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Abstract. Horizontal winds from six meteor radars during 2005-2012 are used to derive nonmigrating
tides in the mesosphere and lower thermosphere (MLT). To our knowledge, it is the first time to derive
dominant nonmigrating tides from sparse meteor radar observations. The radars are located at Cariri
30 (7.4°8, 36.5° W), Kototabang (0.2° S, 100.3° E), Ascension Island (7.9° S, 14.4° W), Darwin (12.3° S,
130.8° E), Buckland Park (34.6° S, 138.5° E), and Kunming (25.6°N, 103.8°E). Tidal fitting simulations
based on the Whole Atmosphere Community Climate Model (WACCM) winds indicate that DW 1, DE3,
DE2, and DW?2 can be accurately decomposed from these radars. The dominant nonmigrating tides, DE3,
DE2, and DW2, show pronounced seasonal and altitudinal variations, and their dominant Hough mode
35 components are identified. The climatology of these tides is consistent with the Climatological Tidal
Model of the Thermosphere (CTMT) output. During the 2006 stratospheric sudden warming (SSW)
event, DE3 was suppressed during SSW development and recovered after SSW dissipation; DE2 was

enhanced during SSW development and rapidly suppressed after SSW reach the maximum; DW2 was
1
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suppressed near the SSW central day and strongly enhanced 20 days later. This study develops a method
40 to decompose dominant nonmigrating tidal winds by jointly analyzing six meteor radars and provides an
observational basis for modeling tidal dynamics in the MLT and for investigating middle atmosphere-

ionosphere coupling through nonmigrating tides.

Short Summary. Horizontal winds from six meteor radars in the low-latitude region are used to derive
nonmigrating tides in the MLT. To our knowledge, it is the first time to decompose nonmigrating tides
45 from sparse meteor radar observations. The climatology of DE3, DE2, and DW2 is consistent with CTMT.
During the 2006 SSW, these tides show significant response. This study develops a method for
decomposing nonmigrating tidal winds and provides a chance for investigating middle atmosphere—

ionosphere coupling.

1 Introduction

50 Dynamic process in the mesosphere and lower thermosphere (MLT) region plays a critical role in the
coupling between the lower atmosphere and the thermosphere/ionosphere system. The dynamics in the
MLT region are primarily modulated by atmospheric waves (such as gravity waves, tides, and planetary
waves) generated in the lower atmosphere; as these waves propagate upward, the influence of lower
atmospheric activity can be imprinted onto the variability in the middle and upper atmosphere. The

55 atmospheric waves also can alter the distribution of ionospheric plasma through collisions between
neutral atmospheric molecules and plasma, as well as through the dynamo effect. Therefore, an
understanding of these processes is necessary for studies of the thermosphere and/or ionosphere with
regard to space weather. Among them, atmospheric tides are significant waves that can dominate the
dynamics in the MLT region.

60 Atmospheric tides are global-scale atmospheric oscillations with periods that are harmonics of a solar
day (Chapman and Lindzen, 1970). According to the feature of their zonal propagation, the atmospheric
tides can be classified as either migrating or nonmigrating tides. Migrating tides propagate westward
with the apparent motion of the sun, whereas nonmigrating tides can propagate westward/eastward or
remain stationary. Nonmigrating tides are primarily excited by latent heat release associated with deep

65 convection and nonlinear interactions between planetary waves and migrating tides (Oberheide et al.,
2002; Miyoshi et al., 2017). Nonmigrating tides can alter the momentum and energy of the zonal mean
flow, greatly changing middle atmosphere dynamics (Isoda et al., 2004). Nonmigrating tides also play
an important role in middle atmosphere—ionosphere coupling. Through the E-region dynamo effect, they
can modify the distribution of ionospheric plasma, such as the wave-4 structure induced by diurnal tides

70 with eastward propagating zonal wavenumber 3 (DE3; He et al., 2011; Nischal et al., 2019; Zhou et al.,
2024; Liao et al., 2026).

Traditionally, observations of global atmospheric tides have been investigated using satellites (Forbes et
al., 2008; Wu et al., 2006, 2008, 2011; Xu et al., 2009, 2012; Yue et al., 2013). However, due to the
limitations of satellite orbits, it is difficult to independently extract day-to-day variability of migrating

75 and nonmigrating tides. Li et al. (2015) developed a method to extract day-to-day nonmigrating tides
from TIMED/SABER satellite temperature and investigated the variability of the diurnal nonmigrating
tidal component DE3 and the semidiurnal nonmigrating tidal component SE2 (Li et al., 2017, 2019a,
2020, 2022). Based on this method, Li et al. (2019b) presented correlations between the ionospheric

2
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wave-4 structure and the DE3 tide in the upper atmosphere on meteorological timescales shorter than 60
80  days.
However, current mainstream middle and upper atmosphere satellites provide temperature observations
rather than wind measurements. Tidal winds are important in middle atmosphere—ionosphere coupling,
as they can drive the E-region dynamo effect. Meteor radars can provide local site, high temporal
resolution, and continuous horizontal wind observations in the MLT (Stober et al., 2020, 2021; Dempsey
85 et al., 2021; Griffith et al., 2021; Liu et al., 2022). However, these studies are all based on single stations
and cannot resolve the global-scale structure of tides. To obtain nonmigrating tidal winds, a few studies
have combined a suitable longitudinal distribution of ground-based radars. Murphy et al. (2003, 2006)
derived semidiurnal tides with westward propagating zonal wavenumber 1 and 2 (SW1 and SW2) via six
medium frequency (MF) radars in Antarctica. He et al. (2018, 2019) reported a method to decompose the
90 semidiurnal tides with different zonal wavenumber and lunar tides from several meteor radars located at
mid-latitudes with similar latitudes but different longitudes. These studies are primarily focused on high
latitudes because of the rich coverage of ground-based radars. Nevertheless, due to the complexity of
tidal components at low latitudes and the sparse distribution of stations, this method cannot be directly
applied to decompose migrating and nonmigrating tidal components at low latitudes. In addition,
95 investigating nonmigrating tides in the low-latitude MLT region is important and necessary because they
make major contributions to the E-region dynamo effect.
Based on the questions raised by the studies noted above, in this study, we develop a method to
decompose nonmigrating tides via the horizontal mesospheric winds observed by six meteor radars in
the low-latitude region. We analyze the feasibility of tidal fits by using horizontal winds from the Whole
100 Atmosphere Community Climate Model (WACCM), and compare the climatology of these tidal
components between meteor radar observations and the Climatological Tidal Model of the Thermosphere
(CTMT). As a case analysis, the response of these nonmigrating tidal components to the 2006
stratospheric sudden warming (SSW) is also investigated. Section 2 provides the data employed and the
methodology developed in this study; section 3 presents the observational results of three dominant
105 nonmigrating tidal components; and the discussion and conclusions are provided in sections 4 and 5,

respectively.

