
1. Introduction
Solar driven atmospheric tides are forced by the absorption of solar radiation by water vapor and ozone, 
as well as latent heat release by deep convection. Though generated in the troposphere and stratosphere, 
atmospheric tides achieve large amplitudes at mesosphere and lower thermosphere (MLT) altitudes, and 
significantly influence the middle and upper atmosphere. Their impacts include modulating the propaga-
tion of gravity waves (Eckermann & Marks, 1996; Fritts & Vincent, 1987; H.-L. Liu & Hagan, 1998; Senf 
& Achatz, 2011), altering the MLT circulation and chemistry (Akmaev & Shved, 1980; Forbes et al., 1993; 
Jones Jr. et al., 2014; Miyahara & Wu, 1989; Pedatella et al., 2016; Yamazaki & Richmond, 2013) as well as 
impacting the electrodynamics of the ionosphere (Fesen et al., 2000; H.-L. Liu & Richmond, 2013; Millward 
et al., 2001). Atmospheric tides thus play a key role in coupling different regions of the atmosphere, making 
it critical to understand their variability on different time scales. Tidal variability occurs due to changes 
in the tidal forcing in the troposphere-stratosphere (Lieberman et al., 2007; Siddiqui et al., 2019; Warner 
& Oberheide, 2014), changes in the mean winds (Lindzen & Hong, 1974; Stening et al., 1997), and non-
linear tide-tide and tide-planetary wave interactions (Angelats i Coll & Forbes, 2002; He et al., 2017; Palo 
et al., 2007; Teitelbaum & Vial, 1991).

The zonal mean zonal winds that impact tidal propagation exhibit distinct seasonal variations. At middle 
to high latitudes in the stratosphere and MLT, the seasonal variability is due to variations in solar heating 
and gravity waves (Andrews et al., 1987). In the middle to high latitude stratosphere and mesosphere, the 
zonal mean zonal winds are eastward during winter and westward during summer, with opposite directed 
winds at higher altitudes (Jacobi et al., 2009; Swinbank & Ortland, 2003). Around equinox, the zonal mean 
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zonal winds are nearly zero during the transition from summer to win-
ter, or winter to summer. The weak zonal mean zonal winds that occur 
throughout the middle atmosphere around equinox significantly impact 
wave propagation, leading to enhanced planetary wave and tidal varia-
bility (Lieberman et  al.,  2003; H.-L. Liu et  al., 2001, 2004, 2007; Talaat 
et al., 2001; Taylor et al., 2001). It is important to note that the timing of 
the equinox transition in the stratosphere is variable, and can depend on 
wave forcing as well as ozone concentrations (McLandress et al., 2010; 
Waugh et al.,  1999; Waugh & Randel, 1999). Changes in the timing of 
the seasonal transition in the stratosphere can further impact the tim-
ing of the equinox transition in the mesosphere (Smith et al., 2010; Ven-
kateswara Rao et al., 2015). Although the seasonal transition of the mid-
dle atmosphere winds does not always occur during March or September, 
throughout the following we will use the terminology of September equi-
nox to refer to the seasonal transition between summer and winter in the 
Northern Hemisphere (winter and summer in the Southern Hemisphere) 
despite the fact that this transition does not always occur during Septem-
ber. Variability in the winter stratosphere is also known to be a source of 
variability in the summer mesosphere (Körnich & Becker, 2010; Smith 
et al., 2020).

The present study focuses on the role of the seasonal transition of the 
zonal mean zonal winds around September equinox on the migrating 
semidiurnal solar tide (SW2). The SW2 is primarily forced by the absorp-
tion of solar ultraviolet radiation in the stratosphere, and its propagation 
into the MLT is significantly impacted by the zonal mean zonal winds 
(Hagan et  al.,  1992; Hong & Lindzen,  1976; Jin et  al.,  2012). Previous 
studies (Chau et  al.,  2015; Conte et  al.,  2018) have shown that a deep 
minimum occurs in the SW2 around September equinox at middle to 
high latitudes in the Northern Hemisphere. This feature is illustrated in 
Figure 1, which shows the 1980–2016 climatological amplitude of SW2 

