


global‐scale solar tides, planetary waves, and Kelvin waves, as well as smaller‐scale gravity waves (e.g., Fritts &

Alexander, 2003; Forbes et al., 2009; Gasperini et al., 2015; Liu, 2016; Pancheva et al., 2012; Yiğit & Medve-

dev, 2015). Of particular interest in understanding the thermosphere's dynamics, known to vary significantly from

intra‐seasonal (IS) to inter‐annual time scales (e.g., Sassi et al., 2019), is the role of upward‐propagating solar

tides (e.g., Gasperini & Oberheide, 2024 and references therein). Emerging modeling and space‐based evidence

suggest that much of the IS variability of the thermosphere is connected with an IS‐modulated vertically prop-

agating tidal spectrum (e.g., Gasperini et al., 2017a, 2020; Kumari et al., 2020, 2021; Li & Lu, 2020, 2021;

Vergados et al., 2018; Yang et al., 2018).

Solar tides are persistent and ubiquitous global‐scale oscillations observed in various atmospheric fields, such as

wind, temperature, pressure, density, and geopotential height, with periods that are integer fractions of a solar day

(Chapman & Lindzen, 1970; Forbes, 1995; Hagan et al., 1995; Matsushita, 1967a, 1967b). The notation DWs or

DEs is used to describe westward or eastward‐propagating diurnal tides, respectively, with zonal wavenumber

“s.” For semidiurnal tides, “S” replaces “D,” while zonally symmetric oscillations are denoted as D0 and S0. Solar

tides can be excited through several mechanisms, including the absorption of solar radiation, large‐scale latent

heat release from deep convective clouds in the troposphere, the gravitational pull of the Sun, and secondary

waves resulting from nonlinear wave‐wave interactions (Chang et al., 2011; Forbes et al., 2021a, 2021b; Gas-

perini & Oberheide, 2024; Gasperini et al., 2015, 2021, 2022; Liu, 2016; Palo et al., 1999).

The MJO (Madden & Julian, 1971, 1994) represents the principal mode of IS variability in tropical convection

and circulation and has been a focus of extensive research since its discovery due to its critical role in medium‐

range weather forecasting. Characterized as an eastward‐moving disturbance within low latitudes (±30°) , the

MJO typically recurs every 30–90 days, influencing tropical winds, clouds, rainfall, and numerous other atmo-

spheric variables (Zhang, 2005). The Real‐time Multivariate MJO series 1 (RMM1) and 2 (RMM2) indices

(Wheeler & Hendon, 2004) are commonly used to identify the MJO. This oscillation generates a spectrum of

global‐scale waves, predominantly through convective forcing (Wheeler & Kiladis, 1999), and exhibits signif-

icant dependence on season MJO magnitude, and phase. Despite the rapid attenuation of the MJO above the

tropopause due to its low frequency and slow zonal propagation speed (e.g., Tian et al., 2012; Zhang, 2005), its

impacts have been observed in lower thermospheric gravity waves (e.g., Eckermann et al., 1997; Karoly

et al., 1996; Li & Lu, 2020, 2021; Moss et al., 2016) and solar tides (e.g., Gasperini et al., 2017a, 2020; Kumari

et al., 2020, 2021; Vergados et al., 2018, 2020; Yang et al., 2018). Early investigations into MJO signals within

the lower thermosphere were limited and predominantly based on radar wind observations. Eckermann

et al. (1997) and Lieberman (1998) suggested that while the MJO is confined to the lower atmosphere, it could

modulate upward propagating tides and gravity waves, potentially inducing similar periodic signatures across

various vertical levels. Subsequently, Lieberman et al. (2007) proposed that this whole atmosphere IS coupling

involving tidal variability can occur through several mechanisms: variability in tropospheric heating that gen-

erates the tides; interactions with the zonal mean flow, which modulate tidal behavior as waves propagate through

a variable background in the middle and upper atmosphere; or nonlinear wave‐wave interactions.

As noted above, the influence of the MJO on tides and the related effects on the thermosphere were first

suggested over two decades ago. However, only recent advancements in satellite observational capabilities and

physics‐based models have enabled improved quantification and characterization of these effects. Satellite‐

based thermospheric observations (e.g., Gasperini et al., 2017a, 2020; Kumari et al., 2020; Li et al., 2024)

and modeling efforts (e.g., Gasperini et al., 2020; Kumari et al., 2021; Vergados et al., 2018; Yang et al., 2018)

have demonstrated a robust connection between solar tides in the thermosphere and the tropospheric MJO.

Using cross‐track wind measurements from the Challenging Minisatellite Payload (CHAMP) and the Gravity

field and steady‐state Ocean Circulation Explorer (GOCE) satellites, along with high‐resolution Thermosphere‐

Ionosphere‐Mesosphere‐Electrodynamics General Circulation Model (TIME‐GCM) simulations forced with

Modern‐Era Retrospective Analysis for Research and Applications (MERRA) reanalysis data, and Outgoing

Longwave Radiation (OLR) data, Gasperini et al. (2017a) identified significant 90‐day oscillations in ther-

mospheric zonal mean and DE3 zonal winds during 2009–2010, linking these oscillations to variability in

tropospheric convective activity. Following this study, Vergados et al. (2018) used 14 years of Sounding of the

Atmosphere using Broadband Emission Radiometry (SABER) temperature measurements to show distinct IS

oscillations (ISO) in the low‐latitude lower thermosphere and connections to tides. Kumari et al. (2020) showed

that the MJO influences the DE3 and DW1 temperature tides in the lower thermosphere by ∼ 25% and ∼ 10%

(peak‐to‐peak), respectively. Their findings indicated a strong seasonal dependency of the MJO influence, with
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Kumari et al. (2020) observing robust effects across all seasons, dependent on the MJO phase and location.

Moreover, they observed that the seasonal variations in the IS variability of nonmigrating tides at various MJO

locations were found to be more pronounced than those in migrating diurnal tides. Further investigation by

Kumari et al. (2021), using Specified‐Dynamics Whole Atmosphere Community Climate Model with ther-

mosphere and ionosphere extension (SD/WACCM‐X), found that IS variability in tidal heating plays a more

crucial role than tidal amplitude modulation by background winds in imprinting the MJO signal on low‐latitude

lower thermospheric tides. There is observational evidence of MJO modulation not only of thermospheric tides

but also of the zonal and diurnal mean (ZDM) winds, with variations of approximately 20 m/s peak‐to‐peak

(amplitude difference between consecutive maxima and minima in the wind speed variations caused by the

MJO), as shown by satellite diagnostics from CHAMP and GOCE (Gasperini et al., 2017a, 2020). The MJO's

influence extends well into the thermosphere, as evidenced by in‐situ wind observations near 260 km from the

GOCE satellite.

These recent studies highlight significant coupling between the troposphere and thermosphere on IS timescales,

prompting critical questions with broad implications for the entire atmospheric system. Understanding the

connection between the MJO and the upward‐propagating tidal spectrum, and the impact of the MJO‐modulated

wave spectrum on the thermosphere, is a crucial next step for improving whole atmosphere prediction capabil-

ities. Further investigation of the IS variability of the thermosphere and connections to the MJO is thus warranted.

In light of these considerations, two major goals addressed by this study are (a) to better understand the role that

tidal variability from the lower and middle atmosphere plays in producing thermospheric zonal wind ISOs, and

(b) to examine connections between thermospheric winds, tidal variability, and the tropospheric MJO. These

advancements are crucial to achieving an improved understanding of the coupling between terrestrial weather and

variability in the “entangled” thermosphere‐ionosphere (T‐I) system.

This paper is structured as follows: Section 2 introduces the data and model used; Section 3 contains a brief

description of the methods and techniques employed; Section 4 presents the results; and Section 5 summarizes the

main conclusions of the study.