2 Data and Methodology
2.1 Meteor radars

Six meteor radars located at Cariri, Brazil (7.4° S, 36.5° W), Kototabang, Indonesia (0.2° S, 100.3° E),

110 Ascension Island, United Kingdom (7.9° S, 14.4° W), Darwin, Australia (12.3° S, 130.8° E), Buckland
Park, Australia (34.6° S, 138.5° E), and Kunming, China (25.6°N, 103.8°E) denoted respectively CMR,
KMR, AMR, DMR, BPMR, and KMMR, are used to measure the neutral horizontal winds. The
horizontal winds observed from these six meteor radars are utilized for the decomposition of mesospheric
nonmigrating tides. The operating frequencies, geographic coordinates, observational time periods,

115 altitude ranges, as well as temporal and altitudinal resolutions of the six meteor radars are summarized
in Table 1.

Table 1: Geographic locations, system parameters and observational time periods of the meteor

radars used in this study.
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Altitudinal Temporal
Meteor Geographic Operation  Altitude Data used in this
. resolution resolution
radar locations frequency  range study
(km) (hour)
Cariri 1/1/2005—
7.4°8S,36.5°W 352MHz  81-99 km 3.0 1
(CMR) 12/31/2008
Kototabang 1/1/2005—
0.2°S,100.3°E 377MHz  80-100km 2.0 1
(KMR) 12/31/2012
Darwin 1/1/2005—
12.3°S,130.8°E  332MHz 80-100km 2.0 1
(DMR) 12/31/2012
Ascension
1/1/2005—
Island 7.9°8S, 14.4°W 43.5MHz  80-100km 2.0 1
12/31/2012
(AMR)
Buckland
1/1/2006—
Park 34.6°S, 138.5°E 31 MHz 80-100 km 2.0 1
12/31/2012
(BPMR)
Kunming 7/29/2008—
25.6°N,103.8°E  37.5MHz 80-100km 2.0 1
(KMMR) 12/31/2012

-90

06—
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Figure 1: The geographic locations of the six meteor radars used in this study.

The radar system operates by transmitting the radio wave and coherently detecting the meteor trail

reflections. The cross-dipole Yagi antennas are employed for both transmission and reception. The range

4
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is derived from the time delay between signal transmission and detection, while the azimuth and zenith

125 angles are obtained from the phase differences between receiving antennas. Under the Assumption that
the vertical wind is negligible, the horizontal wind can be determined by the Doppler shift using the
algorithms described by Hocking et al. (2001) and Holdsworth et al. (2004).

2.2 SD-WACCM-X

SD-WACCM-X is an advanced numerical model developed within the Community Earth System Model
130 version 1 (CESM1) framework (Hurrell et al., 2006). It is specifically designed to investigate the coupling
among chemistry, radiation, and dynamics and their impact on the Earth's climate system (Neale et al.,
2013). The SD-WACCM-X version 2.1 simulation from the surface up to approximately 50 km is nudged
from Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2) data.
In this study, the 3-hourly SD-WACCM-X modelling is employed to obtain the nonmigrating tidal

135 components in the neutral horizontal winds in the MLT region and ionosphere.
23 CTMT

The Climatological Tidal Model of the Thermosphere (CTMT) is constructed using TIDI, SABER and
Challenging Minisatellite Payload (CHAMP) dataset, as proposed and developed by Oberheide et al.
(2011). This model is operating in three dimensions of latitude (from 90° S to 90° N), altitude (from 80
140 km to 400 km), and month (from January to December), which is based on tidal observations made in
the MLT region that are extended into the thermosphere using Hough mode extension (HME) modeling.
The observation data comprise the TIDI zonal and meridional wind tides, SABER temperature tides and
CHAMP neutral density tides in the 2002 to 2008 composite years. The CTMT provides the 14 most
significant diurnal and semidiurnal tidal components for temperature, density, and zonal, meridional and
145  vertical winds, including DW2, DW1, DO, DE1, DE2, DE3, SW4, SW3, SW2, SW1, S0, SE1, SE2, and
SE3. In addition, CTMT is valid only for 110 solar flux units (sfu) due to the tidal dissipation sensitivity

to thermospheric temperature.
2.4 Approach for tidal decomposition

In principle, the time series of hourly zonal and meridional winds observed by meteor radars within six

150 geographic longitudinal sectors can be employed to derive the amplitude and phase characteristics of
diurnal, semidiurnal, and terdiurnal tides, with different zonal wavenumbers. Given that the DE3 and/or
DE2 tidal components are strong candidates for the dominant nonmigrating tidal components affecting
ionospheric wave-like structures (e.g., He et al., 2011, Liao et al., 2026), it is necessary to extend the
decomposition functions to at least eastward-propagating wavenumber 3. A least square fitting performed

155 on the hourly wind data for each 3-day sliding window throughout the series could be used to decompose
the migrating and nonmigrating tidal components, following the above function (Baumgarten and Stober,
2019; Wang et al., 2022, 2025).

u(z 4,1 = uy(2) + X3-1 X3 _s[a,s(2) sin (Z%t + sl) + by, s(2)cos (Z%t + sA)],

1
160 where u denotes either the zonal or meridional wind; z denotes altitude; ¢ denotes universal time; A

denotes longitude (rad); n denotes temporal wavenumber; s denotes zonal wavenumber; 7 indicates 24
5
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hours; and u, denotes zonal mean zonal wind or zonal mean meridional wind.