at 10−4 hPa (Figure 1a) and at 60°N (Figure 1b) from Specified Dynamics Whole Atmosphere Community 
Climate Model with thermosphere-ionosphere eXtension (SD-WACCMX) simulations. From Figure 1 it is 
apparent that the SW2 amplitude at middle to high latitudes in the Northern Hemisphere has a deep min-
imum around September equinox. The minimum lasts for ∼20–30 days, and is characterized by an ampli-
tude reduction in excess of 50%. Though clearly identified in both model simulations and observations, the 
source of the pronounced SW2 minimum in the Northern Hemisphere around September equinox remains 
unknown. SW2 minima around the March equinox are also apparent in both hemispheres in Figure 1; how-
ever, these are not as deep and pronounced as the Northern Hemisphere minimum that occurs around the 
September equinox. We thus focus the present study on the latter.

The objective of the present study is to investigate the source of the SW2 climatological minimum that 
occurs at middle to high latitudes in the Northern Hemisphere around September equinox. Motivated in 
part by the early seasonal transition in the Southern Hemisphere stratosphere following the recent 2019 
Southern Hemisphere sudden stratosphere warming event, we additionally investigate how interannual 
variability in the timing of the SW2 minimum is related to the timing of the seasonal transition in the 
middle atmosphere. Our investigation of the SW2 minimum is performed using long-term SD-WACCMX 
simulations along with specular meteor radar observations. The results provide insight into the role of the 
seasonal transition of the zonal mean zonal winds on generating the SW2 minimum at middle to high lati-
tudes in the Northern Hemisphere around September equinox. Furthermore, they reveal how the timing of 
the seasonal transition of middle atmosphere zonal mean zonal winds modulates the timing of the SW2 in 
the MLT at middle to high latitudes in the Northern Hemisphere.
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Figure 1. SD-WACCMX climatological SW2 amplitude in zonal wind at 
(a) 10−4 hPa (∼112 km), and (b) 60°N. Results are based on the 1980–
2016 average. SD-WACCMX, Specified Dynamics Whole Atmosphere 
Community Climate Model with thermosphere-ionosphere eXtension.

(a)

(b)
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2. WACCMX Simulations
WACCMX is a whole atmosphere chemistry climate model that incorporates ionosphere and thermo-
sphere processes (H.-L. Liu et al., 2018). WACCMX extends from the surface to the upper thermosphere 
(4.1 × 10−10 hPa, 500–700 km depending on solar activity). Below the lower thermosphere, the model is 
based on the Whole Atmosphere Community Climate Model (WACCM) version 4 (Marsh et  al.,  2013), 
which itself is based on the Community Atmosphere Model (CAM) version 4 (Neale et al., 2013). A detailed 
description of the additional ionosphere and thermosphere processes that are included in WACCMX can be 
found in H.-L. Liu et al. (2018). An initial validation of WACCMX, including the migrating and nonmigrat-
ing tides, was performed by J. Liu et al. (2018).

The present study analyzes specified dynamics WACCMX (SD-WACCMX) simulations that cover the time 
period 1980–2016, as well as the year 2019. In SD-WACCMX, the model meteorology is constrained to the 
NASA MERRA-2 reanalysis up to ∼50  km using the technique described in Smith et  al.  (2017). Above 
∼50  km the model is free-running, and is not constrained by the reanalysis. By constraining the mod-
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Figure 2. SD-WACCMX climatological SW2 amplitude in zonal wind on day of year (a) 240, (b) 250, (c) 260, and (d) 
270. (e)–(h) Same as (a)–(d) except for the SW2 phase. Results are based on the 1980–2016 average. SD-WACCMX, 
Specified Dynamics Whole Atmosphere Community Climate Model with thermosphere-ionosphere eXtension.
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(d)
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el meteorology to the MERRA-2 reanalysis, the SD-WACCMX simulations reproduce the historical varia-
bility of the atmosphere during the analyzed time period. The analysis primarily focuses on output from 
SD-WACCMX simulations that cover the time period from 1980-2016 (https://doi.org/10.26024/5b58-nc53). 
We have, however, extended the analysis to include a SD-WACCMX simulation for 2019 due to the minor 
SSW, and early winter to summer transition, that occurred in the Southern Hemisphere during 2019. For the 
present study, we use SD-WACCMX output at a three hourly cadence, and perform a least squares fitting to 
obtain the daily SW2 amplitude and phase. A 10-day running mean is subsequently applied.

