
1. Introduction

Neutral wind dynamics play an important role in determining the state of the ionosphere-thermosphere (I-T) 
system due to the strong effect that they exert on global plasma distribution along magnetic field lines. Middle 
and upper thermospheric winds are primarily driven by the daily absorption of solar ultraviolet and extreme 
ultraviolet radiation which ultimately create horizontal global pressure gradients with subharmonics of a solar 
day that are generally called atmospheric tides (Forbes, 1982, 1995; Kato, 1980; Richmond, 1983). Dominant 
tides are the diurnal (24-hr) and semidiurnal (12-hr) migrating components. They are sun-synchronous from the 
vantage point of a fixed observer on the ground and exhibit a westward phase velocity, that is, they migrate with 
the apparent motion of the sun. Conversely, non-migrating atmospheric tides do not follow the apparent motion 
of the sun. They can propagate eastward or westward and can have the same periods as the migrating tides. Thus, 
whereas the effects of migrating tides are observed in day-night variations, non-migrating tides are responsible 
for longitudinal variations.

A general nomenclature employed to denote these tides is given by their period and wavenumber. Under this 
framework, for instance, diurnal migrating tides and eastward propagating diurnal non-migrating tides with 
wavenumber 3 are written as DW1 and DE3 respectively. The resultant tidal dynamics have been extensively 
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studied with observations and simulations (e.g., Forbes et  al.,  2008; Truskowski et  al.,  2014 and references 
therein).

Solar radiation absorption by water vapor and latent heating associated with convection in the troposphere are 
important sources of non-migrating tides (Zhang et al., 2010a, 2010b), both of which are strongly influenced by 
land-sea differences. Another important mechanism for the generation of non-migrating tides is the non-linear 
interaction between atmospheric tides and waves or between waves (Forbes, 2021, and references therein). In this 
mechanism the interaction between two waves yields two secondary waves with frequencies and zonal wavenum-
bers that are the sum and difference of those of the primary waves. For example, Hagan et al. (2009) found that 
non-linear interactions between DE3 and DW1 produced SE2 and a stationary planetary wave with wavenumber 
4 (SPW4). Along similar lines, Jones, Jr. et al.  (2013) showed that longitudinal variations in the ionospheric 
plasma in the form of SPW1 combined with the DW1 component of the thermospheric wind circulation could 
generate non-migrating tidal components D0 and DW2 from hydromagnetic plasma-neutral coupling. They also 
showed that these effects were stronger for higher solar flux conditions, consistent with similar findings using 
Challenging Minisatellite Payload (CHAMP) observations (Häusler & Lühr, 2009) and the modeling work of 
Häusler et al. (2010).

Different satellite missions have provided observations crucial to our current understanding and prediction 
of neutral wind dynamics. One of the more important efforts was undertaken by the Horizonal Wind Model 
(HWM14; Drob et al., 2015) which assimilated an extensive database of satellite- and ground-based observations 
to represent the thermospheric general circulation. As Drob et al. (2015) indicate, HWM14 accounts for recurring 
global-scale stationary planetary waves and the diurnal, semidiurnal and terdiurnal migrating tides. Chu (2019) 
compared neutral wind predictions from this empirical model and ground-based observations from different 
Fabry-Perot interferometers (FPIs) located at Pisgah Astronomical Research Institute (35.20°N, −82.85°E), 
Urbana Airglow Observatory (40.17°N, −88.16°E), Oukaïmeden Observatory (31.20°N, −7.9°E) and South 
African Astronomical Observatory (32.28°S, 20.81°E), and found general agreement with predictions if they 
were closer to the site location where HWM was constrained by prior observations used in the model construc-
tion. Chu (2019) showed that discrepancies with observations could be reconciled by optimizing the phase of the 
terdiurnal tidal components within the model using Taylor diagrams and an optimization scheme based on neutral 
wind observations, a result elaborated on by Ojo et al. (2022).

More recently, observations made by the suite of instruments on board NASA's Ionospheric Connection Explorer 
(ICON; Immel et  al.,  2018) satellite provide measurements of neutral winds, ion drifts, and plasma density 
and have been used to study atmosphere-ionosphere coupling during 01–21 January 2020 (Forbes et al., 2021). 
They showed that the variability of the low-latitude DE3 zonal winds at 106 km, and wave-4 equatorial vertical 
drifts and zonal and meridional winds at 295 km, were due to non-linear interactions between the 2- and 6-days 
planetary waves and ∼3-days ultra-fast kelvin waves. Moreover, they found evidence of additional non-linear 
interactions between non-migrating tide DE3 and migrating tide DW1 that explain the increasing magnitudes of 
SE2 above 120 km during this period. They suggest that SE2 can subsequently interact with DW1 variations in 
winds and ion drag to non-linearly generate DE3 and the eastward propagating terdiurnal tide TE1. The additional 
DE3 can also generate SPW4 in situ as well as a longitudinally symmetric quatradiurnal tide that is, Q0. Maute 
et  al.  (2023) analyzed ICON neutral wind observations from the August-September 2020 period following a 
Hough Model Extension tidal analysis. They showed that SW2 was upwardly propagating from 110 to 250 km in 
the upper atmosphere, and that the latitudinal and temporal variations of DW1, TW3 and QW4 migrating tides 
were closely related to that of SW2. They suggested that TW3 and QW4 were non-linearly generated by the 
interaction between DW1 and SW2, and SW2 and TW3 respectively.

The wave-wave interactions noted above suggest a degree of complexity within the dynamics of the coupled I-T 
system that was previously unappreciated and that remains unexplored.

By analogy with the TE1, TW4, and TW5 terdiurnal tides that originate from interactions between migrating 
and non-migrating diurnal and semidiurnal tides in the lower thermosphere (Lühr & Manoj, 2013; Moudden & 
Forbes, 2013), it seems reasonable to assume that such interactions also occur within the middle and upper ther-
mosphere. Indeed, the additional presence of diurnal harmonics in the nonlinear ion drag term in the momentum 
equations (e.g., Jones, Jr. et al., 2013) combined with longitudinal dependence of the magnetic field, suggest that 
a whole host of high-order tidal harmonics likely exist in the I-T system. Outstanding questions include whether 
such high-order harmonics are observable, and if they measurably contribute to I-T complexity. The present paper 
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combines space-based and ground-based observations at low to middle latitudes to answer these questions in the 
affirmative for the first time.

In the next section, we describe the instrumentation utilized, and in Section 3 we present the nighttime wind 
structure observed by ground-based FPIs that motivated the present study. In Section 4 a tidal analysis methodol-
ogy is described, and in Section 5 this is applied to ICON/MIGHTI wind observations to place the ground-based 
observations into a global context. This global context includes a decomposition into non-migrating tides that 
confirms the origin of the structures observed form the ground. Section 6 summarizes our conclusions.

2. Instrumentation

The midlatitude thermospheric neutral wind observations used in this study were made using ground-based 
FPIs located at Boulder, CO (40°N, 105°16′W, dip latitude ∼49°N), Urbana Airglow Observatory in Urbana, IL 
(40°17′N, 88°16′W, dip latitude ∼51°N), Millstone Hill Optical Laboratory in Westford, MA (42°36′N, 71°30′W, 
dip latitude ∼50°N) and Oukaïmeden Observatory in Morocco (31°12′N, 7°52′W, dip latitude ∼24°N) and from 
the spaceborne measurements made by the Michelson Interferometer for Global High-resolution Thermospheric 
Imaging (MIGHTI; Englert et al., 2017, 2023) onboard the National Aeronautics and Space Administration's 
(NASA's) Ionospheric Connection Explorer (ICON, Immel et al., 2018) satellite.

