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Abstract Horizontal winds from four low-latitude (£15°) specular meteor radars (SMRs) and the
Michelson Interferometer for Global High-resolution Thermospheric Imaging (MIGHTI) instrument on
the ICON satellite, are combined to investigate quasi-2-day waves (Q2DWSs) in early 2020. SMRs cover
80-100 km altitude whereas MIGHTI covers 95-300 km. Q2DWs are the largest dynamical feature of the
summertime middle atmosphere. At the overlapping altitudes, comparisons between the derived Q2DWs
exhibit excellent agreement. The SMR sensor array analyses show that the dominant zonal wavenumbers
are s = +2 and + 3, and help resolve ambiguities in MIGHTI results. We present the first Q2DW depiction
for s = +2 and s = +3 between 95 and 200 km, and show that their amplitudes are almost invariant
between 80 and 100 km. Above 106 km, Q2DW amplitudes and phases present structures that might result
from the superposition of Q2DWs and their aliased secondary waves.

Plain Language Summary In the mesosphere and lower-thermosphere, quasi-2-day waves
are spectacular planetary-scale oscillations. Almost all relevant observational studies are based on ground-
based single-station or single-satellite methods and therefore cannot determine the zonal wavenumber
unambiguously. In the current work, we employ a series of multi-station methods on winds measured

by four longitudinally separated low-latitude ground-based radars. These methods help us to determine
two dominant zonal wavenumbers at 80-100 km altitude. These results are used to complement satellite
measurements. The agreement between datasets is extraordinary, allowing us to extend the characteristics
of the waves to higher altitudes using satellite measurements.

1. Introduction

Quasi-two-day waves (Q2DWs) in the mesosphere have been the subject of numerous observational and
theoretical investigations (e.g., Pancheva et al., 2018, and references therein) since their first discovery in
specular meteor radar (SMR) winds (Miiller, 1972). Q2DWs are generally thought to be the atmospheric
manifestation of the gravest westward-propagating Rossby-gravity normal mode with zonal wavenumber
s = 3 (Salby, 1981; Salby & Roper, 1980), amplified or perhaps even initiated by the mesospheric easterly jet
instability (Plumb, 1983; Pfister, 1985; Randel, 1994), which admits zonal wavenumbers of s = 2 through 4.
Q2DWs with s = 2, 3, and 4 are common features of space-based observational studies (e.g., Gu et al., 2013;
Huang et al., 2013; Lieberman, 1999; Tunbridge et al., 2011).

Being the largest dynamical feature of the summertime middle atmosphere, Q2DWs play a significant
role in atmosphere-ionosphere coupling. Although earlier works have suggested that Q2DWs could drive
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F-region ionospheric variability (Chen, 1992; Ito et al., 1986; Pancheva, 1988; Pancheva & Lysenko, 1988), it
was not until the last decade that a general circulation model (GCM) including ionospheric electrodynam-
ics demonstrated that the Q2DWs could penetrate above 100 km to produce dynamo electric fields that drive
Q2DW ionospheric variability in the F-region (Yue, Wang et al., 2012). However, it is also known that such
penetration is highly sensitive to the zonal-mean wind distribution above 100 km, which is poorly under-
stood (Yue, Liu, & Chang, 2012). In addition, there are remaining questions concerning other ways in which
Q2DWs transmit their influence to the ionosphere, including the modulation of tides (Yue et al., 2016) and
gravity waves (Meyer, 1999). Other relevant aspects of the problem include the latitude and longitude struc-
tures of Q2DWs at any given time. Therefore, further study of the spatial-temporal evolution of Q2DWs and
their interactions with other waves appears warranted before a complete understanding of atmosphere-ion-
osphere coupling is attained.