3. Radar Observations
Measurements obtained from five specular meteor radars (SMRs) are considered in this study. To improve 
the data coverage in time, the meteor detections from Andenes (69°N, 16°E) and Tromsø (69°N, 18°E) SMRs 
were combined following the procedure described in Chau et al. (2017). The same procedure was used to 
combine measurements provided by the SMRs located at Juliusruh (54°N, 13°E) and Collm (51°N, 13°E) 
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Figure 3. SD-WACCMX climatological SW2 amplitude in zonal wind on day of year (a) 280, (b) 290, (c) 300, and (d) 
310. (e)–(h) Same as (a)–(d) except for the SW2 phase. Results are based on the 1980–2016 average. SD-WACCMX, 
Specified Dynamics Whole Atmosphere Community Climate Model with thermosphere-ionosphere eXtension.
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(e.g., Hoffmann et al., 2010; Jacobi, 2012). For the period 1999–2002, data from the Esrange (67°N, 20°E) 
monostatic system was used (e.g., Sandford et al., 2006). Hourly horizontal winds were estimated every 
2 km in altitude over the three observed volumes, by means of an all-sky fit method (Hocking et al., 2001; 
Holdsworth et al., 2004).

The estimated hourly zonal (u) and meridional (v) winds were further processed in order to obtain infor-
mation about tides and other large scale waves. Assuming that they result from a linear superposition of a 
mean background flow and different period waves, the following expression can be independently fit to u 
and v (e.g., Conte et al., 2019; Sandford et al., 2006),
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Here, u0 and v0 are the mean zonal and meridional winds, respectively; σu and σv are the statistical uncer-
tainties of the zonal and meridional wind estimates, respectively; Ti is the period for each considered wave 
(i.e., T1 = 48 h, T2 = 24 h, T3 = 12 h, T4 = 8 h, and T5 = 12.42 h, for the quasi 2-day wave, the solar diurnal, 
semidiurnal and terdiurnal tides, and the lunar semidiurnal tide, respectively); ia , ib  are coefficients of 
the waves amplitudes for each wind component (α = u, v); and t is the time in hours. Equation 1 was solved 
using a least squares method with a running window of 21 days shifted by 1 day. The length of 21 days was 
selected in order to separate the semidiurnal solar (12 h) and lunar (12.42 h) tides. Note that because the 
radar observations are for a single location, the semidiurnal solar tide observed by the radars (denoted S2) is 
the total semidiurnal tide, and includes contributions from migrating and nonmigrating tides. However, He 
and Chau (2019) found that the S2 at middle to high latitudes in the Northern Hemisphere will be primarily 
dominated by the SW2, with smaller contributions from nonmigrating tides.

4. Results and Discussion
4.1. Climatology

The amplitude and phase of the climatological SW2 in zonal wind every 
10 days from day of year 240–310 are shown in Figures 2 and 3. Corre-
sponding vertical profiles of the unwrapped tidal phase at 60°N are shown 
in Figure 4. At middle latitudes (30–60°N) in the Northern Hemisphere 
MLT there is a weakening of the SW2 between days 240–270, followed by 
an enhancement over the next ∼30 days. This is consistent with the re-
sults shown in Figure 1. The results in Figures 2–4 reveal that the ampli-
tude changes at middle to high latitudes in the Northern Hemisphere are 
accompanied by notable changes in the tidal phase, especially between 1 
and 10−3 hPa. The phase changes indicate a reduction in the tidal verti-
cal wavelength, which coincides with the amplitude reduction. Between 
days 240 and 270 the SW2 vertical wavelength in the mesosphere near 
60°N decreases from ∼100 to ∼40 km. An increase in vertical wavelength 
also accompanies the increasing amplitude after day ∼280. The decrease 
in vertical wavelength may be due to the increased excitation of higher 
order tidal modes, which have a shorter vertical wavelength, by ozone 
heating near equinox (Forbes & Garrett, 1978; Groves, 1982). Since short-
er vertical wavelength tides are more effectively damped due to eddy and 
molecular diffusion (e.g., Forbes & Garrett, 1979), the decrease in SW2 
amplitude in the Northern Hemisphere may thus partly be due to the 
decreased vertical wavelength.

