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Abstract Simulations of the solar thermal migrating semidiurnal (SW2) tide in the mesosphere-lower-
thermosphere (MLT) are compared against meteor wind observations from a longitudinal chain of high-
latitude Super Dual Auroral Radar Network radars. The simulations span the year 2015 and are performed
using a mechanistic primitive equation model. The model employs a whole-atmosphere tide forcing based on
temperature tendency fields from the Specified Dynamics Whole Atmosphere Community Climate Model with
Thermosphere and Ionosphere Extension, and a background atmospheric specification based on zonal wind and
temperature data from the Navy Global Environmental Model-High Altitude meteorological analysis system.
Results show that the model accurately reproduces the observed seasonal variability of the SW2 tide in both
the amplitude and phase. Numerical experiments are performed to investigate how the tidal forcing, dissipation
terms, and seasonal variations in the background atmosphere shape the seasonal variations of the simulated
SW2 tide. Notable results are that the background atmosphere most strongly impacts the SW2 tide forced in the
troposphere, and that the specification of a narrow surface friction profile enhances the net SW2 amplitude in
the MLT between April and October. Eddy diffusion is found to damp the simulated tide predominantly around
summer solstice and in December.

1. Introduction

Atmospheric tides are global-scale waves whose periods are an integer fraction of a solar day (Chapman &
Lindzen, 1970). The tides are forced primarily by radiative and latent heating effects in the lower atmosphere
(Hagan, 1996), but obtain their largest amplitudes in the mesosphere-lower-thermosphere (MLT) region (80—
120 km altitude). There they are expressed as pronounced oscillations in a broad range of atmospheric fields, such
as density, pressure, and wind. The migrating tides are those tides which follow the apparent motion of the sun,
having a longitudinal zonal wavenumber (S) and latitudinal spherical harmonic (Hough mode) structure. In the
current work, the focus lies on the migrating semidiurnal (SW2; for Semidiurnal, Westward S = 2) tide. The SW2
tidal winds maximize in the mid- and high-latitude MLT (Manson et al., 2002; Wu et al., 2011), where they form
a major source of day-to-day and inter-seasonal variability of the MLT-ionosphere system (Arras et al., 2009; G.
Shepherd et al., 1998; Smith, 2012). The SW2 tide is recognized as an important vertical coupling mechanism
(Forbes, 2009; Pedatella & Forbes, 2010), and as a contributing factor to the vertical mixing and energy budget
of the upper atmosphere (Becker, 2017; Forbes et al., 1993).

The numerical study of the SW2 tide has a long history (e.g., Forbes & Garrett, 1979). Nevertheless, open ques-
tions remain about the mechanisms governing the tide's seasonal and short-term variability (Conte et al., 2018;
G. Liu et al., 2021; Pedatella et al., 2020; Zhang et al., 2021). Many recent studies are in part driven by the in-
creasing availability of high-altitude and tide-resolving general circulation models. A challenging aspect of using
such models is that the representation of the SW2 tide can vary significantly from model to model (McCormack
et al., 2021; Pancheva et al., 2020; Stober et al., 2021), while the cause of these differences is often obscured by
the complexity of the models.

In the current work, a development of the mechanistic tide model from Ortland (2017) is used to simulate the
SW2 tide observed in the MLT by a longitudinal array of Super Dual Auroral Radar Network (SuperDARN)
meteor radars. The purpose of the simulations is to mechanistically identify which processes contribute to the
seasonal variations of the SW2 tide in the mid- to high-latitude MLT. To this end, the model employs a realistic
background atmosphere based on zonal mean zonal winds and temperatures from the Navy Global Environmental
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Model-High Altitude (NAVGEM-HA), and a whole-atmosphere tidal forcing based on heating rates from the
Specified Dynamics Whole Atmosphere Community Climate Model with Thermosphere Extension (SD-WAC-
CMX). Dissipative processes are parameterized between the surface and thermosphere, which includes a specifi-
cation of ion drag, Newtonian cooling, surface friction, and a seasonally dependent eddy diffusion.

Section 2 discusses the model and data used in this work. This includes a description of the model configura-
tion, its dissipation terms, tidal forcing scheme, background atmospheric specification, and output analysis. In
Section 3, the simulated SW2 tidal amplitude and phase are validated against observation for the year 2015, with
reference to climatological observations. Section 4 describes a series of numerical experiments investigating how
the background atmosphere, tidal forcing, and dissipation terms shape the seasonal variations of the simulated
SW?2 tide. In Section 5, the impact of the background atmosphere is investigated in more detail, where a distinc-
tion is made between the SW2 tide forced in the troposphere, stratosphere, and mesosphere-thermosphere (MT)
regions. A discussion of the results is given in Section 6.

