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Abstract15

This study investigates the impact of the lower-thermospheric winter-to-summer circu-16

lation on the thermosphere’s thermal structure and meridional circulation. Using NCAR17

TIE-GCM, we compare simulations with and without the lower-thermospheric circula-18

tion, finding that its inclusion enhances summer-to-winter thermospheric circulation by19

40% in the summer hemisphere but decelerates it in the winter thermosphere. Meanwhile,20

vertical wind exhibits stronger upward motion poleward of ±30→ latitude above 10↑6 hPa21

(→174 km) when lower-thermospheric circulation is incorporated. This dynamic coupling22

functions as an atmospheric “gear mechanism”, accelerating momentum and energy trans-23

fer to higher altitudes. Including lower-thermospheric circulation improves agreement24

between the nudged run and NRLMSIS 2.1 in intra-annual variability (IAV) of mass den-25

sity. This suggests lower-thermospheric circulation is a key factor in modulating IAV in26

the coupled thermosphere-ionosphere system. This study reveals a new coupling mech-27

anism between the lower atmosphere, thermosphere, and ionosphere, with significant im-28

plications for understanding upper-atmospheric dynamics and improving space weather29

models.30

Plain Language Summary31

We explore how meridional circulation in the lower thermosphere a!ects the cou-32

pled thermosphere-ionosphere system. A narrow lower-thermospheric winter-to-summer33

circulation, driven by tides and gravity waves from lower atmosphere, is absent in mod-34

els with a lower boundary above the mesopause. Through a numerical sensitivity exper-35

iment, we found that incorporating lower-thermospheric circulation into TIE-GCM via36

nudging (or Newtonian relaxation) strengthens summer thermospheric circulation by about37

40% but decelerates it in the winter hemisphere. To maintain mass continuity, additional38

upwelling occurs poleward of ±30→ latitude above 10↑6 hPa (→174 km) when lower-thermospheric39

circulation is included. This interaction acts as a “gear mechanism”, facilitating energy40

and momentum transfer across atmospheric layers. We also found that lower-thermospheric41

circulation influences intra-annual variations in thermospheric mass density, improving42

agreement with the empirical model NRLMSIS 2.1. This study highlights the key con-43

nection between the lower and upper atmosphere, revealing a new coupling pathway. Our44

findings have practical implications for atmospheric and space weather research, partic-45

ularly in improving thermospheric density modeling, which is crucial for satellite oper-46
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ations, mitigating drag-related risks, and supporting collision avoidance. Moreover, it47

underscores the importance of accurately representing lower-atmospheric dynamics in48

upper-atmosphere models to advance predictive modeling of thermosphere-ionosphere49

interactions.50

1 Introduction51

The mesosphere and lower thermosphere (MLT) span approximately 50–110 km52

altitude. Within the MLT, wave forcing from gravity waves (GWs) in the mesosphere,53

as well as tides and GWs in the lower thermosphere along with Coriolis force drive merid-54

ional circulations (Holton & Alexander, 2000; J. C. Wang et al., 2022). The meridional55

circulations are mainly pole-to-pole during solstices. In the mesosphere, the meridional56

wind flows from the summer to the winter hemisphere, but the flow reverses to winter-57

to-summer in the lower thermosphere. This winter-to-summer lower-thermospheric cir-58

culation is a consequence of a balance between the Coriolis force and the zonal momen-59

tum forcing associated with dissipation of tides and inertia gravity waves (GWs) (e.g.,60

J. C. Wang et al., 2022). Note that mesoscale GWs with the zonal wavenumber larger61

than 30 cannot be fully resolved in the model simulations in J. C. Wang et al. (2022),62

because these waves are too small to be resolved and therefore strongly dissipated by nu-63

merical di!usion. This deficiency may lead to a weaker meridional circulation in the model64

simulation compared to the observations. The lower-thermospheric circulation is virtu-65

ally absent in models where the lower boundary is located above the mesopause (e.g.,66

Qian & Yue, 2017; Malhotra et al., 2022; Forbes et al., 2024).67

Above the lower-thermospheric circulation, the meridional circulation reverses di-68

rection once again, flowing from summer to winter in the middle-to-upper thermosphere69

(hereafter referred to as the thermospheric circulation, ranging from →150 km to 500 km).70