It is noted that the largest difference of latitude with each radar is up to ~60°. Thus, Therefore, it is

necessary to introduce Hough functions for the fitting procedure.

u(z,¢,4,t) = ug(2) + 21 T3 Ty [ sm(2) sin(n@t +

58)sm0 (@) + by sm(2)cos(nt + 52) ;0 ()], @
165 where ¢ denotes latitude (rad); 5.;0(¢) indicates the (s, m) Hough mode with frequency of n. To
mitigate spatial aliasing effects caused by spectral leakage from higher parameters into lower ones, our
methodology incorporates additional Hough modes of m from |s| to (|s|+4) into the decomposition
functions. These Hough modes are calculated by Chebyshev collocation method (Orszag, 1974; Boyd,

1978; Wang et al., 2016).

170  The matrix forms of Equation (2) can be written as

. 2 . 2
sin (2t =30,) 330(p) - sin(2x Z e, +34 ) 520(d1)
sin (Ftr2 = 36) -530(96) -+ sin (2%t +35) 30 (9)
a,- -3.3
cos (2771 t; — 315) _330(¢1) - cos (2 X Z%tl + 3A 3 20(¢,) az 3,7
: b1 -33| =
2
cos (Bt —325) 330(9e)  cos(2x ey + 316 260601

[ u(zo, 1,1, t1) ]
: 3)

u(2o, e, A6, t72) ,
The first matrix on the left side of the equal sign in Equation (3) is denoted as A, which is the coefficient
175 matrix for tidal decomposition with dimensions of 432x141. The second matrix is referred to as x,
representing the vector of the tidal components; it has dimensions of 141x1, with each element being a
distinct variable to be solved. The matrix on the right side of the equal sign is denoted as b, containing
horizontal wind observations at different longitudes, latitudes and times, and its dimensions are 432x1.
Equation (3) can then be expressed as
180 Ax=0b, (C))
This system comprises 141 unknown coefficients. For each 3-day temporal and 2-km altitudinal window,
there are 432 equations based on the amount of available data, allowing for a solution attempt. However,
due to the sparse distribution of observation stations, these equations are not mutually independent; there
are basically 15 unknown coefficients related to the longitude, but only 6 meteor radars at different
185 longitudes are contributing to the solution. Consequently, solving this system is essentially an
underdetermined linear problem, yielding non-unique solutions. To obtain a unique solution set,
additional constraints must be introduced.
Considering the physical feature of atmospheric tides, their spectral and wavenumber distributions are
discrete, with only a limited number of components exhibiting significant amplitudes. Therefore, even if
190 it is not possible to extract all potential tidal components, it is feasible to extract the most prominent ones.

In other words, the vector x, which contains information on the tidal components, can be defined as the
6
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solution to the following optimization problem
minimize I1xllo
subject to: Ax=Db’ ©)
where ||x]||, is defined as the number of non-zero entries in the vector x, which is referred to the zero
195  norm of vector x.
To solve the optimization problem in Equation (5), this work adopts a sparse reconstruction algorithm,
the Optimized Orthogonal Matching Pursuit (OOMP) algorithm (Rebollo-Neira and Lowe, 2002) to
decompose the migrating and nonmigrating tidal components. As an enhancement over the classical
Orthogonal Matching Pursuit (OMP) algorithm, widely employed in compressed sensing for sub-Nyquist
200 signal recovery, the OOMP improves accuracy and stability by virtue of its orthogonal projection, which
guarantees optimal selection at each step and reduces the need for matrix inversion. The procedure
iteratively selects the candidate component most correlated with the current residual, thereby
incrementally reconstructing the sparse signal. The iteration continues until the residual diminishes below

the wind measurement error or until all candidate components have been selected.
205 2.5 Credibility of the method used to calculate tidal components

The sparse reconstruction algorithm is applied for the first time to the separation of atmospheric wave
modes. To evaluate the credibility of this algorithm, simulation tests are considered. The first test
examines whether the algorithm can effectively identify the dominant tidal components. Zonal wind
velocities are set as the superposition of different tidal modes, with a random error of 5 m/s taken into
210 account. Diurnal and Semidiurnal components from eastward-propagating 3 (E3) to westward-
propagating 3 (W3) are considered, which the dominant components, amplitudes, and phases of the tides
are all randomly generated. A dominant component is defined as a tidal component which amplitude is
larger than twice the maximum random error (10 m/s). The number of dominant components is defined
as the maximum between the number of dominant diurnal tidal components and the number of dominant
215 semidiurnal tidal components, because the meteor observational data are sparse only in the longitudinal
dimension. For example, a dominant component count of seven indicates that the amplitudes of all tidal
components from E3 to W3 are larger than 10 m/s. Figure 2a presents the probability that the algorithm
accurately computes all dominant components under different counts of dominant components (10,000
simulations are performed for each count). "Accurate computation” requires meeting the following
220 conditions: (1) inclusion of all dominant components; (2) consistency in the order of the retrieved
amplitudes with that of the prescribed wind speeds; (3) errors in the retrieved amplitudes and phases not
exceeding 5 m/s. As shown in Figure 2a, when the count of dominant components is one or two, the
probability of accurately computing the dominant tidal components approaches 100% and 99.15%; when

the count is less than seven, the probability exceeds 68.19%.
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Figure 2: (a) Probability that the algorithm can accurately compute the dominant tidal components,
based on results from 10,000 simulations for each count. (b) The comparison between the set
parameters of one of the simulation tests and their calculated results. These results were obtained
from 1000 repeated calculations using the present method under a wind-velocity error of 5 m/s. The
230 red (blue) solid lines denote the set values of diurnal (semidiurnal) tidal amplitudes. The red (blue)
circles and error bars denote the decomposed amplitudes and standard deviations of diurnal

(semidiurnal) tides, respectively.