2. Data and Model Description
2.1. Primitive Equation Model

The model is a development of the primitive equations in sigma-coordinates model (PRISM) described in detail
in Ortland (2017) and references therein. Earlier works have used the model to study tide-gravity wave inter-
actions (Ortland & Alexander, 2006), tropical waves (Ortland & Alexander, 2014; Ortland et al., 2011), plane-
tary waves (Lieberman et al., 2021), and tide-planetary wave interactions (Lieberman et al., 2015). PRISM is a
three-dimensional nonlinear and time-dependent spectral model, which numerically integrates the vorticity and
divergence form of the primitive equations. For a comprehensive discussion of the primitive equations, the reader
is referred to Holton (2003).

In the current work, PRISM is configured to have 121 vertical levels between the surface and 7.5 X 107 Pa
(~430 km altitude), with a vertical grid spacing of approximately 0.1 km in the troposphere and 2.0 km in the
MLT. A realistic surface topography is included by incorporating the surface geopotential field from the Europe-
an Centre for Medium-Range Weather Forecasts (ECMWF) ERAS reanalysis model (Hersbach et al., 2020). The
horizontal resolution of PRISM is truncated at zonal wavenumber S = 3 and associated Legendre polynomial of
degree N = 23, while a step size of A= 0.3 hr is used in the semi-implicit time-integration scheme. Higher order
horizontal, vertical, or temporal resolutions were found to have very little impact on the simulated SW2 tide. No
parameterization of gravity waves is included in the current work.

2.2. Dissipation

The model employs a number of one-dimensional vertical dissipation profiles, which act to damp the vorticity
(&), divergence (D), and temperature (®) fields. Damping is achieved by subtracting the model state at time-step
n—1 to the tendency equation at time-step # at each of the model levels /, as

o4

==y =¢,D;,0,, ey
ot VIX, x1=¢&,D;,0;

where v, represents the dissipation coefficients in units of s~', and where the three dots represent the model ten-
dency equation without damping. Figure 1 gives an overview of the dissipation terms used in this study, where
the coefficients have been scaled to units of days™ (d™1).

A parameterization of ion drag, represented by a Rayleigh friction acting on the vorticity and divergence fields,
is included to crudely represent the exchange of momentum between neutral molecules and ions moving under
the influence of Earth's magnetic field. The coefficients of ion drag (v,) follow those calculated by Hong and
Lindzen (1976) for solar maximum conditions, using the expression v;(z) = 10~ X tanh [(z - 110)/ 30] s~! with
z in units of kilometer. Damping due to radiative cooling by CO, and O, in the troposphere and stratosphere
is parameterized as a Newtonian cooling. The Newtonian cooling profile broadly follows those from Hagan
et al. (1993) and Wood and Andrews (1997), and reduces to a value of zero above 70 km altitude.
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Figure 1. Vertical profiles of the coefficients of ion drag, molecular diffusion, and peak eddy diffusion (a), and the vertical
profiles of the surface friction and Newtonian cooling coefficients (b).

Following Vial (1986) (hereafter V86) and others (e.g., Forbes & Vincent, 1989; Wood & Andrews, 1997),
vertical eddy diffusion of momentum is parameterized as an effective Rayleigh friction. For a wave with vertical

wavenumber k_ this approximation is written as

Uefft = ka; ()

where K, (m* s™') represents eddy diffusion and v is the corresponding effective Rayleigh friction coefficient.
Following V86, a value of k_ = 22/25 km~! is adopted for the simulation of the semidiurnal tide. This wavelength
is characteristic of the semidiurnal (2, 5) Hough mode, which is the lowest order Hough mode which is expected
to be affected by dissipation at meteor echo altitudes. Lower order Hough modes are typically only weakly affect-
ed by dissipation, owing to their longer vertical wavelengths (Forbes & Garrett, 1979).