Both instrument types estimate the bulk velocity of the thermalized atomic oxygen in the thermosphere by meas-
uring the Doppler-shifted spectra of the 630-nm airglow emission line. Each instrument integrates the received 
airglow emission along specific line-of-sight (LOS) directions. From the ground, the FPIs resolve the neutral 
wind velocity along the cardinal directions as well as toward zenith, corresponding to geographic locations of 
∼2.5° latitude and longitude around the FPI site location and over the FPI site location, respectively. These direc-
tions are cycled throughout the night. At Urbana and Morocco, the integration times are dynamically calculated 
based on the airglow intensity and generally range from 30 s to 4 min. The integration times at Millstone Hill and 
Boulder are fixed to be 3 and 5 min, respectively. A 632.8-nm HeNe laser observation is included during each 
cycle with typical integration times of 30 s to monitor instrumental drift. The etalon clear aperture, spacer gap 
and number of interferometric orders are 10 cm, 1.5 cm and 10 for the Urbana FPI, 7.5 cm, 1.5 cm and 10 for 
the Morocco FPI, 12.8 cm, 1.0525 cm and 5 for the Millstone Hill FPI and 10 cm, 2 cm and 14 for the Boulder 
FPI. The optical design and analysis of the images for the Urbana and Morocco FPIs were described in Makela 
et al. (2012, 2013) and Harding et al. (2014), and for the Boulder FPI in Wu et al. (2004). Figure 1 shows the 
geographic locations of the cardinal points of measurement around the FPI sites, except for the Morocco site.

ICON/MIGHTI uses two separate Michelson interferometers to observe the oxygen airglow emission along 
orthogonal LOS directions pointing ∼45° and ∼135° from ram in the counter-clockwise yaw direction. ICON 
follows a 27° inclination orbit, allowing the remote observations to map to equatorial and mid latitude regions 
over all longitudes and solar local time (SLT) sectors for 15 times a day (Cullens et al., 2020; Forbes et al., 2021). 
Oxygen emissions from both the mesosphere and thermosphere are observed to provide altitude-resolved wind 
measurements from approximately 90 to 300 km altitude. Observations are made along the entire orbit and are 
representative of tangent points at each corresponding altitude. In this study, we consider measurements of the 
630-nm emission made at thermospheric altitudes above 200 km. More details about the observing geometry and 
analysis can be found in Harding et al. (2017). Figure 1 shows the geographic locations of the orbit described by 
the tangential points observed by ICON/MIGHTI.

3. Data Presentation

We used version 5.0 of the ICON/MIGHTI level 2.2 data products. These data products correspond to estimates 
of the zonal and meridional winds inferred from combining the LOS measurements made by the two orthogonally 
observing ICON/MIGHTI instruments. They were derived following the methodology described by Harding 
et al. (2017) and Englert et al. (2023). The quality flags considered in the present study are those higher than 
0. As an additional quality-control, measurements derived from LOS observations that crossed the terminators 
were not included. In order to compare the height-integrated measurements provided by the ground-based FPIs 
with the height-resolved ICON/MIGHTI wind vectors, we used the procedure described by Makela et al. (2021). 
According to this procedure, the volume emission rate is normalized and used as weights in the calculation of the 
height-integrated ICON/MIGHTI wind vectors.
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For the ground-based FPI observations, individual measurements having statistical uncertainties larger than 
25 m/s and temperature values lower than 500 K were removed (Fisher et al., 2015; Makela et al., 2012). Mill-
stone Hill FPI observations with quality flags of 0 and 1 were used. In addition, the Urbana, Boulder and Morocco 
FPI observations made during cloudy conditions, as determined by collocated cloud sensors, were removed. 
Furthermore, at Urbana and Morocco, low intensity measurements were removed from the analysis. Only obser-
vations made during geomagnetically quiet conditions of Kp <3 during the time of the observations and 6 hr 
before were considered. More details on the comparison of the viewing geometries of these two different observ-
ing platforms and of the zero-wind phase reference for ICON/MIGHTI can be found in Makela et al. (2021). 
FPI winds from September to April were collected and a database was created consisting of a total of 27,100 hr 
of observations. Observations from November 2009 to November 2020 were included from the Boulder FPI; 
from September 2012 to March 2021 for the Urbana FPI; and from December 2009 to November 2020 for the 
Millstone Hill FPI. These observations are fairly distributed throughout these months with the lowest number of 
observations in April for the Millstone Hill FPI. We also used 36 nights of observations from December 2019 to 
January 2020 for the Morocco FPI.

Figure 1 shows the eastward and northward winds from the FPI sites in the left column of the bottom panels 
and the corresponding height-integrated ICON/MIGHTI winds in the right column during the night of 01–02 
January 2020 when a strong ±100 m/s oscillation in the eastward winds occurred between 23:00 and 04:00 SLT. 
For further study of this structure and to further understand its origin and characteristics, we limited our ICON/
MIGHTI and historical FPI observations to the December solstice except in Section 5.2.2 where equinox FPI 
observations were included for a contrast with December solstice results.

Figure  2 shows our database of thermospheric winds of ground-based FPI and ICON/MIGHTI observations 
during the December 2019–January 2020 solstice period. For MIGHTI, all data from 20°N deg to the northern 

Figure 1. Thermospheric winds during the night-time period of the 01–02 January 2020 for the 120°E−240°E longitudinal 
sector. (a) Orbit tracks of tangential points of the ICON/MIGHTI red filter observations shown by rainbow-colored lines, and 
the geographic locations of cardinal pointing directions over the Fabry-Perot interferometer (FPI) sites located at Boulder 
(square), Urbana (circle) and Millstone Hill (star). East/North and West/South locations shown as blue- and orange-colored 
symbols respectively. Reference location for HWM14 predictions is shown as green cross. (b) Eastward winds over the east 
and west of the FPI sites shown in blue and orange respectively. Each FPI site location follows marker definition in (a). (c) 
ICON/MIGHTI eastward wind observations along the orbit tracks shown in (a). (d) Northward winds over the north and south 
of the FPI sites shown in blue and orange respectively. Each FPI site location follows marker definition in (a). (e) ICON/
MIGHTI northward wind observations along the orbit track shown in (a).
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extent of the observations at ∼42° latitude are shown. A persistent structure is evident during this period at 
night. The SLT variation of the eastward winds displays a similar structure in the FPIs and the ICON/MIGHTI 
observations. This structure is also present over Morocco, located 10° lower in latitude than the other FPI sites 
in North-America. ICON/MIGHTI observations follow the same pattern. Northward winds show SLT variations 
similar to the FPIs. The long-lasting persistence of this structure over many nights leads us to consider possible 
tidal origins for the structure.

4. Methodology and Analysis

A tidal decomposition was applied to the ICON/MIGHTI wind data to assess the tidal nature of the structure 
evident in Figures 1 and 2. Within this framework, the horizontal wind field, 𝑤̃𝑤 , can be mathematically expressed 
as a sum of individual tidal components,

𝑤̃𝑤 =

∑

𝑛𝑛

∑

𝑠𝑠

𝐴𝐴𝑛𝑛𝑛𝑠𝑠 cos
[

𝑛𝑛Ω𝑡𝑡 + 𝑠𝑠𝑠𝑠 − 𝜙𝜙𝑛𝑛𝑛𝑠𝑠

]

 

where n, s denote the subharmonics of a solar day and zonal wavenumber, respectively. A, ɸ are the amplitude 
and phase of the corresponding tidal component at a given latitude and height. t and λ are universal time and 
longitude respectively. 𝑤̃𝑤 is the estimated component of the wind. For example, [n, s] = [3, −2] corresponds 
to TE2 for a terdiurnal eastward propagating tide with wavenumber 2. If n and s are equal, the tidal oscillation 
moves synchronously with the sun and is referred to as a migrating tide. Oscillations with n ≠ s are known as 
non-migrating tides since they are solar asynchronous. A more detailed description of this methodology can be 
found in Forbes (1995).