As an example, Figure 2b presents the results of one of the simulation tests. Similar to the real-world
physical situation in the low-latitude MLT region, the relative magnitudes of the different diurnal tidal

235  components are such that DE3, DE2, and DW1 are the strongest, followed by DW2 and DE1, while DS0
and DW3 are very weak. The amplitudes of DE3, DE2, DW1, DW2, DE1, DS0, and DW3 are set as 25.5
m/s, 22.4 m/s, 8.2 m/s, 0 m/s, 20.6 m/s, 10.2 m/s, and 0 m/s, respectively. The semidiurnal tidal
components are set to SE2, SE1, and SS0 with amplitudes of 10.0 m/s, 5.6 m/s, and 2.2 m/s, respectively,
and other components, which are not consistent with the actual conditions. The calculated amplitudes of

240  the diurnal (semidiurnal) tides are denoted by red (blue) circles, respectively, in Figure 2b. For the diurnal
components from DE3 to DW3, the results are 26.79 m/s, 21.85 m/s, 7.95 m/s, 0.25 m/s, 20.21 m/s, 10.83
m/s, and 1.35 m/s, respectively. For the semidiurnal components from SE3 to SW3, the amplitudes are
0.72 m/s, 9.47 m/s, 6.17 m/s, 1.31 m/s, 0.19 m/s, 0.20 m/s, and 0.58 m/s, respectively. The uncertainties
are indicated by error bars, with all values being less than 1 m/s.

245 This result indicates that the calculated values closely preserve the order of magnitude of the input values,
meaning that the five main components of the diurnal tide (DE3, DE2, DW1, DW2, and DE1) and the
three main components of the semidiurnal tide (SE2, SE1, and SS0) were effectively decomposed. For
the tidal components with zero set amplitudes, the maximum calculated value is 1.35 m/s (for DW3),
with all others below 1 m/s. Furthermore, for the major tidal components, the largest difference between

250  the set and calculated amplitudes is 1.29 m/s (for DE3), which is far smaller than the maximum
simulation error of 5 m/s. This example indicates that, using wind time series at the given six geographic
longitudes and latitudes, the proposed method can effectively decompose the dominant diurnal and
semidiurnal components. In the situation that the maximum wind-speed error was not exceeded 5 m/s,
the calculating error can be confined well below 1.35 m/s (in this test). Therefore, our proposed method

255 can be applied to wind observations from these six radar stations to reliably obtain the major tidal

components.
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To further analyze the credibility of the proposed method, a high-resolution model will be considered.
WACCM is considered in this study, as a model with high temporal and spatial resolution and satisfactory
credibility for neutral winds in the MLT region, and it could be used to simulate the decomposed

260 calculation of MLT tides (Pedatella et al., 2012a; Smith et al., 2017; Yang et al., 2018; Stober et al., 2021).
WACCM is a high-top model based on the Community Earth System Model (version 1) framework
(Hurrell et al., 2006), which is an optional variation of the Community Atmosphere Model version 4
(CAM4) that has been designed to investigate the interactions among chemistry, radiation, and dynamics
and their impact on the Earth's climate system (Neale et al., 2013). The current study uses the specific

265 dynamics (SD) version of WACCM, in which neutral temperatures and winds below 50 km are nudged
toward NASA's Modern-Era Retrospective analysis for Research and Applications (MERRA) (Lamarque
etal., 2012). The present integrations have a horizontal resolution of 2.5° in longitude and 1.9° in latitude.
There are 144 vertical levels, and the vertical resolution is approximately 0.5 km, ranging from 80 to 100
km. The time step is 30 minutes.

270 Figures 3a-3f present the decomposed result of DW1, DE3 and DE2 amplitudes in both zonal and
meridional components at the latitude of 5° S based on the hourly zonal and meridional wind over six
selected longitudinal-latitudinal sectors from the WACCM output. As a comparison, Figures 3g—31 show
the DW1, DE3 and DE2 amplitudes derived from a least-square fitting, by using the WACCM hourly
wind data from all longitudes at 5° S. The least-square fitting used in Figures 3g-31 is performed on the

275 WACCM wind data for each 3-day sliding window. Considered that the WACCM zonal and meridional
wind data are available on a global scale and have 144 different longitudes, the zonal wavenumber is
taken from eastward-propagating 7 to westward-propagating 7 for calculating all diurnal tidal
components. Following the above least-square fitting method, the meridional or zonal wind variations in
time and longitude at a given altitude can be written as follows:

2 2
280 u(zA,1) = g (2) + hey Tl o s(2) cos (— t+5-A+ qan,s(z)), (6)
where u represents either the zonal or meridional wind; z represents altitude; ¢ represents time; A
represents longitude (rad); n represents temporal wavenumber; s represents zonal wavenumber; 7 equals
24 hours; ¢ represents phase; uy represents background zonal (or meridional) wind; the second section

represents tidal components comprising 24- and 12-hour oscillations.
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Figure 3: (a—f) The climatology of DW1, DE3, and DE2 amplitudes in both zonal and meridional
components at 5° S in the altitudinal range of 82-98 km, decomposed by the hourly zonal and
meridional wind over six selected longitudinal-latitudinal sectors (the same as the geographic
locations of the six radars used in this study) from the WACCM output. (g-1) The climatology of
290 DW1, DE3, and DE2 amplitudes in both zonal and meridional components in the altitudinal range
of 82-98 km, derived from a least-square fitting, based on the WACCM hourly wind data from all
longitudes at 5° S. (m-r) The correlation between the six-sector fitting (the OOMP method based
on six-sector data) and whole-longitude fitting (the least-square fitting based on whole-longitude
data) for DW1, DE3 and DE2 tidal amplitudes in both wind component obtained from WACCM.
295 The horizontal axis gives the values calculated from the six-sector fitting, while the vertical axis
gives those from the whole-longitude fitting. Each black dot corresponds to a daily value at a given
altitude. The red solid line is the least-squares linear regression line calculated by all black dots,
indicating the overall correlation and slope. (D: Diurnal tides; E: Eastward propagation; W:

Westward propagation)

300 As shown in Figure 3, for the diurnal components of DW 1, DE3 and DE2, the seasonal variations derived
from the proposed method by six-sector data exhibit strong consistency with those from the whole-
longitude fitting, with only minor differences in amplitude. Specifically, the results of six-sector fitting
show slightly larger amplitudes for DW1-U, while those for DW1-V and DE2-U are opposite. In terms
of amplitude, the results calculated via both methods consistently show that DE3 and DW1 have the

305 largest amplitudes, followed by DE2. In addition, correlation analysis indicates that the results obtained
from the two methods are highly correlated for DW1, DE3, and DE2, with the Pearson correlation

coefficients over 0.7. Among these, the correlations for the zonal components (all above 0.8) are
10
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consistently higher than those for the meridional components (all below 0.8). For both wind components,
DE2 exhibits the highest correlation, while DW1 and DE3 show slightly lower values.
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Figure 4: The same as Figure 3, but for DW2, DS0 and DE1.

