresponds to horizontal scales having 4, > 1,350 km.
Accordingly, GW perturbations are defined by the difference between spectral truncation at n = 256 (the resolu-
tion wavenumber of the model) and n = 30, that is, by having 156 km < 4, < 1,350 km.
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3. Analysis of TEC Perturbations

Direct observations of Traveling Atmospheric Disturbances (TADs) are relatively rare, although satellite observa-
tions in the upper thermosphere revealed average seasonal and solar cycle characteristics of thermospheric GWs
(Bruinsma & Forbes, 2008; Garcia et al., 2016; Park et al., 2014). As ionospheric observations are much more
common, the bulk of observational information comes from observations of TIDs. Statistical studies conclude
that TID characteristics are consistent with properties of GWs (England et al., 2021; Negrea et al., 2016); there-
fore, TIDs are frequently used as a proxy for TADs.

In this study, we use observations of TIDs determined from GNSS TEC data that are provided by the CEDAR
Madrigal database. More specifically, we utilize differential TEC (dTEC), which is based on 100-200 million
individual line-of-sight TEC measurements per day. Differential TEC values were computed by removing the
background TEC using a Savitsky-Golay filter with a 30-min running window. This analysis was applied to all
data segments of line-of-sight measurements between individual GNSS satellites and individual ground-based
GNSS receivers. The resulting dTEC data product has been used successfully to study both large-scale and
medium-scale TIDs related to geospace phenomena like geomagnetic storms and solar eclipses, and to tropo-
spheric convection (Coster et al., 2017; Jonah et al., 2018; Zhang et al., 2017, 2019). Our analysis excludes the
period from 31 January to 7 February 2017, when TEC perturbations could be potentially driven by auroral
sources due to the episodic increases in geomagnetic activity to the levels of minor geomagnetic storms (Kp = 3+
to Kp = 5).

4. Zonal-Mean Results for the Northern Winter 2016-2017

The nudged HTAMCM was integrated from 1 December 2016 to 28 February 2017. Figure 1 shows time series
from 11 December 2016 to 21 February 2017 of the temperature averaged over the polar cap (from 70 to 90°N)
and of the zonal wind averaged over the latitude band from 50 to 70°N. We can infer a period in early winter
(e.g., around 27 December) when the polar vortex was quite strong. The vortex then weakened during January
and the SSW started in late January. Such a seasonal evolution of the NH polar vortex is quite typical (Harvey
et al., 2019). For the particular season investigated here, the stratospheric wind reversal was strongest in the
lower mesosphere around 31 January, and the polar vortex started to recover around 6 February. Furthermore, the
mean zonal wind did not reverse at the 10 hPa level during the SSW 2017; therefore this SSW was not classified
as a major event. Also note that this SSW was not followed by an elevated stratopause because there was only a
weak recovery of the polar vortex. The nudged HTAMCM simulates all these features, including the mesospheric
cooling during the SSW.

Figure 2 shows the time series of the wave driving in terms of the Eliassen-Palm Flux (EPF) divergence, here
averaged from 50 to 70°N. First we computed this quantity from the complete model data. Then we truncated
the model data in spectral space at a total wavenumber of n = 30 and recalculated the EPF divergence, yielding
the wave driving that is mainly due to planetary waves (PWs) which is shown in Figure 2a. This PW EPF diver-
gence includes contributions from quasi-stationary Rossby waves forced in the troposphere, from synoptic-scale
Rossby waves in the troposphere, from traveling PWs in the mesosphere and lower thermosphere (MLT), from
thermal tides, and even from large-scale inertia GWs. The total EPF divergence with truncation at n = 256
minus the PW EPF divergence with truncation at n = 30 is the wave driving associated with the resolved GWs
(hereafter: GW EPF divergence or GW drag). The latter is shown in the lower panel of Figure 2. As expected, the
GW drag in the winter mesosphere is westward before the SSW. This GW drag is strongest when the polar vortex
is strongest, which is the case in late December. Such a correlation between the polar vortex and the primary GW
drag is well understood and is part of the interhemispheric coupling mechanisms (e.g., Karlsson & Becker, 2016;
Karlsson et al., 2009).

The seasonal evolution of the polar vortex in the northern winter hemisphere (strong in December and weaker
in January) is caused by the fact that quasi-stationary Rossby waves forced in the troposphere are still weak in
early winter because of the inertia of the surface temperature differences between the ocean and land masses, but
are increasingly forced as the winter season advances. As a result of the strong polar vortex in early winter, the
strong westward GW drag induces a warm winter polar stratopause and a strong westward vertical wind shear in
the mesosphere. According to the study of McLandress et al. (2006), this corresponds to a large-scale barotropic/
baroclinic instability that leads to the development of eastward traveling PWs in the mesosphere. The eastward
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Figure 1. Time series from 11 December 2016 to 21 February 2017 of (a) the simulated temperature averaged over the polar cap (from 70 to 90°N) and (b) the
simulated zonal wind averaged over the latitude band from 50 to 70°N. The vertical coordinate is the hybrid-vertical coordinate of the model times 1,013 hPa.
Approximate geometric heights are given on the right-hand side of each panel.

PW EPF divergence around 0.1 to 0.01 hPa (60-80 km) prior to about 11 January in Figure 2a likely results from
these traveling PWs.

A significant westward PW EPF divergence develops in the stratosphere on 5-11 January and again on 23-31
January. This westward PW EPF divergence is due to quasi-stationary planetary Rossby waves forced in the
troposphere. The second burst of this PW EPF divergence culminates in the SSW. The associated changes of the
zonal wind (Figure 1b) modifies the predominant propagation direction of the primary GWs. This direction is
westward in the lower mesosphere during the winter up until the SSW. During the wind reversal, eastward prop-
agating primary GWs have favorable propagation conditions in the upper stratosphere and mesosphere, such that
the primary GW drag becomes eastward. When a weak polar vortex is reestablished in February, the primary GW
drag in the mesosphere is again westward.

Figure 2b shows eastward GW drag in the MLT during the whole winter before the SSW. As discussed in earlier
studies (Becker & Vadas, 2018, 2020), this eastward GW drag is due mainly to secondary GWs. In our current
simulation, the eastward GW drag prior to the SSW extends up to about 1 X 107> hPa (z ~ 140 km). A weak
eastward GW drag in the lower thermosphere is also visible during the SSW and after the SSW. The eastward
GW drag at higher altitudes in the thermosphere prior to the SSW and the stripe of eastward PW EPF divergence
around 1 x 10~ hPa throughout the winter will be discussed farther below. Note that the PW EPF divergence in
the thermosphere above about 200 km is westward. This is mainly a result of the ion-drag-induced dissipation of
tides (Becker, 2017).
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Figure 2. Same as Figure 1, but for the planetary wave Eliassen-Palm Flux (EPF) divergence (panel (a), 4, > 1,350 km) and the gravity wave EPF divergence (panel
(b), 4, < 1,350 km). See also text for definitions.