In order to further understand the source of the SW2 minimum at middle 
to high latitudes in the Northern Hemisphere around September equi-
nox, Figure 5 presents the climatological zonal mean zonal wind every 
10 days from day of year 240–310. The zonal mean zonal winds display 
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Figure 4. SD-WACCMX SW2 phase in zonal wind at 60°N on day of 
year 240, 250, 260, 270, 280, 290, 300, and 310. Results are based on the 
1980–2016 average. SD-WACCMX, Specified Dynamics Whole Atmosphere 
Community Climate Model with thermosphere-ionosphere eXtension.
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the expected seasonal climatology as the stratosphere and mesosphere transition from winter to summer 
in the Southern Hemisphere and summer to winter in the Northern Hemisphere. In particular, the strong 
stratospheric eastward winds in the Southern Hemisphere gradually weaken and then transition to west-
ward. This is accompanied by a shift in the high latitude Southern Hemisphere MLT winds from westward 
to eastward. The opposite behavior occurs in the Northern Hemisphere, with winds in the stratosphere 
becoming increasingly eastward, and high latitude MLT winds transitioning from eastward to westward. As 
the seasonal transition occurs, there is a period around days 270–290 when the zonal mean zonal winds are 
weak and considerably more hemispherically symmetric compared to before or after this time period. This 
brief period of weak and hemispherically symmetric zonal mean zonal winds will significantly alter tidal 
propagation conditions, and is important to bear in mind during the subsequent discussions.

It is useful to decompose the SW2 into Hough modes (Chapman & Lindzen, 1970), which can provide 
insight into how different tidal modes vary during the September equinox transition. The amplitude of 
the first two symmetric ((2,2) and (2,4)) and antisymmetric ((2,3) and (2,5)) Hough modes, along with 
their vector sum, at 10−3 hPa are shown in Figure 6. The results in Figure 6 are obtained based on fitting 
the SW2 in zonal wind to the first 10 symmetric and antisymmetric Hough modes; however, we only 
show the first two symmetric and antisymmetric Hough modes as reconstruction of the SW2 from these 
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Figure 5. SD-WACCMX climatological zonal mean zonal wind on day of year (a) 240, (b) 250, (c) 260, (d) 270, (e) 280, 
(f) 290, (g) 300, and (h) 310. Results are based on the 1980–2016 average. SD-WACCMX, Specified Dynamics Whole 
Atmosphere Community Climate Model with thermosphere-ionosphere eXtension.

(a)
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modes is sufficient to capture the salient features of the SW2 variability 
shown in Figures 1–3 (not shown). The results in Figure 6 reveal that 
there are notable changes in the (2,3), (2,4), and (2,5) modes around 
September equinox. In particular, the antisymmetric modes gradually 
decrease, obtaining minima around day 300 before gradually increas-
ing. The second symmetric mode, (2,4), exhibits the opposite behavior 
and has a maximum around day 315. The first symmetric mode, (2,2), 
displays little variability, which is consistent with previous results (e.g., 
Forbes & Vial, 1989). The sum of the first two symmetric and antisym-
metric modes has a minimum around day 290. As will be discussed in 
more detail later, the timing of this minimum results from a combina-
tion of amplitude and phase changes of the different modes. The results 
in Figures 2–6 combined can provide insight into the source of the SW2 
minimum that occurs at middle to high latitudes in the Northern Hem-
isphere around September equinox. Concerning first the decreased am-
plitude of the antisymmetric modes, we consider this to be the result of 
the seasonal changes in the zonal mean zonal winds. The antisymmet-
ric modes of SW2 are primarily generated by mode coupling that occurs 
due to the presence of meridional gradients in temperature and zonal 
winds (Forbes & Garrett,  1979; Lindzen & Hong, 1974). As shown in 
Figure 5, the meridional gradients are small (i.e., the zonal mean zonal 
winds are largely hemispherically symmetric) around the September 
equinox. This will lead to a reduction in the (2,3) and (2,5) modes. At 