Figure 4 also shows the comparing results for DW2, DSO and DEI1. For these three components, only
DW2 shows consistent seasonal variations between the two methods in both zonal and meridional
components. For DS0-U, it is virtually impossible to be identified as a valid component in six-sector
315 fitting. For DE1-V, the seasonal variations obtained from the two methods differ considerably. In terms
of amplitude, DS0O and DE1 are the smallest among all the components considered, compared with DE3,
DE2, DW1, and DW2. DW3 is not shown here because it was not output in the CTMT used for
subsequent analysis and also exhibits poor accuracy. Regarding correlation, the correlation coefficients
for DE3, DE2, DW1, and DW2 are above 0.7 in both zonal and meridional components, while the
320  correlation coefficients for DSO and DE1 show relatively lower correlations. Therefore, the primary
components that can be reliably decomposed by the present method (equation 5) are DE3, DE2, DW1,
and DW2. In the subsequent analysis, only the nonmigrating tides DE3, DE2, and DW?2 are considered,
while the other nonmigrating tidal components are excluded.
In addition, since an additional zero norm minimization constraint has been incorporated into the present
325 method, energy from some minor components will tend to leak into some major components. This
situation may lead to overestimation of some major components and underestimation of some minor
components. As shown in Figures 3 and 4, the amplitudes of DW1-U, DE3-U, DE3-V, DE2-V, DW2-U,
DW2-V, DS0-V, and DE1-U have been slightly overestimated, as well as the amplitudes of DW1-V, DE2-
U, DS0-U, and DEI1-V have been slightly underestimated. Among them, for the major components of
330 DE3, DE2, DW1, and DW2, the total amplitudes of DE3-U and DE2-U exist less difference, with the
11
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ratio of 0.902 and 1.039 (whole-longitude fitting vs. six-sector fitting), respectively. The overestimation

of DW2-V is largest, almost twice those of whole-longitude fitting values (with the ratio of 0.524). The

overestimations of DW1-U, DW2-U, DE3-V, and DE2-V are less pronounced, with the largest factor not

exceeding 1.6 (corresponding to the ratio of 0.625). Only DW1-V amplitude is underestimated, by a
335  factor of approximately 0.86 (corresponding to the ratio of 1.155).

3 Results

To derive the nonmigrating tides, the meteor winds were jointly analyzed by equation (5) to calculate

amplitudes for all dominant tidal components.
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(c) Zonal Components
98

Altitude(km)

Altitude(km)

E1 S0 El S0 w1 W4

] E3
o (d) Meridional Components m/s

B4 E3
93 (b) Meridional Components

Altitude(km)
Altitude(km)

E4 E3 B2 El S0 w1 w2 w3 El S0 w1 w2 W4

340 Figure 5: (a—b) Zonal wavenumber-altitude spectrum of diurnal tides from eastward-propagating
4 (E4) to westward-propagating 4 (W4) at the latitude of 5°S in the altitude range of 82-98 km,
averaged over the entire observation period, based on meteor radar observations in the (a) zonal
and (b) meridional components. (c—d) Same as (a—b), but from CTMT outputs. The solid black dots

denote the altitude-averaged amplitude for each zonal wavenumber.

345 Figure 5 presents the comparison of the zonal wavenumber-altitude spectrum for diurnal tides between
meteor radar observations and CTMT outputs. It is shown that, in both the radar observations and the
CTMT simulations over the 5°S region, the DE3 and DW1 components are the most prominent. For all
tidal components, the amplitudes increase with altitude, which is consistent with our knowledge. In the
calculation from the meteor radar zonal winds, DW1, DE3, and DE2 are the strongest, followed by DW2
350 and DW3, while DS0 and DE1 remain weakest. This order is consistent with the CTMT outputs, although
the observational amplitudes are slightly larger than the model results. For the meridional component,
DE1 and DSO are also the weakest, but they are slightly stronger than those in zonal components, which
is also consistent with the CTMT outputs. Based on the credibility analysis of the proposed method
presented in the previous subsection, only dominant components can be reliably derived. Therefore, the
355 subsequent analysis is primarily focused on the dominant nonmigrating tidal components, DE3, DE2,
and DW2. Also, the meteor observational results for the other nonmigrating components (DE1, DS0, and

DW3), as well as the migrating tides (DW1), are provided in Figure A1.

12
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Figure 6: (a—f) The seasonal variation of DE3, DE2, and DW2 amplitudes in both zonal and
360 meridional components at 5° S in the altitudinal range of 82-98 km, decomposed by the hourly

zonal and meridional wind over six meteor radars. (g-1) Same as (a—f), but from CTMT outputs.