The pros and cons of ground- and space-based measurements of Q2DWs in the mesosphere and lower ther-
mosphere (MLT) are well-known. Single-station ground-based measurements provide excellent temporal
resolution but no information on their horizontal wavenumber (e.g., Harris & Vincent, 1993). On the other
hand, satellite measurements provide a more global view in terms of spatial coverage, but suffer from crude
temporal resolution and, most significantly, aliasing (Tunbridge et al., 2011; Forbes & Moudden, 2012;
Nguyen et al., 2016). When viewed from a quasi-Sun-synchronous perspective in space, a wave at frequency
fwith zonal wavenumber s is Doppler-shifted such that its longitude structure appears at its “space-based

zonal wavenumber” k, =

s —

! f i where cpd is cycles per day (e.g., Forbes & Moudden, 2012).

cp

Accordingly, the Q2DW+3 (hereafter, Q2DWp denotes a Q2DW with wavenumber s = p) appears at k; = 2.5,
and so do secondary waves (SWs) of nonlinear interactions between Q2DW+3 and all migrating tides
(Forbes & Moudden, 2012; Nguyen et al., 2016; Tunbridge et al., 2011). These SWs are at frequencies near
0.5, 1.5, 2.5, 3.5, ..., cpd, namely, at periods near 2 days, 16 h, 9.6 h, 6.9 h,...(e.g., He et al., 2021). In other
words, these waves will alias into each other when observed from quasi-Sun-synchronous single-spacecraft
missions. Among these waves is the Q2DW-2, the near-2-days SW from a Q2DW+3 interaction with the
migrating diurnal tide. Similarly, Q2DW+2 and Q2DW+4 can alias with Q2DW-1 and Q2DW-3 at k, = 2.5
and 3.5, respectively. Both Q2DW-2 and Q2DW-3 can arise from jet instabilities at middle to high latitudes
during local winter (Pancheva et al., 2016), and all three eastward-propagating Q2DWSs can coexist at low
latitudes in the form of ultra-fast Kelvin waves (UFKW) (e.g., Forbes, He, et al., 2020; Pancheva et al., 2016).

Despite the importance of dynamo-region winds to Q2DW-ionosphere coupling, wind observations are ex-
tremely rare above about 105 km. One exception appears to be Ward et al. (1996) who reported Q2DW+3
winds between 90 and 150 km from Wind Imaging Interferometer (WINDII) daytime measurements on
the Upper Atmosphere Research Satellite (UARS) during January 1993. Nighttime satellite measurements
are unavailable above 105-110 km due to lack of airglow. This exacerbates sampling issues associated with
space-based observations.

As suggested by Harris and Vincent (1993), combining more than one ground-based station with appropri-
ate separation, could enable the determination of Q2DWs wavenumbers. In the present work, we combine
horizontal winds from multiple SMRs (MSMR) located at four different longitudes at low latitudes, and
from Michelson Interferometer for Global High-resolution Thermospheric Imaging (MIGHTI) on NASA’s
ICON (Tonospheric CONnection explorer) satellite (Immel et al., 2018). This combination allows us to ob-
tain a comprehensive view of the Q2DWs that occurred during January-March 2020. Combining the MSMR
and MIGHTI analyses, we are able to characterize clearly the dominant Q2DWs in time, altitude, frequency,
wavenumber, and latitude.

2. Data Analysis

The current work investigates Q2DWs using MLT zonal (1) and meridional (v) winds collected on the ground
and from space. Ground-based winds were obtained between 80 and 100 km every hour at four SMRs: Peru
(77°W, 12°S), and Cariri (36.5°W, 7.4°S), Tirupati (79.4°E, 13.6°N) and Ledong (109.0°E, 18.4°N). Char-
acteristics and some results of each of these SMRs can be found in Chau et al. (2021), Lima et al. (2012),
Rao et al. (2014), and Wang et al. (2019), respectively. The space-based winds are collected by the MIGHTI
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instrument on ICON (Englert et al., 2017). From a theoretical study, MIGHTI’s wind accuracy is better
than 5.8 ms™' 80% of the time. The exceptions occur near the day/night boundaries and occasionally near
the equatorial ionization anomaly (in the F-region), due to variations of wind and emission rate along the
line-of-sight (Harding et al., 2017). Recently, MIGHTI winds in the F-region (red line) and E-region (green
line) have been validated against Fabry-Perot interferometers and SMRs, respectively (Harding et al., 2021;
Makela et al., 2021). At low latitudes, Q2DWs maximize annually between January and March (e.g., Harris
& Vincent, 1993; Rao et al., 2017), thus, our study is focused on the January-March 2020 period.