Figures 3 and 4 show the zonal-mean circulation and the corresponding wave driving of the residual circulation
during a period when the polar vortex was strong, averaged from 20 to 31 December 2016 (Figures 3a, 3c, 4a,
and 4c¢), and during the wind reversal associated with the SSW, averaged from 25 January to 5 February 2017
(Figures 3b, 3d, 4b, and 4d). The upper row in Figure 3 shows the zonal-mean temperatures (colors) and the
residual mass streamfunctions (contours); the lower row shows the corresponding zonal-mean zonal winds. From
Figures 3a and 3b we can infer the warming of the northern polar stratosphere and the corresponding cooling of
the mesosphere aloft during the SSW as compared to the situation in late December. Furthermore, the differences
of the residual mass streamfunction in the winter middle atmosphere during the two periods confirm that the
stratospheric warming and mesospheric cooling over the polar cap are directly caused by an intensification of the
residual circulation in the stratosphere and a reversal in the mesosphere, respectively (note the white contours for
—1073 and —1073 Mt s~ in the polar winter mesosphere in Figure 3b). These changes of the residual circulation
are driven by the changes in the PW and GW EPF divergences, with the former enhancing the stratospheric branch
and the latter reversing the mesospheric branch of the residual circulation. This pattern is simulated here with a
GW-resolving GCM and is generally consistent with current understanding of the dynamics during an SSW.
Note that the steady-state Transformed Eulerian Mean equations apply to a good approximation even during an
SSW. Indeed, the transient changes of the zonal-mean zonal wind are due to the residuum of the acceleration (or
deceleration) from the Coriolis force plus nonlinear advection by the residual circulation and the deceleration (or
acceleration) by the EPF divergence, while the transient temperature changes reflect the residuum of the adia-
batic heating (or cooling) plus nonlinear advection by the residual circulation and radiative cooling (or heating)
(Andrews et al., 1987; Baldwin et al., 2021; Dunkerton et al., 1981; Holton, 1983; MclIntyre, 1982).
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Figure 3. Simulated zonal-mean temperature (upper row, colors) and zonal wind (second row, colors) from 20 to 31 December 2016 (left column) and during 25
January to 5 February 2017 (right column). The black colors in the upper panels show the residual mass streamfunction (plotted for +107%, +107%, +10~*, +103, and
+1072 Mt s~! above 0.3 hPa, and for +0.1, +1, +10, and +100 Mt s~! below 0.1 hPa, 1 Mt = 10° kg). Additional white contours show the residual mass streamfunction
for =10~ Mt s~! in panel (a), and for =10 and =10~ Mt s~! in panel (b). The vertical coordinate is the hybrid-vertical coordinate of the model times 1,013 hPa.

Approximate geometric heights are given on the right-hand side of panels (b and d).
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Figure 4. Same as Figure 3, but for the planetary wave Eliassen-Palm Flux (EPF) divergence (colors, upper row) and the gravity wave EPF divergence (colors, lower
row). The black contours in the upper panels show the zonal-mean zonal ion drag per unit mass (for 100, +£300, +600, and +1,000 m s~ d='). See text for definitions.
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In the present HTAMCM simulation, the mesospheric cooling reaches into the winter polar mesopause region, as
was also found by Liu and Roble (2002). In contrast to this former study, our results neither indicate an anomalous
zonal-mean eastward wind in the MLT nor a notable warming of the lower thermosphere over the polar cap during
the SSW (see Figure 1). The likely reason for these differences is that GW effects in winter mesopause region are
due to resolved secondary and higher-order GWs in the HTAMCM, and are due to parameterized primary GWs
launched at 10 hPa (about 30 km height) in the TIME GCM used by Liu and Roble (2002). A detailed analysis of
the consequences of these different model setups for the simulation of an SSW is beyond the scope of our study.

Figure 3 indicates a warmer summer mesopause during the SSW 2017 than in late December 2016. This is
consistent with a weaker eastward GW EPF divergence that drives the equatorward flow in this regime (Figures 4c
and 4d). This difference could be the result of the advanced seasonal cycle, of interhemispheric coupling during
the SSW (e.g., Becker, 2012; Karlsson et al., 2009), or a combination of both mechanisms. Note that both the PW
and GW EPF divergences in Figure 4 are eastward beneath the summer mesosphere. While this is expected for
the GW scales, there is an apparent discrepancy to the expected westward EPF divergence from traveling PWs
in this region. The reason for the eastward PW EPF divergence beneath the summer mesopause in Figures 4a
and 4b is that large-scale inertia GWs give a significant eastward contribution in this regime, as was also found
by McLandress et al. (2006). Indeed, if we plot only the quasi-geostrophic contribution from the PW EPF diver-
gence, the HTAMCM yields the signature that is typical for the westward propagating PWs in the summer MLT
(see also Becker et al., 2022, their Figure 5).

The HIAMCM exhibits a reversed residual circulation in the summer lower thermosphere centered around
10~* hPa (z ~ 110 km) (Figures 3a and 3b), with the poleward branch of this circulation around 3 X 107> hPa
being driven by westward EPF divergence from both PWs and GWs (Figure 4). While the westward PW EPF
divergence in this regime is due mainly to thermal tides (Becker, 2017), the westward GW drag in the summer
lower thermosphere is presumably due to secondary GWs that are generated in the regime of the eastward primary
GW drag in the mesosphere below. The generation mechanism of such secondary GWs would be analogous to the
aforementioned MSVC in the winter atmosphere. Figures 3a and 3b furthermore show that the reversed residual
circulation in the summer lower thermosphere is more pronounced during the SSW when compared to the strong
vortex period. A closer inspection of the model data showed that this difference is caused by a stronger westward
PW EPF divergence, which in turn is likely caused by stronger thermal tides generated in the lower and middle
atmosphere during this later phase of the season. Note that a reversed residual circulation in the lower thermo-
sphere is also found in other models (e.g., McLandress et al., 2006; Smith et al., 2011), albeit with different
meridional extents in different models.

Figure 4 lends further support to the interpretation given above regarding the changes of the zonal-mean circu-
lation during the SSW 2017. The winter mesospheric GW drag changes from strongly westward in late Decem-
ber to eastward during the wind reversal, causing the mesospheric cooling via a corresponding anomaly of the
winter-mesospheric branch of the residual circulation. The westward and eastward GW drag during these phases
of the winter season is due to primary GWs with mainly tropospheric origin (primary GWs can also be generated
by the polar vortex).