The notation of V86 is adopted for a vertical profile of eddy diffusion, which is written as

Koexp [-((z—z)/a))’].  z<z

Ki(z) = { Ko, z21<z< 2 (€)

Koexp [-((z = z2)/a@)’],  z2z,

where z is in units of kilometer. While V86 considers values in the range of z; = 91.7-96.6 km, z, = 100.1-
102.9 km, a, = 7.7-8.4 km, and a, = 7.8 km, the current work adopts the values of z; = 85 km, z, = 100 km and
a, = a, = 12 km. These values yield a vertical profile that is representative of a seasonal mid- and high-latitude
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Figure 2. Seasonal variations of the eddy diffusion coefficient at ~97 km
altitude applied at the lower boundary of the Thermosphere-lonosphere-
Electrodynamics General Circulation Model by Q09 (dashed line), and the
30-day shifted profile used by PRISM (solid line). The right-hand axis shows
the effective Rayleigh friction coefficient calculated using Equation 2.

average based on the Garcia and Solomon (1985) model, whose vertical and
latitudinal variations are illustrated in more detail in Hagan et al. (1995). The
mid- and high-latitude vertical profile of the Garcia and Solomon (1985)
model is generally broader than that of V86, reaching its highest dissipation
rates between 70 and 110 km altitude depending on season.

The K -term in Equation 3 controls the magnitude of the eddy diffusion pro-
file, and for this the eddy diffusion coefficient specified at the lower bounda-
ry (~97 km altitude) of the Thermosphere-lonosphere-Electrodynamics Gen-
eral Circulation Model by Qian et al. (2009) (hereafter Q09) is used. A key
feature of the K, from Q09 is that it follows the seasonal variations in global
eddy diffusion, as inferred from satellite drag and O/N, observations. The
eddy diffusion itself is attributed to seasonal variations in the mixing caused
by dissipating gravity waves. In the current work, however, the seasonal var-
iations of Q09 are shifted forward in time by 30 days. The effect of this shift
is to bring the seasonal variations nearer to that of the mid- to high-latitude
variations of the Garcia and Solomon (1985) model, whose temporal varia-
tions are illustrated in more detail in Pilinski and Crowley (2015). The shifted
profile is illustrated in Figure 2 along with the Q09 profile, in addition to the
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Figure 3. NAVHWER zonal mean zonal winds for January (a) and July (b) 2015 conditions. Contours show eastward (solid)
and westward (dashed) winds spaced in 15 ms~! intervals.

corresponding effective Rayleigh friction values calculated using Equation 2. The impact of eddy diffusion and
of the 30-day shift are discussed in more detail in Section 4.

Following V86, molecular diffusion of momentum is parameterized as an effective Rayleigh friction using
Vettm(z) = 5.28 X 10~ Bexp [—z/ 7] s7!, where z is in units of kilometer. In addition, following V86 a Prandtl
number of 1 is assumed, which implies that the Rayleigh friction terms representing eddy and molecular diffu-
sion of momentum are equally applied as Newtonian cooling terms for the eddy and molecular diffusion of heat.

Momentum sinks arising from turbulent surface fluxes and unresolved topography have often been parameter-
ized as a Rayleigh friction term in coarse resolution general circulation models (e.g., McLandress, 2002; T. G.
Shepherd et al., 1996; Stevens et al., 2002). In the current work, the surface Rayleigh friction profile from Chen
etal. (2007) is adopted. This profile has a surface value of A and decreases linearly in sigma-coordinates between
o =1and o = 0.7 (~3 km altitude). While Chen et al. (2007) consider values of A in the range of 0.6-4.0 d-!,
a value of A, = 3.0 d™' is employed in the current work. The model sensitivity to surface friction, as well as the
choice of A, is discussed in more detail in Section 4.

The 10 highest model levels (~300-430 km altitude) act as a “sponge layer” to prevent spurious model top
wave-reflections. For this, an altitude-dependent damping rate of a; (1 + tanh [(z —250) /40] ) is applied to all
dynamical fields, where a = 25 d™' and z is in units of kilometer.

2.3. Background Atmosphere

The mean zonal winds and temperatures of the background atmosphere can be freely specified in PRISM. This is
achieved by relaxing the zonal mean spherical harmonic coefficients toward a zonal mean assimilation state, for
which a nudging rate of D = 1/3 d~! is used. Since only the zonal mean spherical harmonics are involved in the
nudging, the simulated tides are not affected by this.

The mean zonal winds and temperatures in the middle atmosphere (85-0.001 hPa) are nudged to daily mean zonal
mean fields calculated from 3-hourly NAVGEM-HA data. NAVGEM-HA is a meteorological analysis system
extending up to the lower thermosphere (~116 km), assimilating satellite observations of temperature, water
vapor, and ozone in the Middle Atmosphere, as well as standard operational meteorological observations in the
troposphere and stratosphere (McCormack et al., 2017). Seasonal and short-term variations in the NAVGEM-HA
winds and temperatures have been shown to be in good agreement with independent satellite-based wind obser-
vations (Dhadly et al., 2018), and with ground-based meteor radar observations (Eckermann et al., 2018; Laskar
et al., 2019; McCormack et al., 2017; Stober et al., 2020).