2.1. Multi-Station Specular Meteor Radar Analyses

At a given frequency f, longitude 4, and time ¢, the superposition of zonal traveling waves, indexed as [ = 1,
2, ..., L, with zonal wavenumbers s;, can be denoted as,

S WAt fos) = e a, (1)

1=12,....L

where a, = SAGI s;) and A2 5) = A,e’“ is the longitude-dependent complex amplitude. We estimate
a, as a function of f, t, and altitude h, through Lomb-Scargle spectral analyses within a 23-days wide sliding
window for each of the wind components of each SMR. The resultant a, (¢, f, /) enable estimation of s and
Al using a variety of sensor array analyses.

Assuming a single dominant wave, that is, L = 1, one can apply the phase difference technique to a pair
of SMRs (e.g., He et al., 2018). The single-wave assumption is often facilitated through high-frequency-re-
solved wavelet or Lomb-Scargle analyses by separating waves in the frequency domain (e.g., He et al., 2018).
The current work applies this technique to Tirupati-Ledong and Peru-Cariri pairs, separately. These pairs
have been selected given their similar latitudes with longitudinal separations far enough to resolve Q2DWs
zonal wavenumbers.

The same wind data have also been analyzed, assuming a dominant wave (i.e., L = 1) weakly dependent
in latitude. In this case, a least-square estimation (LSE) method similar to equation A3 in He et al. (2020)
has been applied to the altitude-averaged Lomb-Scargle estimations (a, (¢, f,h)) from all four radars. This
analysis allows determining the dominant wavenumbers for a given period and time.

As we will see later in Section 3, the two techniques implemented above reveal that the Q2DWs are dom-
inated mainly by two wavenumbers. While both techniques use the single-wave assumption, these two
dominant waves might superpose on each other. To decompose the potential superposition and estimate the
wave amplitudes, we implement an LSE to Equation 1 after relaxing the single-wave assumption to a two-
wave assumption, that is, L = 2. A similar procedure was applied by He and Chau (2019) but for near-12-h
waves. In the results presented below, the amplitudes are set to zeros either when (a, (¢, f,h)) are below the
significance level a = 0.01 at more than two stations or when the coefficient of determination of the LSE is
below 7* = 0.7. The significance level is estimated through a Monte Carlo method.

2.2. ICON-MIGHTI Winds

As a slowly precessing low-earth-orbit satellite, ICON orbits at 590-607 km altitude about 15 times per day.
ICON crosses a given latitude once in the ascending or descending leg which covers all local solar times
once every 46 days, namely, one orbital precession period. Constrained by the 27° orbital inclination and
MIGHTT’s viewing geometry off the north side of the spacecraft, the winds are derived between 12°S and
42°N latitude. The ascending-descending differences in the local time are latitude-dependent, which in-
creases from near zero at 12°S to almost 12 h near 18°N and then decreases to less than 2 h at 42°N. MIGHTI
winds are derived from the Doppler shift of airglow emissions along with two perpendicular tangent-point
line-of-sight vector measurements on the limb. Due to the day-night difference of the airglow’s vertical dis-
tribution, the altitude coverage of the observations is different between day and night. While the nighttime
wind is derived from about 94-106 km, the daytime wind is available at least up to 300 km. In this work, we
use the green-line winds flagged as “good” and “caution,” that is, with quality flags 1.0 and 0.5, respectively
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(e.g., Harding et al., 2021). Absolute wind amplitudes above three times the median value are considered
outliers.

At 96-106 km altitude, we estimate Q2DW amplitudes as a function of time, frequency, latitude and alti-
tude, by fitting data sampled within a 23 days sliding window, irrespective of the local time, to a single wave
model Ao(s)ei(2”f’ +s4) , for s = 2 and 3, respectively. Above 106 km and for the amplitude fitting, we sample
the daytime only data within time intervals when strong Q2DWs are detected below 106 km, for example,
day of the year (DOY) 15-23 and DOY 39-46. As an example of the data distribution within these two inter-
vals, Figure S1 in the supplemental information presents the samplings as a function of time and subdivided
longitude (cf., Moudden & Forbes, 2014) at a given latitude and altitude.