The situation is different at higher altitudes. In the winter upper MLT, the dissipation of secondary GWs gener-
ates an eastward drag before the SSW. When comparing the period from 11 December 2016 to 8 January 2017 to
the period from 9 to 25 January 2017 in Figure 2b, we can conclude that this eastward GW drag is stronger when
the polar vortex is stronger. This is consistent with former model results that showed stronger secondary GWs
in the southern winter MLT than in the northern winter MLT (Avsarkisov et al., 2022; Becker et al., 2020). Vadas
and Becker (2019) argued that MSVC is stronger when the primary GWs propagate to higher altitudes before
they break. Indeed, the primary westward GW drag is stronger in amplitude (and located at higher altitudes) for a
stronger polar vortex (e.g., Karlsson & Becker, 2016, their Figure 2, see also Figure 2b in the present study). Also
note that if the eastward GW drag in the winter mesopause region was due to primary GWs generated in the trop-
osphere with fast enough phase speeds to exceed critical level absorption in the stratosphere, their effect should
be weaker when the polar vortex is stronger. These arguments are consistent with the fact that nudged models
with parameterized GWs show better fidelity in simulating the winter MLT when the polar vortex is perturbed
than when the vortex is stable and strong (Harvey et al., 2022). The reason is that the neglect of secondary GWs
in these models is most significant in the latter case.
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Figures 2b, 4c, and 4d show that the primary westward GW drag in late December is much stronger and located
at a lower altitude than the primary eastward GW drag maximum during the wind reversal around 31 January.
Even though secondary GWs are likely also generated in the regime of the eastward primary GW drag during
the wind reversal, their amplitudes are likely much weaker than those of the secondary GWs in late December
because of the aforementioned dependence on the primary GW amplitudes. This reasoning is confirmed when we
compare the GW drag (GW EPF divergence) in the winter lower thermosphere for the two time periods. While
there is a pronounced maximum of the secondary eastward GW drag from about 3 X 10~* to 3 x 107 hPa (about
100-170 km) in Figure 4c (strong vortex), there is only some weak eastward and westward GW drag in this region
in Figure 4d (SSW).

The reduced wave driving by secondary GWs in the winter lower thermosphere during the SSW translates to
higher altitudes. The GW EPF divergence in Figure 4c (strong polar vortex) is strongly eastward above 107¢ hPa
(z ~ 200 km) at middle to high latitudes, but is much weaker in Figure 4d (during the SSW). As argued in Vadas
and Becker (2019), Becker and Vadas (2020), and Becker et al. (2022), GW effects at these altitudes in the winter
thermosphere are due mainly to higher-order GWs. Hence, reduced MSVC is the likely reason for the weakening
of thermospheric GW effects during and after the SSW. For the present model setup, we find a strong eastward
GW drag in the winter thermosphere during a strong polar vortex instead of a westward drag as was found in
Becker et al. (2022). This difference is caused by the auroral circulation that is now included in the HTAMCM, as
will be discussed in more detail in Section 5.

Another difference in the current model version when compared to the former HTAMCM results is found in the
lower thermosphere over the polar caps. Here, the current model generates a pronounced eastward PW EPF diver-
gence. This feature is absent when the auroral circulation is not accounted for (see Becker et al. (2022, Figures
5a and 5b) or Becker and Vadas (2020, Figure 2a)). We calculated the EPF divergence from the diurnal tide and
found mainly the same eastward EPF divergence above about 3 X 1075 hPa (z ~ 140 km) at high latitudes during
strong vortex and SSW periods as in Figures 4a and 4b (not shown). Hence, we verified that the eastward PW
EPF divergence in the polar thermosphere is due to the diurnal tide. The reason for this effect is that the auroral
circulation corresponds to a strong forcing of horizontally rotational flow of the migrating diurnal tide in the polar
regions. This is analogous to the EPF divergence of Rossby waves in the troposphere (Edmon et al., 1980). More
specifically, Rossby waves are generated at middle to high latitudes in the lower troposphere, and this region is
characterized by a significant eastward EPF divergence (opposite to the intrinsic phase propagation direction).
The westward EPF divergence from Rossby waves due to wave dissipation is then found at higher altitudes, that
is, in the upper troposphere and in the winter stratosphere. We argue that the regions where horizontally rotational
flow of migrating tides is generated must also be characterized by an eastward EPF divergence, while the dissi-
pation of tides gives rise to westward EPF divergence (Becker, 2017).

Summarizing, our zonal-mean results for the winter 2016/2017 from the nudged HTAMCM are largely consistent
with the well-known dynamics in the middle atmosphere during a strong polar vortex and an SSW event. Differ-
ences to former model studies are found regarding the significant roles of secondary and higher-order GWs in the
winter upper mesosphere and thermosphere, because these waves are not simulated in conventional models due to
the limitations of current GW parameterizations (see discussions in Becker & Vadas, 2020; B61oni et al., 2021).
Therefore, our new model results lend confidence to study the difference in the MSVC during late December
2016 (when the polar vortex is strong) and the SSW in 2017 with regard to the resolved GWs in the thermosphere
(Section 5), and to compare the simulated GW perturbations in the winter thermosphere to observed TEC pertur-
bations (Section 6).

5. GW Response in the Thermosphere During the SSW in 2017

Before considering the MSVC during the SSW in late January/early February 2017, we first show the winds and
GW perturbations in late December 2016. We use the same wavenumber decomposition as for the EPF diver-
gence to distinguish between the large-scale flow and GWs (Section 2). Figure 5 shows longitude-height plots
at 60°N of the temperature perturbation (left column) and the large-scale horizontal wind components (right
column, zonal wind by colors, meridional wind by black contours) on 27 December 2016 at 12:00 (upper row)
and 19:30 UT (lower row). Note that 60°N corresponds to the latitude regime where the GW drag in the winter
middle atmosphere is westward (eastward) when the polar vortex is strong (during the SSW).

BECKER ET AL.

11 of 31

a ‘T1 ‘TTOT “T0+6691T

woxy

:sdiy) SUONIPUOY) PUT SWIRL, 9 208 “[7Z0Z/T1/ET] W0 ATeIqrT QUIUO A9TIAL *ATRIQIT [EHOWAJ F10qUID AN UONIEIS JO ANSIOATUN KQ 9980E0VZZOT/6T0T 01/10p w0 KT A:

Koy

25UIYT SUOWIO) AATTAI) 2[qEaTidde o Aq PaWIAOR 212 SIINTE YO 25N JO SANI 10J ATEIqIT QUIUQ Ko[1 A WO (Suony



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics 10.1029/2022JA030866

(a) T'(K), B0°N, 12:00UT, 27DEC2016 (b) U &V (ms™), 60°N, 12:00UT, 27DEC2016

altitude (km)

altitude (km)

60w

| \; !" Vil
I 64 140
i A L) 32
WAl ‘ 16 100
| “ ‘ 8
| 4 60
2 20
0
-2 0
—4 -20
-9
—-16 —-60
—32 100
—64
60E 120E 180 180 120W 60W 0 60E 120E 180

(d) U&V(ms™), 60°N, 19:30UT, 27DEC2016

| Rl G f 64

1Y | |y 32 140
16 100
8
4 60
2 20
0
-2 0
—4 -20
-9
—-16 —60
—32 100

: —64
" 60E 120E 180 120W 60W 0 60E 120E 180
longitude longitude

Figure 5. (a) Longitude-height plot of gravity wave (GW) temperature perturbations at 60°N on 27 December 2016 at 12:00 UT. (b) Large-scale zonal wind (colors)
and meridional wind (black contours for +20, +60, +100, +140, ... m s™'). (¢c) Same as (a), but at 19:30 UT. (d) Same as (b), but at 19:30 UT. See Section 2 for the
definition of GW perturbations and the large-scale flow.

Figure 5a indicates strong primary GWs in the stratosphere and lower mesosphere over northern Europe (from
about 10°W to 20°E). The phase inclination of these GWs is indicative of westward propagation relative to the
mean flow. The flattening of the GW phases in the mesosphere over Europe indicates dynamical instability
and subsequent dissipation induced by turbulent diffusion, leading to GW-mean flow interaction (GW drag and
energy deposition). This process is induced by the Doppler shifting of the westward GWs toward smaller intrin-
sic frequencies (shorter vertical wavelengths) caused by westward vertical wind shear (see colors in Figure 5b).
Similar features as over Europe are seen in other longitude bands in Figure 5a, for example, from about 90 to
110°E and from about 140 to 160°E.