Between the surface and 85 hPa the mean zonal winds and temperatures are nudged to daily mean zonal mean
fields calculated from the ERAS reanalysis data set (Hersbach et al., 2020). Above 0.001 hPa, the assimilated fields
are based on daily mean zonal mean zonal winds and temperatures from the empirical Horizontal Wind Model
version 2014 (HWM14, Drob et al., 2015) and the NRLMSISE-00 reference model (Picone et al., 2002), respec-
tively. In the following sections, the composite atmosphere between the surface and thermosphere is referred to as
the NAVHWER atmosphere. The NAVHWER zonal mean zonal winds for January and July 2015 conditions are
illustrated in Figure 3, up to the base of the sponge layer. Diagnostic simulations where the boundaries between
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Figure 4. Vertical profiles of the migrating semidiurnal amplitude in the Specified Dynamics Whole Atmosphere
Community Climate Model with Thermosphere and Ionosphere Extension temperature tendency fields for January 2015 at
0°,30°, and 60° latitude (a). The amplitudes are scaled by a factor exp (—x/2) in panel (b), where x = —In(p/p,)). The solid
blue lines demark the boundaries of the tropospheric, stratospheric and mesosphere-thermosphere forcing regions referred to
in the text. The dashed blue line indicates the upper boundary of surface friction.

the different data sets used to construct the NAVWHER atmosphere are artificially smoothed, find that any
discontinuities which may be present between the data sets have a negligible impact on the simulated SW2 tide.

2.4. Tidal Forcing

The SW2 tide is forced by incorporating 3-hourly global temperature tendency fields (K s~!), also referred to as
heating rates, from the Specified Dynamics Whole Atmosphere Community Climate Model with Thermosphere
Extension version 2.1 (SD-WACCMX, H.-L. Liu et al., 2018). SD-WACCMX is a comprehensive whole atmos-
phere-ionosphere numerical model extending from the surface up to 500-700 km altitude, where the winds and
temperatures below ~50 km altitude are specified to data from the Modern-Era Retrospective analysis for Re-
search and Applications Version 2 (MERRA-2, Gelaro et al., 2017). The SD-WACCMX model includes param-
eterizations of the major chemical and radiative processes between the troposphere and thermosphere, including
those of the ionosphere and of non-local-thermal-equilibrium processes. The version of SD-WACCMX used in
this study has a horizontal latitude-longitude resolution of 1.9 by 2.5°, with a vertical resolution between 1.0 and
3.5 km. All available SD-WACCMX temperature tendency fields are incorporated in the simulations presented
in this work, which include the temperature tendencies due to shortwave radiation, longwave radiation, moist
processes, NO cooling, and gravity wave dissipation.

To force the tides, the SD-WACCMX temperature tendencies are first interpolated from their native vertical
hybrid sigma-pressure grid to the PRISM sigma-coordinate grid. These interpolated fields are then interpolated
linearly in time onto the PRISM temperature tendency equation at timestep n for each model level / (represented
by ...)’ as

007} 007

= .o 4 . 4)

ot O | sp-wacemx

As a result, the model time-integration step will then generate atmospheric heating and cooling in accordance
with the prescribed SD-WACCMX temperature tendency fields. This in turn excites a broad spectrum of at-
mospheric buoyancy waves, including the thermal tides. While the current work focuses on the SW2 tide, the
SD-WACCMX temperature tendencies in principle excite a full spectrum of migrating and non-migrating tides.
Here we note that PRISM does not include any other parameterizations of diabatic processes.

Figure 4 shows the amplitude of the SW2 component of the SD-WACCMX temperature tendency fields (the
“SW2 forcing”) for January 2015 conditions at 0°, 30°, and 60° latitude, calculated using 2D Fourier analysis.
Figure 4a shows that the peak SW2 heating rates occur in the thermosphere, with a secondary peak located in the
stratosphere. The forcing is generally stronger toward the equator. In Figure 4b the forcing has been scaled by a
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factor exp (—x/2) following Forbes (1982), where x = —In(p/p,) and p,, is the surface pressure. This scaling factor
compares the relative importance of the forcing strength by altitude, by adjusting for the decreasing density of
the atmosphere as it appears in the tidal equations (Chapman & Lindzen, 1970). As a result, the relative forcing
strength becomes comparable between the troposphere and stratosphere regions, with that of the stratosphere
peaking near 40 km and that of the troposphere peaking near the surface. In addition, the relative forcing strength
is close to zero near to the tropopause (100 hPa), and converges to zero for altitudes around ~60-65 km.