the same time as the antisymmetric modes are decreasing, the second symmetric mode increases. As 
discussed previously, this is likely due to the increased ozone forcing of the (2,4) mode around equinox, 
and may also be due to favorable propagation conditions in the near zero zonal mean zonal winds that 
occur around equinox. Though the (2,4) mode increases, it is insufficient to compensate for the decreased 
antisymmetric amplitudes. Last, we note that the decreased SW2 amplitude is confined to the Northern 
Hemisphere (e.g., Figure 1a). This is the result of constructive/destructive interference between the dif-
ferent symmetric and antisymmetric modes, which leads to reduced amplitudes in the Northern Hemi-
sphere, but not in the Southern Hemisphere. The constructive/destructive interference is illustrated in 
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Figure 6. Amplitude of the first four Hough modes of SW2 at 10−3 hPa 
(∼95 km), and their vector sum, based on the SD-WACCMX 1980–2016 
average. SD-WACCMX, Specified Dynamics Whole Atmosphere 
Community Climate Model with thermosphere-ionosphere eXtension.

Figure 7. Phase of the first four Hough modes on day of year 270 at (a) 50°S and (b) 50°N. The results are based on the 
SD-WACCMX 1980–2016 average. SD-WACCMX, Specified Dynamics Whole Atmosphere Community Climate Model 
with thermosphere-ionosphere eXtension.

(a) (b)
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Figure 7, which shows the phases of the different Hough modes at 50°S 
(Figure  7a) and 50°N (Figure  7b) on day 270. The in-phase relation-
ship of the Hough modes in the Southern Hemisphere MLT means that 
the enhancement in the (2,4) mode compensates for the decrease in 
the antisymmetric modes. However, in the Northern Hemisphere MLT, 
these Hough modes are out of phase, leading to destructive interfer-
ence among the different modes and an overall reduction in the tidal 
amplitudes.

4.2. Interannual Variability

We now turn our attention to how interannual variations in the timing 
of the seasonal transition of the zonal mean zonal winds influences 
the SW2 minimum at middle to high latitudes in the Northern Hem-
isphere. As an indicator of the timing of the seasonal transition, we 
use the zonal mean zonal winds at 60°S and 10 hPa. The SD-WACCMX 
simulated winds at 60°S and 10 hPa during the years 1980–2016 and 
2019 are shown in Figure 8. The solid black line indicates the clima-
tological mean, and the colored solid and dashed lines indicate the 
six earliest and latest seasonal transitions from eastward to westward 
zonal mean zonal winds, respectively. The climatological transition 
date is around day 325. In contrast, the zonal mean zonal winds re-
verse between days 300–310 in the six early transition years, and days 
340–350 during the late transition years. As discussed later, the timing 
of the wind reversal in the Southern Hemisphere stratosphere is indic-
ative of the timing of the seasonal transition of the winds throughout 
the middle atmosphere. There is thus considerable interannual vari-
ability in the timing of the seasonal transition throughout the middle 
atmosphere. Throughout the following, the six earliest and latest sea-
sonal transition years will be used to understand how the timing of 

the seasonal transition in the middle atmosphere winds influences the SW2 minimum in the Northern 
Hemisphere. Note that in the present study we are interested in the response of the SW2 to the early 
or late seasonal transition, and thus do not investigate the source mechanisms that drive the interan-
nual variability in the seasonal transition. We do, however, note that the transition date is influenced 
by wave forcing with years of stronger wave forcing, and often major or minor sudden stratospheric 
warming events, having an earlier seasonal transition.

The timing of the seasonal transition in the Southern Hemisphere stratosphere shown in Figure 8 is indic-
ative of the seasonal transition throughout the middle atmosphere. Figure 9 shows the zonal mean zonal 
winds averaged between 40 and 60°N and 40–60°S for the early (Figure 9a and 9c) and late (Figure 9b and 
9d) transition years. As expected, the zonal mean zonal winds in the Southern Hemisphere stratosphere 
transition from eastward to westward ∼20 days earlier in the early transition years compared to the late 
transition years. The earlier transition to westward winds in the stratosphere is accompanied by an earlier 
strengthening of the eastward winds in the MLT, which is due to the role of the stratospheric winds on fil-
tering the gravity waves that influence the MLT circulation. In the Northern Hemisphere (Figure 9a and 9b), 
the zonal mean zonal winds in the stratosphere are generally similar in the early and late transition years, 
especially with regards to the timing of the wind reversal. There is, however, an earlier formation of the 
westward winds in the MLT in the early transition years compared to the late transition years. The earlier 
transition in the Northern Hemisphere MLT is considered to be due to the interhemispheric coupling that 
is known to occur between the high latitude wintertime stratosphere and summer mesosphere (Körnich & 
Becker, 2010; Smith et al., 2020).