Since the GW-mean flow interactions are intermittent and localized in space, secondary GWs are generated
from the resulting imbalances of the mean flow (e.g., Vadas et al., 2018). Figure 5a suggests that secondary
GWs become the predominant GWs in the winter mid and upper mesosphere (for z ~ 70-100 km). The phase
inclinations of these GWs are indicative of both westward and eastward propagation directions, with eastward
propagation prevailing with increasing altitude because of negative vertical shear of the large-scale zonal wind
(colors in Figure 5b). This is visible in the mesopause region from about 10 to 40°E and from about 90 to 150°E.
When the secondary GW's propagate into the mesopause region and lower thermosphere, they become subject to
strong refraction caused by the variable large-scale vertical wind shears (Figure 5b). These wind shears are due
to the semi-diurnal tide and traveling PWs. The secondary GWs dissipate in this regime, which can be concluded
from Figure 5a since many of the GW phase lines flatten or become more horizontal with increasing height in
the mesopause region and lower thermosphere. Again, the resulting wave-mean flow interactions are intermittent
and localized in space, giving rise to the generation of tertiary GWs. Overall, there are mainly higher-order GWs
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above about 150 km. These waves have very long vertical wavelengths and phase speeds of several 100 m s~!

(Becker & Vadas, 2020; Vadas, 2007; Vadas & Becker, 2019), which is much larger than what is typical in the
lower and middle atmosphere. Their phase inclinations in Figure 5a do not indicate clear westward or eastward
propagation directions, especially not in the longitude sector from about 30°W to 60°E.

When we consider the same snapshots 7.5 hr later (at 19:30 UT, second row in Figure 5), the picture is very
similar to that at 12:00 UT up to about 80 km height. Above ~80 km, however, the large-scale wind patterns
have migrated to the west (compare Figures 5b and 5d). In the thermosphere above ~150 km, these wind patterns
are governed by the in situ-generated diurnal tide. When comparing the colors and contours in the wind plots in
Figures 5b and 5d, we can see that the large-scale wind in the thermosphere is mainly poleward over Europe at
12:00 UT, but has rotated to being mainly eastward at 19.30 UT. Consistent with the notion that medium-scale
GWs at F-region altitudes propagate roughly against the mean winds associated with the diurnal tide, the GWs
with the largest amplitudes at 19:30 UT above ~200 km show a clear westward propagation component from
about 50 to 10°W.

Figures 6a and 6b show NH polar projections of GWs (colors) and the polar vortex (in terms of the geometric
height at pressure surfaces, white contours) on 27 December 2016 at 12:00 UT. From Figure 6a we can infer a
strong stratospheric polar vortex that is centered over Spitsbergen. Furthermore, there is a pronounced GW packet
from the North Sea to Finland, which could have been emitted by the upper tropospheric jet or by the polar vortex.
Additional significant GW activity in the stratosphere in Figure 6a can be seen from the Caspian Sea to northeast-
ern Siberia. The mesosphere (at 0.01 hPa, Figure 6b) shows high variability of the instantaneous height contours
caused by GWs. Furthermore, we can infer from Figure 6b that the GW activity spreads out horizontally from the
stratosphere to the mesosphere. It is likely that secondary GWs give the major contributions to the temperature
perturbations at 0.01 hPa.

Depending on the wind shear associated with the large-scale tidal winds, both eastward and (to a lesser extent)
westward propagating secondary GWs can propagate into the mesopause region where they dissipate, which gives
rise to the generation of higher-order GWs that propagate to higher altitudes into the thermosphere. Figures 6¢
and 6e show the GWs (colors) and large-scale winds (white arrows) at 12:00 and 19:30 UT, respectively. The
altitude in these panels is 150 km height, which is somewhat above the assumed sources of the higher-order
GWs. Since these GWs have not yet been subject to strong directional dissipation induced by the large-scale
tidal winds, we see concentric ring structures which are indicators of GW sources in the lower thermosphere.
Figure 6e shows two such regions: Over the Scandinavia (also visible in Figure 6¢) and over eastern Siberia. The
approximate centers of these concentric ring structures are indicated by two additional black arrows in Figure 6e.
The higher-order GWs from both sources have significant amplitudes also at 250 km. Due to the strong poleward
winds from the diurnal tide over the European sector at 12:00 UT, the equatorward propagating waves are most
prominent in Figure 6d, with some GW activity also propagating eastward over eastern Europe and westward
over the Atlantic. There are hardly any GWs propagating poleward at 250 km over the European sector at 12 UT
because this portion of the concentric ring structure dissipated between 150 and 250 km. At 19:30 UT (Figure 6f),
however, the wind-induced directional dissipation of GWs from the source over the Norwegian Sea favors west-
ward GW propagation over the western North Atlantic and southward propagation over northeastern Canada at
250 km, while the GW amplitudes over Europe have weakened. The situation is different for the concentric ring
structure over Siberia in Figures 6e and 6f. Here, the large-scale tidal winds are weaker and mainly equatorward.
Hence, the effect of wind-induced directional dissipation between 150 and 250 km height weakens those GW
components with equatorward propagation direction. Overall, the second and third row in Figure 6 illustrate the
dramatic dependence of the thermospheric (higher-order) GWs on the diurnal tide.

We now consider the situation during the SSW. Figure 7 shows GW perturbations and large-scale winds analo-
gous to Figure 5, but on 31 January 2017. We pick 31 January because this is the day of maximum wind reversal
in the stratosphere (Figure 1). The wind reversal is indicated in Figures 7b and 7d by the predominantly westward
flow in the upper stratosphere and lower mesosphere. Figures 7a and 7c show westward and eastward propagating
primary GWs in the stratosphere. The phase inclinations of these GWs in the mesosphere indicate predomi-
nantly eastward propagation, as is expected due to the predominantly westward direction of the large-scale zonal
wind. The GWs in the stratosphere and mesosphere during the wind reversal have much weaker amplitudes than
during the strong vortex period (compare Figure 7a to Figure 5a, also note that we use the same color bars and
contours in Figures 5 and 7). These predominantly eastward propagating primary GWs dissipate in the upper
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SNAPSHOTS ON 27 DECEMBER 2016
(a) T'(K) & z(km), 3 hPa, 12:00 UT

(e) T'/T (%) & (U,V) (ms™), 150 km, 19:30 UT  (f) T'/T (%) & (U,V) (ms™), 250 km, 19:30 UT

N

Figure 6. (a) North polar plot of gravity wave (GW) temperature perturbations (colors) and geometric height (white contours, interval 1 km) at 1 hPa on 27 December
2016 (12:00 UT). (b) Same as (a) but at 0.01 hPa using a different color scale. (c) Northpolar plot of relative temperature GW perturbations (colors) and the large-scale
horizontal wind (white arrows, arrow scale in m s~! given between panels (c) and (d)) at 150 km height on 27 December 2016 (12:00 UT). (d) Same as (c) but at