2. Data and Model

2.1. OLR

The daily Outgoing Longwave Radiation (OLR) Climate Data Record (CDR) quantifies the amount of infrared

radiation emitted from the Earth's surface and lower atmosphere into space, providing insights into cloud cover and

water vapor distribution (Gruber & Winston, 1978). Since 1979, this record has primarily used data from high‐

resolution infrared radiation sounders, supplemented by newer technologies such as the Infrared Atmospheric

Sounding Interferometer since 2007 and the Cross‐track Infrared Sounder (CrIS) since 2012. To enhance accuracy,

OLR data is also derived from operational geostationary imagers, integrating multiple sources through statistical

methods like OLR regression, prediction coefficients for instrument temperature, and corrections for inter‐satellite

biases. The data set to be used for this study (“olr.day.mean.nc” product) consists of daily OLR values binned in a

2.5° latitude x 2.5° longitude global grid with gaps that are temporally and spatially interpolated (Liebmann &

Smith, 1996). OLR estimation algorithms have an accuracy of about 4–8 Wm−2 (Kayano et al., 1995).

2.2. RMM MJO Index

The Real‐time Multivariate MJO (RMM) index is used to monitor the MJO. MJO events are commonly identified

using RMM series 1 (RMM1) and series 2 (RMM2), as detailed in Wheeler and Hendon (2004). The RMM index

identifies the strength and position of the MJO's active phase, characterized by extensive and persistent cloudiness

typically observed in the Indian Ocean region. Comprising the first two principal components derived from OLR,

850‐hPa zonal wind, and 200‐hPa zonal wind averaged between 15° S and 15° N, the RMM index provides a

quantitative measure of the MJO's intensity and location within the tropics. MJO events are grouped into eight

active phases (Phases 1–8) according to the amplitude and phase information obtained by combining the RMM1

and RMM2 values, with enhanced convection moving eastward from the central Pacific to the Indian Ocean. An

“active” MJO event is said to occur when an RMM index is greater than 1 for at least 5 consecutive days. This

study presents correlative findings using RMM1 as a proxy for MJO variability, given its highest correlation with

thermospheric parameters. Notably, similar conclusions can be derived when using MJO amplitude or RMM2.
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Investigating the underlying causes for the stronger correlations observed with RMM1, as opposed to RMM2 and

MJO amplitude, is beyond the scope of this work.

2.3. ICON/MIGHTI

ICON is a Heliophysics System Observatory mission with the primary objective to observe how the ionosphere is

influenced by the dynamics of the neutral atmosphere (Immel & Eastes, 2019; Immel et al., 2018, 2021). ICON

was launched on 10 October 2019 on a nearly circular ∼27° inclination orbit near 590 km altitude, providing

concurrent measurements of the thermospheric and ionospheric environments through 10 November 2022.

Operating as a single observatory, ICON collected data covering two local solar times (LST) per day at a

particular latitude, each progressing approximately 29.8 min earlier daily. ICON's Michelson Interferometer for

Global High‐resolution Thermospheric Imaging (MIGHTI) instrument provides day and night vector winds with

a precision of ∼8.7 m/s (Harding et al., 2021, 2024) and temperatures with uncertainty of around 7 K (Stevens

et al., 2022) in the ∼94–105 km altitude region (L2 v05).

2.4. TIMED/SABER

The Thermosphere Ionosphere Mesosphere Energetics Dynamics (TIMED) satellite was launched in December

2001 into a circular orbit near 625 km altitude with a ∼ 74° inclination (Russell et al., 1999). Sounding of the

Atmosphere using Broadband Emission Radiometry (SABER) is a limb‐scanning infrared radiometer onboard

TIMED, operating with 10 broadband channels spanning 1.27–17 μm. SABER retrieves kinetic temperatures

from CO2 emissions at 15 μm and 4.3 μ m wavelengths, covering altitudes from roughly 20–120 km (Mertens

et al., 2003). The retrieval errors are ±1–2 K below ∼70 km, with an additional error of ∼1.4 K at higher altitudes

due to nonlocal thermodynamic equilibrium (non‐LTE) effects (Remsberg et al., 2008). Here, we will use SABER

temperature data (v2.0 Level 2). This data set provides global coverage in one day and captures two different local

times (LTs) for any given latitude.

2.5. TIEGCM‐ICON

The Thermosphere‐Ionosphere‐Electrodynamics General Circulation Model (TIEGCM) developed by the Na-

tional Center for Atmospheric Research's High‐Altitude Observatory, is a first‐principle, time‐dependent, three‐

dimensional self‐consistent numerical model of the thermosphere (Dickinson, 1984; Qian et al., 2014; Rich-

mond et al., 1992; Roble et al., 1988), which includes the dynamics, energetics and chemistry with a steady‐state

ionospheric electrodynamo in a realistic geomagnetic main field defined by the International Geomagnetic

Reference Field (IGRF‐13) (Alken et al., 2021). The initial developments of the TIEGCM can be traced back to

seminal works by Dickinson (1984), Roble et al. (1988), and Richmond et al. (1992). Advancements are docu-

mented in studies such as Qian et al. (2014), Richmond and Maute (2013), and related references. TIEGCM v2.0

covers altitudes ranging from approximately 97 km up to 450–600 km, with “standard” resolution set at 2.5° by 2.5°

in geographic longitude and latitude, and four grid points per scale height vertically. The ionospheric electrody-

namics are computed within a modified magnetic apex coordinate system (Richmond, 1995), while the solar

spectral fluxes are determined by the Extreme Ultra‐Violet (EUV) flux model for aeronomic calculations

(EUVAC) model (Richards et al., 1994), using observed F10.7 values. Simulations are conducted with a timestep

size of 30 s, and helium is considered a major species (Sutton et al., 2015). Ion convection patterns, as described by

the Weimer (2005) model, are driven by 5‐min Interplanetary Magnetic Field (IMF) “By” and “Bz” magnitudes,

along with solar wind velocity and density. High‐latitude energy input associated with auroral particle precipitation

is modeled based on an analytical auroral model (Roble & Ridley, 1987).

An ICON‐adapted version of TIEGCM (Maute, 2017; Maute et al., 2023), herein referred to as “TIEGCM‐

ICON,” is employed. In this TIEGCM‐ICON configuration, the model's lower boundary (LB) is specified based

on ICON/MIGHTI wind and temperature measurements (L2 v05) using an Hough Mode Extension (HME) fitting

method (e.g., Forbes & Hagan, 1982; Oberheide et al., 2011a, 2011b). As mentioned in Section 2.3, MIGHTI

provides wind and temperature data over both day and night in the lower thermosphere (ca. 94–105 km). Over a

24‐hr LST cycle of around 45 days, these wind and temperature data sample every combination of longitude and

LST extending from about 10°S to 40°N latitude. These data are used to derive global fits to empirical HME

functions. These fits provide an estimate of the global structure of the upward propagating diurnal and semi-

diurnal tides in the lower thermosphere. Further details on the HME fits for ICON can be found in Forbes
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et al. (2017) and Cullens et al. (2020). TIEGCM‐ICON is based on the TIEGCM v2.0 release with descriptions of

the model by Qian et al. (2014). A description of the TIEGCM‐ICON and the differences to TIEGCM v2.0 is

provided in Section 2.2 of Maute (2017). Tidal propagation is notably influenced by the atmospheric background;

hence, employing a realistic background improves the characterization of seasonal and latitudinal variability in

tidal propagation and dissipation (e.g., Jones et al., 2014). TIEGCM‐ICON incorporates background climatol-

ogies from the Mass Spectrometer Incoherent Scatter Radar Extended (MSISE00) (Picone et al., 2002) and the

horizontal wind model (HWM07). Based on Jones et al. (2014), no significant differences are expected by

replacing HWM07 with HWM14 (Drob et al., 2015). It should be noted that, given the focus on IS time scales, no

significant impacts are expected on the results contained in Section 3 from the particular background climatol-

ogies selected for running TIEGCM‐ICON.