As discussed previously, the SW2 minimum in the Northern Hemisphere is largely controlled by the oc-
currence of hemispherically symmetric zonal mean zonal winds around September equinox. The results 
shown in Figure 9 indicate that the timing of when the winds are most hemispherically symmetric will be 

PEDATELLA ET AL.

10.1029/2020JD033822

8 of 14

Figure 8. SD-WACCMX zonal mean zonal wind at 60°S and 10 hPa. 
Thin gray lines are the zonal mean zonal wind for individual years, and 
the solid black line indicates the 1980–2016 climatological average. Years 
with the six earliest and latest transitions from eastward to westward 
zonal mean zonal winds are indicated by the colored solid and dashed 
lines, respectively. SD-WACCMX, Specified Dynamics Whole Atmosphere 
Community Climate Model with thermosphere-ionosphere eXtension.
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different during the early and late transition years. This is more clearly 

demonstrated in Figure 10, which shows the quantity 1 | |
2 n sU U  av-

eraged between 10 and 10−3 hPa, where Un and Us are the mean zonal  
mean zonal winds between 40–60°N and 40–60°S, respectively. This 
quantity will be minimum when the winds are most symmetric (i.e., 
Un ≈ Us). Figure 10 shows the climatological value (black line), stand-
ard deviation (gray shading), as well as the early (Figure 10a) and late 
(Figure 10b) transition years. It is evident in Figure 10 that climatolog-
ically the middle atmosphere winds are most symmetric around days 
270–280, which is generally consistent with the climatological timing 
of the SW2 minimum in the Northern Hemisphere MLT. Furthermore, 
the results in Figure 10 demonstrate that the zonal mean zonal winds 
in the middle atmosphere are more symmetric earlier compared to cli-
matology (and less symmetric later) during the early transition years, 
with the opposite occurring in the late transition years. This indicates 
that, though defined based on the timing of the transition of the zonal 
mean zonal winds in the Southern Hemisphere stratosphere, the early 
and late transition years exhibit different timing of the seasonal transi-
tion, and hemispheric symmetry, of the winds throughout the middle 
atmosphere.

An example of the impact of the timing of the seasonal transition on 
the SW2 minimum in the middle to high latitude Northern Hemisphere 
is shown in Figure  11. Figure  11 shows the SW2 averaged between 
40 and 60°N during 2002 (11a, early transition year), 2015 (11b, late 
transition year), and the 1980–2016 climatology (11c). The results in 
Figure 11 clearly illustrate that the SW2 minimum occurs earlier than 
the climatological minimum in 2002, and later than the climatologi-
cal minimum in 2015. There thus appears to be a relationship between 
the timing of the seasonal transition and the timing of the SW2 min-
imum, with an earlier seasonal transition corresponding to an earlier 
SW2 minimum. This is further supported by the results in Figure 12, 
which shows the timing of the SW2 minimum at different pressure lev-
els for the SD-WACCMX climatology (black line), early transition years 
(“x” symbols) and late transition years (“o” symbols). Note that the gray 
shading indicates one standard deviation of the SW2 minimum date for 

the period 1980–2016, including the six early and late transition years. Focusing first on the early transi-
tion years, it is clear that the SW2 minimum occurs ∼10–15 days earlier than climatology, with the date 
of the minima occurring outside of one standard deviation for nearly all years and pressure levels. Results 
for the late transition years are perhaps less clear, though it is evident that the SW2 minima tend to oc-
cur slightly later (∼5–10 days on average) than the climatological minimum. Based on these results, we 
conclude that an earlier seasonal transition in the middle atmosphere winds leads to earlier occurrence 
of the SW2 minimum at middle to high latitudes in the Northern Hemisphere. Likewise a later seasonal 
transition will tend to lead to a later occurrence of the SW2 minimum. The response does, however, ap-
pear to be stronger for the early transition years compared to the late transition years.