250 km height. (e, f) Same as (c, d), but at 19:30 UT on 27 December 2016. The Greenwich meridian is oriented toward the bottom in each panel and the equatorward
edge is 25°N. The approximate centers of two concentric ring structures are indicated by additional black arrows in panel (e).
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(a) T'(K), B0°N, 12:00UT, 31JAN2017  (b) U &V (ms™), 60°N, 12:00UT,
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Figure 7. Same as Figure 5, but on 31 January 2017.

mesosphere due to eastward vertical wind shear, giving rise to the eastward primary GW drag during the wind
reversal (Figures 2b and 4d). Since this process is intermittent and localized in space, broad spectra of secondary
GWs are generated, which propagate to higher altitudes. The phase inclinations of these secondary GWs indicate
eastward and westward propagation directions in the mesopause region and lower thermosphere, giving rise to
very weak zonal GW drag in the zonal mean when these secondary GWs dissipate in the lower thermosphere
(see Figure 4d). Like on 27 December, higher-order GWs are generated in the lower thermosphere. Only those
higher-order GWs with large intrinsic horizontal phase speeds (large vertical wavelengths) can propagate to high
altitudes in the thermosphere (Vadas, 2007).

As a particular feature of higher-order GW generation visible in Figure 7a, we mention a pronounced source
at about 100 km height and 50-30°W. The GW phases that emerge from this region show eastward (westward)
propagation somewhat farther to the east (west). At 12:00 UT, these GWs dissipate at about 120-130 km height.
Figure 7b shows that this dissipation is induced by the tidal winds at this time, showing eastward (westward)
vertical wind shear to the east (west) from this GW source. At 19:30 UT, however, the tidal winds have advanced
to the west (Figure 7d) such that westward propagating GWs from the aforementioned GW source can propagate
to higher altitudes in the thermosphere. This is suggested by the large GW amplitudes in Figure 7c from about
100 to 30°W. In the longitude sector around 60°W, these GW's should also have a strong southward component,
as is suggested by the poleward wind (contours in Figure 7d).

Figure 8 shows GW perturbations and large-scale winds on 31 January 2017 analogous to Figure 6, using the
same color bars, contour intervals, and arrow scale. Figure 8a reveals a small and displaced polar vortex centered
over the North Atlantic between Scotland and Iceland. A large-amplitude inertia GW packet is visible from
the Baltic Sea to northern Greenland. This packet is presumably generated in the stratosphere by the weak and
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SNAPSHOTS ON 31 JANUARY 2017
(b) T'(K) & z(km), 0.01 hPa, 12:00 UT
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(e) T'/T (%) & (U,V) (ms™), 150 km, 19:30 UT  (f) T'/T (%) & (U,V) (ms™), 250 km, 19:30 UT
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Figure 8. Same as Figure 7, but on 31 January 2017.
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21DEC—-30DEC2016, 107’hPa (~300 km):
GW kin. energy (m?s7?) & (U,V) (ms™) & GW mom. flux (m?s™2)

—>
250

Figure 9. Average daily cycle of gravity wave (GW) effects in the thermosphere during the strong vortex period from 21
to 30 December 2016 at 10~7 hPa (z ~ 300 km). Colors show the average GW kinetic energy per unit mass at (a) 00:00, (b)
06:00, (c) 18:00, and (d) 12:00 UT. The black arrows show the average large-scale horizontal wind during these universal
times, while the white arrows show the corresponding vertical flux of horizontal momentum due to GWs. The arrow scale
(between panels (c) and (d)) is the same for the black and white arrows, but refers to the respective units, that is m s~' or
m? s72, The Greenwich meridian is oriented toward the bottom in each panel and the equatorward edge is 35°N.

displaced polar vortex. Compared to the strong vortex case in Figure 6, the GWs in Figure 8 have much weaker
amplitudes at all altitudes. This is particularly the case for the southward propagating GWs over Europe at 250 km
and 12:00 UT (Figure 8d). The imprint of the GW source in the MLT at about 60°N and 40°W that we deduced
from Figure 7c is not visible at 150 and 250 km and 12:00 UT in Figures 8c and 8d, but is clearly visible 7.5 hr
later in Figures 8e and 8f, as is expected from our discussion of Figure 7c. Figures 8e and 8f also show partial
concentric ring structures from northeastern Canada to Greenland. This indicates that these GWs are indeed
generated by localized and intermittent body forces (e.g., Vadas et al., 2018), and are subject to wind-induced
directional dissipation above their sources. Figures 8e and 8f further suggest there are several GW sources in
this region. The overall picture at 19:30 UT and 250 km (Figure 8f) is characterized by westward to southward
propagating GWs from Greenland to the northeastern United States and Canada.

In the remainder of this section, we further quantify the daily cycle of GW effects in the thermosphere during the
strong vortex period and the SSW. For this purpose, we post-processed the model data from 21 to 30 December
2016, and we then computed the averages from 23:30 to 00:30, 05:30 to 06:30, 11:30 to 12:30, and 17:30 to 18:30
UT, taking all 10 days into account and taking advantage of the 10 min cadence of the model output. Figure 9
illustrates the resulting average daily cycle in the thermosphere at 10~7 hPa (z ~ 300 km) for the strong-vortex
period at 00:00, 06:00, 12:00, and 18:00 UT. Colors show the GW Kkinetic energy per unit mass. The black arrows
show the large-scale horizontal wind, while the white arrow show the vertical flux of horizontal momentum due
to GWs (hereafter: momentum flux). The arrow scale is inserted at the bottom between Figurs 9¢ and 9d, and is
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the same for the black and white arrows in the respective units. The black arrows confirm the daily cycle of the
large-scale horizontal wind in the thermosphere that is due to the diurnal tide, with cross-polar flow from the
dayside to the nightside, which facilitates equatorward propagation of higher-order GWs during local noon and
afternoon (Becker & Vadas, 2020; Crowley & Rodrigues, 2012). This GW propagation direction against the tidal
flow is evident also from the average picture of Figure 9, because the momentum flux vectors (white arrows) are
roughly opposite to the large-scale wind (black arrows).

The results shown in Figure 9 go beyond our previous estimates by revealing a significant daily cycle of the GW
amplitudes in the winter thermosphere. Indeed, on average, the GW amplitudes at middle latitudes in the winter
thermosphere around 300 km are strongest when the tidal flow is strongest, which is the case roughly around local
time noon and afternoon when the tidal flow has a strong poleward component and the GW momentum flux is
roughly equatorward. Furthermore, the GW amplitude maximum extends northwestward, that is, to polar latitudes
when the local time is in the morning hours. In this region the tidal wind has a strong westward component such
that the GWs in this regime exhibit a strong eastward momentum flux. This effect is induced in the HTAMCM
by the auroral circulation that is forced by the simple ion drag parameterization over the polar caps as mentioned
in Section 2 and described in Appendix A. More specifically, the additional ion drag forces a strong horizontally
rotational flow across the pole, and this flow is shifted somewhat into the dawn sector (Forbes, 2007). As a result,
there is a strong westward flow poleward of about 70°N at dawn. It is because of this westward flow that the GW
drag shows a significant eastward component in the thermosphere in the zonal mean (Figure 4c).