In this study, we focus on the non-migrating components with n ≥ 3 since, as shown below, the structure looks 
to be fixed in SLT and appears to contain smaller than 12-hr periodicities. For these tides, we followed the 
methodology used by Moudden and Forbes (2013) who performed tidal fitting of consecutive days of obser-
vations within windows covering 8-hr of continuous SLT at all longitudes. For ICON, 18-days of continuous 
observations are required to cover 8-hr of SLT according to the rate of precession of the ICON satellite for 
each ascending and descending node (see Figure 2 of Forbes et al.  (2021)). Similarly, 41–48 days of data 
are required to extract diurnal and semidiurnal tides from ICON data, depending on the range of latitudes 
covered. We used shorter fit spans for the n ≥ 3 tidal components since it was found that they exhibited a 
degree of day-to-day variability that would have resulted in phase cancellation and amplitude suppression if 
their determinations were based on the longer fits spans required for extracting the diurnal and semidiurnal 
tides.

Figure 2. Eastward and northward thermospheric winds during the December 2019–January 2020 as observed by the Boulder, Urbana, Millstone Hill, and Morocco 
FPIs and ICON/MIGHTI observations. ICON/MIGHTI observations at the solar terminators are shown as transparent.
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Specifically, we binned our height-integrated ICON/MIGHTI database for each wind component into 15 UT min 
and 15° longitude bins. The wavenumber range of interest goes from −6 to 6. We follow the following procedure:

1.  We use 48-days windows to estimate all tidal components from diurnal (n = 1) up to quatradiurnal (n = 4) and 
identified components with magnitudes stronger than 2 m/s.

2.  We fit diurnal and semidiurnal tidal components to the 48-days windowed data using the strongest tides 
previously selected.

3.  We fit terdiurnal and quatradiurnal tidal components to the 18-days window residual data. These residuals 
were calculated by removing the previously fitted diurnal and semidiurnal baselines from sliding 18-days 
windowed data. We used the strongest tides previously identified in the fitting.

As previously stated, this procedure follows Moudden and Forbes (2013) who similarly calculated shorter than 
semidiurnal tidal components to residuals from a baseline within sliding windows. We also tested the procedure 
just outlined for different tidal combinations and found that no additional information was obtained when fitting 
higher-order tides for the purposes of the structure under study. We followed this procedure for the ascending and 
descending nodes for 6° latitude bins spaced every 3° and ordered the results in SLT. Note that different node 
and latitudinal data sets locate the moving 8-hr windows into different SLT periods. The tidal reconstructions 
shown in subsequent sections were separately reproduced for each node set and averaged to represent an overall 
reconstruction.

It is important to mention that the tidal spectrum for each sliding window and for each node set can provide 
different tidal magnitudes for different wavenumbers depending on the structure present in the resultant 2D 
space. This variability is due to the variability present on each node set and to the nature of the sliding window 
which can partially display different regions of the structures present in the data as it slides in time. The lack of 
observations around the solar terminators is also challenging for our methodology. These factors contribute to an 
imperfect match between tidal reconstructions and the actual data. Nevertheless, and despite its limitations, our 
tidal reconstructions capture the most salient features and serve as a powerful tool to understand the sources and 
origins of the main structure under study.

The ground-based wind observations followed a similar analysis to obtain terdiurnal and higher order diurnal 
components. Given that the FPIs point to specific locations in the sky, they integrate along specific emitting 
volumes in the upper atmosphere and do not provide tidal wavenumber information. Their local night-time cover-
age of 10–12 hr during December solstice also prevents the estimation of longer local time harmonics. Other stud-
ies have used orthogonal spline functions to fit climatological averages with less than 12 hr of coverage providing 
good reconstruction of their SLT dependence (e.g., Alken, 2009; Brum et al., 2012; Emmert et al., 2003). We used 
a 60-days running window every 7 days for each cardinal direction data set. The representation of longer-period 
tidal components was obtained by smoothing 4-months climatological averages. The residuals from subtracting 
these baselines out of the 60-days averages was fitted to terdiurnal and quatradiurnal components.

5. Results and Discussion

5.1. Persistent Structure in Thermospheric Winds

The midlatitude thermosphere presented a large and fixed-in-SLT structure during the December 2019–January 
2020 period. Figure 1 shows this structure seen from both observing platforms. The FPI winds show eastward 
flow of ∼100  m/s around 18:00 SLT. They gradually increase to peak magnitudes of ∼170  m/s from 20:00 
to 22:00 SLT before decreasing to a minimum of ∼10 m/s around 00:30 SLT. They later increase back up to 
∼150 m/s at 02:00 SLT before finally decreasing and reversing to 50 m/s westward around 04:00 SLT. The same 
structure is observed by ICON/MIGHTI with similar SLT dependence, having a peak eastward wind of ∼150 m/s 
between 22:00 and 02:00 SLT and decreasing to ∼50 m/s around midnight. Winds measured by ICON/MIGHTI 
also decrease and reverse to about the same magnitude of ∼50 m/s westward before sunrise.

Likewise, the meridional winds during this period are consistent between the different measurement platforms. 
They are northward with magnitudes of ∼50 m/s in the early night, gradually decreasing in magnitude before 
reversing around 20:30 SLT except for the point south of Millstone Hill, which reversed 1 hr later, reaching peak 
magnitudes of about 80 m/s southward between 22:00 and 01:00 SLT and then quickly decreasing in magnitude 
before reversing to northward around 05:30 SLT. The meridional wind observations made by the FPIs show small 
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oscillation-like structure throughout the night. The magnitudes of these oscillations are small, ∼30 m/s, except 
for the one point south of Urbana. These oscillations are not, however, apparent in the spaceborne observations.

Figure 2 shows the persistence of this structure during this December solstice period as observed by different FPIs 
and ICON/MIGHTI. Throughout this period, zonal winds are eastward and reach maximum magnitudes around 
21:00 SLT, decrease in magnitude and then increase again to reach a second maximum around 02:00–03:00 SLT 
before reversing to westward winds prior to local sunset. The variability is larger over Millstone Hill than over 
the other FPI sites. Similarly, the meridional winds reverse southward early in the night, increase to 20:00–23:00 
SLT, reduce their magnitude around midnight, and then strengthen southward after 01:00 SLT. They reach peak 
magnitudes of ∼120 m/s around 02:00–03:00 SLT except over Millstone Hill where strong variability of these 
winds is observed throughout the night and over Morocco where the structure in the winds reach peak magnitudes 
around midnight. The zonal wind observations shown in Figure 2 show that the structure has strong longitudinal 
variations of peak values. They also showed characteristic features for three different SLT sectors: early night 
(20:00–23:00 SLT), midnight (23:00–01:00 SLT), and post-midnight (01:00–03:00 SLT), corresponding to the 
main features observed in the structure.

The FPI wind errors for the data presented in Figures 1 and 2 are steady in magnitude throughout the night for 
both wind components except for the Boulder and Morocco FPIs. They ranged from 8 to 10 m/s for Boulder and 
from 13 to 20 m/s for Morocco. The Urbana FPI shows errors of 8 m/s and the Millstone Hill FPI shows errors 
of 3 m/s. Note that these optical systems use different optical design parameters like etalon clear aperture among 
others (see Section 2), and that they undertake different parameter estimation techniques. Nevertheless, these 
statistical errors are less than 20% error with respect to wind magnitudes, in particular with respect the eastward 
winds where the structure under study is evident. Similarly, ICON/MIGHTI wind errors are of 7 m/s (3 m/s) 
during the night (day) with stronger uncertainties around midnight hours of ∼10 m/s for both wind components. 
More on the sources of these errors is provided in Englert et al. (2023).

5.2. Tidal Decomposition

5.2.1. Analysis Using ICON/MIGHTI Observations

In order to enable a more detailed analysis of the tidal contributions to the structure described above, each wind 
component of the ICON/MIGHTI observations was fit to estimate the terdiurnal and quatradiurnal tidal compo-
nents following the procedure described in Section 4. This procedure was used for the 2019–2020 December 
solstice period. Figure 3 (Figure 4) illustrates this procedure using the ascending (descending) nodes of the east-
ward (northward) winds for the latitudinal bin of 36°–42° and centered on the 02 January 2020. The first step of 
our procedure selects strongest tidal components; however, tidal magnitudes will be reported from steps 2 and 3.