We complement the SD-WACCMX simulation results with SMR observations at middle to high lati-
tudes in the Northern Hemisphere during the early and late transition years. Figure 13 shows the aver-
age total semidiurnal tide (S2) during early (left panels) and late (right panels) transition years. Though 
the S2 contains contributions from both the SW2 and nonmigrating tides, it is dominated by the SW2 at 
middle to high latitudes in the Northern Hemisphere (He & Chau, 2019). Note that due to limited ob-
servations, the early transition years are averaged for 2000, 2002, 2012, 2013, and 2019 for the Northern 
Scandanavia radars (Andenes, Esrange, and Tromsø) and 2012, 2013, and 2019 for the radars in North-
ern Germany (Collm and Juliusruh). Late transition years are similarly limited to only 1999, 2001, 2010 
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Figure 9. Zonal mean zonal winds averaged between 40 and 60°N for 
the (a) early, and (b) late transition years. (c)–(d) Same as (a)–(b) except 
averaged between 40 and 60°S. SD-WACCMX, Specified Dynamics Whole 
Atmosphere Community Climate Model with thermosphere-ionosphere 
eXtension.

(a)

(b)

(c)

(d)
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and 2015 for Northern Scandinavia, and 2010 and 2015 for Northern 
Germany. Similar to what has been shown in previous studies (Chau 
et al., 2015; Conte et al., 2018), the radar observations exhibit a pro-
nounced minimum in the S2 amplitude around September equinox. 
Comparison of the S2 during early and late transition years reveals 
that, consistent with the SD-WACCMX simulations, the S2 minimum 
occurs earlier in the early transition years and later in the late tran-
sition years. In particular, it is clear that the S2 amplitude quickly 
decreases around day 250–260 in the early transition years compared 
to around day 280 in the late transition years. The increase in the S2 
amplitude that occurs 20–30 days later also occurs earlier in the early 
transition years compared to the late transition years. A latitudinal 
dependence to the S2 minimum is also evident in Figure 13, with S2 
minimum being shorter at 50–55°N (Northern Germany) compared 
to ∼70°N (Northern Scandinavia). This latitudinal dependence is also 
consistent with the latitudinal dependence of the SW2 minimum in 
the SD-WACCMX simulations (Figure 1).The radar results thus con-
firm the results of the SD-WACCMX simulations.

As discussed in Section 4.1, the seasonal transition of the zonal mean 
zonal winds impacts the different modes of SW2. Figures  14 and 15 
show the amplitudes of the first two symmetric and antisymmetric 
Hough modes at 10−3 hPa for the early and late transition years, respec-
tively. The results in Figure 14 illustrate that the (2,3), (2,4), and (2,5) 
modes display a clear response to the earlier seasonal transition in the 
Southern Hemisphere stratosphere. In particular, the first and second 
antisymmetric modes minima and the second symmetric mode maxi-
mum occur earlier compared to climatology. The earlier occurrence of 
the (2,3) and (2,5) minima and (2,4) maximum can largely be attrib-
uted to the earlier occurrence of symmetric zonal mean zonal winds 
during the early transition years (Figure 10). The late transition years 
(Figure 15) tend to show the opposite response, though it is less pro-
nounced compared to the early transition years. In the late transition 
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Figure 11. SD-WACCMX SW2 amplitude in zonal wind averaged between 
40 and 60°N for (a) 2002, (b) 2015, and (c) the 1980–2016 average. SD-
WACCMX, Specified Dynamics Whole Atmosphere Community Climate 
Model with thermosphere-ionosphere eXtension.

(a)

(b)

(c)

Figure 10. SD-WACCMX zonal mean zonal wind hemisphere symmetry averaged between 10 and 10−3 hPa for (a) 
early, and (b) late transition years. The 1980–2016 climatological average and one standard deviation are indicated by 

the black line and gray shading, respectively. The hemisphere symmetry is defined as 
1 | |
2 n sU U , where Un and Us are 

the zonal mean zonal wind averaged between 40–60°N and 40–60°S, respectively. SD-WACCMX, Specified Dynamics 
Whole Atmosphere Community Climate Model with thermosphere-ionosphere eXtension.