This study employs three TIEGCM‐ICON simulations for analysis, all extending from December 2019 to January

2022:

• Run 1: HME diurnal/semidiurnal tidal forcing at the LB, realistic geophysical forcing (“WeiHmeV2”)

• Run 2: HME diurnal/semidiurnal tidal forcing at the LB, constant geophysical forcing

(“WeiHmeV2_conGeop”)

• Run 3: no tidal forcing at the LB, realistic geophysical forcing (“WeiNoHmeV2”)

We choose the December 2019 to January 2022 period to focus on a range of consistent low‐activity geomagnetic

and solar conditions, which allowed us to isolate tidal effects more effectively. While data does extend through

late 2022, we felt that including this period would introduce additional complexity from increased solar activity in

mid‐2022, which could confound the analysis of IS variability.

3. Methods

Various methodologies are used to isolate the IS variability in the TIEGCM‐ICON thermospheric winds and tides,

and to investigate their connections to tropospheric sources. While some analyses extend to latitudes up to ±60°,

most of the focus is on equatorial regions (±15°), where the tidal coupling between the lower/middle atmosphere

and the thermosphere may be expected to be the strongest (e.g., Li et al., 2024). The statistical significance of

spectral peaks is established through wavelet‐type analysis, a technique commonly used to analyze localized

variations of power within a time series (Torrence & Compo, 1998). This approach allows the decomposition of a

time series into time‐frequency space, enabling the identification of dominant modes of variability and their

temporal evolution. Wavelet transforms have been widely applied in geophysical studies, including those on

tropical convection and thermosphere‐ionosphere (T‐I) interactions (Yamazaki, 2023). In this study, we use the

wavelet analysis package of Torrence and Compo (1998), incorporating the rectification method of Liu

et al. (2007) to enhance accuracy and reliability.

The analyses are performed on “filtered” time series to isolate IS variations in the relevant quantities within the time

domain and to gain insights into their amplitudes and temporal variability. This “filtering” process involves: (a)

creating residuals for each day by subtracting 90‐day running means from the raw data; and (b) applying a 5‐day

running mean to the residuals to reduce noise. While this “filtering” is not a “true” band‐pass filter, it has been

successfully employed to study periodic signals in thermospheric data in the time domain (e.g., Forbes et al., 2006;

Gasperini et al., 2023a, 2023b; Hughes et al., 2022). In this study, we refer to these 5‐day running means of 90‐day

residuals as “filtered” time series. Furthermore, correlation analyses are used to identify and characterize IS

variations in the thermosphere and their potential tropospheric sources. Specifically, lagged correlation analysis is

performed on (a) the time series of MJO RMM1 index and thermospheric tides, and (b) the time series of ther-

mospheric tides and the ISO amplitude of the zonal mean zonal wind. Correlation coefficients are determined using

Pearson's distribution, with thermospheric oscillations treated as the dependent variable and tropospheric oscil-

lations as the independent variable. A moving correlation coefficient, as described at the end of Section 4, is used to

provide further insights. The distribution here refers to the variability within the data, which allows us to better

quantify correlations between thermospheric and tropospheric oscillations. To clarify, the distribution we referred

to is not a fitted statistical distribution but rather the variability within the observed data itself. This variability

allows us to identify and quantify correlations between thermospheric and tropospheric oscillations across different

time periods. We do not fit a separate distribution to the data but instead calculate correlation coefficients directly

from the temporal variability of the oscillations. The thermospheric oscillations are treated as the dependent

variable because we are primarily interested in how variability in the lower atmosphere (MJO‐driven tides)
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influences the thermosphere. This choice is consistent with the objective of studying the upward propagation of

tidal variability.

Characterizing the complete diurnal and semidiurnal tidal spectrum necessitates resolving zonal wavenumbers

and periods (e.g., Yamazaki, 2023). This analysis requires two‐dimensional (2‐D) spatiotemporal data, specif-

ically data as a function of longitude and time. Techniques such as the 2‐D fast Fourier transform (FFT) (e.g.,

Hayashi, 1971) and the 2‐D least squares fitting method (e.g., Wu et al., 1995) can be employed to determine the

zonal wavenumber, wave period, amplitude, and phase of a particular tidal component. Given the transient nature

of tides in the lower thermosphere, a short‐time analysis is typically used. In this study, for tidal analysis of the

TIEGCM‐ICON model output, we apply the 2D (space‐time) FFT on a daily basis, progressing one day at a time.

The spectral decomposition technique of Hayashi (1971) is used to resolve westward or eastward propagating

waves. The Hayashi (1971) method is straightforward to implement, and its spectrum directly provides wave

amplitudes in units of the input data, facilitating interpretation. It is important to note that while the TIEGCM‐

ICON LB tides are derived using 45‐day means of ICON MIGHTI observations, the effects of dissipation and

mean winds above the LB, nonlinear interactions, and in situ wave generation can cause significant day‐to‐day

variability in the thermospheric tidal spectrum. Thus, TIEGCM tidal amplitudes and phases are obtained on a

daily basis using the technique discussed above.

Additionally, to examine the connection between the MJO and tidal variations, we employ a standard MJO

diagnostic known as Hovmöller analysis (Wheeler & Kiladis, 1999), following an approach similar to Kumari

et al. (2021). The Hovmöller analysis involves: (a) applying a 30–90 days bandpass filter on tidal amplitudes and

phases and (b) extracting the eastward‐propagating signal. Unlike previous studies (e.g., Gasperini et al., 2020;

Kumari et al., 2020; Yang et al., 2018), which focused solely on tidal amplitudes, the analysis incorporates tidal

phase values into the Hovmöller analysis of tidal perturbations. As noted by Kumari et al. (2021), this bandpass

filtering reduces noise errors in the input data thus resulting in a “cleaner” MJO signature. Note that the 5‐90‐day

band‐pass filter is chosen to capture a broad range of IS variability, allowing us to observe periods relevant to both

the MJO and other IS phenomena. This filtering helps distinguish the 27‐day solar rotation effects in geophysical

indices from the IS variability associated with the MJO index. For the Hovmöller analysis, we use a narrower 30–

90 days band‐pass to focus specifically on the eastward‐propagating IS variability related to the MJO, which

aligns with its dominant timescales. This approach is a methodological choice to emphasize distinct temporal

features in each analysis, not a limitation from SABER.

4. Results

The focus of this study is on the period spanning from 1 January 2020 to 31 December 2021, characterized by low

geomagnetic and solar activity influences. Initially, we assess the geophysical conditions specific to this time-

frame. Figure 1 includes time series plots of daily Kp geomagnetic and F10.7 solar radio flux indices (black lines),

alongside their filtered counterparts (blue lines) and wavelet analyses of their daily filtered values. Daily Kp

values consistently remain below 3.0, indicative of (relatively) low geomagnetic activity conditions. The F10.7

solar flux shows variability within the range of 75 SFU to 125 SFU, typical for solar minimum to medium

conditions. Filtered Kp (F10.7) values range from −1 (−20 SFU) to +2 (+20 SFU). Wavelet analyses of Kp and

F10.7 reveal pronounced variations with periods close to the solar rotation period of ∼ 27 days, particularly

notable during September‐December 2020 and July‐December 2021, as corroborated by the filtered time series.

Additionally, Figure 1 depicts the time series of OLR and RMM1 indices (black lines), along with their filtered

time series (blue lines) and wavelets. In contrast to the geomagnetic and solar indices, which exhibit significant

variations in the 20–40 days range, OLR and RMM1 demonstrate prominent IS variations spanning periods from

40 to 120 days throughout the two years. These IS variations in RMM1 will be further analyzed in subsequent

sections of this study.