In Section 5 the distinction is made between the MLT amplitude of the SW2 tides forced in the troposphere,
stratosphere, and MT regions. To that end, the solid blue lines in Figure 4 mark the altitude regions broadly en-
compassing the tropospheric forcing (1,000-100 hPa), the stratospheric forcing (100-0.1 hPa), and MT forcing
(0.1-1077 hPa). The dotted blue line in Figure 4b indicates the highest altitude where surface friction applies.

2.5. SuperDARN Observations and Model Sampling

The 10 SuperDARN radars used in this study are the same as those used in the study of van Caspel et al. (2020),
and span 180° of longitude around a 14° latitude band centered on 60° North. The SuperDARN radars make
time-synchronized hourly horizontal wind measurements based on the back-scatter signal of meteor ablation
trails in the MLT (Hussey et al., 2000). While a detailed description and validation of the method used to extract
the SW2 tide from the array of SuperDARN measurements is given in van Caspel et al. (2020), a brief description
of the method is included here.

The vertical distribution of meteor echoes observed in the first four range gates of the SuperDARN radars extends
between 75 and 125 km altitude and is approximately a Gaussian centered on 100 km altitude with a Full Width
at Half Maximum (FHWM) between 25 and 35 km (Chisham & Freeman, 2013). The average FWHM of the first
four range gates as used in this study is approximately 30 km. The SW2 tidal signal is extracted from the hourly
SuperDARN winds by least squares fitting a function representing the migrating diurnal, semidiurnal, and terdi-
urnal tide, including a mean wind, in both space and time to data from all stations. While van Caspel et al. (2020)
employed a 10-day sliding window to perform the tidal fit, a 16-day window is used in the current work. This
is done to reduce the impact of any possible lunar (12.42 hr) tide contamination (Maute et al., 2016; Sandford
et al., 2006), and of low-frequency planetary wave modulation (Teitelbaum & Vial, 1991). Furthermore, because
of the large number of data points included in each fit, the uncertainties on the fitted tidal parameters becomes
negligibly small (less than 0.5 ms~! and 20 min for the tidal amplitudes and phases, respectively) when taking
into account the uncertainty estimates on the hourly SuperDARN winds.

To compare the model to observation, 3-hourly instantaneous PRISM output is first interpolated to the locations
of available SuperDARN measurements. The sampled data are then interpolated to a 75-125 km altitude grid
with 2.5 km spacing by numerically integrating the barometric formula. A SuperDARN “observational filter” is
then applied to the interpolated data, represented by a Gaussian vertical averaging kernel following the Super-
DARN meteor echo distribution. For this, a Gaussian centered on 100 km altitude with a FWHM of 30 km is
used. We note that, while the mean height and FWHM of the SuperDARN meteor echo distribution can exhibit
seasonal variations on the order of a few km (Chisham, 2018), such variations only minimally impact the SW2
simulation results.

In the following, the sampled and vertically averaged model winds are referred to as PRISM-SDARN. The model
winds are analyzed using the same method used for the hourly SuperDARN winds, but now using a 16-day sliding
window that is stepped forward in 3-hourly steps, to accommodate the temporal resolution of the model output.

3. Simulation Results

Figure 5 compares the PRISM-SDARN and observed SuperDARN SW2 tidal amplitude and phase for the year
2015, with reference to the climatological amplitude and phase based on observations between the years 2000 and
2016 (van Caspel et al., 2020). The tidal phases are expressed in terms of local time of maximum (hr), which for
the migrating tides is independent of longitude.

The main seasonal characteristics of the observed tide are its amplitude maxima in September and in winter, and
its rapid phase transitions coincident with amplitude minima in March and late October. These features show little
year-to-year variability (van Caspel et al., 2020), and are consistent with numerous other northern hemisphere
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Figure 5. Simulated PRISM-SDARN (blue) and observed Super Dual Auroral Radar Network (SDARN, red) migrating semidiurnal amplitude and phase in the
meridional (a, ¢) and zonal (b, d) wind for the year 2015, and the climatological observed amplitude and phase (green) based on observations between the years 2000

and 2016 (van Caspel et al., 2020).

observations of the mid- and high-latitude SW2 tide (e.g., He & Chau, 2019; Wu et al., 2011). Figure 5 demon-
strates that the observed seasonal behavior of the SW2 amplitude and phase for the year 2015 are closely repre-
sentative of the climatological seasonal variations.