This thermospheric circulation is primarily driven by the pressure gradient force, which71

results from the hemispheric asymmetry in solar heating due to the obliquity of the ce-72

lestial body (Dickinson et al., 1977; Roble et al., 1987). The pressure gradient force, which73

varies both spatially and temporally, is mainly balanced by ion drag, the Coriolis force,74

and viscosity (Hsu et al., 2016).75

Vertical advection by the lower-thermospheric circulation modulates the atomic oxy-76

gen (O) budget around the base of the thermosphere and causes a hemispheric asym-77
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metry of O profile during the solstices (J. C. Wang et al., 2023). Vertical transport pro-78

cess of O in the MLT has a crucial impact on the coupled ionosphere and thermosphere79

system (e.g., Yamazaki & Richmond, 2013; Siskind et al., 2014; Qian & Yue, 2017). Once80

the abundance of O is modulated at lower altitudes, its net e!ect can propagate into higher81

altitudes and alter the electron and neutral densities in the coupled system of the iono-82

sphere and thermosphere (Bates, 1959; Yamazaki & Richmond, 2013; Qian & Yue, 2017).83

In the mesosphere, to maintain mass continuity, vertical wind must adjust to bal-84

ance changes in the meridional wind. The adjustments in vertical wind lead to changes85

in the meridional temperature gradient and the vertical gradient of zonally-averaged zonal86

wind, ensuring that the thermal wind balance remains valid in the presence of wave forc-87

ing and diabatic heating (Holton & Hakim, 2013). This dynamical adjustment results88

in temperatures at the winter mesopause being warmer than radiative equilibrium and89

cooler at the summer mesopause due to adiabatic heating and cooling, respectively. These90

processes also contribute to the observed hemispheric asymmetry in mesopause height,91

as reported by SABER observations (Xu et al., 2007; N. Wang et al., 2022). Similar to92

the mesospheric circulation, recent model simulations demonstrate that the changes in93

the vertical wind associated with the thermospheric circulation produce additional adi-94

abatic heating/cooling and modify the thermospheric thermal structure (Forbes et al.,95

2024). Likewise, adiabatic heating and cooling via vertical displacement, associated with96

the lower-thermospheric circulation, should be able to modulate the thermal structure.97

However, the impact of this adiabatic heating and cooling is challenging to observe and98

distinguish from diabatic heating, such as Joule heating and heat conduction, due to the99

sparse coverage of profiles in both local time and spatial distribution available to probe100

this region of the atmosphere (Mlynczak et al., 2021). Recent work has addressed this101

challenge by quantifying adiabatic cooling and warming in the mesosphere and lower ther-102

mosphere using SABER CO2 VMR vertical displacements, revealing a distinct yet pre-103

viously overlooked layer of adiabatic warming (cooling) in the summer (winter) lower ther-104

mosphere (Yue & Wang, 2025).105

The primary objective of this study is to investigate how the lower-thermospheric106

winter-to-summer circulation influences the thermal structure of the thermosphere and,107

consequently, the thermospheric circulation. Our results indicate that, when the lower-108

thermospheric circulation is incorporated into the model (nudged run), the thermospheric109

circulation above is enhanced by 40% in the summer hemisphere but decelerated in the110
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winter thermosphere compared to the base run without lower thermospheric circulation.111

Incorporating the lower-thermospheric circulation in the model simulation induces ad-112

ditional upwelling in the higher latitudes of the thermosphere, which, in turn, improves113

the intra-annual variation (IAV) in thermospheric mass density in the nudged run. This114

result indicates that the lower-thermospheric circulation may play a key role in modu-115

lating both the amplitude and phase of the IAV in thermospheric mass density. This study116

proposes a new coupling mechanism between the lower and upper thermosphere, based117

on first-principles modeling. Because the lower thermosphere is controlled by waves from118

below, this study demonstrates a new lower atmosphere-thermosphere-ionosphere cou-119

pling pathway.120

2 Modeling approach121

The NCAR TIE-GCM is a three-dimensional model that represents the coupled122

thermosphere and ionosphere system, incorporating self-consistent electrodynamics. It123

solves three-dimensional equations governing ion and neutral momentum, energy, and124

continuity on constant pressure levels. In this study, version 3.0 of the TIE-GCM is uti-125

lized. The spatial grid resolution is 2.5→ in both latitude and longitude, with a vertical126

resolution of one-quarter scale height. The model’s lower boundary is located around 97127

km altitude (at z = zbot = ↑7, where z = ln p0

p and p0 = 5↓ 10↑7 hPa). The current128

version of TIE-GCM o!ers three configurations for the upper boundary. For this study,129

the upper boundary is set at z = 9, which corresponds to approximately 700 km alti-130

tude under solar minimum conditions.131

The lower-thermospheric circulation is driven by resolved wave forcing, including132

tides and inertia GWs from the lower atmosphere (J. C. Wang et al., 2022). The lower-133

thermospheric circulation cannot be internally generated in the TIE-GCM, as migrat-134

ing and non-migrating tidal perturbations are specified at the lower boundary (→97 km)135

by the Global Scale Wave Model (GSWM; Hagan & Forbes, 2002, 2003). This config-136

uration is referred to as the base run throughout the remainder of the manuscript.137