Next, we analyze the near‐equatorial (±15° average) zonal‐ and diurnal‐mean (i.e., longitudinal and 24‐hr UT/LT

averaged, hereafter “ZDM”) zonal winds at ∼150 km (pressure level 20) and ∼300 km (pressure level 40) al-

titudes for the three TIEGCM‐ICON cases listed in Section 2.5: (“Run 1”) TIEGCM with HME tidal forcing at the

LB and realistic geophysical forcing (“WeiHmeV2”), (“Run 2”) TIEGCM with HME tidal forcing at the LB but

constant geophysical forcing (“WeiHmeV2_conGeop”), and (“Run 3”) TIEGCM with no tidal forcing at the LB

but with realistic geophysical forcing (“WeiWoHmeV2r1”). Geophysical forcing for “Run 2” is: F10.7 = 71 sfu,

solar wind speed = 400 km/s; solar wind density = 4.1/cm3, IMF By = 0 nt, Bz = 1 nT, hemispheric
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power = 12 GW. The time series of ZDM zonal winds at ∼150 km altitude for “Run 1,” “Run 2,” and “Run 3” are

depicted in Figures 2a1–2c1, respectively, showing daily values (black lines) and filtered values (blue lines),

while their corresponding Morelet wavelets are presented in Figures 2a2–2c2. For “Run 1,” the time series and

wavelets reveal significant IS variability of about ±15 m/s over the span of 2 years, exhibiting a particularly

pronounced periodicity of around 64 days. This periodic behavior in the ZDM zonal winds, peaking notably

around October‐December 2020 and July‐November 2021, mirrors similar periodicities observed in RMM1 and

partly ORL (ref. Figures 1c2 and 1d2). Note that while the peak in ZDM zonal winds occurs around October‐

December OLR does not show this same behavior.

The differences observed during the equinox transitions within each year reflect intra‐annual variations, rather than

inter‐annual changes. These variations highlight the dynamic nature of the coupling between the lower and upper

atmosphere during the equinox periods. While both phenomena can impact atmospheric dynamics, the MJO's

influence is related to its IS variability and the propagation of its associated atmospheric waves. In contrast, the

differences between years of equinox transition are mainly driven by annual changes in solar radiation and the

resulting variations in atmospheric circulation patterns. Therefore, these influences are not the same but may

interact in complex ways to affect thermospheric conditions. Additionally, variations of about ±5 m/s occurring

near 27 days (and its harmonics at ∼13.5 days and ∼54 days), evident during August 2020, April‐May 2021, and

October‐November 2021, are closely aligned with variations in the geomagnetic (Figure 1a2) and solar

(Figure 1b2) indices. These fluctuations are attributed to the well‐documented influence of solar rotation variation

in EUV flux on thermospheric parameters (e.g., Qian & Solomon, 2012 and references therein). In contrast, “Run

2” displays substantial IS variability akin to “Run 1,” but lacks the characteristic variability around 27 days

Figure 1. Time series of daily Kp and F10.7 values (panels a1 and b1) before (black lines) and after (blue lines) a 5–90‐day filter is applied. The respective Morlet

wavelets are shown in panels a2 and b2. Similarly, time series (wavelets) of equatorial (±15° latitude mean) Outgoing Longwave Radiation and RMM1 amplitudes are

shown in panels c1 and d1 (c2 and d2), respectively.
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associated with solar and geomagnetic activity as geophysical forcing is kept constant for this case. Similarly, a

direct comparison of unfiltered ZDM zonal wind time series between “Run 1” and “Run 2” clearly highlights

shorter‐term (∼ 5‐30‐day) solar/geomagnetic‐induced variations in “Run 1,” absent in “Run 2.” The observed

differences are anticipated, considering the lack of variability in external geophysical forcing for ‘Run 2’.

A compelling result is obtained from the analysis of “Run 3.” The time series (Figure 2c1) and wavelet

(Figure 2c2) of “Run 3” reveal solar/geomagnetic‐induced variations around 27 days and their harmonics, but

lack any IS variations in the 60–100 days range, notably the ∼64‐day variation observed in both “Run 1” and

“Run 2.” This finding indicates that the ±15 m/s variability in ZDM zonal winds around 150 km in “Run 1” and

“Run 2” is largely driven by the diurnal and semidiurnal tides propagating from below ∼97 km. Although these

results specifically address the 150 km altitude region, similar conclusions apply to higher altitudes, such as near

300 km, as illustrated in Figures 2d1–2f1 and 2d2–2f2. In Figure 2, different scales are used for the three model

simulations to emphasize the distinct amplitude variations in each case. For detailed comparisons of the am-

plitudes with consistent scales, please refer to the follow‐on figures provided later in this manuscript. Detailed

analyses of latitudinal and altitudinal dependencies in the IS response of ZDM winds to the upward propagating

tidal spectrum are provided in subsequent sections.

The results presented in Figure 2 demonstrated that the diurnal/semidiurnal tidal spectrum entering the lower

thermosphere near 97 km is a leading driver of the dynamical variability in the mean thermospheric zonal winds

around IS time scales. Comparable results have been observed for other model parameters, such as thermospheric

temperature, composition, and density. It is likely that ionospheric quantities, including electron density, ion

drifts, and total electron content, will exhibit similar effects, which will be investigated in a dedicated follow‐up

study. Next, we aim to characterize the altitude, latitude, and month‐of‐year (moy) dependencies on this tidal‐

induced IS variability in ZDM zonal winds. To this end, we compute difference fields between the full model

outputs from “Run 1” (with ICON/HME tides at the LB) and “Run 3” (with no tides at the LB). Note that both

“Run 1” and “Run 3” incorporate the same geophysical forcing, hence the difference fields are expected to exhibit

negligible variability associated with “external” forcing and thus enable us to focus on the thermospheric effects

from the LB tides.

Next, we examine the altitude‐moy contours of the ZDM zonal winds near the equator (±15°) from “Run 1”

(Figure 3a1) and the “Run 1” ‐ “Run 3” difference field (Figure 3a2), along with the 5‐90‐day‐filtered variations

Figure 2. Time series of zonal and diurnal mean zonal winds near the equator (±15° latitude mean) and 150 km altitude for TIEGCM‐ICON “Run 1” (i.e.,

“WeiHmeV2”) (panel a1), “Run 2” (i.e., WeiHmeV2_conGeop) (panel b1), and “Run 3” (i.e., WeiWoHmeV2) (panel c1). The corresponding Morlet wavelets are shown

in panels a2–c2 respectively. Panels d1–f1 (d2–f2) are similar to panels a1–c1 (a2–b2) but near 300 km altitude.
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of the difference field (panel a3). Consistently with the wavelet results in Figure 2, the IS variations in ZDM zonal

winds maximize around October‐December 2020 and July‐November 2021 with variability up to ± 20 m/s. The

altitude‐moy structure of the filtered ZDM winds is in general agreement with previous modeling results by

Gasperini et al. (2017a) who examined a MERRA‐2‐forced TIMEGCM simulation and satellite observation

during 2009–2010 demonstrating a connection between the background zonal winds, the DE3 tide, and tropical

tropospheric convection. Using only a model simulation with realistic LB and external forcing, Gasperini et al.

(2017a) could not unequivocally determine and quantify the sources of IS variations in the mean winds and the

associated dependencies on altitude and latitude. As shown in Figure 3a3, the tidally induced zonal wind ISOs

maximize in the lower thermosphere near 110–130 km altitude. This region is where upward‐propagating tidal

components undergo significant dissipation imparting their energy, momentum, and temporal variability to the

background (e.g., Truskowski et al., 2014). Remarkably, and in agreement with Gasperini et al. (2017a), the

tidally driven mean wind ISOs retain significant values even in the middle and upper thermosphere with vari-

ations exceeding ±15 m/s near 400 km altitude.