Figure 3 shows results of our tidal decomposition procedure for the ascending node set of zonal winds for the 
nights of 14 January 2020 and 02 January 2020. For these two nights, the 8-hr sliding time windows are centered 
around 21:00 and 02:00 SLT respectively. The time sectors of these days can be used to study the tidal compo-
nents around the early night and post-midnight sectors where the characteristic features of the structure under 
study are observed as discussed in Section 5.1. The top and bottom row show the binned and fitted eastward 
winds respectively. The time periods around the solar terminators are grayed-out and shown in the top and bottom 
panels for display purposes only and are not used in further analysis due to the challenges presented in reliably 
interpreting the ICON/MIGHTI data during these times. These time sectors were not considered as outlined in 
Section 3. The panel on the left shows results for the diurnal and semidiurnal fits following step 2. The second and 
third columns show the binned residuals and corresponding terdiurnal and quatradiurnal fitted values following 
step 3.

The non-migrating tidal spectra obtained for the diurnal and semidiurnal fits showed magnitudes of 11, 3.2, 
3.1, 2.8, and 2.7 m/s for D0, DE2, DE1, DW2, and DE5 respectively, and of 8, 4.5, 4, 3.5, and 2.4 m/s for SE2, 
SE3, SW4, S0, and SW1 respectively. The migrating tide magnitudes are 81.5 and 7.5 m/s for the diurnal and 
semidiurnal tides respectively. The corresponding tidal reconstruction is shown in the bottom panel of the first 
column. Our results show that a 4-peaked structure occurs in the pre-midnight sector and at early morning local 
time sectors in the SLT frame which can be explained by the strong SE2 and SW4 tidal components. Similarly, the 
residuals observed in the second column are very small and so the resultant fit is also almost zero. However, this 
time window captures some of the midnight morphology and so the contribution of the higher order components 
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is not zero. On the other hand, analogous results for the day of 02 January 2020 showed a strong contribution of 
terdiurnal and quatradiurnal components. As observed in the bottom panel of the third column, the longitudinal 
variation of the structure around the post-midnight sector is a double-peak in longitude around 120°–240°E and 
300°–30°E longitudinal sectors. The non-migrating terdiurnal tides obtained by this analysis are 6, 4, 4, 3.2, and 
2.8 m/s for TW5, TW6, TW2, TE2, and TE4 respectively, and for the quatradiurnal tides are 8, 7.7, and 3.5 m/s 
for QW3, QW6, and QW2 respectively. The migrating tide magnitudes were of 31 and 34 m/s for the terdiurnal 
and quatradiurnal components respectively.

Figure 4 shows corresponding results for meridional winds centered on the nights of 31 December 2019 and 06 
January 2020. These days provided SLT windows centered at 05:00 and 00:00 SLT, respectively as shown in the 
right panels. The diurnal and semidiurnal non-migrating spectra for the diurnal and semidiurnal tides showed 

Figure 4. Same as Figure 3 but for meridional winds.

Figure 3. (Top) Binned ICON/MIGHTI observations (left) and residuals from diurnal and semidiurnal baselines (right). 
(Bottom) Reconstructions based on fitted zonal winds. The bottom left most column shows the tidal reconstruction for diurnal 
and semidiurnal components for the 48-days analysis centered on 02 January 2020. The panels on the bottom right show the 
tidal reconstructions based on the residuals from the diurnal and semidiurnal fit for both the 14 January 2020 and 02 January 
2020 periods. The solar terminator data are shadow in the binned and residuals averages but not used in the analysis. As 
stated in the text, this procedure fits diurnal and semidiurnal tidal components at the first step, and subsequently fits terdiurnal 
and quatradiurnal components to residuals from the first fit.
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magnitudes of 11.6, 5, 4.4, 3, 2.9, and 5.2, 4.3, 3.5 for D0, DW2, DE1, DW4, DE4, and SW3, SW4, S0 respec-
tively. The migrating tidal magnitudes were 81.9 and 29 m/s for DW1 and SW2, respectively. The bottom panel 
shows departures from the top fitted baseline around 20:00, 00:00 SLT and from 03:00 to 06:00 SLT at night 
and also around 09:00 SLT and 15:00 SLT during daytime. Note that these values are obtained for a timespan of 
48-days. We will focus our analysis on the midnight and post-midnight sectors that showed southward and north-
ward departures from the diurnal & semidiurnal baselines. The right panels show the corresponding fitted and 
binned averaged for the time windows around the previously mentioned SLT sectors. The top and bottom panels 
show the longitudinal structures in the mid- and post-midnight sectors. The midnight sector shows a double 
structure of northward winds with strongest magnitudes around 60°–300°E and 180°–240°E longitudinal sectors. 
Note that this longitudinal variation is similar to the post-midnight longitudinal variations for the eastward winds 
as shown in the right column of Figure 3. Also, the data show a southward wind in the early night sector from 
19:00 to 21:00 SLT with similar longitudinal variations. Similarly, the bottom panel in the last column of Figure 4 
shows a strong southward wind that extends from 120°E to 300°E from 06:00 to 03:00 SLT. The non-migrating 
tides responsible for these structures are T0, TW2, TW5, TW1, TE1 and QW3, QW5 with magnitudes of 7, 6.4, 
4.5, 4.1, 4 and 6, 2.3 m/s respectively. The migrating tide magnitudes were 28.8 m/s and 11 m/s for the terdiurnal 
and quatradiurnal components, respectively.

For cross-validation of our tidal analysis procedure, we compare tidal reconstructions derived using ICON/
MIGHTI observations with the ground-based FPI data set. Figure 5 shows the comparison for the night of 19–20 
December 2019. As before, the orange and blue circles show the FPI observations made in the cardinal direc-
tions, the solid green line shows HWM14 results for this night, and the shaded regions shows the ICON/MIGHTI 
tidal reconstructions using the tidal parameters obtained from our procedure centered on this night. Each column 
shows observations and reconstructions from west to east across the North American sector for the Boulder, 
Urbana, and Millstone Hill FPIs. While the structure, most evident in zonal winds between 21:00 and 04:00 SLT, 
is not seen in the HWM14 results it is seen in the tidal reconstructions.

As shown in Figure  5, the structure present throughout this period is reproducible by considering the terdi-
urnal and quatradiurnal tidal components derived from tidal analysis of ICON/MIGHTI observations. The 
pre-midnight eastward wind increases from west to east in both the ICON/MIGHTI reconstructed wind and in the 
ground-based observations. This is also consistent with results in Figure 3. On the other hand, the post-midnight 
eastward wind peak magnitudes, which are mainly driven by shorter tidal components as previously discussed, 
decrease from west to east that is, 73, 56, and 50 m/s around 02:30–03:00 SLT for the Boulder, Urbana, and 
Millstone Hill FPIs, respectively, for the tidal reconstructions whereas the ground-based observations show an 

Figure 5. Longitudinal comparison of zonal and meridional thermospheric winds from ground-based observations, 
spaceborne tidal reconstructions (shadowed) and HWM14 predictions (green) for the Boulder (left), Urbana (mid) and 
Millstone Hill (right) Fabry-Perot interferometers in the North American sector during the night of 19–20 December 2019.
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increase of the post-midnight eastward wind peak magnitudes from west to east. The decreasing eastward wind 
in the eastern North American sector is also observed in Figure 7 and the opposite effect in the ground-based 
observations is also observed in Figure 2. This might be a consequence of the difference in the viewing geometry 
and the corresponding atmospheric scattering across the LOS observations of each observing platform.

Our tidal analysis shows the complex tidal spectrum responsible of the structure under study. Further analysis of 
our results, discussed below, suggest that a tidal origin of these structures due to nonlinear tidal interaction. We 
will suggest nonlinear interactions combined with longitude-dependent ion drag adds additional complexity to 
the in situ generated tidal spectrum.