To assess the impact of the lower-thermospheric circulation on the thermosphere,138

a sensitivity experiment is performed using the nudging technique (Siskind & Drob, 2014;139

Maute et al., 2015; J. C. Wang et al., 2017; Jones, Drob, et al., 2018), referred to as the140

nudged run. Nudging could help compensate for missing physics (e.g., GW forcing) com-141
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pared to a fully self-consistent model (Ren et al., 2011; Siskind & Drob, 2014). In the142

nudged run, horizontal winds, temperature, and geopotential height (Z) are constrained143

at every model time step between the lower boundary (zbot = ↑7) and z = ↑3 (p ↔144

10↑5 hPa or →128 km) using 3-hour output from 2009 simulations in the Specified Dy-145

namics configuration of the Whole Atmosphere Community Climate Model eXtended146

(SD-WACCMX) version 6.2 (J. Liu et al., 2018; H.-L. Liu et al., 2018). The meridional147

wind from SD-WACCMX, validated against TIMED Doppler Interferometer (TIDI) ob-148

servations, shows qualitative agreement but is →50% weaker partially due to underes-149

timated sub-grid GW forcing (J. C. Wang et al., 2022). Consequently, the modulation150

of thermospheric circulation by the lower-thermospheric circulation in this study rep-151

resents a lower limit, as stronger wave forcing would enhance the lower-thermospheric152

circulation and its impact on the thermospheric circulation.153

However, some limitations remain. First, only one-way upward coupling is consid-154

ered, but this does not a!ect our findings since the focus is on how lower-thermospheric155

circulation modulates thermospheric circulation. Second, discontinuities may occur at156

the model interface (e.g., Siskind & Drob, 2014; J. C. Wang et al., 2017; Jones, Drob,157

et al., 2018), which we mitigate using a vertical weighting function, ω(z) = exp (↑(z ↑ zbot)/0.8),158

ensuring a smooth transition. Above z = ↑3, the model is essentially free-running. A159

similar approach was used by Siskind and Drob (2014). Results from the nudged and base160

runs will be compared to quantify the impact of the lower-thermospheric circulation on161

the thermosphere.162

Each model run is executed over the course of one year under solar minimum con-163

ditions, with a same upper boundary condition: F10.7 = 70, crosstail potential = 30 kV,164

and hemispheric power = 18 GW. The eddy-di!usion coe"cient (Kzz) in both runs is165

time- and location-invariant. When comparing the tidal structure and the divergence of166

momentum flux between the nudged and base runs, we found that the di!erence in the167

momentum budget due to tidal dissipation is negligible over seasonal timescales. The168

change in meridional circulation between the nudged and base runs is primarily due to169

di!erences in the background atmosphere, as will be demonstrated in the following sec-170

tion.171
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3 Results172

Figures 1a to d show the diurnally and zonally averaged meridional wind (V) in173

the thermosphere during the June solstice of the year 2009 from the base and nudged174

runs. A similar but opposite feature of V during the December solstice is illustrated in175

Figure S1 in the supplement. The solstices are selected for this analysis because the ther-176

mospheric circulation is significantly stronger during solstices compared to equinoxes.177

During the equinoxes, both lower and upper thermospheric circulations transition be-178

tween the summer and winter state, resulting in a relatively weaker magnitude of large-179

scale V throughout the thermosphere (Gan et al., 2024). The meridional wind predom-180

inantly moves from the summer to the winter hemisphere above 2↓10↑5 hPa (→119 km)181

(Figures 1a and b). This summer-to-winter thermospheric circulation is primarily driven182

by the pressure gradient force resulting from the seasonal di!erence in solar radiation.183

The magnitude of V can reach around 40 m/s in the upper thermosphere.184

V in the lower thermosphere is considerably weaker than at higher altitudes; there-185

fore, it is plotted on di!erent contour scales in Figures 1c and 1d. In the base run, the186

lower-thermospheric circulation is virtually absent (Figure 1c). Instead, a cell-like struc-187

ture with poleward flow on both sides of the equator appears around 10↑4 hPa, mainly188

induced by the dissipation of the migrating diurnal tide (Yamazaki & Richmond, 2013).189