3. Results

Under the single-wave assumption, dominant wavenumbers were obtained by (a) using the phase difference
technique on SMR pairs, and (b) using LSE on all four SMRs but assuming a weak latitudinal dependence.
‘We found that in both cases the dominant Q2DW wavenumbers were s = 3 and s = 2, that is, Q2DW+3,
and Q2DW+2, respectively. Climatologically, these two Q2DWs are also dominant in the southern hemi-
sphere (see Tunbridge et al., 2011, Figure 7). Furthermore, we find that the meridional component is much
stronger than the zonal component for both dominant wavenumbers. The results of these two analyses are
presented in the supporting information Figures S2 and S3, respectively.

Based on these supporting results, we present the results of relaxing the assumption of one dominant wave-
number for a given time, frequency and altitude, to allow two, that is, L = 2. Figure 1 shows the meridional
amplitudes as a function of time and period resulting from fitting for s = 2 (left) and s = 3 (right) at four
altitude ranges, that is, 80-85 km, 85-90 km, 90-95 km, and 95-100 km.

As displayed in Figures 1a and 1b, the Q2DW+2 (Q2DW+3) amplitude at 95-100 km altitude maximizes
within DOY 40-75 (10-40) at period 44-48 (48-53) h for amplitudes above 15 ms™ (30 ms™"). The period
and amplitude variations of Q2DW+2 and Q2DW+3 at 95-100 km altitude are similar to those at the other
three altitudes.

MIGHTI winds complement the MSMR results by extending the Q2DW amplitudes to broader latitude and
altitude ranges. In the time-latitude structures of the MIGHTI Q2DWs at 98 km, as shown in Figure 2, the
meridional wind (v) amplitudes of both Q2DWs are significantly stronger than the zonal wind (u) ampli-
tudes, consistent with MSMR results in Figure S2. In v, both Q2DWs attain values of order 20-30 ms~! with-
in # 12° latitude and maximize around the equator. The u amplitudes attain values above 10 ms™" which is
confined to latitudes poleward of 10°N.

In Figure 3 we present a qualitative and quantitative comparison of the estimated Q2DW amplitudes ob-
tained with MSMR and MIGHTI. In Figures 3a-3d, the time-frequency spectra of the MSMR Q2DW ampli-
tudes at 95-100 km are in good qualitative agreement with MIGHTI estimates at 98 km. For a quantitative
comparison, we sample every pixel in the MIGHTI spectra of Q2DW+2 and Q2DW+3 and scatter plot
them against the corresponding MSMR amplitudes in Figures 3e and 3f, respectively. Overall, the MIGHTI
Q2DW+2 is stronger than the MSMR amplitudes. The former attains 20-25 ms~' whereas the latter is below
15 ms™". In the case of Q2DW+3, MIGHTI results exhibit excellent quantitative agreement with the MSMR
results, both of which attain 30 ms™.

The fitted amplitudes and phases for MIGHTI results above 96 km are shown in Figure 4 as a function of
height at 0° and 15°N latitude. The profiles centered on —5°, +5° and +25° are not sufficiently different
from neighboring profiles and therefore not shown here. Within DOY 15-23, the amplitudes maximize
generally below 140 km where the profiles often possess two peaks. Also, the v maximum is about a factor
of two smaller (10 ms™") for Q2DW+2 as compared with Q2DW+3 (~20 ms™"), whereas the u maximum
for Q2DW+2 (12-14 ms™") is slightly larger than that for Q2DW+-3. In addition, half the amplitude profiles
show increases with altitude above a minimum near 140-150 km altitude, suggesting a source at higher
altitudes. The profiles within DOY 41-49 share many of the same characteristics.
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Figure 1. Amplitudes of quasi-2-day waves s = 2 (left) and s = 3 (right) in time-frequency depiction, in four altitude ranges estimated using the meridional

winds from the four low-latitude radars. The white lines are contour lines of 10, 20, and 30 ms™.