Proceeding further, we investigate the tidally induced latitude‐moy structure in the ZDM zonal winds around two

altitudes of interest: 150 km (Figures 3b1–3b3) and 300 km (Figures 3c1–3c3). For both altitudes, the IS vari-

ability is shown to be most prominent within about ±20° latitude (ref. Figures 3b3–3c3) and display values up to

about ±20 m/s (±15) near 150 km (300 km). Notably, the latitude structure of the ISOs is strongly time‐

dependent. A closer examination of Figures 3a3 and 3b3 reveals dominant equatorially symmetric and asym-

metric latitude structures that vary in importance through the 2 years. This result points to the collective effect of

multiple tidal components in determining the latitude‐moy‐altitude structure of the background zonal wind. Each

tidal component has its dominant Hough modes, with the amplitude of each Hough mode strongly dependent on

latitude and season (e.g., Forbes et al., 2022; Gasperini & Oberheide, 2024; Oberheide et al., 2011a, 2011b). The

Figure 3. (a1) Altitude (∼100–400 km) versus time (month‐of‐year, moy, since January 2020) contours of TIEGCM‐ICON zonal and diurnal mean zonal wind (m/s) near

the equator (±15°latitude mean) from “Run 1.” (a2) Same as (a1), but as the difference between “Run 1” and “Run 3.” (a3) Same as (a2), but after the 5–90‐day filter is

applied. (b1)–(b3) Same as (a1)–(a3), but as latitude (60°S–60°N) versus moy contours near 150 km altitude. (c1)‐(c3) Same as (b1)‐(b3), but near 300 km altitude.
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effect of different tidal components on the observed zonal wind ISOs is examined in further detail in the later part

of this study. Note that due to the ∼45‐day averaging associated with the MIGHTI/HME fitting, tidally driven

ZDM zonal winds exhibit no appreciable variability with periods shorter than ∼ 30 days. Consequently, it is

deemed appropriate to employ 5–90 days “filtered” fields (as detailed in Section 3) to quantify “IS variability.”

Figure 4 investigates the altitude‐latitude structure of IS variations induced by tides in the ZDM zonal winds,

focusing on two specific days with significant and oppositely phased IS variations: 10 October 2020 (Figures 1a1)

and 10 November 2020 (Figures 1b1–1b2). Figures 4a2 and 4b2 show the ZDM zonal winds derived from the

difference field between “Run 1” and “Run 3.” The middle panels (a2, b2) represent this difference field, while the

right panels (a3, b3) display the filtered difference field to highlight the IS variations. The left panels (a1, b1) show

the unmodified zonal winds from “Run 1” for comparison. Furthermore, filtering is applied to this mean zonal

wind field to highlight IS variations. The IS variability is found to be in the ±10–15 m/s range, with increased

westward (eastward) ZDM zonal winds between approximately 10°S−20°N and 60°S−40°S (40°S−10°S and

20°N−60°N) on 10 October. A nearly opposite latitudinal response is observed on 10 November, with increased

eastward winds around ±20−30°S latitude and westward wind enhancements generally present at mid‐latitudes.

The latitudinal structures appear more pronounced in the filtered data, while the unfiltered data lacks this clarity

due to the influence of broader‐scale variability (as highlighted by the respective color bar scales). A more

detailed visual inspection of Figure 4 reveals significant latitudinal asymmetries in the background zonal wind

response to the upward propagating tidal spectrum. The winds exhibit a latitudinal shift, with the patterns shifted

toward the northern hemisphere by about 10° on 10 October. In contrast, on 10 November, the patterns are shifted

toward the southern hemisphere by a similar extent, likely due to the influence of mean wind and its interaction

Figure 4. Altitude (∼100–400 km) versus latitude (60°S–60°N) contours of zonal and diurnal mean zonal winds centered on 10 October 2020 for Thermosphere

Ionosphere Electrodynamics General Circulation Model “Run 1” (a1), “Run 1” –“Run 3” (a2), and filtered “Run 1” –“Run 3” (a3). (b1)–(b3) Same as (a1)–(a3), but

centered on 10 November 2020.

Journal of Geophysical Research: Space Physics 10.1029/2024JA033178

GASPERINI ET AL. 10 of 25

 2
1
6
9
9
4
0
2
, 2

0
2
5
, 1

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://ag
u
p
u
b
s.o

n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
2
9
/2

0
2
4
JA

0
3
3
1
7
8
 b

y
 F

ed
erico

 G
asp

erin
i - U

n
iv

ersity
 O

f N
ew

 M
ex

ico
 , W

iley
 O

n
lin

e L
ib

rary
 o

n
 [2

8
/0

1
/2

0
2
5
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n

s) o
n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o

n
s L

icen
se



with upward‐propagating tidal modes. Vertically varying mean winds can effectively alter the altitude‐latitude

propagation characteristics of different tidal modes, strongly depending on the longitudinal direction of propa-

gation, frequency, and wavenumber. More discussion on this topic is provided below as the latitude‐moy structure

and IS variability of different tidal components are examined. Finally, as best exemplified in Figures 4a3 and 4b3,

it is important to note that the altitude of maximum background wind variations occurs around 100–130 km, the

altitude region where the upward‐propagating tidal spectrum capable of reaching the lower thermosphere un-

dergoes the most significant dissipation. Variability in the dominant tidal components is likely to be a leading

source of difference in the altitude‐latitude structures between the 2 days.

The ICON‐HME‐informed TIEGCM simulations have thus far demonstrated the prominent role of the lower

thermospheric diurnal and semi‐diurnal tidal spectrum in generating IS variability in the ∼100–400 km altitude

region, with the strongest effects on the background zonal wind occurring at low latitudes and around 110–130 km

altitude. Next, to gain better insights into the role played by the upward‐propagating tidal spectrum we analyze the

altitude‐moy and latitude‐moy structures of the nonmigrating DE2 and DE3 tides and the migrating DW1 and

SW2 tides. It is important to note that, aside from DE2 and DE3, other upward‐propagating tidal components from

the lower/middle atmosphere can play an important role in the whole‐atmosphere coupling on IS timescales

(notably SE2 and DE1). However, it would be beyond the scope of this paper to examine all the tidal components

from these model simulations in detail and this effort is left for follow‐on work that may need to account also for

terdiurnal tides and ultra‐fast Kelvin waves (not included in the TIEGCM LB). The vertical structure of zonal

wind DE2, DE3, DW1, and SW2 amplitudes as a function of time (2020–2021) between 100 and 400 km from

TIEGCM‐ICON “Run 1” are contained in Figures 5a1–5d1, respectively. Figures 5a1–5d1 present the unfiltered

tidal amplitudes, while Figures 5a2–5d2 display the same components after the application of a 5‐90‐day filter to

highlight IS variability. From these depictions, it is clear that the amplitudes of the nonmigrating DE2 and DE3

tides grow exponentially with height up to ∼120 km, the altitude region where dissipation stops their growth

causing the amplitudes to decrease before reaching asymptotic values above about 200 km altitude. Molecular

diffusion is the dominant dissipation mechanism for vertically propagating waves in the thermosphere.

As established by Chapman and Lindzen (1970), the exponential growth of an upward‐propagating tide ceases in

altitude regions where the timescale for molecular dissipation approximates the wave period (χ ∼ 1). In this

context, χ is defined as χ =
⃒

⃒

⃒

2π
λ2
z

μ0

ρ
1
σ

⃒

⃒

⃒

, where λz represents the vertical wavelength, μ0 denotes the molecular

dissipation coefficient, ρ is the mean density, and σ stands for the wave frequency. When χ ∼ 1, molecular

processes dominate, and a tide shifts from exponential growth to decay. The altitude where χ ∼ 1 depends

quadratically on λ2
z , and also varies with the wave frequency σ and mean density ρ. The first symmetric Hough

modes of DE2 and DE3 encounter χ ∼ 1 in the altitude range of approximately 110–130 km, corresponding to

peaks in amplitude as shown in Figures 5a1–5b1. As previously mentioned, classical tidal Hough functions serve

as the orthogonal bases for the latitudinal structure of tidal components, while HMEs represent the altitude

extension of these Hough functions incorporating tidal dissipation mechanisms. Tides can be expressed as a

combination of HMEs. The primary characteristics of the DE3 in the mesosphere‐lower thermosphere (MLT) can

be effectively captured by a combination of the first symmetric mode (equatorial, HME1) and the first anti-

symmetric mode (non‐equatorial, HME2), whereas DW1 is predominantly composed of the first symmetric

component (HME1).