In the nudged run, the magnitude of the winter-to-summer meridional wind reaches up190

to 6 m/s between 6↓10↑5 and 2↓10↑5 hPa (Figure 1d).191

When the lower-thermospheric winter-to-summer circulation is imposed in the model,192

the summer-to-winter thermospheric circulation strengthens by up to 12 m/s or 40% be-193

tween 10↑5 and 10↑6 hPa (roughly between 128 km to →174 km) and 30→S to 15→N lat-194

itude, as shown in Figure 1e. The increase in meridional wind extends up to 10↑9 hPa195

(→415 km) in the summer hemisphere, likely because the imposed lower-thermospheric196

circulation has a larger magnitude in the summer hemisphere. However, an additional197

clockwise circulation is induced in the winter thermosphere, opposing the summer-to-198

winter circulation, between 50→S and 10→S latitude above 10↑7 hPa (→239 km).199

Figure 1f illustrates the change in mean vertical wind (!W) between the nudged200

and base runs. A notable feature is the enhanced upward motion poleward of ±30→ lat-201

itude above →10↑7 hPa (239 km) during the solstices (Figures 1f and S1f). This induced202
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Figure 1. (a-d) V as a function of pressure level and latitude from (a and c) the base run, (b

and d) the nudged run on the June Solstice. Contour level is 4 m/s in Figures 1a and 1b, and

1 m/s in Figures 1c and 1d. Positive is northward. (e-f) The di!erences in (e) V and (f) W be-

tween the nudged run and the base run. The contour interval is 1 m/s in Figure 1e and 1 cm/s in

Figure 1f. Arrows in Figures 1e and 1f indicate the direction of change in meridional and vertical

wind. The dashed line in Figure 1e indicates where the di!erence equals zero. The analysis is

averaged over days 161 to 181 of the year 2009. V and W represent the diurnally and zonally

averaged meridional and vertical winds, respectively.

upwelling influences seasonal variation and latitudinal distribution of composition. This203

topic will be further explored in Section 4.204

The magnitude and direction of V in the thermosphere are primarily regulated by205

the pressure gradient force, Coriolis force, ion and viscous drag, and wave forcing. When206

viscous drag and wave forcing are negligible in the lower atmosphere, the horizontal wind207

ultimately reaches geostrophic balance. In this balanced state, the geostrophic wind is208

purely zonal for diurnally and zonally averaged flow by definition (Andrews & McIntyre,209

1976). However, geostrophic balance is not achieved in the stratosphere or higher alti-210

tudes, where wave forcing, molecular viscosity, and/or ion drag, are strong enough to al-211

–8–



manuscript submitted to Geophysical Research Letters

low a mean meridional circulation (Dickinson et al., 1975, 1977; Hsu et al., 2016). In this212

section, a term analysis is performed to identify the dominant forces driving changes in213

the thermospheric meridional wind when lower-thermospheric circulation is introduced214

into the model. Figure 2a shows V averaged over ±60→ latitude at 2.54↓10↑6 hPa (→153215

km) from the base and nudged runs, with the corresponding pressure gradient force in216

Figure 2b and the combined Coriolis and ion drag forces in Figure 2c. Individual term217

of Coriolis and ion drag forces is illustrated in Figure S2 in the supplement. The increase218

in the pressure gradient force in the nudged run clearly alters V, while the Coriolis and219

ion drag forces adjust in magnitude to balance this change. Hsu et al. (2016) demonstrated220

that ion drag and viscosity can su"ciently cause the horizontal wind to rotate toward221

the pressure gradient force.222

Geopotential is the vertical integral of neutral temperature, meaning that changes223

in the thermal structure modify the geopotential at the same level or higher, ultimately224

leading to adjustments in V. An analysis of the mean temperature structure is conducted225

to illustrate how the thermal structure, influenced by adiabatic heating and cooling from226

vertical wind changes due to lower-thermospheric circulation, impacts the meridional mo-227

mentum budget.228

The acceleration by the pressure gradient force in V is determined by
g

a

εZ

εϑ
, where229

Z denotes the geopotential height, a and ϑ are the radius and latitude of the Earth. g230

is the acceleration of gravity at the lower boundary of the model. In the TIE-GCM, the231

geopotential height is calculated from the hydrostatic equation by integrating the scale232

height (H) vertically from the model lower boundary to the given pressure level,233