4. Discussion

In the low-latitude middle atmosphere, Q2DWs maximize annually during late January and early February
(Harris & Vincent, 1993; Palo & Avery, 1996). Harris and Vincent (1993) noted that the Q2DW-like oscil-
lation in January-February 1991 occurs predominantly at a period 48-50 h, associated with a weaker one
at 44 h. According to these periods the authors suggested that the oscillations are manifestations of Ross-
by-gravity modes Q2DW+3 and Q2DW+2, but could not determine s since they used single-station obser-
vations. Our multi-station analyses reveal that during January-February 2020 the most dominant Q2DWs
are Q2DW+3 at 48-53 h and Q2DW+2 at 44-48 h. In addition, we find that: (a) the maximum Q2DW+3
amplitude is much stronger than the Q2DW+2 maximum, by a factor of about two, and (b) the Q2DW+3
are almost invariant within 80-100 km altitude, although slightly weaker at 80-85 km than at 85-100 km.
Our analyses are the first to directly support the wavenumber suggestions of Harris and Vincent (1993).
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Figure 2. (a) Amplitudes of quasi-2-day waves with s = 2 at 46-h period at 98 km altitude in time-latitude depiction estimated from Michelson Interferometer
for Global High-resolution Thermospheric Imaging meridional wind. (b) same as (a) but for s = 3 at 50-h period. (c) and (d) same as (a) and (b) but estimated
from zonal winds. Vertical dashed lines indicate the centers of two 9 days windows used in Figure 4, which contain the maxima of the amplitudes and where
daytime wind data are available above 106 km.

Note that our MSMR amplitudes are fitted according to the model of two waves with preassigned s which
have to be determined prior to the fitting. Therefore, when the spectrum in the time-frequency depiction is
dominated by a third s, the estimation cannot be properly fitted. For example, in Figure S3 besides s = +3
and + 2, the s = +1 and + 4 dominate also a few pixels within DOY 1-60. For these pixels, the amplitudes
are not fitted for Q2DW+1 and Q2DW+4 due to constraints of the two-wave model (+* < 0.7). Besides, these
four dominant Q2DWs might interact nonlinearly with diurnal migrating tides, generating SWs of Q2DW-3,
Q2DW-2, Q2DW-1, and, Q2DWO0. Additional low-latitude SMRs are desirable to resolve the above-men-
tioned Q2DWs.

In terms of the temporal evolution of Q2DW+3 amplitude and periods, MSMR results at 95-100 km are
in excellent qualitative agreement with the MIGHTI results. The agreement reveals that locally Q2DW+3
is dominantly stronger than its potential aliased waves, for example, Q2DW-2, near-16-h and -9.6-h SWs,
and near-2-days UFKW at s = —2, as explained in the introduction. Therefore MSMR help to resolve this
type of ambiguity in MIGHTI Q2DW results. However, Q2DW+-2 are stronger in the MIGHTI winds than
in MSMR winds. The discrepancy is possibly attributable to a superposition in the MIGHTI amplitude be-
tween Q2DW+2 and its potential aliased waves, for example, Q2DW-1.

At altitudes not covered by MSMRs, for example, above 106 km, aliasing and superposition might also
exist. The superposition could produce the vertical double-peak feature below 140 km altitude observed in
Figure 4, associated in some cases with discontinuities, which would be unexpected for a vertically prop-
agating monochromatic wave. The phases often show downward (upward) phase progressions with alti-
tude, indicative of upward (downward) energy propagation. MLT GCM simulations produced near-48-h,
-16-h, -9.6-h SWs arising from interactions of Q2DW+3 with diurnal and semidiurnal migrating tides (Gu
et al., 2018; Nguyen et al., 2016; Palo et al., 1999). These SWs appear in the simulations as independent,

HE ET AL.