The PRISM-SDARN simulation results display good year-round agreement with the observed tide, with all of
the seasonal characteristics being well reproduced. For the tidal amplitudes, the largest discrepancies occur in
January and between August and October. In January, the model overestimates amplitudes by up to 5 ms~!, while
between August-October amplitudes can differ by as much as 12 (6) ms™! in the zonal (meridional) wind. The
amplitude differences between August—October mostly represent variations in the temporal evolution of the Sep-
tember maximum. Another difference between model and observation is that the observed amplitudes are con-
sistently smaller (greater) in the zonal wind than in the meridional in June (September; van Caspel et al., 2020),
as can also be seen in Figure 5. In contrast, the modeled zonal and meridional amplitudes are nearly identical at
all times.

For the tidal phases, the main discrepancy occurs between January and March. During this time, the modeled
phase is approximately 2.5 hr earlier than observation. Nevertheless, the phases show excellent agreement during
the rest of the year. By comparison of Figures 5d and Sc, it follows that both the simulated and observed tide
display a circular phase relation, where the meridional component leads the zonal by approximately 3 hr.

The results from this section give confidence that the model adequately describes the main processes governing
the seasonal variations of the SW2 tide. That is to say, that the tidal forcing scheme, background atmospheric
specification, dissipation terms, and output sampling technique, are sufficiently realistic to reproduce the ob-
served seasonal behavior of the tide. In the following section, numerical experiments are performed to investigate
which aspects of the model most strongly control the simulation results.

4. Model Analysis

Numerical experiments are performed to investigate the impact of the background atmosphere, tidal forcing, eddy
diffusion, and surface friction on the ability of the model to simulate the SW2 tide observed by SuperDARN.
In these experiments, only the meridional component of the tide is considered, since it was established in the
previous section that the modeled tide is circularly polarized but otherwise nearly identical between the zonal and
meridional wind. We further note that the simulations presented in this work are insensitive to the specification
of ion drag, molecular diffusion, and Newtonian cooling. A separate sensitivity study for these parameterizations
is therefore not included. An overview of the numerical experiments of this section is given in Table 1.

4.1. Experiment Results

Figures 6a and 6d compare PRISM-SDARN against a simulation made using a zero-wind background atmos-
phere (ZeroWind). The background atmosphere of the ZeroWind experiment is constructed using a single global
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Table 1
Numerical Experiment Design

Experiment Configuration

PRISM-SDARN Standard model configuration (see Section 2)

ZeroWind As PRISM-SDARN, zero-wind background atmosphere
NoEdDiff As PRISM-SDARN, no eddy diffusion

NoEdShift As PRISM-SDARN, no 30-day shift Q09 eddy diffusion profile
SurfEnhan As PRISM-SDARN, surface friction coefficient AO =45d!
SurfReduc As PRISM-SDARN, surface friction coefficient A, = 1.5 d-!

Note. SDARN, Super Dual Auroral Radar Network.

mean yearly mean vertical temperature profile, yielding zero zonal mean zonal winds everywhere. The amplitude
and phase of the SW2 tide observed by SuperDARN are included here for reference.

In the ZeroWind simulation, the tidal phase and amplitude see little to no seasonal variation. As a result, it can be
concluded that the NAVWHER atmosphere strongly impacts the simulated SW2 tide, giving rise to the seasonal
phase characteristics and to the amplitude maxima in September and winter. The ZeroWind experiment also
demonstrates that any seasonal variations in the tidal forcing itself only minimally impact the simulated tide.

Figures 6b and 6e compare PRISM-SDARN against simulations where the eddy diffusion has been turned off
(NoEdDiff), and where the employed seasonal variations of Q09 have not been shifted forward by 30 days.
The NoEdDiff experiment demonstrates that eddy diffusion primarily acts to damp the tide between March and
mid-September and in December. This in turn contributes to the rapid amplitude increase toward the September
maximum, which in the model falls broadly between August and September. The impact of eddy diffusion on
the simulated tidal phase is very minimal. The NoEdShift experiment demonstrates that employing the global
seasonal variations of Q09 without applying a 30-day shift toward the mid- to high-latitude variations of the Gar-
cia and Solomon (1985) model, damps the tide less strongly between May and June, more strongly between July
and September, and slightly less strongly in December. Here the changes between May-June and July-September
represent especially strong departures from PRISM-SDARN and the (climatological) observed tide.