Z(z) =

∫ z

zbot

Hdz =

∫ z

zbot

R
↓
Tn

mg
dz (1)

where z is the pressure interface, z = ln (p0/p). The reference pressure p0=5↓10↑7 hPa,234

and p represents isobaric surface. zbot is the model lower boundary, where zbot is equal235

to -7. R
↓ is the specific gas constant. Tn is the neutral temperature. m denotes the mean236

molecular weight.237

Figure 3a shows the di!erence in geopotential height between 60→N and 60→S, serv-238

ing as a proxy for the latitudinal gradient of geopotential height. Below 6.5↓10↑5 hPa,239

the geopotential height is higher in the Southern hemisphere in the nudged run, a fea-240
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ture absent in the base run. This reversal of the summer-to-winter geopotential di!er-241

ence is linked to the temperature structure between the model’s lower boundary and 6.5↓10↑5
242

hPa. In the base run, the temperature and geopotential height at the lower boundary243

(z = ↑7) are specified by migrating and non-migrating tides from the GSWM, with a244

constant background temperature of 181 K and a geopotential height of 96.37229 km.245

In contrast, the nudged run shows a sharp decrease in geopotential height and temper-246

ature in the Northern hemisphere at the lower boundary (figure not shown), associated247

with the cold summer mesopause, a well-known feature in the middle atmosphere (Holton,248

1983; Garcia, 1989).249

Figure 3b shows the di!erence in the vertical gradient of geopotential height be-250

tween 60→N and 60→S. The latitudinal gradient of geopotential height increases more rapidly251

with altitude in the nudged run due to a stronger latitudinal temperature gradient to-252

ward the summer hemisphere between 10↑4 and 2↓10↑6 hPa (see Equation 1 and Fig-253

ure 3e). Consequently, the summer-to-winter geopotential height di!erence is greater in254

the nudged run compared to the base run above 1.8↓10↑5 hPa. This trend a!ects scale255

height and geopotential height, creating a stronger pressure gradient force directed to-256

ward the winter hemisphere.257

The latitudinal temperature gradient below the lower-thermospheric circulation points258

more strongly toward the summer hemisphere in the nudged run. However, above the259

lower-thermospheric circulation, it reverses toward the winter pole (Figures 3d and e).260

This suggests that changes in vertical wind in the nudged run, as shown in Figure 1f,261

lead to additional adiabatic heating and cooling, modifying the temperature structure.262

The global-average neutral temperature in the nudged run is about 20 K cooler than in263

the base run, but this di!erence does not a!ect the simulated meridional wind, as it is264

the horizontal gradient of temperature, rather than the absolute value, that drives wind265

changes (Andrews et al., 1987).266

4 Impact on thermospheric mass density267

As examined earlier, the induced !W associated with the lower-thermospheric cir-268

culation is generally upwelling in both hemispheres of the upper thermosphere during269

solstices (Figure 1f and S1f). The changes in !W impacts the seasonal variation of the270

composition and its latitudinal distribution. Figures 4a and b show, when the lower-thermospheric271
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Figure 4. Intra-annual variation (IAV) in (a) globally-averaged mass density at 400 km

altitude, (b) Column-integrated O/N2 ratio (!O/N2) averaged between ±40
↑

latitude, show-

ing percentage changes relative to the annual average. (black solid) the base run, (red dashed)

the nudged run, and (blue) NRLMSIS 2.1. The amplitudes of annual and semi-annual vari-

ations (AO and SAO) for each run are provided in the bottom right corner of the figure. (c)

Schematic of a latitude-pressure cross-section showing the coupling between winter-to-summer

lower-thermospheric and summer-to-winter thermospheric circulations. Solid arrows indicate

net meridional air motion, while a dashed arrow represents modulating processes. Red and blue

dashed circles mark regions of adiabatic heating (downwelling) and cooling (upwelling) linked

to meridional mass continuity. Wavy arrows depict upward-propagating gravity waves, tides,

and planetary waves, with their dissipation driving mesospheric and lower-thermospheric circu-

lations in the cyan and dark cyan-shaded regions, respectively, indicating opposing wave forcing

directions in the mesosphere and lower thermosphere. (d) Schematic of geopotential height as a

function of pressure level, with red denoting the summer hemisphere and blue representing the

winter hemisphere from (solid) the nudged run and (dashed) base run.
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circulation is nudged in the TIE-GCM, a better agreement for the simulated semi-annual272

oscillation (SAO) in mass density and column-integrated O/N2 ratio (”O/N2) can be273

achieved compared to that in the base run. The amplitude of the SAO in the global-averaged274

mass density at 400 km is about 8.6% in the nudged run, showing a better agreement275

with the result in the NRLMSIS 2.1 (US Naval Research Laboratory Mass Spectrom-276

eter Incoherent Scatter radar, Emmert et al., 2021, 2022), where the relative amplitude277

is about 13.6% in the MSIS 2.1. On the other hand, the SAO is virtually absent in the278

base run (0.9%). The annual variation can reach 13.5% in the nudged run, where the am-279

plitude of the annual oscillation (AO) is about 9.1% in magnitude in the MSIS 2.1.280