As a major driver of IS variability in the thermosphere, DE3 originates primarily from latent heat release in

deep convective clouds in the tropical troposphere (e.g., Hagan & Forbes, 2002; Hagan et al., 2007; Oberheide

et al., 2011a, 2011b). DE3 shows peak amplitudes around 15 m/s in zonal winds near 95 km (e.g., Forbes et al.,

2003; Talaat & Lieberman, 1999) and upward of 20 m/s near 260 km (e.g., Gasperini et al., 2015, 2020). The

symmetric mode HME1 of DE3, characterized by λz of ∼ 56 km, extends higher into the thermosphere and

peaks typically from July to November (e.g., Forbes et al., 2022; Gasperini et al., 2023a, 2023c; Gasperini &

Oberheide, 2024; Oberheide et al., 2011a, 2011b). This enhanced forcing is driven by a combination of factors.

As demonstrated by Zhang et al. (2012), the seasonal‐latitudinal variation of the DE3 tide is modulated by both

the distribution of tidal heating in the troposphere (from radiative and latent heating) and the background zonal

wind. The mean zonal wind can filter and modulate the upward propagation of DE3 tidal energy, altering its

seasonal and latitudinal distribution in the MLT region. These processes collectively contribute to the stronger

DE3 amplitudes observed during this period.
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Conversely, the antisymmetric mode HME2 of DE3, with λz ∼ 30 km, shows increased amplitudes, domi-

nating the DE3 spectrum from December to February. Mean wind fields are known to significantly distort the

altitude‐latitude tidal structures between 100 and 400 km (Gasperini et al., 2017b). The asymmetries in DE3

and other upward‐propagating tidal components primarily arise from the linear superposition of one or more

antisymmetric modes, generated through processes such as “mode coupling” (e.g., Lindzen & Hong, 1974) or

“cross‐coupling” (e.g., Walterscheid & Venkateswaran, 1979a, 1979b). Mean winds primarily distort the

height‐latitude structures of eastward propagating waves, like DE3 and DE2, by aligning them with westward

wind regimes in the thermosphere. Theoretical interpretations (e.g., Forbes, 2000; Forbes & Vincent, 1989;

Gasperini et al., 2017b) suggest that westward (eastward) zonal mean winds Doppler‐shift eastward propa-

gating waves to higher (lower) frequencies and longer (shorter) vertical wavelengths, thus reducing

(increasing) their dissipation effects.

The unfiltered DE2 (Figure 5a1) shows prominent maxima below 200 km and considerable amplitudes extending

up to 300 km, with clear periodic enhancements occurring approximately every 6 months. The filtered DE2

amplitudes (Figure 5a2) highlight large IS variations, with the most significant activity around 100–150 km and

recurring peaks indicating variability in the range of 2–3 months. The DE3 tidal component (Figure 5b1) displays

strong seasonal maxima around 150 km, with amplitudes decreasing with altitude. The filtered DE3 (Figure 5b2)

reveals pronounced IS variability, particularly notable around 100–150 km, exhibiting periodic fluctuations over

∼60–90 days. The DW1 component (Figure 5c1) exhibits comparatively much smaller IS amplitudes of around

±6 m/s (vs. ∼ 80 m/s maximum amplitudes), likely due to the upward‐propagating component and nonlinear

wave‐wave interactions. The unfiltered SW2 (Figure 5d1) shows distinct seasonal peaks around 150 km, with

amplitudes extending above 200 km. The filtered SW2 (Figure 5d2) demonstrates IS variability predominantly

below 200 km, with a noticeable periodicity of around 2–3 months.

Next, the latitude‐temporal structure and IS variability of DE2, DE3, DW1, and SW2 tidal components in the

TIEGCM‐ICON model “Run 1” at an altitude near 100 km are examined. Figures 6a1–6d1 present the

unfiltered tidal amplitudes, while Figures 6a2–6d2 show the same components after applying a 5‐90‐day filter

to emphasize IS variability. The unfiltered DE2 (Figure 6a1) shows significant amplitude maxima primarily

concentrated around 20°S and 20°N, with periodic enhancements over time. The filtered DE2 (Figure 6a2)

reveals that IS variability occurs across all latitudes, with pronounced peaks of around reaching 3 m/s (−2 m/s)

at equatorial and low‐latitudes (<30°) recurring every ∼45–90 days. The DE3 component (Figure 6b1) exhibits

strong amplitudes centered around the equator and extending to about 30° in both hemispheres. The filtered

DE3 (Figure 6b2) highlights the IS variations of around 4 m/s, showing more localized and periodic en-

hancements, especially near the equator and low‐latitudes (<30°), on a 2–3 months timescale. The unfiltered

DW1 (Figure 6c1) has substantial amplitudes extending across a wide latitudinal range, with maxima of around

4 m/s near mid‐latitudes (±30°). Filtering (Figure 6c2) reveals IS variability in DW1 with shorter periodicities

(compared to DE2 and DE3) of around ∼ 30–60 days, visible across a broad latitudinal range but most pro-

nounced near mid‐latitudes. The SW2 component (Figure 6d1) displays distinct seasonal peaks at mid/higher

latitudes (±40‐60°). The filtered SW2 (Figure 6d2) shows near to no IS variability near the equator and low

latitudes (<30°), with larger amplitudes up to ∼16 m/s occurring above 45° latitude and periodic peaks

occurring every ∼ 30–60 days.

Figures 7 and 8 present the same results as Figure 6, but at higher altitudes, specifically near 150 and 300 km,

respectively. The latitude structure of DE2 and DE3 undergoes significant broadening due to the effect of mo-

lecular dissipation. For example, while DE3 zonal wind amplitudes of approximately 20 m/s are confined to

around ±15° latitude at around 100 km altitude (Figure 6b1), these 20 m/s DE3 zonal winds extend to latitudes as

high as around 40° near 300 km (Figure 8b1). The IS variations in both DE2 and DE3 demonstrate comparable

magnitudes of around 4.5 m/s across all altitudes, suggesting that the source of these variations likely originates

below 100 km, as no significant in situ generation of IS variability is observed. Similar observations can be made

regarding the temporal variability in the filtered amplitudes for DE2 and DE3. In Figure 6b1, the DE3 amplitude is

more centered over the Southern hemisphere at 100 km, while in Figure 8b1, it is more centered over the northern

hemisphere at 300 km. This latitude shift is an important observation that reflects the upward propagation of tides,

which can shift with altitude due to mean winds (e.g., Gasperini, Forbes, & Hagan, 2017a). Meanwhile, DW1 and

SW2 show considerably increased amplitudes above approximately 130–150 km, as also illustrated in

Figures 5c1–5d1, due to the in situ generation of these migrating tidal components. Interestingly, SW2 zonal
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winds (Figures 5d1, 7d1, and 8d1) display substantial lower thermospheric amplitudes (∼25 m/s) during August‐

September 2020, which are retained in the middle thermosphere. Their filtered amplitudes (Figures 5d2, 7d2, and

8d2) also exhibit prominent amplitude and vertically coherent IS variability at all altitudes during this period. This

Figure 6. Latitude (60°S–60°N) versus time (months since January 2020) contours of TIEGCM‐ICON “Run 1” zonal wind DE2 (panel a1), DE3 (panel a2), DW1 (panel

a3), and SW2 (panel a4) amplitudes near 100 km altitude. (a2)–(d2) Same as a1)–(d1), but with a 5‐90‐day filter applied.
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finding aligns with the results of Maute et al. (2023), who observed large upward‐propagating SW2 in TIEGCM‐

ICON during the 50‐day period from 7 August 2020 to 27 September 2020. Maute et al. (2023) reported sig-

nificant effects of sudden changes in SW2 on the upper thermosphere and ionosphere around/after 19 August

Figure 7. Same as Figure 6, but near 150 km altitude.
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2020. These changes in SW2 are linked to the dominance of antisymmetric higher‐mode HMEs post‐August 2020

and are evident in Figure 5d1. This drastic transition can be attributed to possible influences around the equinox,

associated with the combined effects of transition characteristics in different altitude regions.