5.2.2. Analysis Using FPI Observations

Our results indicate terdiurnal and quatradiurnal tidal origins for the structures observed during the 2019–2020 
December solstice. We performed a tidal analysis over historical observations from the ground-based instru-
mentation to further assess this statement using several years of data. Figure 6 shows a climatological overview 
of the eastward and northward winds looking to the east and north of the Boulder, Urbana, and Millstone Hill 
FPIs for lower solar flux (ϕ < 120) and geomagnetically quiet (Kp < 3) conditions over 6 hr preceding the time 
of the observations. The geomagnetic and solar flux conditions considered were chosen to match the condi-
tions observed during the 2019–2020 December solstice. The top row shows climatological eastward wind aver-
ages from September to April, and the second row shows the tidal spectra derived from the averages in the top 
panels. The third and bottom panels show similar results for the northward winds. The climatological averages 
were obtained from a 60-days, running 7-days window. As mentioned before, we considered a smoothed version 

Figure 6. Climatological 60-days averages and corresponding tidal spectra of night-time thermospheric zonal and meridional winds over the east (top) and north 
(bottom) of the Boulder (left), Urbana (mid) and Millstone Hill (right) Fabry-Perot interferometer site.
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of 4-months climatological averages for a representation of longer tidal components, removed them out of the 
60-days averages and estimated the spectra from the resultant residuals. The eastward winds shown in this figure 
are generally stronger to the east of Millstone Hill FPI than to the east of the Urbana FPI, and stronger to the east 
of Boulder, CO than to the east of Urbana, IL. The eastward winds are stronger around late December and early 
January and the eastward-to-westward reversal time shifts from midnight around the equinoxes to ∼04:00 SLT 
during December solstice. The terdiurnal tidal magnitudes around the equinoxes are 30 m/s, except for the vernal 
equinox to the east of Millstone Hill when they are about 45 m/s. The 6-hr tidal components are stronger during 
December solstice for both sites with amplitudes of 25 m/s. Similarly, the spectra for the meridional component 
of the winds show stronger terdiurnal magnitudes around equinoxes as well, and somewhat stronger quatradiurnal 
components during equinox and December solstice. Note that even with a small geographic separation from these 
sites, their spectra are seen to be similar but not identical, and in some cases significantly different, such as for 
vernal equinox. As shown by Forbes et al. (2003), ground-based observing instrumentation located at the same 
latitude will observe different tidal oscillations due to longitudinal variations in the non-migrating and migrating 
tidal components. This interpretation is consistent with our results.

5.3. Longitudinal and Latitudinal Variations of Tidal Components

From our results in Section  5.2.1, a double-peak structure in SLT is observed in both the residual data and 
tidal analysis at the highest-latitude enabled by the ICON/MIGHTI observations in the post-midnight eastward 
winds and mid-night northward winds. In order to understand the latitudinal extent of these structures and to 
provide insight into possible drivers, we used ascending and descending nodes separately and combined our 
results to observe the contributions and longitudinal and latitudinal variations of the shorter- and longer-period 
tidal components.

Figure 7 shows the longitudinal and latitudinal variations of the diurnal and semidiurnal (top panels) and terdiur-
nal and quatradiurnal (bottom panels) tidal contributions to the zonal (left panels) and meridional (right panels) 
winds around the 01:00–03:00 (left panels) and 22:00–01:00 SLT (right panels) respectively. The morpholo-
gies shown in these panels are strongly structured by Earth's magnetic field topology. For the zonal winds, the 
diurnal and semidiurnal tides have stronger magnitudes for decreasing latitudes. The magnitudes are weakest 
around 80°W longitude for 10°N–40°N latitudes with weakest magnitudes of about 23 m/s poleward of 34°N lati-
tude. The midlatitude longitudinal variations are structured following the magnetic inclination and their weakest 

Figure 7. Longitudinal and latitudinal variations of the diurnal and semidiurnal tides (top row) and of the terdiurnal and quatradiurnal tides (bottom row) of the ICON/
MIGHTI zonal and meridional winds around the solar local time sectors of 01–03 (left column) and 22–01 (right column) respectively and during the December 2019–
January 2020 period. Solid and dashed contours show positive and negative values of Earth's magnetic inclination (declination) in top (bottom) panels.
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magnitudes around 80°W coincides with both the longitudinal sector where the inclination shows its strongest 
longitudinal variation and the longitudinal sector of the decreasing side of the magnetic declination from 0° to 
−15°. The diurnal and semidiurnal tidal contributions are stronger for latitudes below 30°N. At the same time, the 
contributions of the terdiurnal and quatradiurnal tides are stronger for latitudes above 30°N and their longitudinal 
variations tend to be structured following the longitudinal variations of the magnetic declination. The terdiurnal 
and quatradiurnal eastward winds are strongest around the longitudinal sectors of 200°–120°W and 30°W–60°E. 
In the former longitudinal sector, it extends with decreasing magnitudes from 40 to 22 m/s up to latitudes of 20°N, 
and it extends up to 30°N latitudes with similar magnitudes within the latter longitudinal sector. Similar dual-
peak structure is shown for lower latitudes.

These results show that the longer-period tidal contributions to the post-midnight eastward wind are dominant for 
latitudes equatorward of 30°N and that shorter tidal contributions are stronger for higher latitudes. Similarly, the 
midnight northward winds shown in the right column show similar results except that the magnetic inclination is 
not as effective in structuring the longitudinal variations for these tidal contributions. However, the shorter tidal 
contributions, as shown by the terdiurnal and quatradiurnal tides, seem to follow the double peak structure that is 
also present in the zonal winds, which are also structured by the magnetic declination of Earth's magnetic field. 
The results from these two SLTs show the latitudinal extent of different drivers in the thermospheric winds. The 
diurnal and semidiurnal tides dominate up to about 20°–30°N latitudes during this December solstice period 
whereas the shorter-period tides are strongest for higher latitudes suggesting an effective contribution from 
high-latitude regions. However, as we will see next, there are migrating tide contributions at lower latitudes that 
need to be considered in the analysis of the underlying competing processes during this period.

5.3.1. Tidal Migration From Lower Latitudes

As observed in Figure 7, the post-midnight structure in the eastward winds exhibits a longitudinal double struc-
ture that is stronger at higher latitudes. Our spectral analysis shows that the dominant components are TW1, 
TW5 and QW2, QW6 sorted from weaker to stronger, and that they are mostly responsible for the longitudinal 
double-peak structure observed in the SLT frame. Forbes and Wu (2006) found TW2 and TW4 non-migrating 
tides in the lower MLT region using MLS-UARS temperature observations and attributed them to nonlinear 
interaction between TW3 and SPW1. The interaction between two primary waves with two frequencies and two 
wavenumbers generates secondary waves with the sum and difference frequencies and wavenumbers (Teitelbaum 
& Vial,  1991). Expressing a wave in terms of [n,s], the above interaction goes as follows: SPW1 × TW3 = 
[0,1] ×  [3,3] →  [3,4] +  [3,2] = TW4 + TW2. However, these products are just the result of the product of 
two cosines, which needn't necessarily represent an atmospheric wave per se. For instance, one term in the 
product could represent the diurnal, semidiurnal or terdiurnal component of ion drag, or the SPW1, SPW2, or 
SPW3 longitudinal variation of the magnetic field (e.g., Jones, Jr. et al., 2013). Our results, shown in Figure 7, 
also indicate an important role of the longitudinal variation of the magnetic field in the strengthening of these 
shorter tidal harmonics. Similarly, results in Section  5.2.1 showed strong migrating tides DW1, SW2, TW3, 
QW4, and non-migrating tides of DE2, SE2, SE3, and SW4 for the zonal winds. This spectrum suggests that the 
non-migrating structure under study might have a terdiurnal tidal origin, and that the quatradiurnal tides are the 
result of non-linear interactions between terdiurnal tides and a longer tidal component with s = 1, probably related 
to the magnetic declination or to DW1. Thus, as explained before, to obtain QW6 or QW2, we would need TW5 
or TW1 non-linearly interacting with DW1. Similarly, TW5 would be generated by SE2 and SE3, and these three 
tidal components are found to be strong during this period. Similar spectral results were presented by Moudden 
and Forbes (2013) for the TW5 and SW4 tidal components in the MLT region which is also consistent with our 
results. However, they were observed to be related to a seasonal migration along the north-south direction.