The IAV in ”O/N2 (Figure 4b) is analyzed over ±40→ latitude for comparison with281

satellite observations (Strickland et al., 2004; Qian et al., 2009; Yue et al., 2019; Gan et282

al., 2023, 2024). In the base run, seasonal variation is weak, particularly in the second283

half of the year. The nudged run resolves the SAO well, with two similar minima around284

the solstices, closely aligned with MSIS 2.1. However, the AO is nearly absent, while MSIS285

2.1 shows a deeper June solstice minimum. Satellite observations also indicate that AO286

as a key feature of “global-mean” ”O/N2 (Qian et al., 2009; Yue et al., 2019). Note that287

“global-mean” here refers to the globally averaged values over the available local times288

and maximum latitude covered by the field of view of the given instrument. The spa-289

tial and temporal coverage of the observations is not uniformly distributed, which may290

introduce aliasing e!ects. These results in Figures 4a and b suggest that lower-thermospheric291

circulation plays a crucial role in modulating IAV in thermospheric mass density, but ad-292

ditional mechanisms must also contribute to controlling the IAV in ”O/N2. The discrep-293

ancy between the simulations and observations warrants further investigation. In addi-294

tion to achieving a better agreement in the global-mean ”O/N2, the imposed lower-thermospheric295

circulation also mitigates the well-known thermospheric winter “anomaly” in the TIE-296

GCM simulation — namely, the positive bias in ”O/N2 between model simulations and297

observations in the winter hemisphere (e.g., Qian & Yue, 2017) (Figure S3 in the sup-298

plement).299

The schematic in Figures 4c and d illustrates how the lower-thermospheric circu-300

lation couples with the circulation in the thermosphere and thermospheric mass density.301

Wave forcing from the lower atmosphere drives the lower-thermospheric winter-to-summer302

circulation, including contributions from tides and GWs. Note that planetary wave (PW)303

forcing can also modulate the lower-thermospheric circulation during strong PW events304
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(e.g., Yue & Wang, 2014; Gan et al., 2018; Oberheide et al., 2020; Orsolini et al., 2022;305

Gasperini et al., 2023). The lower-thermospheric circulation is accompanied by upwelling306

(downwelling) above and downwelling (upwelling) below in the summer (winter) hemi-307

sphere to maintain mass continuity. Adiabatic heating and cooling, associated with the308

additional vertical wind in the nudged run, result in a thermal structure that is warmer309

(cooler) in the summer (winter) hemisphere below the lower-thermospheric circulation310

compared to the base run.311

The geopotential height is calculated from the hydrostatic equation by vertically312

integrating the temperature. Changes in the temperature distribution below influence313

the geopotential height structure above. This dynamical response enhances the latitu-314

dinal gradient of geopotential height in the nudged run above the lower-thermospheric315

circulation. The increased latitudinal gradient of the geopotential height produces a stronger316

pressure gradient force in the meridional momentum budget above 1.8↓10↑5 hPa. When317

the nudging terms taper o! above the lower-thermospheric circulation in the simulation,318

which is comparable to the reduction in lower-atmospheric wave forcing above the lower319

thermosphere, the pressure gradient force e"ciently strengthens the summer-to-winter320

thermospheric circulation between 10↑5 and 10↑6 hPa (128 km to 174 km).321

Our results demonstrate that the lower-thermospheric circulation modifies the en-322

ergy budget through adiabatic heating and cooling via changes in vertical wind. Con-323

sequently, the thermodynamic balance couples back to the momentum forcing of the pres-324

sure gradient, enhancing the summer-to-winter thermospheric circulation. This dynamic325

and thermodynamic coupling between the lower-thermospheric and thermospheric cir-326

culations functions as an atmospheric “gear mechanism”. The concept of the “atmospheric327

gear mechanism” describes how the lower-thermospheric circulation acts as a driver that328

accelerates the transfer of momentum and energy to higher altitudes by inducing changes329

in vertical wind. This process resembles a mechanical gear system, where the motion in330

one layer of the atmosphere amplifies movement in an adjacent layer. This coupling path-331

way influences the thermospheric dynamics and contributes to the overall redistribution332

of energy both horizontally and vertically.333

The simulated SAO in mass density and ”O/N2 in the nudged run achieves a bet-334

ter agreement with MSIS 2.1, suggesting processes associated with the lower-thermospheric335