The climatology of DE3, DE2, and DW2 amplitudes in both zonal and meridional components in the 5°
S MLT region is shown in Figure 6. In the observational results, the amplitude of DE3 in zonal
component (DE3-U) reaches its maximum during June—August each year, with a secondary maximum
365 in January. For DE3 in meridional component (DE3-V), the amplitude exhibits three pronounced
maximum each year, occurring in January—April, July—September, and November—January, with the
weakest amplitudes observed during May—June. The amplitude of DE2-U is strong during the summer
(June—July) and the winter (November—February), with the wintertime maximum being the strongest,
and is weak during the equinox periods (April and October). The seasonal variation of DE2-V is generally
370  similar to that of DE2-U, but with the strongest amplitude occurring in summer. For DW2-U, the
amplitude reaches its peak during January—February, August, and September—December, while the
minimum occurs during April-June. The seasonal variation of DW2-V is consistent with that of DW2-U,
and the amplitude of DW2-V is slightly larger.
In the CTMT outputs, the seasonal variations of the DE3, DE2, and DW?2 tides in both zonal and
375 meridional components are well consistent with the observational results. The primary difference
between the two results is that the observed amplitudes are all slightly larger than the CTMT outputs;
except for DE3-U, the observed amplitudes of the other components are roughly twice those of the CTMT
outputs. According to the simulation in section 2.5 (as shown in Figures 3 and 4), all major nonmigrating
components except DE3-U and DE2-U are overestimated to varying extents (by factors of ~1.2—1.9), due
380 to limitations inherent in the calculation method. This can only partially account for the approximately
13
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twice the amplitude difference; moreover, the CTMT outputs may also underestimate the MLT tidal
winds. In previous studies, meteor radar observations of migrating tides have also been found to be
slightly larger than CTMT outputs (Wang et al., 2022). Unlike migrating tides, the nonmigrating tidal
winds in CTMT are directly derived from TIDI wind data (Oberheide et al., 2011). Some previous studies
385 have suggested that tidal winds measured by the TIDI instrument are smaller than those from meteor
radar measurements in the low-latitude region (Ward et al., 2010; Kumar et al., 2014; Paulino et al.,
2025), with a larger discrepancy in the meridional winds (Gauthier et al., 2025), which may account for

the larger nonmigrating tidal amplitudes observed by meteor radars.
4 Discussion

390 4.1 The latitudinal features of nonmigrating tides

Since Hough modes are used as the orthogonal basis in the present method, it enables the latitudinal

variation features of different tidal components to be obtained and discussed.
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Figure 7: (a—f) The seasonal variation of DE3, DE2, and DW2 amplitudes in both zonal and
395 meridional components at 90 km altitude in the latitude range of 40° S—40° N, decomposed by the
hourly zonal and meridional wind over six meteor radars. (g-1) Same as (a—f), but from CTMT

outputs.

Figure 7 presents the seasonal variations of DE3, DE2, and DW2 in different latitudes. Given that the
latitudinal coverage of the observation stations ranges from 34.6°S to 25.6°N, Figure 7 presents only the

400 results between 40°S and 40°N to avoid potential distortions at higher latitudes. In the meteor radar
14
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observations, DE3-U is dominated by the symmetric Hough mode (-3, 3) during June—September,
characterized by a maximum amplitude at the equator. In contrast, it is dominated by the antisymmetric
mode (-3, 4) during January—April and November—December, with the minimum amplitude at the
equator and the strongest amplitudes occurring near 20°S and 20°N. DE3-V and DE2-V are primarily
405 controlled by the symmetric mode (-3, 3) and (-2, 2) throughout the year, respectively, while DE2-U
exhibits a mixture of both symmetric mode (-2, 2) and antisymmetric mode (-2, 3). The latitudinal
distributions of DW2-U and DW2-V are similar, both being dominated by the symmetric mode (2, 2),
with maximum amplitudes occurring near 25°N and 25°S, and not zeros at Equator. Compared with the
CTMT outputs, the hemispheric asymmetry in DE3-U and DE2-U is not reproduced in the observations.
410 This may be attributable to the sparse latitudinal sampling of the station network, which allows at most

two effective Hough modes to be resolved for each tidal component.
4.2 The impacts of SSW on nonmigrating tides

In addition to the seasonal variation, the variability of nonmigrating tides on shorter temporal scales can
be investigated by the proposed method, as resolved from the calculated daily tidal amplitudes. During
415 the observational time period 2005-2012, a significant atmospheric event, referred to as the stratospheric
sudden warming (SSW) event, occurred in January 2006 (e.g., Hoffmann et al., 2007; Paulino et al., 2011;
Sridharan et al., 2009). The SSW event is a dominant meteorological phenomenon occurring in the polar
region of the winter hemisphere. In the winter polar region, enhanced tropospheric Rossby waves
propagate upward into the stratosphere, depositing momentum and energy into the background
420  atmosphere. This causes stratospheric temperatures to rise rapidly by up to 40 K within a few days
(Andrews et al., 1987), weakening the intensity of the stratospheric westerly polar vortex and causing its
structure to split and/or displacement, which is referred to as SSW events. A major SSW event is
characterized by a rapid increase in stratospheric temperatures and a reversal of the zonal mean zonal
wind at 60° latitude at 10 hPa; the significant feature of a minor event is that when the temperatures
425 increase, the zonal mean zonal wind at 60° latitude at 10 hPa decrease but does not reverse (MclInturff,
1978). Butler et al. (2015) suggested that the 2006 Northern Hemisphere SSW (NH-SSW) was classified
as a major SSW event and identified the SSW central day (21 January 2006) as the date on which
stratospheric temperatures reached their maximum. In addition, SSW events can also strongly affect
vertical coupling across a large altitude range, from the ground surface up to the MLT/ionosphere (e.g.,
430 Matsuno, 1971; Pedatella and Forbes, 2010; Chau et al., 2012; Goncharenko et al., 2013; Li et al., 2021;
Ye et al., 2021; Wang et al., 2022).

15
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Figure 8: (a—f) The DE3, DE2, and DW2 amplitude anomalies in both zonal and meridional
components at 5°S in the altitude range of 82-98 km, decomposed by the hourly zonal and

435 meridional wind over six meteor radars. The anomalies are derived by removing the seasonal
variation, annual oscillation, and semiannual oscillation. The black dashed lines indicate 21
January 2006. (g-1) Same as (a—f), but from WACCM simulations.