(a) (b)
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years, the response is most apparent in the antisymmetric modes, es-
pecially the (2,5) mode, which shows a slightly later minima compared 
to climatology. Unlike the early transition years, the second symmetric 
mode does not display a clear difference compared to climatology in the 
late transition years. This may partly explain the less definitive results 
for the timing of the SW2 minima in the late transition years compared 
to climatology in Figure 12.

Based on these results, we can summarize the impact of the seasonal 
transition in the middle atmosphere zonal mean zonal winds on the 
timing of the SW2 minimum at middle to high latitudes in the North-
ern Hemisphere as follows. The timing of the seasonal transition in the 
Southern Hemisphere stratosphere, which we use to define the early 
and late transition years, is related to the seasonal transition throughout 
the middle atmosphere. This includes the timing of when the middle 
atmosphere zonal mean zonal winds are most hemispherically sym-
metric. As discussed with regards to the SW2 climatology (Section 4.1), 
the seasonal transition of the winds throughout the middle atmosphere 
influences the generation and propagation of different Hough modes, 
which constructively/destructively combine to generate the SW2 min-
imum. An earlier or later seasonal transition of the zonal mean zonal 
winds, and the corresponding earlier or later occurrence of hemispher-
ically symmetric winds, will thus lead to a shift in the timing of the 
Hough modes (Figures 14 and 15), ultimately generating a shift in the 
timing of the SW2 minimum.

PEDATELLA ET AL.

10.1029/2020JD033822

11 of 14

Figure 12. Day of year when the minimum SW2 amplitude (averaged 
between 40 and 60°N) occurs. Solid black line indicates the 1980–2016 
average, and the gray shading indicates one standard deviation. Colored 
“x” and “o” symbols indicate individual early and late transition years, 
respectively.

Figure 13. Amplitude of the total semidiurnal tide (S2) in specular meteor radar observations for (a) Northern 
Scandinavia (Andenes, Tromsø, and Esrange), and (b) Northern Germany (Collm and Juliusruh) during early transition 
years. (c)–(d) Same as (a)–(b) except for late transition years.

(a) (c)

(b) (d)
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5. Conclusions
The present study investigates the formation of the deep SW2 minimum that lasts for 20–30 days at middle 
to high latitudes in the Northern Hemisphere around September equinox. Analysis of SD-WACCMX sim-
ulations reveals that the SW2 minimum is primarily related to the seasonal transition of the zonal mean 
zonal winds in the middle atmosphere, which alters the generation and propagation of different SW2 tidal 
modes. In particular, there is a notable reduction in the amplitude of antisymmetric modes due to the zonal 
mean zonal winds being more hemispherically symmetric around equinox. The constructive/destructive in-
teraction among the different modes leads to the SW2 minimum at middle to high latitudes in the Northern 
Hemisphere. Furthermore, the timing of the SW2 minimum has considerable interannual variability, with 
yearly minima occurring ∼10–20 days before or after the climatological minimum. The results demonstrate 
that the shift in timing of the SW2 minimum is related to the timing of the seasonal transition of the zonal 
mean zonal winds in the middle atmosphere.

It is important to note that the SW2 at MLT altitudes can play an important role in coupling the lower/
middle and upper atmospheres. Specifically, the SW2 can influence the electrodynamics of the low-lat-
itude ionosphere (Millward et al., 2001), and its dissipation can alter the dynamics and composition of 
the lower thermosphere (Pedatella et al., 2016). It remains to be investigated how the SW2 minimum 
may impact the upper atmosphere. The interannual variations in the timing of the SW2 minimum 
could also serve as a mechanism for generating interannual variations in the ionosphere and thermo-
sphere. This may impact, for example, the variability of the ionosphere during and after the recent 
2019 Southern Hemisphere sudden stratosphere warming event, which exhibited an early seasonal 
transition.
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Figure 14. Amplitude of the SW2 (a) (2,2), (b) (2,3), (c) (2,4), and (d) (2,5) 
Hough modes at 10−3 hPa (∼95 km) for the climatological average (black 
line) and early transition years (colored lines).

(a)

(b)

(c)

(d)

Figure 15. Amplitude of the SW2 (a) (2,2), (b) (2,3), (c) (2,4), and (d) (2,5) 
Hough modes at 10−3 hPa (∼95 km) for the climatological average (black 
line) and late transition years (colored lines).

(a)

(b)

(c)

(d)
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