Our analysis and observations also show a latitudinal migration of tides that might shed light on the source of 
the competing processes during this period. In order to evaluate the potential migration of tidal components, 
Figure 8 shows the binned residual and fitted reconstruction from 27°N to 39°N latitude of the eastward and 
northward winds centered on 27 December 2019. The bottom panels for the lowest latitude showed a strong 
eastward wind in the pre-midnight sector along with a strong dual-peak structure in southward winds around the 
00:00–01:00 SLT sector. The eastward structure in the pre-midnight sector seems to weaken and a structure in the 
post-midnight sector starts building up in the 30°N latitudinal bin while the southward structure shows somewhat 
weakened magnitudes. In the 33°N latitudinal bin, the post-midnight double-peak structure in the eastward wind 
strengthens and moves slightly to earlier local times. Similarly, the southward wind structure slightly migrates to 
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later local times. The structures in both wind components become strong and dominant at around 02:00–03:00 
and 03:00–05:00 SLT for the zonal and meridional wind, respectively. The migration of these wind structures 
from lower latitudes show that these shorter-period tidal components migrate from lower latitudes and strengthen 
above 30°N, probably due to a stronger contribution from high latitude regions.

Previous work also relates to migration of tidal components from lower latitudes as in Moudden and Forbes (2013) 
for MLT region altitudes. They showed a seasonal migration of strong terdiurnal tides. This migration was attrib-
uted to a seasonal migration of SW4 and nonlinear interactions were suggested as the generation mechanism 
of the terdiurnal tides along its path. It started strong in the midlatitude southern hemisphere around the equi-
noxes, migrates northward crossing equatorial latitudes and reaches strongest magnitudes in the northern hemi-
sphere around 01 January that is, middle of the December solstice in the northern hemisphere. Our results seem 
to have captured this migration during the December solstice. As we will later see, these structures are also 
related to lower solar flux conditions which might indicate an effective altitudinal penetration from the MLT 
region to thermosphere altitudes and as previously discussed, nonlinear interactions would play an important  role 

Figure 8. Latitudinal evolution of the longitudinal and solar local time dependent residuals and tidal reconstructions of 
ascending node of eastward (left) and northward (right) wind around 27 December 2019. The residual winds were removed 
from the 48-days diurnal and semidiurnal tides, and the tidal reconstructions were obtained by superimposing only the 
terdiurnal and quatradiurnal tidal components.
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in the generation of shorter-period tidal components. The effects of the terdiurnal tides in the thermospheric 
temperatures and winds has also been reported in other studies. Crary and Forbes (1986) found that terdiurnal 
tidal components in the meridional winds enhanced the effect of the upwardly propagating semidiurnal tides to 
produce the midnight collapse of the ionosphere over Arecibo, Puerto Rico, an effect coming from below and 
closely related to enhancements of the airglow oxygen line (e.g., Nelson & Cogger, 1971) and to the Maximum 
Temperature at Midnight (e.g., Faivre et al., 2006; Herrero & Meriwether, 1980; Hickey et al., 2014; Martinis 
et al., 2013; Meriwether et al., 2008; Mesquita et al., 2018). Dandenault and Richards (2015) also reached similar 
conclusions. These studies suggested latitudinal migration of the effects of the terdiurnal tidal components over 
the thermosphere consistent with findings in Moudden and Forbes (2013). Our results are consistent with their 
findings in the northern hemisphere around late December–early January period. However, prior ground-based 
observations of the neutral wind had not recognized such a persistent feature, nor is it seen in the climatological 
winds as represented by HWM14. Also, the SLT tidal migration and its latitudinal dependence shown in Figure 8 
show that these effects might be onset by tides along the meridional direction driven by effects coming from 
lower latitudes.

To further assess this migration from the ground-based perspective, we compared our tidal reconstructions of the 
night-time thermospheric wind at two different latitudes using observations from the Boulder FPI in North Amer-
ica and Morocco in northern Africa. Figure 9 shows the eastward and northward wind for the Boulder FPI located 
at (39°N, 105°W) and Morocco located at (31°N, 7°W) for the night of 30–31 December 2019. The ground-based 
observations show eastward winds throughout the night and reversal times to westward winds around 04:00 
and 07:00 SLT for Boulder and Morocco respectively. The double-peak structure in Morocco is also observed 
with eastward magnitudes around 150 m/s from 20:00 to 23:00 SLT, weakest eastward winds around midnight, 
and again eastward winds of 100 m/s around 02:00–04:00 SLT. Similarly, the meridional winds are westward 
throughout the night for Boulder and Morocco FPIs with reversal times to northward directions in earlier local 
times for Morocco at 02:30 SLT than for Boulder which are close to 04:00 SLT. The post-midnight meridional 
wind is southward around 01:00 SLT over Morocco and reverse to northward from 03:00 to 06:00 SLT. Similarly, 
post-midnight southward winds over Boulder seem to weaken around 03:00 SLT.

Our ICON/MIGHTI tidal reconstruction reproduces overall features of the structure in the eastward winds 
observed by ground-based FPIs, except around midnight where the reconstructions showed much weaker magni-
tudes of the variation seen in the ground-based data. Similarly, our tidal reconstructions for the northward wind 

Figure 9. Latitudinal comparison of zonal and meridional thermospheric winds from ground-based observations, spaceborne 
tidal reconstructions (shadowed) and HWM14 predictions (green) over Boulder (left) and Morocco (right) Fabry-Perot 
interferometers during the night of 30–31 December 2019.
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are able to capture the migration to earlier local time for lower latitudes of the southward peak in the post-midnight 
sector. As shown in this figure, the post-midnight southward peaks in Boulder and Morocco are located at 03:00 
and 01:00 SLT, respectively.

5.4. Solar Flux Variations

Our results in Section 5.2.2 indicate strong terdiurnal and quatradiurnal tides for similar low solar flux conditions 
during late December and early January over the East of Boulder, Urbana and Millstone Hill. For a further analy-
sis of the historical data under different geophysical conditions, Figure 10 compares two nights for low and high 
solar flux conditions for the Boulder and Millstone Hill FPIs. The left column of each panel shows corresponding 
observations for the night of the 25–26 December 2018 when daily solar flux was 66 solar flux units. The right 
column of each panel shows corresponding observations for the night of the 03–04 January 2014 when the daily 
solar flux was 242 solar flux units. As in previous figures, the green solid lines are predictions from HWM14 
and shaded areas in gray are ICON/MIGHTI tidal reconstructions. The 25–26 December 2018 zonal winds for 
both FPI sites show a similar structure as in previous figures with a strong peak of ∼150 m/s around 02:30 SLT 
and low westward magnitudes around 05:00 SLT. For the 03–04 January 2014 night, the structure follows a 
similar trend, but has heavily reduced local time dependence as compared with the left columns on each panel, 
indicating a suppression of the terdiurnal and higher-order tidal components during high solar flux conditions. 
This interpretation is consistent with our results of terdiurnal and quatradiurnal tidal origin for the post-midnight 
eastward wind sector, shown above. Similarly, the Millstone Hill meridional data for low solar flux conditions 
shows a similar structure of strong decrease of the southward winds around midnight which is consistent with 
our previous results. This structure is also partly reproduced by our tidal reconstruction and strongly damped in 
the high solar flux for both FPI observations. Figure 10 shows that for lower solar flux conditions, the terdiurnal 
and quatradiurnal tides are stronger. These effects were previously recognized in Figures 6 and 7 to be strong in 
the post- and mid-night sectors for the eastward and northward winds respectively. These effects are particularly 
strong for the night of 25–26 December 2018 since the daily solar flux was very small.