Figures 6¢ and 6f compare PRISM-SDARN against simulations where the surface friction coefficient has been
reduced by a factor of 0.5 (SurfReduc), and where it has been enhanced by a factor of 1.5 (SurfEnhan). These
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Figure 6. Meridional component of the migrating semidiurnal (SW2) observed by Super Dual Auroral Radar Network (SDARN) and the SW2 simulation results for
the ZeroWind and PRISM-SDARN (a, d), NoEdDiff and NoEdShift (b, e), and SurfReduc and SurfEnhan (c, f) simulations as listed in Table 1.
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Figure 7. Meridional migrating semidiurnal forcing response for the OnlyTrop and TropZeroWind (a, d), OnlyStrat and StratZeroWind (b, e), and OnlyMT and
MTZeroWind (c, f) numerical experiments. Note the different y-axis scaling in panel (c).

experiments demonstrate that the main impact of increased surface friction is to enhance the simulated ampli-
tudes between April-October, with the enhancement being most pronounced between August—September. Fur-
thermore, the amplitude increase shows an almost perfectly linear relationship with the strength of the surface
friction coefficient A . This relation is also confirmed in diagnostic simulations for values of A outside of the
range shown here, starting from zero and up to 10 d~'. The simulated phase is impacted by surface friction to a
lesser extent, but is generally delayed as surface friction increases. The yearly mean LTOM is 03:59, 04:09, and
04:18 hr for the SurfReduc, PRISM-SDARN, and SurfEnhan simulations, respectively. This delay is consistent
with the results of Sakazaki and Hamilton (2017), who found a doubling of their specification of surface friction
to delay the phase of the SW2 component of the surface tide by about 10 min. We further note that the impact of
surface friction is not exclusive to the simulated SW2 tide observed by SuperDARN, but that the model indicates
that it extends across the mid- and high-latitude MLT.

Diagnostic simulations without either surface friction or eddy diffusion also find the simulated magnitude of
the August—September amplitude maximum to be substantially smaller than that of the observed tide. The in-
clusion of surface friction is therefore required to make the simulated amplitude match the observed September
maximum. Owing to this sensitivity, the surface friction value of A; = 3.0 d~! was determined to yield the best
agreement with observation. This choice of A does, however, fall well within the range of surface friction values
described in literature. For example, Stevens et al. (2002) find a surface Rayleigh friction value of 1.9 d=! over
the tropical pacific ocean, while Yang et al. (2013) find surface Rayleigh friction values up to 5.5 d=! over land.

5. Forcing Decomposition

To investigate the impact of the background atmosphere on the simulated SW2 tide in more detail, a distinction
is made between the SW2 tide forced in the troposphere, stratosphere, and MT regions (see Section 2.4). This is
motivated by the vertical propagation path to SuperDARN meteor echo heights (75-125 km) being considerably
different for the tides forced within these regions. For example, the peak forcing altitude in the troposphere occurs
near the surface, in the stratosphere near 40 km, and in the MT near 170 km (as shown in Figure 4). To compare
the baseline effect on the forcing response from the different regions, Figure 7 compares the tropospheric (On-
lyTrop), stratospheric (OnlyStrat), and MT (OnlyMT) SW2 forcing simulations against corresponding zero-wind
tropospheric (TropZeroWind), stratospheric (StratZeroWind), and MT (MTZeroWind) simulations. An overview
of these experiments is given in Table 2.

By comparison with the TropZeroWind simulations, the OnlyTrop experiment demonstrates that the seasonal
variations of the NAVHWER atmosphere induce strong seasonal variations in both the amplitude and phase
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Table 2
Forcing Decomposition Experiment Design
Experiment Configuration
OnlyTrop As PRISM-SDARN, tide forced only between 1,000-100 hPa
OnlyStrat As PRISM-SDARN, tide forced only between 100-0.1 hPa
OnlyMT As PRISM-SDARN, tide forced only between 0.1-10~7 hPa
TropZeroWind As OnlyTrop, zero-wind background atmosphere
StratZeroWind As OnlyStrat, zero-wind background atmosphere
MTZeroWind As OnlyMT, zero-wind background atmosphere

Note. SDARN, Super Dual Auroral Radar Network.

of the tropospheric SW2 forcing response. The amplitude of the forcing response is enhanced by as much as a
factor of 4, while a roughly bi-modal phase behavior is established between the summer and winter half-year. An
exception to the latter occurs in January, when the phase is delayed coincident with a local amplitude minimum.

The stratospheric forcing response is comparatively less affected by the seasonal variations in the background
atmosphere. The main amplitude enhancement occurs in January, with lower amplitudes during much of the rest
of the year. The phase is delayed by 2.5 hr at most, and shows no signs of major seasonal variations. Further, while
it is impossible to determine if the behavior of the stratospheric and tropospheric forcing response during January
represents a seasonal effect or isolated event based on a 1-year simulation, it is interesting to note that January
was marked by a minor sudden stratospheric warming event (Manney et al., 2015).