Note that there is a strong cancellation of the GW momentum flux and drag contributions from different longi-
tudes in the zonal and temporal mean because of the variations of GW propagation and dissipation induced by the
tidal winds. Given this highly dynamical picture, a zonal-mean zonal GW drag obscures most of the information
about the actual GW-mean flow interactions. Indeed, GW-mean flow interaction in the winter thermosphere is
mainly due to GW-tidal interaction. The crucial role of the tides in controlling GW instability and mean flow
effects is also well known for the MLT (e.g., Becker, 2017; Becker & Vadas, 2018; Heale et al., 2022; Liu
et al., 2014; Ortland & Alexander, 2006; Senf & Achatz, 2011). It is beyond the scope of this paper to explore the
GW-tidal interactions in the thermosphere in greater detail.

Figure 10 shows the average daily cycle during the SSW (from 26 January to 4 February 2017). Consistent
with the above discussion when comparing snapshots on 27 December and 31 January, the GW amplitudes
and momentum fluxes are much weaker at all longitudes at middle and polar latitudes when compared to the
strong-vortex period (Figure 9). Nevertheless, the general behavior found for the strong-vortex period is also
reflected in Figure 10. A specific feature during the strong-vortex period is that the equatorward propagating
GWs over the European sector from about 40 to 60°N during noon and afternoon (Figure 9d) have stronger
amplitudes than the corresponding GWs over North America and the western North Atlantic (Figure 9c¢). This
relative regional difference is reversed during the SSW (Figures 10c and 10d). Also the snapshots in Figures 6d,
6f, 8d, and 8f reflect these opposite relative regional differences during the strong-vortex period and the SSW.

Summarizing, our model results show that the SSW has a substantial weakening effect on the amplitudes of the
higher-order GWs in the thermosphere. In addition, we find regional differences of this effect. Such differences
may depend on how the polar vortex is disrupted and/or displaced during the SSW, that is, different geographical
distributions of the GW weakening effect in the thermosphere may be observed for different vortex geometries
associated with SSW events.

6. Comparison of Simulated GWs and Observed TEC Perturbations

We now inspect keograms of the GWs in the thermosphere and compare these with the TEC perturbations from
ground-based measurements over Europe and over North America as described in Section 3. Figure 11 compares
keograms of simulated relative temperature perturbations at 300 km height over Europe on 27 December 2016
with TEC perturbations (dTEC) from the same day. The time-longitude and time-latitude plots from the model
(upper panels) confirm the change of the propagation directions of the GWs at middle latitudes with local time,
namely from eastward in the morning to southward around noon and early afternoon, and to westward in the
evening. The same behavior is also indicated by the dTEC (lower row in Figure 11). Most importantly, the simu-
lated scales and propagation characteristics of the simulated GWs bear a strong similarity to those of the corre-
sponding dTEC. Note that this comparison is only of qualitative nature in the sense that we cannot predict the
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Figure 10. Same as Figure 9, but for the period of the sudden stratospheric warming from 26 January to 4 February 2017.
Note that the same color and vector scales are used as in Figure 9.

TEC perturbation amplitude from the model in its current configuration. However, since the single-ion approx-
imation is valid at about z > 200 km, the horizontal wavelengths and periods of the TIDs will mirror those of
the underlying GWs (Nicolls et al., 2014; Vadas & Nicolls, 2009). Hence, Figure 11 strongly suggests that the
observed dTEC are dynamically induced from below due to MSVC, leading to higher-order GWs in the ther-
mosphere and corresponding perturbations in the plasma due to advection of the O* ions by the neutral wind
perturbations projected onto the magnetic field lines (Nicolls et al., 2014). Figures 11a, 11b, and 11d include
a few straight white lines to indicate the propagation of the wave phases. For case #1 (local time noon), these
phase lines correspond to a horizontal wavelength of ~700 km and a period of ~45 min, resulting in an equa-
torward horizontal phase speed of ¢, ~ 270 m s~!. The case #2 GW phases in Figure 11b shortly after nightfall
have an approximate southwestward propagation direction and a period of ~60 min. The apparent horizontal
wavelengths in longitudinal and latitudinal directions are about 800 and 900 km, respectively, yielding a true
horizontal wavelength of about 450 km and a phase speed of c,;, ~ 130 m s~. Such values are typically observed
for medium-to-large-scale TIDs, even though the simulated wavelengths are somewhat larger than found by of
Frissell et al. (2016).

Figure 12 shows a comparison analogous to Figure 11, but over North America on 27 December 2016. We
observe qualitatively the same behavior as over Europe, with similar scales and propagation characteristics of the
GWs and dTEC. Also note that the keograms in the upper panels of Figures 11 and 12 indicate somewhat weaker
GW amplitudes over North America than over Europe. This is consistent with our findings from the previous
section (see Figure 9). The lower panels in the two figures suggest that this regional difference is also reflected in
the dTEC, with weaker dTEC over North America than over Europe during the strong-vortex period (except for
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Figure 11. Keograms of simulated gravity waves and observed differential TEC (dTEC) on 27 December 2016 over Europe. Upper row: Relative temperature
perturbations at 300 km height and 50°N from 30°W to 50°E (panel (a)), and at 0°E from 25 to 70°N (panel (b)). Lower row: Same as upper row, but for the dTEC. The
black horizontal lines mark 10°W and 40°E (left), and 35 and 60°N (right). These lines are included to facilitate the comparison of the upper and lower panels. Sunrise
and sunset are indicate by slanted (left) and curved (right) black lines. Some wave phases are indicated by additional white lines (see text for further details).

latitudes south of 35°N where no data are available in Figure 11d). This adds further confidence to our hypothesis
that the observed dTEC are caused by MSVC.

Figures 13 and 14 show keograms analogous to Figures 11 and 12, respectively, but on 30 January 2017, that is,
during the wind reversal in the winter middle atmosphere. We did not pick a later day during the wind reversal
because of the increased geomagnetic activity from 31 January to 6 February in 2017 (when geomagnetic activ-
ity was Kp = 3+ to Kp = 5, see Section 3) in order to compare the model results only with dTEC that are most
likely caused by GWs from below. Consistent with the results from the previous section, we find that the GWs
are much weaker over Europe during the SSW as compared to the strong-vortex period (compare the upper panels
in Figure 13 with those in Figure 11). There is also some weakening over North America (compare the upper
panels in Figures 14 and 12), but the effect is weaker in this region than over Europe. As a result, there is stronger
GW activity over the North America than over Europe during the SSW, which is also consistent with Figure 10.
The keograms computed from the dTEC over North America on 30 January 2017 also show some weakening
during the SSW as compared to 27 December 2016, but the weakening effect in this region appears to be weaker
than the weakening effect over Europe. Note the large-amplitude TID at 16:00-17:00 UT in Figure 14c that is
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Figure 12. Keograms of simulated gravity waves and observed differential TEC (dTEC) perturbations on 27 December 2016 over North America. Upper row: Relative
temperature perturbations at 300 km height at 45°N and from 140 to 60°W (panel (a)), and at 95°W and from 25 to 70°N (panel (b)). Lower row: Same as upper row,
but for the dTEC. The horizontal black lines mark 130°W (left columns) and 50°N (right column) to facilitate the comparison of the upper and lower panels. Sunrise
and sunset are indicated by slanted (left) and curved (right) black lines.

presumably caused by geomagnetic effects. Apart from this TID, the geographical differences between the two
regions regarding the response to the SSW are consistent among the simulated GWs and the dTEC.