To understand how common this feature is, Figure 11 compares the zonal and meridional components of the 
thermospheric winds for different solar flux conditions using the historical database from the ground-based 
instrumentation. We used two solar flux ranges and show the climatological average values for the two first 
weeks of January when high-order tidal components are stronger as shown by Figure 3. The top (bottom) panels 
show the eastward (northward) winds for lower (ϕ < 120, solid lines) and higher (120 < ϕ < 180, dashed lines) 
solar flux conditions relative to East/North of the Boulder (left), Urbana (mid) and Millstone Hill (right) FPIs. 
The zonal winds shown in this figure are eastward, reach maximum magnitudes around 21:00 SLT, decrease 

Figure 10. Comparison of zonal (top) and meridional (bottom) thermospheric winds for low (left) and high (right) solar 
flux conditions during the 25–26 December 2018 over Millstone Hill Fabry-Perot interferometer (FPI) and during the 03–04 
January 2014 over Urbana FPI, respectively.
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with a secondary maximum around 02:00 SLT, and reverse around 03:30 SLT for the three sites, except that the 
maximum magnitudes are about 50 m/s stronger at Millstone Hill and the early morning winds show stronger 
westward winds of −75 m/s for Millstone Hill. The meridional winds are northward early in the night, decrease 
and reverse southward around 20:30 (19:00) SLT at Boulder and Urbana (Millstone Hill), reach maximum south-
ward magnitudes at ∼22:00 and ∼03:00 SLT, decrease in magnitude and reverse northward at 06:00 (05:00) SLT 
at Millstone Hill (Urbana and Boulder). The maximum southward magnitudes are about 75 m/s stronger over 
Millstone Hill. For higher solar flux conditions, the solar local dependence of both wind components at all sites 
is similar except for the maximum peak, which seems to be much weaker.

This figure shows that for higher solar flux conditions, the terdiurnal and quatradiurnal tidal signature is weaker. 
The double-peak structures observed in the lower solar flux eastward and northward wind is consistent with 
previous results and with effects coming from below which are generally stronger for lower solar flux conditions. 
These results indicate that terdiurnal and quatradiurnal signatures are due to upward-propagating tidal effects that 
penetrate more effectively into the thermosphere during solar minimum than during solar maximum. Also, these 
effects seem to affect the meridional winds first, which is aligned with our results on latitudinal tidal migration 
previously discussed for Figures 9–11.

These results on tidal origin, together with results on low-latitude migration from the previous section, indicate 
that the structures in the thermospheric wind are related to a tidal migration along the meridional direction from 
lower latitudes that becomes stronger for lower solar flux conditions. This suggest that the semidiurnal and terdi-
urnal tides have a more effective altitudinal penetration from the MLT to the thermospheric region during low 
solar flux conditions, a well-known behavior of vertically propagating tides (Oberheide et al., 2009). The tidal 
migration is well aligned with Moudden and Forbes (2013) who showed a seasonal migration of the terdiurnal 
tides in the MLT region. This migration was, through nonlinear interactions, tied to a migration of the semidiurnal 
tides along the north-south direction that was strongest in the northern hemisphere around middle of December 
solstice; this is when our observations also showed stronger terdiurnal and quatradiurnal tidal effects as shown 
in Section 5.1.

Other studies remark on the role of non-linear interactions in the generation of non-migrating tides. Forbes and 
Wu (2006) found strong TW2 and TW4 tidal components in the lower MLT region using MLS-UARS temper-
ature observations. Moudden and Forbes (2013) found the dominant nonmigrating terdiurnal tides to be TE1, 
TW4 and TW5, and attributed their existence to various interactions involving DE3, DW2, DW1 and SW2 and 
SW4. Jones et al. (2013) showed that ion-neutral coupling was an important source for generating non-migrating 
tidal components for increasing solar flux conditions during daytime. They indicated that longitudinal structures 
in the plasma density driven by longitudinal structures in the high-latitude magnetic field configuration and 

Figure 11. Comparison of climatological averages of thermospheric winds for low (orange) and medium (blue) solar flux 
activity conditions for the period of 01–15 January over the East (top) and North (bottom) of Boulder (left), Urbana (mid) and 
Millstone Hill (right) Fabry-Perot interferometer sites.
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the longitudinal structures in the neutral wind circulation can non-linearly interact due to the hydromagnetic 
coupling of the plasma density and the neutral winds. In particular, D0 and DW2 are generated from hydromag-
netic coupling between SPW1 tides in the ionospheric plasma and DW1 tides in the neutral wind circulation. 
Several other semidiurnal tidal components SE1, S0, SW1, and SW3 were also found due to SW2 interactions 
with SPW3, SPW2, and SPW1, respectively, which is consistent with CHAMP observations from Häusler and 
Lühr (2009) and Häusler et al. (2010). Likewise, Forbes et al. (2021) attributed the presence of SE2, SPW4, and 
DW5 in the thermosphere and ionosphere to a series of nonlinear interactions. Maute et al. (2023) also found 
strong SW2, TW3, and QW4 migrating tides following a Hough Mode Extension tidal analysis of the ICON 
neutral winds during the August–September 2020 period. They suggested that these TW3 and QW4 tides were 
non-linearly generated by the interaction of DW1 and SW2 and of SW2 and TW3 respectively. It seems clear 
that  nonlinear interactions involving solar tides are responsible for a degree of complexity in the I-T system that 
was previously under-appreciated.

These studies noted the importance of semidiurnal tides in the generation of higher order non-migrating tides 
through non-linear interactions. Our results indicate that longer-period tidal components are reduced for higher 
solar flux as shown by the pre-midnight eastward winds and that terdiurnal, quatradiurnal and potentially other 
higher components are stronger for lower solar flux conditions during December solstice and dominant for higher 
latitudes as shown by the post-midnight eastward winds. The reduction of the semidiurnal and shorter-period 
tides during higher solar flux conditions at midlatitudes (Häusler et al., 2010; Oberheide et al., 2009) is well 
aligned with the interpretation of non-linear interaction as generation mechanism and with our results. The 
seasonal migration of semidiurnal and terdiurnal tides in the lower thermosphere (Moudden & Forbes, 2013) 
is also well aligned with our results and can potentially be considered a contributing source for these structures.

6. Summary and Conclusions

We examined a large solar local-time structure in F-region neutral winds that has not been recognized in previous 
observations of the midlatitude thermosphere. This SLT structure was persistently observed during the 2019–
2020 December solstice by both ground-based FPIs and the ICON/MIGHTI instrument with the largest effect 
around late December and early January. The structure exhibited strong eastward winds around 20:00–22:00 SLT 
and around 02:00 SLT, with minimum magnitudes around midnight, and similar local time effects but weaker 
magnitudes in the northward winds. A tidal analysis was performed using the ICON/MIGHTI and historical FPI 
observations with the following results:

1.  Tidal analysis of the ICON/MIGHTI zonal wind observations reveals that the signature of this SLT structure 
in the pre-midnight eastward winds is mostly explained by diurnal and semidiurnal tides, and that the signa-
ture in the post-midnight eastward winds can be explained by the terdiurnal and quatradiurnal tidal compo-
nents. The longitudinal dependence, due to the non-migrating part of the tidal spectrum, shows a dual-peak 
structure around 200°–120°W and 30°W–60°E for the post-midnight sector.

2.  Similarly, tidal analysis for the meridional winds shows a much larger variability in different local time sectors 
after removing longer-period tidal harmonics. They show northward winds in the midnight sector and south-
ward winds in the post-midnight sector. Their longitudinal dependence also shows a dual peak structure as in 
the post-midnight eastward winds but with weaker magnitudes.