60of 11



A~y .
IS Geophysical Research Letters 10.1029/2021GL093466
5 10 15 20 25 30 S:2, \% (m/s) 5 10 15 20 25 30 S:3, \% (m/S)
[— 0 | [ |
04 [@MSMR, 95<h<100km T D)MSMR, 95<h<100kim_aed W00 60
0.45 = F 153
= 05 - 148
3, =
Q
o= 055 = - 14
0.6 - = 140
083 5 ' ' ‘ = B : : ' = 36
ko) MIGHTI, h=98km ) I d)MIGHTT, h=98km B
0.45 ] 1t —d == 153
= 0. L - 8 48
2" = ‘ =
(o]
o 055 - {44
0.6 F 140
0.65 E L L Co L E L L L 37
1 32 61 1 32 61
DOY, 2020 DOY, 2020
@@ o
30 1r ..“. " 30
LA <)

s 3o tglee ”
~ '. “ 2 .° o ~
L = el o :‘ ° RS
E 20 . . Aoy - IRLIY AR 120 &
> ;. 4 . o3 0% [ 3 =
— . 0y . °.. e . —
= X0y : VA N=
S : " S
= 10} - 10 =

ST r 15
0 : : : : : : : : : : : — o
0 5 10 ° 15 20 25 30 0 5 10 15 20 25 30
MSMR, v(m/s) MSMR, v(m/s)

Figure 3. Meridional wind quasi-2-day waves amplitude comparisons between multiple SMR (MSMR) and Michelson
Interferometer for Global High-resolution Thermospheric Imaging (MIGHTI) results. (a), and (b) MSMR results
between 95 and 100 km for s = 2 and s = 3 component. (c) and (d) same plots as (a), and (b) but estimated from
MIGHTI winds at 98 km altitude. (e) scatter plot of the values sampled from (a) and (c), in which each point denotes
one pixel in (c) and its size is weighted by the sum of the amplitudes squared. (f) same plots as (e) but sampled from (b)
and (d).

global-scale vertically propagating oscillations that extend to at least 50°N in January. Moreover, the sim-
ulations demonstrate that these SWs are capable of propagating into the 100-140 km region, and in some
cases, above 160 km. It is, therefore, reasonable to assume that during Q2DW events, measurable SWs can
simultaneously occur over broad latitude-altitude regimes, and that more appropriate designations in the
context of space-based observations are “apparent” Q2DW+2, Q2DW+3, and Q2DW+4.

The presence of the SWs in the middle thermosphere is traditionally explained in terms of upward prop-
agation of SWs generated in the MLT (see e.g., Yue et al., 2016, Figure 6). No study to date has consid-
ered the possibility of SW in-situ generation in the lower and middle thermosphere (~100-250 km) where
the migrating tidal winds exist due to thermal forcing by extreme ultraviolet solar radiation, and where
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Figure 4. Vertical profiles of amplitude (top) and phase (bottom) for u and v centered on latitudes 0° and 15° for quasi-2-day waves with s = 3 (left four
columns) and s = 2 (right four columns) for DOY 15-23 (black) and DOY 41-49 (blue).

the vertically propagating semidiurnal migrating tide maintains large amplitudes (e.g., Forbes, Zhang, &
Maute, 2020, Figure 6). Palo et al. (1999) furthermore invoked the Teitelbaum and Vial (1991) formulation
of wave-wave interactions to demonstrate that a myriad of wave products can originate from multi-step
SW-tide interactions, including Q2DWs as secondary products. The multi-step SW-tide interaction process
has been explained and demonstrated quantitatively in the context of thermospheric quasi-6-days waves by
Forbes, Zhang, and Maute (2020). Our interpretation that these processes are likely active in defining the
vertical amplitude and phase structures of Q2DW+3 and Q2DW+2 in Figure 4 warrants further theoretical
and modeling attention.

A similar double-peak feature was also observed in the southern hemisphere Q2DW+3 in WINDII v pro-
files up to 150 km during January 19-31, 1993 (Ward et al., 1996). During this event, Q2DW+3 amplitudes
and phases were estimated between 96-102 km and 70°S-40°N using WINDII, between 70-110 km and
60°S-20°N using the High Resolution Doppler Imager (HRDI) on UARS, and between 94-136 km altitude
using winds collected by the Arecibo incoherent scatter radar (18°N) (Wu et al., 1993). Furthermore, the
UARS analyses assumed T = 48 hand s = 3.