When the polar vortex is reestablished in February, we would expect that the GW activity in the thermosphere
and the GW-induced TEC perturbations would go back to the conditions before the SSW. However, we have seen
from Figures 1 and 2 that only a weak polar vortex follows after the SSW 2017 in February 2017, and that the
zonal GW drag in the middle and upper atmosphere during that period is much weaker than during late Decem-
ber 2016 and early January 2017. We therefore expect also weaker GW amplitudes and weaker MSVC, with
corresponding consequences for the dTEC. Figures 15 and 16 show keograms analogous to Figures 11 and 12 (or
Figures 13 and 14), respectively, on 8 February 2017. We picked this day because a new polar vortex is present
and the aforementioned geomagnetic activity period has ceased. The GW propagation (upper panels in Figures 15
and 16) show similar changes during the course of the day to what we have noted for 27 December, namely from
eastward in the morning to southward around noon and in the afternoon, and to westward after nightfall. The
amplitudes, however, are much weaker than on 27 December 2016, as expected. That is, this difference between
early February and late December is most likely a consequence of a weaker polar vortex, giving rise to weaker
primary GW effects in the stratosphere and mesosphere, and therefore to weaker amplitudes of higher-order
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(a) T'/T (7) 300 km, 50°N, 30JAN2017 (b) T'/T (%), 300 km, O°E, 30JAN2017
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Figure 13. Same as Figure 11, but for 30 January 2017.

GWs in the thermosphere. The dTEC on 8 February 2017 (lower panels in Figures 15 and 16) reflect again the
wave characteristics of the simulated GWs. Furthermore, the dTEC amplitudes are weaker than on 27 December
2016, which is consistent with the assumption that these perturbations are largely caused by GWs from below
via MSVC.

7. Summary and Concluding Remarks

MSVC is essential to understand the GW activity in the winter middle and upper atmosphere (Becker &
Vadas, 2018, 2020; Harvey et al., 2022; Vadas & Becker, 2018, 2019; Vadas et al., 2018, 2019). Since no GW
parameterization exists to date that includes MSVC, a GW-resolving whole-atmosphere GCM is required to
simulate this coupling. The HTAMCM is such a model. Note that the resolved GWs in high-resolution models
are not only limited by the numerical resolution, but also by the methods by which subgrid scales and molecular
diffusion are taken into account. This is crucial for the simulated wave-mean flow interactions, and therefore for
the simulated MSVC. The HIAMCM employs advanced methods to represent vertical and horizontal diffusion
from non-resolved turbulence and from molecular viscosity and heat conduction.

We used the nudged HIAMCM to simulate the Arctic winter season 2016-2017, including the SSW in late Janu-
ary/early February, in order to investigate the response of MSVC to the variability of the polar vortex. For the
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Figure 14. Same as Figure 12, but for 30 January 2017.

period when the polar vortex was strong (late December 2016—early January 2017), our simulation confirms the
zonal-mean pattern of the wintertime GW drag noted in earlier studies, namely primary westward GW drag in
the mesosphere and secondary/higher-order eastward GW drag in the mesopause region and lower thermosphere.
In addition, there is eastward higher-order GW drag in the mid and upper thermosphere at high latitudes. During
the SSW, there is primary eastward GW drag in the mesosphere, as is expected from the wind reversal, while
higher-order GWs generate only weak effects at higher altitudes. The overall wintertime GW activity from the
stratosphere to the thermosphere is found to be much weaker during the SSW and during the weak-vortex period
following the SSW than during the strong vortex period.

The weakening of GW activity from the mesopause region on is due to weaker MSVC. This can be explained
as follows: First, it is well known that westward propagating primary GWs break at higher altitudes and impart
stronger drag when the vortex is stronger and less variable (e.g., Karlsson & Becker, 2016). Second, Vadas and
Becker (2019, their Equation 9) showed that the breaking heights of the primary westward propagating GWs
strongly affect the secondary GWs. More specifically, assuming similar intermittency and spatial localization of
the body forces from primary GWs, the secondary GWs have stronger amplitudes when the momentum depo-
sition from the primary waves occurs at higher altitudes. As a consequence, the higher-order GWs generated
from the dissipation of the secondary GWs will have larger amplitudes for a stronger polar vortex. This inter-
pretation is consistent with recent results of Harvey et al. (2022) who argued that the effects from secondary
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Figure 15. Same as Figure 11, but for 8 February 2017.

GWs (which are neglected in models with GW parameterization) are less significant when the polar vortex
is weak and perturbed. It is furthermore consistent with a recent comparison of mean winds in the MLT from
radar observations and community models with parameterized GWs by Stober and Kuchar, et al. (2021), who
found larger model deficiencies in the southern than northern winter MLT. Also the hemispheric difference in
the simulated wintertime secondary GW activity reported by Becker et al. (2020) and Avsarkisov et al. (2022),
with stronger secondary GWs in the southern hemisphere, lends further support to the causality that on average,
a weaker vortex leads to weaker MSVC. In this context, an SSW can be considered as an extreme event of a weak
polar vortex that is even characterized by temporally summer-like conditions with respect to the zonal flow. Even
though eastward propagating primary GWs can propagate into the upper mesosphere during an SSW before they
dissipate, they typically have much lower amplitudes than the corresponding westward propagating GWs during
a strong vortex. Therefore, an SSW is characterized by reduced MSVC similarly to a strongly weakened and
perturbed polar vortex.

A potentially important mechanism for the in situ generation of GWs in the winter stratosphere is spontaneous
emission (e.g., Sato & Yoshiki, 2008; Zhang, 2004). Since this mechanism strongly depends on vertical wind
shear beneath the wind maximum of the polar vortex (Becker et al., 2022), we argue that the response of spon-
taneous emission likely contributes to reduced MSVC during a weak-vortex period or an SSW event. Yasui
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Figure 16. Same as Figure 12, but for 8 February 2017.

et al. (2018) found that the GW generation in the MLT of a GCM is correlated with low Richardson numbers.
In this context we note that the dissipation of GWs that have propagated from below and dissipate in the MLT is
associated with low Richardson number as well (Becker, 2009). We checked but did not show in this paper that
the average Richardson number criterion that is part of the diffusion scheme of the HTAMMCM (see Becker &
Vadas, 2020, Equations A6—AS8) is about three times stronger in the winter MLT during the strong vortex period
than during the SSW period. Hence, reduced MSVC implies larger Richardson numbers in the MLT. Therefore,
even if the mechanism proposed by Yasui et al. (2018) was distinct from MSVC, it would add to reduced GW
activity in the thermosphere during an SSW.