Figure 8 shows the anomalies of DE3, DE2, and DW2 amplitudes derived by removing the seasonal
variation, annual oscillation, and semiannual oscillation, during the 2006 major SSW. In the observational
440 results as shown in Figures 8a and 8b, the DE3 amplitudes at 5°S in both the zonal and meridional
components are significantly suppressed (by ~-7 m/s for DE3-U and ~-6.6 m/s for DE3-V) from 25
December 2005 to 19 February 2006, corresponding to the period from 27 days before to 29 days after
the SSW central day (21 January 2006). After 19 February 2006, the DE3-U amplitudes are slightly
enhanced by ~4.2 m/s, and the DE3-V amplitudes are significantly enhanced by ~8.1 m/s above 86 km.
445 However, in the WACCM simulation as shown in Figures 8g and 8h, the DE3 response to the SSW is
presented only as a weakening of the DE3-U amplitude (by ~-8.2 m/s) from 6 January to 5 March 2006;
during the time period from 1 December 2005 to 1 April 2006, both the positive perturbation in DE3-U
and the perturbation in DE3-V are less than 2 m/s.
Figures 8c and 8d show the impact of 2006 SSW on DE2 tides in zonal and meridional components. The
450 anomalies of DE2-U amplitudes are positive by ~3.4 m/s from 6 January 2006 to 16 January 2006
(corresponding to the period from 15 days to 5 days before the SSW central day), and negative by ~-9.4
m/s above 90 km from 25 January 2006 to 9 March 2006. The DE2-V amplitudes are slightly enhanced
by ~4.2 m/s from 15 January 2006 to 24 January 2006 (corresponding to the period from 6 days before

to 3 days after the SSW central day) and greatly weakened by ~-10.4 m/s from 9 February 2006 to 24
16
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455  March 2006. In the WACCM simulations as shown in Figures 8i and 8j, both the DE2-U and DE2-V
amplitudes are also reduced after the SSW central day, with the minimum of ~-2.8 m/s and ~-3.6 m/s,
respectively. The anomalies of DE2-U amplitudes are positive with the maximum of ~4 m/s from 16
December to 11 January, slightly earlier than in the observations, whereas DE2-V amplitudes show no
significant enhancement, with positive perturbations remaining below 2 m/s.

460 For the DW?2 tidal components in the observational results (as shown in Figures 8¢ and 8f), The DW2-U
amplitudes are significantly reduced by ~-8.1 m/s in the time period during from 10 January 2006 to 10
February 2006 and slightly enhanced by ~5.1 m/s after SSW central day from 12 February 2006 to 30
March 2006. The anomalies of DW2-V amplitudes are also characterized by a weakening around the
SSW central day (from 22 December 2005 to 30 January 2006, corresponding to the period from 32 days

465 before to 9 days after the SSW central day), with a minimum of ~-5.8 m/s, followed by an enhancement
after the SSW central day (from 11 February 2006 to 21 March 2006), with a maximum of ~12.7 m/s. In
WACCM simulations, the features of DW2 amplitudes in both zonal and meridional components are

much similar to those in observational results.
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470 Figure 9: (a—f) The DE3, DE2, and DW2 amplitude anomalies in both zonal and meridional
components at 90 km in the latitude range of 40°S—40°N, decomposed by the hourly zonal and
meridional wind over six meteor radars. The black dashed lines indicate January 21, 2006. (g-1)
Same as (a—f), but from WACCM simulations.

Also, the latitudinal variation features of different tidal components response to SSW are shown in Figure
475 9. In meteor radar observations, the strongest SSW responses are found in the antisymmetric Hough
mode (-3, 4) and symmetric mode (-3, 3) for DE3-U, and in the symmetric Hough mode (-3, 3) for DE3-
V. In the WACCM simulations, only the symmetric mode (-3, 3) shows a strong response to the SSW
17



https://doi.org/10.5194/egusphere-2026-6900
Preprint. Discussion started: 12 November 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

for both zonal and meridional components. For DE2 tidal components, the observational results show
that the first antisymmetric mode (-2, 3) and first symmetric mode (-2, 2) for DE2-U and first symmetric
480 mode (-2, 2) for DE2-V show strong responses to the SSW, which is consistent with those in the
WACCM simulations. During the 2006 SSW, the latitudinal variations of DW2 amplitudes in the
observational results and WACCM simulations are highly consistent, in both zonal and meridional
components, manifested as a strong response of the first symmetric Hough mode (2, 2).
These results that the proposed method successfully resolves not only the seasonal variation of
485 nonmigrating tides but also their day-to-day variability during the 2006 SSW event. The significant
response of DE3, DE2, and DW2 to the SSW provide strong evidence that the calculated daily tidal
amplitudes capture dynamical coupling processes in the MLT region, via the amplitude anomalies and
latitudinal structures of these tidal components.
The observational results indicate that the DE3 amplitudes, primarily reflected in the antisymmetric
490  Hough mode (-3, 4) and symmetric mode (-3, 3) for DE3-U, as well as the symmetric Hough mode (-3,
3) for DE3-V, are suppressed from 25 December 2005 to 19 February 2006, spanning from 27 days
before to 29 days after the SSW central day. This strong suppression is consistent with the known
behavior of the DE3 tide during SSW events (Asamoah et al., 2025; Hu et al, 2026). The DE3 is primarily
excited by latent heat release in the tropical troposphere and propagates upward to the middle and upper
495 atmosphere (Oberheide et al., 2002; Miyoshi et al., 2017). During the 2006 SSW, the SSW-associated
variations in the low-latitude zonal mean zonal wind and its meridional shear modify the propagation
conditions for upward-propagating tides, leading to the suppression of DE3 in the MLT region (Hu et al.,
2026). The delayed enhancement of DE3 after 19 February 2006 suggests a recovery of tidal propagation
following the dissipation of the SSW. The slightly different response between DE3-U and DE3-V
500 possibly reflects the different sensitivity of the two wind components to variations in the background
wind structure and the Hough mode composition of the tide.
The DE2 response to the SSW is characterized by an enhancement of antisymmetric mode (-2, 3) and
symmetric mode (-2, 2) before SSW and a delayed suppression after SSW. Although both DE3 and DE2
are eastward-propagating tides and are primarily excited by tropospheric latent heat release (Forbes et
505 al., 2006; Miyoshi et al., 2017), the response of DE2 is greatly different from that of DE3. Based on the
MERRA-2 reanalysis dataset, Asamoah et al. (2025) suggested that DE2 is more sensitive to secondary
generation processes rather than being directly suppressed by background wind changes, possibly leading
to the lagged response. In addition, enhanced planetary wave activity during SSWs provides favorable
conditions for nonlinear interactions between planetary waves and tides, potentially leading to energy
510  redistribution between DE2 and DE3. By using the linear Global Scale Wave Model (GSWM), Pedatella
et al. (2012b) found that a 20-hour eastward propagating wave with eastward propagating zonal
wavenumber 2 (20E2) can arise from the nonlinear interaction between DE3 and the quasi-6-day wave
with westward propagating zonal wave number 1 (Q6W1). Given that the frequency and zonal
wavenumber of 20E2 are nearly identical to those of DE2, the DE2 component obtained in our calculation
515 may also incorporate a 20E2 contribution. Therefore, during the development of the SSW, DE3 is
suppressed while DE2 is enhanced; after the dissipation of the SSW-induced planetary wave
enhancement and background wind changes, DE3 is slightly enhanced whereas DE2 decreases.
The DW2 tidal component shows the strongest response among the three nonmigrating tides examined.
The symmetric Hough mode (2, 2) of DW2 exhibits a suppression around the SSW central day, followed