3.  Our ICON/MIGHTI tidal reconstructions using terdiurnal and quatradiurnal tides reproduce the SLT structure 
observed in the eastward and northward ground-based wind observations. The spectral analysis of the Boulder, 
Urbana and Millstone Hill FPI data sets during December solstice and for lower solar flux conditions show 
that the terdiurnal and quatradiurnal tides are strongest around late December and early January. Similarly, 
our comparisons with Morocco in northern Africa show that the terdiurnal and quatradiurnal tides are also 
stronger in the post-midnight sector for the eastward winds and in the midnight sector in the northward winds.

4.  Our analysis reveals that this structure is mostly explained by D0, DE2, DE1, DW1, DW2, SE2, SE3, SW2, 
SW4, TE2, TE4, TW3, QW2, and QW6 for the eastward winds and by D0, DE4, DE1, DW1, DW2, DW4, 
SW3, SW2, SW4, S0, T0, TW2, TW5, TW1, TE1, QW3, QW5 for the northward winds. Our tidal recon-
structions at different latitudes show that these structures were stronger for increasing latitudes. Their effects 
reach further south up to ∼20°N for the post-midnight eastward winds around 180°–120°W and about the 
same latitudes for the northward midnight winds around 0°–60°E. We find that these longitudinal variations 
were well aligned with the magnetic declination of Earth's magnetic field. The latitudinal variations are also 
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well defined by the magnetic inclination. The diurnal and semidiurnal tides are stronger for latitudes below 
30°N. The terdiurnal and quatradiurnal magnitudes are strongest for the highest bin available at ∼39°N lati-
tude for both wind components. Their magnitudes were strong up to 30°N and later migrate to earlier local 
times reaching midnight for 21°N for the eastward winds. Similarly, tidal components of the northward winds 
migrate to earlier local times from 05:00 to 01:00 SLT in the post-midnight sector. Moreover, this local time 
migration of the strongest southward peak in the post-midnight sector were also observed in Boulder and 
Morocco FPIs and in agreement with our tidal reconstructions.

5.  Similarly, the latitudinal migration of the terdiurnal and quatradiurnal tidal components is driven along the 
south-to-north direction by meridional wind tidal components. These tides strengthen the tidal components in 
the eastward winds for latitudes above 30°N, probably through nonlinear interactions combined with effects 
of the magnetic inclination of Earth's magnetic field.

6.  Climatological averages under lower and higher solar flux conditions show that the structures under study are 
stronger for lower solar flux conditions and often observed during December solstices. These results indicate a 
tidal origin of these structures which are generally stronger for lower solar flux conditions. This also suggests 
a more effective altitudinal penetration of upwardly propagating semidiurnal and/or terdiurnal tidal effects 
into the thermosphere during solar minimum than during solar maximum.

Our results show, to the best of our knowledge, for the first time the strong non-migrating tidal effects over 
the midlatitude thermosphere using data sets from different observing platforms. We developed a tidal analysis 
procedure that enabled much deeper insight into these effects. Modeling studies are needed to better understand 
the competing roles of different forces of pressure gradient, ion drag, effects coming from below and from higher 
latitudes to further understand the midlatitude thermospheric dynamics during December solstice as revealed by 
our results.

Appendix A: Aliasing Analysis

Section 4 of this manuscript refers to Moudden and Forbes (2013) regarding the potential aliasing between tidal 
components with the same zonal wavenumbers. This relates to the diurnal and semidiurnal tides affecting the 
magnitudes of the terdiurnal and quadradiurnal tidal components when performing the tidal analysis. However, 
as Moudden and Forbes (2013) show, these effects are greatly reduced by removing the longer tidal components 
and performing the tidal analysis over the resulting residuals. Our methodology follows that of Moudden and 
Forbes (2013), except we also select the strongest tidal components. We performed a synthetic data analysis to 
assess the aliasing effects of longer-period tidal components into shorter-period tidal magnitudes of the same 
wavenumber.

In our aliasing analysis, the input field has the same spatial and temporal distribution as ICON/MIGHTI obser-
vations, but the value of the winds is set to match a synthetic wind field obtained from a chosen tidal population. 
The tidal population was chosen to assess the potential aliasing of diurnal and semidiurnal tidal components into 
terdiurnal and quadradiurnal tidal components. We first evaluate the potential aliasing when considering only 
diurnal and semidiurnal tides for the input wind field. Figure A1 shows the analysis of an input tidal spectrum 
considering only diurnal and terdiurnal tides. The top row shows the tides magnitudes of the diurnal and semi-
diurnal spectra set up to a fixed magnitude of 5 m/s. All other tidal magnitudes and phases were set to zero. The 
bottom row shows the output tide magnitudes for each tidal component and latitudinal bin. The tide magnitudes 
after following our methodology are mostly contained within the diurnal and semidiurnal spectra with strongest 
magnitudes of ∼0.5 m/s for TW2 and TW3 at lower latitudes. Note that the diurnal and semidiurnal tidal magni-
tudes were stronger for decreasing latitudes and for lower wavenumbers (e.g., from DE3 to DW3).

Our analysis from Figures 3 and 4 suggested the potential for aliasing from wavenumbers between DE2 to 
DW2, and from SE3 to SW3 into terdiurnal and quadradiurnal tides. Figure A2 considers the synthetic case 
of all tidal magnitudes fixed to 5 m/s. As for our previous synthetic case, the resultant tidal magnitudes show 
very little aliasing effect, and their magnitudes decrease for increasing zonal wavenumbers. Similarly, the tidal 
magnitudes are stronger for decreasing latitudes and smaller zonal wavenumbers for diurnal, semidiurnal, 
terdiurnal and quadradiurnal tides. They reached maximum from DE1 to DW1, SE1 to SW1, TE1 to TW1 
and QW1 to QE1 with magnitudes of 5.5, 6, 5.8, 5.3 m/s respectively. Our intermediate plots showed that the 
increasing magnitudes are related to the lack of observations, due to the South Atlantic Anomaly (SAA), rather 
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than aliasing effects. This increment for the wavenumbers is of 1 m/s for the lowest latitudinal bin of 12°N. 
We conclude this effect is less than 10% over the original wind field and does not affect our results for smaller 
zonal wavenumbers, and the main reason of the latitudinal bin of 12°N was chosen as lower latitudinal limit 
for Figure 7.

To further evaluate the effect of the SAA into the resultant tidal magnitudes, we consider the same tidal 
spectra of all tidal magnitudes fixed to a single amplitude as in Figure A2 but extended the latitudinal bins 

Figure A1. (Top) Synthetic tidal spectra considering only diurnal and semidiurnal tides with a fixed amplitude of 5 m/s at each latitudinal bin. (Bottom) Resultant tidal 
spectra following our methodology.

Figure A2. Same as Figure A1 except that input spectra of terdiurnal and quadradiurnal tides are also set to a fixed magnitude of 5 m/s.
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up to 9°S to observe strongest effects due to the SAA. Also, we used the wind field population around the 
SAA longitudinal sector (e.g., 245°E–355°E) of the highest latitudinal bin (i.e., 33°N–39°N which shows 
no SAA effects) to fill in the gap at other latitudinal bins as the SAA effect grows stronger for decreasing 
latitudes. Figure A3 shows the results from this setup. The top row shows the same resultant tidal spectra as 
in Figure A2 except that it also shows results for lower latitudinal bins up to 9°S. The bottom row shows the 
resultant tidal spectra when excluding the SAA by matching the wind field population of latitudinal bins at 
midlatitudes that are not affected by the SAA. We conclude that SAA is certainly an important limitation for 
our procedure. Nevertheless, as stated above, the zonal wavenumbers affected by the SAA has an effect of less 
than 10% of the true tidal magnitude within the latitudinal bins considered in this study, that is, higher than 
12°N. We conclude that aliasing and SAA effects are greatly reduced by our methodology and do not affect 
our results.

Data Availability Statement

ICON data are processed in the ICON Science Data center at UCB and available at https://icon.ssl.berkeley.edu/
Data. The FPI data are available through the CEDAR Madrigal database (http://cedar.openmadrigal.org/open-
madrigal/) and NCAR database (https://fpi.hao.ucar.edu/).
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