Our study confirms former model results that the wintertime higher-order GWs show partial concentric ring
structures above their sources in the lower thermosphere (e.g., Vadas & Becker, 2019). Only those higher-order
GWs can propagate to higher altitudes for which the propagation direction projected on the mean wind asso-
ciated with the in situ generated diurnal tide is against this wind. This is a consequence of the tidal-induced
directional dissipation of GWs, as argued by Fritts and Vadas (2008). We found that the tidal winds in the mid
and upper thermosphere at middle to high latitudes are strongest during the daytime and have a predominant
poleward direction. As a result, the simulated GWs have the largest amplitudes around local time noon and
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early afternoon and they propagate predominantly equatorward during this time. These GW's propagate mainly
eastward during the morning and westward after nightfall. We presented a 10-day-average of the daily cycle
of the GW activity in the winter thermosphere for the strong vortex period and during the SSW (Figures 9
and 10), which show that the GW activity is, on average, subject to a pronounced GW maximum during noon
and afternoon at middle to high latitudes, and that the strongest momentum flux component associated with
this maximum is equatorward.

In this study, the HIAMCM is extended by a simple parameterization of the ion drag over the polar cap
that forces the auroral circulation. This forcing adds an additional, horizontally rotational component to the
cross-polar tidal flow (e.g., Forbes, 2007). Since this flow is slightly shifted into the dawn sector, it causes
westward flow in the zonal mean at polar latitudes (e.g., Drob et al., 2015). Due to this westward flow during
dawn at polar latitudes, the aforementioned daytime GW maximum extends into the dawn sector at polar
latitudes. The GWs in this region propagate mainly eastward, and their dissipation causes the aforementioned
eastward GW drag in the wintertime middle and upper thermosphere at high latitudes in the zonal mean. The
auroral circulation also has an effect on the EPF divergence of the tides. Since the tidal flow is strongly forced
over the polar caps by the additional ion drag, the EPF divergence is eastward in this region, while the dissi-
pation of the tides at higher altitudes or farther away from the poles gives rise to westward EPF divergence,
as expected.

The main result from this paper is a strong reduction of thermospheric GWs that results from reduced MSVC
during the SSW in January 2017, and also during the weak vortex period thereafter. To validate this model
results, we compared keograms of the simulated GWs at 300 km height over Europe and North America to
perturbations in the observed GNSS TEC during selected days of low geomagnetic activity. We found very good
agreement for the wave characteristics (evolution of the propagation direction during the course of the day, typical
wavelengths and periods), lending support to the notion that the quiet-time TEC perturbations (dTEC) are driven
by GWs from below. In accordance with the model results, we furthermore found a clear reduction in the dTEC
during the SSW as compared to late December. This reduction was still visible in both the simulated GW's and the
dTEC shortly after the SSW when a weak polar vortex was reestablished in early February. All these new results
are consistent with former observational results about a positive correlation between the daytime amplitudes of
TIDs and the strength of the polar vortex (e.g., Frissell et al., 2016; Nayak & Yigit, 2019). Finally, both the simu-
lated GWs and observed TID perturbations showed that the weakening effect in late January and early February
2017 was more efficient over Europe than over North America. Such regional differences may be different for
different SSW events.

The agreement between the simulated GWs in the thermosphere and dTEC, as well as their responses to an
SSW followed by a weak vortex period, suggests that wintertime MSVC is simulated by the HIAMCM with
a very good degree of realism. More specifically, given the limited spatial resolution of the HIAMCM, the
macro-turbulent diffusion scheme is tuned in a way that the resolved primary and higher-order GWs dissipate at
the proper times and locations (higher-order GWs dissipate directly from molecular viscosity in the HTAMCM
only above about 200 km). On the other hand, wintertime primary GWs are often small-scale orographic waves
(Kruse et al., 2022); these waves are not resolved by the HTAMCM. The question remains to what extent winter-
time small-scale primary GWs contribute to MSVC and the resulting higher-order GWs in the thermosphere.
This question can be addressed in the future when comparisons with simulations performed at higher resolutions
become feasible.

Appendix A: Ion Drag Parameterization for the Auroral Circulaton

In the following we describe a simple parameterization of the ion drag in the polar region that forces the
neutral flow in the thermosphere from the dayside to the nightside, also known as the auroral circulation
(Forbes, 2007). This dynamical feature was previously not included in the HTAMCM. The ion drag over the
polar cap is induced by the fact that part of the interstellar magnetic field associated with the solar wind
connects with the geomagnetic field. This causes an electric field that points into the dawn-to-dusk direction
and leads to an E X B drift in the polar ionosphere from the dayside to the nightside, which in turn forces
corresponding neutral winds across the poles by neutral-ion collisions. Unlike the thermally forced tidal
winds that are also across the pole from the dayside to the nightside, the auroral circulation can be described
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to very good approximation by a horizontal streamfunction, that is, by a purely rotational flow in the hori-
zontal plane.

To formulate a simple parameterization of the additional ion drag at polar latitudes, we define a horizontal
streamfunction that corresponds to the auroral circulation as

u/ac(l’ ¢, p, t) = (lI/I (’17 d” t) + WZ(A’ ¢’ t)) X g(P) (Al)

Here, y, and y, specify the horizontal streamfunction contributions from the dawn and dusk sectors, respectively,
and ¢ is a vertical profile. As usual, 4 and ¢ are longitude and latitude, p is pressure, and ¢ is time. We define

2

COS(%”I’,‘(/{,Q&,I)/d,‘) N r,-/d,- <1

vi(4, é,1) = yio (A2)
0, else

ri(A, ¢, 1) = \/ (x(4, ) = x, () + /(4 §) = yi ()Y’ (A3)

x(4,¢) =a.(1 —2¢/x) cos A (A4)

y(4, $) = a. (1 —2¢/x) sin A (A5)

xi(1) = a. (1 = 2¢p /7) cos (A — 2z 1/(1 day)) (A6)

yi(t) = a. (1 = 2¢; /) sin (4 — 2z 1/(1 day)), (A7)

where i = 1, 2 and a, denotes the earth radius. The free parameters are specified as (y,, y,,) = a, X (—48,
64 m s, (4, 4,) = (76°, 270°)E, (¢,, ¢,) = (64°, T6°)N, (d,, d,) = (2, 3) x 10° m. An analogous formulation is
used for the southern hemisphere.

Using h = In(p,,/p) with py, = 1,013 hPa, we write the vertical profile as

0, h(p) > hs
cos (% 7 (h(p) — h3)/(hs — h3)> . he>h(p) > hs
{p) =11, hs > h(p) > h, (A8)
cos (% 7 (h(p) — ha)/(hs — h1)> . ha>h(p)> I
0, hy > h(p)

Here, h; = In(p,,/p,) and the corresponding pressure levels were setto p, =2 x 107, p,=2x 107, p, =1 x 1078,
and p, =2 x 107" hPa.

Figure A1l shows the horizontal streamfunction (colors) used for forcing of the auroral circulation in the NH at
00:00, 06:00, 12:00, and 18:00 UT. The pressure level is 10~ hPa ({ = 1). To indicate the wind speeds associated
with v, the figure includes the 15 and 25 m s~! horizontal wind speed contours. In the HTAMCM we use this
streamfunction to add a corresponding forcing to right-hand side of the model's relative vorticity equation:

0i& = 0i& + 77 V. (A9)

Here, the time constant is 7 = 900 s and v is the horizontal gradient operator in spherical geometry.
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Figure A1. Horizontal mass streamfunction (colors, unit 10° m? s~!) used to force the auroral circulation in the northern
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