Both the amplitude and phase of the MT forcing response show a bi-modal seasonal behavior, which is largely
unchanged between the OnlyMT and MTZeroWind simulations. The amplitudes broadly maximize during the
summer and winter seasons, having minima in March and October. The bi-modal characteristics of the MT forc-
ing response are reminiscent of the mid- to high-latitude structure of the SW2 forcing in the MLT described by
Hagan (1996). There an anti-symmetric latitudinal structure in the SW2 tide forcing between summer and winter
solstice is associated with changes in the forcing brought about by the secondary ozone maximum. Consistent
with their results is that the MT forcing response in our simulations is entirely attributable to shortwave radiation
effects. However, since the MT forcing response is comparatively insignificant relative to those of the troposphere
and stratosphere, a more detailed investigation into its drivers is not included in the current work.

6. Conclusion and Discussion

This study uses a primitive equation model to simulate the SW2 tide observed by a longitudinal array of Super-
DARN meteor radars for the year 2015, to mechanistically identify which processes contribute to the seasonal
variations of the SW2 tide in the mid- to high-latitude MLT. The model convincingly reproduces the observed
seasonal variations in the tidal amplitude and phase, which include amplitude maxima in September and in win-
ter, and rapid phase transitions coincident with amplitude minima in March and October.

By comparison with zero-wind simulations, the seasonal characteristics of the SW2 tide are found to be shaped
largely by the seasonal variations in the background atmosphere. While this result is consistent with literature
(e.g., Hagan et al., 1999; Lindzen & shung Hong, 1974), numerical experiments find it to be almost entirely
attributable to the SW2 tide forced in the troposphere. The background atmosphere amplifies the amplitude of
the tropospheric forcing response by as much as a factor of 4, while also giving rise to rapid phase transitions
in March and April. In contrast, the amplitude of the stratospheric forcing response is impacted only by a factor
of 0.8-0.9 throughout most of the year, while its phase displays no major seasonal variations. As a consequence
of the tropospheric amplification, the contribution to the net simulated tide becomes comparable in magnitude
between the tides forced in the troposphere and stratosphere regions, consistent with the results of Hagan (1996).
The contribution to the net simulated tide by the tide forced in the mesosphere-thermosphere region is found to
be much smaller, reaching an amplitude of at most 0.9 ms™'.

Tidal damping by eddy diffusion is parameterized as a seasonally dependent effective Rayleigh friction. The
primary effect of eddy diffusion is to reduce the simulated SW2 amplitudes by a factor of ~0.5 broadly around
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summer solstice and in December. The tidal damping around summer solstice represents an important factor in
bringing the model into agreement with observation. In simulations without eddy diffusion, the summertime am-
plitude maximum is much broader than observation, with amplitudes beginning to increase as early as May. Tidal
dissipation by eddy diffusion may therefore be an important factor contributing to the summertime discrepancies
between modeled and observed semidiurnal tides (e.g., Pancheva et al., 2020; Stober et al., 2020, 2021).

The specification of a narrow surface friction layer is found to increase the net amplitude of the simulated SW2
tide in the MLT between April and October. Especially the increased amplitudes between August and September
represent an important factor in bringing the amplitude of the simulated tide in agreement with observation.
Using diagnostic simulations where surface reflections are artificially removed, the effect of surface friction is
identified as being caused by its dampening effect on the surface reflection of the tide. This in turn changes the
complex interference pattern between the tides forced in the different source regions and their respective surface
reflections. Given the implications of surface friction as a coupling mechanism between the boundary layer and
semidiurnal tidal variability in the MLT, the mechanism and impact of surface friction will be investigated in
more detail in a future study by means of a Hough-mode decomposition. In addition, future efforts can focus on
the implementation of a more realistic spatially and temporally varying implementation of surface friction. This
would include, for example, longitudinal ocean and land contrasts (Chiang & Zebiak, 2000; Yang et al., 2013).
Based on our results for the SW2 tide, we anticipate that surface friction may serve as a possible excitation mech-
anism for non-migrating semidiurnal tides. A more realistic specification of surface friction would also include
different zonal and meridional surface friction coefficients (Stevens et al., 2002). The lack of such a distinction
may be a factor contributing to the simulated tide having the same amplitude in the zonal and meridional wind,
whereas the observed tides frequently show different amplitudes.

Data Availability Statement

SuperDARN data are available from Virginia Tech at http://vt.superdarn.org/tiki-index.php, last access: Septem-
ber 2021. SD-WACCMX data are available at https://www.earthsystemgrid.org CCSM run SD-WACCM-X v2.1,
Atmosphere History Data, 3-Hourly Instantaneous Values, version 7, last access: September 2021.
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