circulation may be an e"cient mechanism to modulate the IAV in the coupled ionosphere336
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and thermosphere system (Emmert, 2015; Lean et al., 2016). Because the lower-thermospheric337

circulation is mainly controlled by the zonal momentum forcing originating from the lower338

atmospheric waves, this study demonstrates another new lower atmosphere-thermosphere-339

ionosphere coupling pathway.340

5 Discussion341

Resolving lower-thermospheric circulation from first principles in thermosphere-ionosphere342

general circulation models (GCMs) remains challenging due to inadequately resolved,343

parameterized, or missing wave forcing from the lower atmosphere (Qian & Yue, 2017;344

Malhotra et al., 2022; J. C. Wang et al., 2022). This limitation may hinder these mod-345

els’ ability to accurately reproduce realistic IAV in the thermosphere and ionosphere (e.g.,346

Qian et al., 2009; Jones et al., 2017; Salinas et al., 2020; Malhotra et al., 2022). The TIE-347

GCM has a long-standing issue to replicate observed IAV features (Qian et al., 2009).348

To address this, a seasonally varying Kzz has been imposed at the model’s lower bound-349

ary (e.g., Qian et al., 2009), but this remains an ad-hoc approach that compensates for350

missing mixing and vertical transport processes (Qian et al., 2013; Qian & Yue, 2017).351

Salinas et al. (2016) further showed that Kzz values derived from SABER CO2 obser-352

vations exhibit much smaller seasonal variation than in Qian et al. (2009). While this353

study applies a constant Kzz to isolate the impact of the lower-thermospheric circula-354

tion, seasonal Kzz variations may still influence neutral density and ”O/N2.355

Our result suggests including a more realistic lower-thermospheric circulation in356

the TIE-GCM could reasonably explain the missing physics in the TIE-GCM when con-357

sidering the mixing and vertical transporting processes that regulate the IAV in ther-358

mospheric mass density. Note that, although the lower thermospheric circulation in SD-359

WACCMX may be underestimated due to the absence of subgrid-scale GW forcing (J. C. Wang360

et al., 2022), comparing the model results with and without the lower-thermospheric cir-361

culation in TIE-GCM still provides valuable insights. This comparison allows for a fun-362

damental understanding of the dynamics that couple the lower-thermospheric circula-363

tion with the thermospheric circulation. As demonstrated in Ren et al. (2011) and this364

study, constraining the horizontal winds and temperature in the lower thermosphere with365

a more realistic representation may be an solution to improve the IAV in the thermo-366

sphere, and in turn, the ionosphere in the GCMs without the lower atmosphere and GW367

parameterization.368
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H. Liu et al. (2024) suggested that thermospheric compositional structure can be369

modulated by circulation changes due to varying GW forcing at higher altitudes, as shown370

through high- and low-resolution WACCM-X simulations. A similar pathway likely ex-371

ists to modify thermospheric compositional structure if, as demonstrated in this study,372

lower-thermospheric circulation modulates thermospheric circulation. This provides an373

additional plausible explanation for the improved representation of IAV in thermospheric374

mass density observed in the nudged run, along with the vertical transport of atomic O375

linked to lower-thermospheric circulation near the base of the thermosphere (e.g., J. C. Wang376

et al., 2023). Note that, changes in the lower-thermospheric circulation alter background377

wind and temperature profiles, directly influencing the filtering of GWs that propagate378

into the thermosphere (Fritts & Alexander, 2003). Meanwhile, dissipating primary GWs379

can further excite secondary GWs (Vadas et al., 2018). These combined e!ects should380

also impact thermospheric circulation and energy distribution and will be further assessed381

in future studies.382

The result in Figure 4a contradicts the conclusion of Jones, Emmert, et al. (2018),383

who used the NCAR thermosphere-ionosphere-mesosphere-electrodynamics general cir-384

culation model (TIME-GCM), an expanded version of TIE-GCM with a lower bound-385

ary near 30 km. Jones, Emmert, et al. (2018) proposed that SAO in the IT system arises386

naturally from variations in interhemispheric atomic oxygen transport via solar-driven387

thermospheric circulation due to Earth’s obliquity. Our findings align with Qian et al.388