Figure 8. Same as Figure 6, but near 300 km altitude.
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Figure 8 demonstrates notable ∼10− to ∼30‐day variability in DW1 (and to a lesser extent in SW2) near 300 km,

particularly at higher (>45°) latitudes. This periodic behavior in the migrating tides is attributable to geophysical

forcing, particularly heating linked with the in situ generation of these two migrating tidal components in the

middle thermosphere. Figure 9 illustrates the latitude‐temporal structure of DE2, DE3, DW1, and SW2 near

Figure 9. Same as Figure 8, but for the TIEGCM‐ICON “Run 2” with constant geophysical forcing.
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300 km for the TIEGCM/ICON simulation with constant geophysical forcing (i.e., “Run 2”). The solar/

geomagnetic‐driven ∼10− to ∼30‐day variability in the migrating tides is absent, and the IS variations in DW1 are

significantly diminished. Notably, SW2 retains substantial (±16 m/s) low‐latitude IS variability, far exceeding

those observed in DE2 and DE3 (±5 m/s). This IS variability in SW2 can be attributed to the upward propagating

component (ref. Maute et al., 2023), as well as nonlinear interaction processes in the thermosphere, including (a)

interactions between SW2 and other tides; (b) interactions with planetary waves or gravity waves; (c) modulation

of background fields; and (d) coupling with ionospheric processes. It is beyond the scope of this paper to further

investigate these connections; this effort is left for dedicated follow‐up studies. Note that the scales in Figures 6–8

are intentionally chosen to vary, as this allows for the effective visualization of the specific variability and

amplitude differences within each tidal component and altitude. Consistent scaling across all figures would risk

obscuring smaller variations in components with lower amplitudes, thereby reducing the clarity of the presented

results. In conclusion, Figures 5–9 collectively underscore the critical importance of tidal forcing in driving IS

thermospheric variability. These results indicate that significant IS variability in tidal amplitudes propagates

vertically and can considerably impact the thermospheric dynamics. These observations highlight the dynamic

and complex nature of tidal forcing in the thermosphere.

As a next step, we aim to further investigate the connection between IS variability in the ZDM thermospheric

winds, DE3, and the MJO, as represented by the RMM1 index (ref. Figures 2d1–2d2). To this end, Pearson

correlation analyses are performed between the filtered ZDM zonal winds, RMM1, and tidal amplitudes shown in

Figures 5–9. All these time series are filtered using the method described in Section 3 to highlight IS variability.

Figure 10 presents results from correlation analyses performed on the ZDM zonal winds, the near‐equatorial

(15°S‐15°N mean) DE3 amplitudes, and the RMM1 index. Figure 10a1 (Figure 10b1) shows the time series of

DE3 amplitudes (RMM1) and ZDM zonal winds at ∼150 km altitude. The blue lines represent the filtered ZDM

zonal winds (Figure 10a1) and RMM1 (Figure 10b1), while the red lines depict the filtered DE3 amplitudes.

Figures 10c1–10d1 show the same results as Figures 10a1–10b1 but at ∼300 km altitude.

The left‐hand panels of Figure 10 compare ZDM zonal winds with DE3, while the right‐hand panels compare

RMM1 with DE3. This arrangement highlights distinct aspects of variability: the left panels emphasize the role of

atmospheric tides in driving thermospheric variability, while the right panels capture the influence of the MJO on

these processes. The lagged correlation plots below each panel (a2–d2) provide insights into the timing re-

lationships. A negative lag indicates that the first variable (ZDM zonal wind or RMM1) leads the second variable

(DE3), while a positive lag means the reverse. The correlation analysis in Figures 10a2 and 10b2 quantifies the

relationships shown in Figures 10a1 and 10b1, respectively. Specifically, Figure 10a2 shows the lagged corre-

lation between DE3 and ZDM zonal winds, while Figure 10b2 shows the correlation between DE3 and RMM1.

Using 180‐day moving windows, chosen to span twice the maximum ISO period of 90 days, the analysis reveals

that DE3 exhibits a notable connection with both ZDM zonal winds and RMM1. For example, Figure 10b2 shows

a peak correlation of approximately r = 0.6 at a positive lag of around 14 days, indicating that changes in RMM1

precede variations in DE3 amplitudes by about 2 weeks. However, connections between RMM1 and ZDM zonal

winds are indirect and mediated through their mutual relationship with DE3. Figures 10c1 and 10d1 extend this

analysis to a higher altitude of ∼300 km. The lagged correlations at this altitude (Figures 10c2 and 10d2) display

similar patterns to those at ∼150 km, with a peak correlation for DE3 and RMM1 at a positive lag, though with a

lower value for the ISO of approximately r = 0.4 . These results suggest that the MJO's influence on DE3 extends

through multiple atmospheric layers into the middle thermosphere, with ZDM zonal winds also responding to

DE3 variability. Preliminary analysis of other MJO indices (e.g., RMM2, the OLR‐based MJO index (OMI))

suggests that these parameters exhibit slightly different delays in their response (not shown), indicating additional

complexities that warrant investigation in dedicated follow‐on studies. Figure 10 highlights the significant

interaction between the MJO, represented by the RMM1 index, and DE3, as well as the indirect relationship

between RMM1 and ZDM zonal winds mediated through DE3. These findings underscore the complex dynamics

of atmospheric tides and their modulation by large‐scale oscillations like the MJO, which play a crucial role in

atmospheric wave coupling and energy transfer processes. To further substantiate the connection between the

DE3 tide and the MJO, additional analyses accounting for zonal phase propagation were conducted, providing a

clearer demonstration of the relationship between this tidal component and the MJO.

Figure 11a1 presents the Hovmöller diagram of the MJO‐filtered near‐equatorial (15°S−15°N mean) zonal wind

DE3 near 110 km altitude from TIEGCM‐ICON. As described in Kumari et al. (2021), the MJO tidal diagnostic

adopts a standard Hovmöller analysis (Wheeler & Kiladis, 1999) applied to the tidal anomalies. The steps for
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applied, and (e) the eastward‐propagating signal is extracted. Figure 11a2 displays the SABER temperature DE3

similarly filtered for the MJO component. The color bar indicates wind (temperature) deviations in m/s (K), with

positive anomalies shown in red and negative anomalies in blue. The y‐axis displays the time progression from

January 2020 to January 2022, while the x‐axis represents longitude. Note that the SABER DE3 tidal amplitudes

and phases are obtained using 45‐day moving windows, applying the tidal deconvolution method described by

Oberheide et al. (2002). This method allows for the isolation and analysis of specific tidal components by filtering

out other tidal and non‐tidal variations. Both Figures 11a1 and 11a2 reveal the longitudinal propagation of the

MJO signal, characterized by eastward propagation and alternating patterns of positive and negative anomalies

every ∼ 30–90 days. The location of the maximum amplitude within the longitude range of ∼100° −250° is

indicated by an overplotted black line, illustrating the overall coherence of the eastward‐propagating phase

progression.

Figure 11b1 illustrates the normalized amplitudes of the DE3 tidal component, derived from the MJO‐filtered

series in Figures 11a1 and 11a2. The SABER MJO‐filtered temperature DE3 amplitudes are depicted as a red

line, while the TIEGCM MJO‐filtered zonal wind DE3 amplitudes are shown as a black line. The x‐axis covers the

period from January 2020 to December 2022, and the y‐axis represents normalized values ranging from −1 to 1.