In terms of Q2DW penetration into the winter hemisphere, the UARS results at 95-100 km are consistent
with our Q2DW+3 results in that they (a) reflect an equatorial maximum in v with a monotonic decrease
to less than half the maximum value by 30°N, and (b) a minimum in u at the equator and maximum as far
north as 30-40° latitude. However, both the u and v maxima are about a factor of 2 greater during 1993 than
during 2020.

From a more global perspective, Ward et al. (1996) noted in their Figure 3 the similarity of the meridional
3-peaked (2-peaked) structure of u(v) between 70°S-40°N with those in the Q2DW+3 simulations of Hagan
et al. (1993). Similar features are also seen in Palo et al. (1999) simulations, but the GCM u(v) structures in
Yue, Wang et al. (2012) are more 2-peaked (1-peaked). All of these results maintain an equatorial minimum
in u and a monotonic decrease in v poleward of the equator into the Northern Hemisphere. The tendency
for an equatorial maximum in v, and maxima in u poleward of the equator is consistent with the attribution
of Q2DW+3 as a Rossby-gravity wave. Therefore, the latitude structures of v and u for Q2DW+3 depicted in
Figures 2a and 2c at 98 km are broadly consistent with prior observations, theory, and modeling.
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Another unique aspect of the current work is the delineation of both Q2DW+3 and Q2DW+2 vertical
structures up to 200 km altitude during a period of deep solar minimum, when vertically propagating waves
should penetrate efficiently in the thermosphere (H&usler et al., 2013; Oberheide et al., 2009). Of particular
relevance is the degree to which the Q2DW wind field penetrates to altitudes in the vicinity of the peak Hall
(~106 km) and Pedersen (~125 km) conductivities, where electric fields can be generated and subsequently
map into the F-region. This vertical penetration is in fact reflected in Figure 4, but it remains to be deter-
mined to what extent the amplitudes and vertical phase structures yield sufficiently large field-aligned-inte-
grated conductivity-weighted winds to drive F-region ionospheric variability of any significance.

5. Summary and Conclusions

In this work, we combine MLT winds observed by four longitudinally separated low-latitude SMRs and by
MIGHTI on the ICON satellite to investigate Q2DWs during January-March 2020. Based on different but
complementary sensor array analyses, we identify that Q2DWs are dominated by Q2DW+3 and Q2DW+2,
at periods T = 48-53 h and 44-48 h, respectively. These are the first observations of such waves and support
the suggested Q2DW wavenumbers of Harris and Vincent (1993) based on single-station observations.

Our MSMR Q2DW amplitudes are almost altitude-independent within 80-100 km. Their 95-100 km
time-frequency structures compared well with the amplitudes estimated from MIGHTI winds. In the com-
parison, Q2DW+3 exhibits an excellent quantitative agreement whereas the Q2DW+2 exhibits only a rea-
sonable qualitative agreement with stronger amplitudes in MIGHTI than in MSMR results. Based on this
agreement, we are able to resolve the period and wavenumber ambiguity in MIGHTI estimates. We attribute
the discrepancy to the existence of aliased waves.

The MIGHTI measurements are further used to assess the latitudinal and vertical penetration of the
Q2DWs, up to 42°N and 200 km. At 98 km and for both Q2DW+2 and Q2DW+3, the amplitudes in v are
stronger than in u. For Q2DW+3, these features are largely consistent with prior observations, theory and
modeling, whereas for Q2DW+2 the height-latitude structures have not appeared in prior observational or
modeling studies. Above 106 km, the amplitudes become vertically structured. These vertical structures are
attributable to the superposition between Q2DWs and their aliased waves.

Data Availability Statement

The hourly wind data from Ledong is provided by the Data Center for Geophysics, National Earth System
Science Data Sharing Infrastructure at BNOSE, IGGCAS (http://wdc.geophys.ac.cn/). The post-processed
MSMR data used in the current paper are available at https://dx.doi.org/10.22000/421. The ICON-MIGHTI
winds are publicly available at the ICON data center (https://icon.ssl.berkeley.edu/Data).
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