(2009), showing that SAO in thermospheric mass density is absent in TIE-GCM’s first389

principles, even with seasonal variation in solar-driven thermospheric circulation. The390

lower atmosphere is likely to play a role in influencing the transport of atmospheric mass391

and, consequently, composition. Addressing this discrepancy is beyond this paper’s scope392

and warrants further investigation.393

Our results align with dynamics described by Smith et al. (2019), showing inter-394

hemispheric and “upward” coupling from the winter stratosphere to the summer meso-395

sphere through wave-forcing-induced changes in meridional circulation. This process, sim-396

ilar to the atmospheric gear mechanism, leads to global changes in thermal structure through397

adiabatic heating and cooling associated with changes in vertical wind. Interhemispheric398

coupling through meridional circulation has been observationally verified by stratospheric399

ozone and MLT-region CO2 data (Randel, 1993; N. Wang et al., 2022), providing a solid400

observational basis supporting the mechanisms proposed herein.401
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Similarly, sudden stratospheric warmings (SSWs) influence thermosphere-ionosphere402

dynamics (e.g., Yamazaki et al., 2015; Laskar et al., 2019; Oberheide et al., 2020; Jones403

et al., 2020; Orsolini et al., 2022), with lower-thermospheric circulation reversals a!ect-404

ing composition and propagating e!ects into the thermosphere. Jones et al. (2020) showed405

this variability can impact plasma populations in the topside ionosphere and plasmas-406

phere, with broader implications for inner magnetospheric plasma density.407

The “atmospheric gear mechanism” underscores intricate thermospheric coupling,408

with implications for upper atmospheric science. Incorporating lower-thermospheric cir-409

culation in models can improve quiet-time thermospheric conditions and ultimately sim-410

ulations of geomagnetic storm responses. Similar couplings may exist in other planetary411

atmospheres but remain poorly understood due to limited observations (e.g., Showman412

et al., 2010).413

Currently, no observational evidence directly links lower-thermospheric circulation414

to the thermospheric summer-to-winter circulation between 100-300 km. Satellite ob-415

servations of horizontal winds and O in the mesosphere and thermosphere, with su"-416

cient spatial and temporal coverage, are needed to validate these interactions. While this417

study focuses on seasonal-scale thermospheric circulation, shorter-term variability may418

also impact the thermosphere-ionosphere system, as shown numerically by Forbes et al.419

(2024). The upcoming DYNAMIC and GDC satellite missions will provide critical multi-420

satellite observations on sub-weekly timescales, helping to resolve these open questions.421

6 Closing remarks422

In conclusion, our sensitivity study demonstrates that the lower-thermospheric cir-423

culation significantly impacts the thermospheric dynamics by modifying the meridional424

circulation above. The results suggest that adiabatic heating and cooling processes, driven425

by vertical wind, regulate thermal and momentum structures, strengthening the summer-426

to-winter circulation in the summer thermosphere and enhancing upwelling at higher lat-427

itudes. This circulation coupling further alters the seasonal variation of thermospheric428

composition. This finding reveals a new coupling mechanism, atmospheric “gear e!ect”,429

between the lower and upper thermosphere, highlighting the critical role of lower-atmospheric430

processes in shaping thermospheric behavior. This process functions like a mechanical431

gear system, where motion in one atmospheric layer amplifies movement in adjacent lay-432
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ers. The interaction of thermal gradients and pressure gradients forms a critical coupling433

pathway that enhances the upper thermospheric circulation.434

From a practical perspective, these findings have implications for improving pre-435

dictions of thermospheric density, a critical factor for satellite drag estimation and or-436

bital maintenance. The improved representation of IAV in thermospheric mass density437

provides insights into the previously unresolved discrepancies in TIE-GCM simulations,438

enabling accurate modeling of thermospheric quiet-time conditions. Such advancements439

provide a baseline for studying storm-time responses, including the generation of iono-440

spheric irregularities that a!ect communication and navigation systems.441

Since the lower-thermospheric circulation is controlled by wave forcing from the lower442

atmosphere, this study establishes a new coupling pathway linking the lower atmosphere,443

thermosphere, and ionosphere through enhanced representation of wave forcing and merid-444

ional circulation in the MLT region. This advancement improves the accuracy of mod-445

els and facilitates better forecasts of space weather events, ultimately aiding satellite op-446

erations and mitigating risks posed by thermospheric and ionospheric disturbances. These447

results underscore the importance of incorporating lower-atmospheric processes into fu-448

ture atmospheric and space weather models.449

7 Open Research450

TIE-GCM version 3.0 source code can be downloaded from the copy of its Github451

public repository on Zenodo (NCAR High Altitude Observatory, 2025). SD-WACCMX452

and the input files are publicly available through a public GitHub repository, https://453

github.com/ESCOMP/CESM. TIE-GCM model output pertinent to this paper can be found454

via J. C. Wang (2025).455
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