The synchronization between the red and black lines indicates clear connections between the temperature and

wind DE3 responses to the MJO near 110 km altitude, demonstrating the coherent behavior of the MJO signal in

the DE3 component in both temperature and wind fields. To explore this connection further, we have also

examined the phase progression of the DE3 component (Figure 11b2). Even during periods where the amplitudes

Figure 11. Hovmöller Madden‐Julian Oscillation (MJO) analyses of DE3 during 2020–2021 near 110 km altitude and the

equator (15°S–15°N mean) for TIEGCM‐ICON zonal wind (a1) and SABER temperature (panel a2). The SABER DE3

amplitude and phases are obtained from 45‐day moving windows using the tidal deconvolution method by Oberheide

et al. (2002). The overplotted back dots in (a1) and (a2) show the MJO phases, that is, the location of maximum amplitude

between longitude range 100°–250°. (b1) Normalized DE3 amplitudes based on the MJO filtered series in panels (a1)–(a2), with

SABER temperature DE3 shown as a red line and Thermosphere Ionosphere Electrodynamics General Circulation Model zonal

wind DE3 shown as a black line. (b2) Same depiction as (b1), but showing the respective MJO phases (i.e., the location of max

amplitude, in radians).
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differ, the phase consistency between TIEGCM‐ICON and SABER suggests that while the strength of the signal

varies, the underlying dynamical processes remain similar. Note some observed discrepancy in amplitude be-

tween TIEGCM and SABER, particularly during June‐December 2020. Several factors could contribute to this

mismatch: (a) SABER, which measures temperature, might not capture variations as effectively at certain alti-

tudes or regions where TIEGCM‐ICON shows stronger wind‐driven variability. Differences in data coverage

between SABER and ICON could also lead to these discrepancies, especially in lower amplitude periods. (b) The

SABER data are processed using 45‐day moving windows, which may smooth out some of the finer variability

seen in the TIEGCM‐ICON output, particularly in periods where the signal amplitude is lower. TIEGCM, on the

other hand, could retain higher resolution or variability due to its model assumptions. (c) The temperature

response observed by SABER may be influenced by different processes than the zonal wind response in

TIEGCM‐ICON. The lack of a strong temperature response in parts of 2020 could indicate that while the

dynamical forcing was strong, the thermodynamic coupling to the temperature field was weaker, leading to a

reduced amplitude in SABER. (d) While the amplitudes may not match perfectly during lower‐amplitude periods,

the phase progression of the DE3 component is generally consistent, as demonstrated by Figure 11b2. As dis-

cussed by Kumari et al. (2021), a statistical analysis with a longer data set may be needed for a more robust

amplitude and phase comparison, which is out of scope for this study. Despite these model/data differences,

Figure 11 provides a comprehensive view of the MJO's influence on the DE3 tidal component, showcasing the

longitudinal propagation of temperature and wind anomalies. The normalized amplitudes in Figure 11b1 and

phases in Figure 11b2 highlight a general consistent response of these anomalies to the MJO, demonstrating a

clear connection between DE3 and the MJO and agreement between the MJO signal in SABER and TIEGCM

DE3 amplitudes.

5. Conclusions

In this study, an ICON‐adapted version of the TIEGCM, incorporating LB tides derived from MIGHTI obser-

vations, was used to characterize and quantify the impact of the upward‐propagating tidal spectrum on ther-

mospheric intra‐seasonal (IS) oscillations (ISOs) and to elucidate connections to the MJO. Results show that

thermospheric ZDM zonal winds exhibit prominent (∼20 m/s) tidally driven ISOs throughout 2020–2021, with

the largest variations occurring at low latitudes (±30°) near ∼110–150 km altitude. Correlation analyses

demonstrate a robust (r>0.6) connection between the thermospheric ISOs, tides, and the tropospheric MJO, while

Hovmöller diagrams indicate eastward tidal propagation consistent with the MJO and concurrent SABER

observations.

Key findings include:

1. Tidal Contributions to Thermospheric ISOs: Results show that the diurnal/semidiurnal tidal spectrum entering

the lower thermosphere near 97 km is a leading source of IS variability in the ZDM zonal wind over the whole

(∼100–400 km) thermosphere. Notably, a large ∼64‐day periodicity in ZDM zonal winds aligns with similar

periodicities observed in OLR and RMM1 and is demonstrated to be both tidal‐ and MJO‐related.

2. Altitude and Latitude Dependence: Altitude‐time contours of ZDM zonal winds reveal that the most sub-

stantial IS variations occur in the lower thermosphere, particularly around 110–130 km. However, these

variations also extend well into the middle and upper thermosphere, indicating that tidal influences penetrate

multiple atmospheric layers. The latitude‐time structures further highlight the complex interplay between tidal

components and background wind fields, with distinct equatorially symmetric and asymmetric patterns

emerging throughout the year.

3. Influence of Tidal Forcing: Comparative analysis of different TIEGCM‐ICON simulations underscores the

importance of tidal forcing in driving IS variability. Runs with realistic tidal forcing at the LB exhibit pro-

nounced IS variations, while simulations with constant geophysical forcing predominantly show solar/

geomagnetic‐induced periodicities without significant IS variations. This result highlights the critical role of

tidal inputs in shaping thermospheric dynamics around IS timescales.

4. MJO‐Thermosphere Interaction: Correlation analyses reveal a significant interaction between the MJO, rep-

resented by the RMM1 index, and thermospheric DE3 amplitudes. A peak correlation of approximately

r = 0.6 at a positive lag of around 14 days indicates that MJO variations precede changes in DE3 amplitudes

by about 2 weeks, suggesting a coherent vertical coupling mechanism within the atmospheric column.

Comparisons between DE3 and ZDM zonal winds show similarly strong correlations, with lags indicating that

DE3 variability is closely tied to the dynamical tides. No direct correlations between RMM1 and ZDM winds
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are presented; their connection is inferred indirectly through their shared relationship with DE3. This inter-

action is observed across multiple altitudes, with peak correlations at ∼150 km and ∼ 300 km showing

consistent patterns, albeit with slightly reduced magnitudes at higher altitudes. These findings demonstrate the

far‐reaching influence of the MJO on thermospheric dynamics and the critical role of atmospheric tides in

mediating this connection.

5. Hovmöller Diagram Analyses: Hovmöller diagnostics of MJO‐filtered DE3 components from TIEGCM‐

ICON and SABER data reveal eastward propagation patterns consistent with the MJO, further corrobo-

rating the link between MJO activity and thermospheric tidal responses. The synchronization of DE3 am-

plitudes between TIEGCM‐ICON winds and SABER temperatures underscores the coherent behavior of the

MJO influence in the thermosphere.

This study underscores the intricate dynamics of atmospheric tides and their modulation by large‐scale tropo-

spheric oscillations, such as the MJO. These interactions have profound implications for the global understanding

of wave coupling and energy transfer processes. Our findings reveal the complex interplay between lower at-

mospheric processes and thermospheric dynamics on IS time scales, highlighting the necessity for comprehensive

modeling and observational frameworks to enhance our understanding of vertical coupling mechanisms.

Improving our understanding of the thermosphere has widespread practical applications that benefit satellite

operations, communication systems, weather and climate prediction, defense and security, scientific research, and

aviation.

Future research should focus on further quantifying these interactions and exploring their implications for

thermosphere‐ionosphere (T‐I) states and dynamics. These efforts are expected to provide valuable insights for

the development of predictive capabilities that connect tropical tropospheric weather to space weather of the T‐I

system. This study also emphasizes the critical need for detailed investigations into the vertical and horizontal

coupling mechanisms within the “thermospheric gap” region, spanning approximately 100–300 km. Such in-

vestigations will be uniquely enabled by a new dedicated satellite mission designed to provide simultaneous

global measurements of this region.

Data Availability Statement

TIEGCM‐ICON output is available from Coordinated Data Analysis Web (2024), the Kp index is obtained from

Kp.gfz‐potsdam (2024), the F10.7 cm radio flux from OMNIWeb (2024). NOAA Interpolated Outgoing

Longwave Radiation (OLR) data and Real‐time Multivariate MJO series 1 (RMM1) index values are provided by

PSL.noaa.gov (2024). The post‐processed data used to produce Figures 1–11 are publicly available at

Gasperini (2024).
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