520 by a pronounced enhancement until March. The DW2 is known to be generated through the nonlinear
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interaction between DWI1 and the stationary planetary wave with westward propagating zonal
wavenumber 1 (SPW1), and its strong response to the 2006 SSW reflects the intensified planetary wave
activity in the winter stratosphere induced by the disruption of the stratospheric polar vortex. As the SSW
develops, enhanced SPW1 activity generates DW2 through nonlinear interaction with DW1, while the
525 variations in the zonal mean circulation filter the upward propagation of the generated DW2, leading to
the DW2 response in the MLT region (Pancheva et al., 2009).
The nonmigrating tidal variability during the SSW also has important implications for the coupling
between the middle atmosphere and ionosphere. The DE3 and DE?2 tides, through its modulation of the
E-region dynamo, generates the wave-4 and wave-3 structure in the equatorial vertical plasma drift and
530 the associated wave-4 and wave-3 pattern in ionospheric parameters such as total electron content and
electron density (Mukhtarov and Pancheva, 2011; Liao et al., 2026). The suppression of DE3 during the
SSW would therefore be expected to weaken the wave-4 signature in the ionosphere, while the post-SSW
enhancement of DE3 could lead to a strengthening of the wave-4 structure. Similarly, the DE2 and DW2
tides will contribute to the longitudinal variability of the ionospheric plasma density through their

535  electrodynamic effects.

5 Conclusions

Horizontal winds observed by meteor radars in six longitudinal sectors are used to calculate nonmigrating
tides. The neutral wind data were from 1 January 2005 to 31 December 2012 and derived from the meteor
radars at Cariri (7.4°S, 36.5° W), Kototabang (0.2° S, 100.3° E), Ascension Island (7.9°S, 14.4° W),

540 Darwin (12.3°S, 130.8°E), Buckland Park (34.6°S, 138.5°E), and Kunming (25.6°N, 103.8°E).
According to the tidal fitting simulation based on WACCM winds, the migrating diurnal tides, DW1,
and dominant nonmigrating diurnal components, including DE3, DE2, and DW2, could be extracted
accurately by the six meteor radars.

The nonmigrating tidal amplitudes obtained from these six meteor radars exhibit significant seasonal and

545 altitudinal variations, and their dominant Hough mode components are given. For all tidal components,
the monthly mean amplitudes in the meridional components are larger than those in the zonal components.
In the zonal component, the diurnal tidal amplitudes at 5°S in descending order are DW1, DE3, DE2,
DW2, DW3, DSO0, and DE1; in the meridional components, they are DE3, DW1, DW2, DE2, DS0, DEI,
and DW3.

550 The climatology of the dominant nonmigrating tidal components, DE3, DE2, and DW2, in the
observational results is consistent with the CTMT output, although their amplitudes are slightly larger
than those from the CTMT output. The latitudinal variability of these nonmigrating tides at 5°S is also
consistent with that of the CTMT, but the hemispheric asymmetries of DE3-U and DE2-U are not
resolved. This may be attributable to the sparse latitudinal sampling of the station network, which allows

555 at most two significant Hough modes to be resolved for each tidal component.

During the 2006 NH-SSW event, the amplitudes of DE3, DE2, and DW?2 all exhibited significant
variations. DE3 was suppressed during the development of the SSW and gradually recovered after the
SSW dissipated; DE2 was enhanced during the development of the SSW and was rapidly suppressed
after the SSW reached its maximum intensity; DW2 was suppressed around the SSW central day and

560 greatly enhanced 20 days after the SSW central day. DE3 was suppressed because SSW-related changes

in the background zonal wind and meridional wind shears disrupted the conditions for upward
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propagation. The response of DE2 was nearly opposite to that of DE3, possibly related to nonlinear
interactions with SSW-related planetary waves. DW2 formed through the nonlinear interaction between
SPW1 and DW1 and was thus modulated by the SSW-related SPW1.

565 In this study, we report a method to decompose nonmigrating tidal winds by jointly analyzing six meteor
radars over the low-latitude MLT region. The results presented in this study will provide an observational
basis for further modeling studies of tidal dynamics impacts on the MLT region. In addition, our results
will also provide a chance to investigate the coupling between the middle atmosphere and ionosphere
through nonmigrating tides.

570

Data Availability. The Kototabang meteor radar data are available from http://database.rish.kyoto-
u.ac.jp/arch/iugonet/mwr_ktb/index mwr ktb.html. The Ascension Island meteor radar data are
available from https://data.ceda.ac.uk/badc/meteor-radars/data/ascension. The Cariri meteor radar data
are available from https://doi.org/10.5281/zen0d0.6575792 (Wang and Batista, 2022). The Darwin
575 meteor radar data are available from https://doi.org/10.5281/zenodo.6575832 (Wang and Reid, 2022).
The Kunming meteor radar data are available from https://doi.org/10.5281/zenodo.10829069 (Wang et
al., 2024). The  Buckland  Park  meteor radar data  are available  from
https://doi.org/10.5281/zen0d0.23921957 (Wang and Reid, 2026). The SD-WACCM dataset utilized in
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Appendix A: Figures Al
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Figure Al: (a-f) The seasonal variation of DW1, DS0, and DE1 amplitudes in both zonal and meridional

840 components at 5° S in the altitudinal range of 82-98 km, decomposed by the hourly zonal and meridional wind

over six meteor radars. (g-1) Same as (a-f), but from CTMT outputs.
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