Responses to the comments from Reviewer#1

The authors present their analysis of SABER temperature observations to derive gravity wave
induced heat fluxes and heating rate between about 20 and 100 km altitude. The authors employ the
gravity wave polarization relations to estimate the wave-induced vertical wind fluctuations from
SABER observations of the temperature fluctuations. The heat flux and heating rate profiles are then
computed and compiled globally over a large latitude range for all 12 months of the year. The paper
is well written and organized and the results would be of considerable interest to the atmospheric
sciences community. Heat flux observations are difficult to make because they require accurate
knowledge of both the wave-driven temperature and vertical wind fluctuations in the atmosphere. In
particular, the heat flux depends critically on the phase difference between the wave temperature and
vertical wind fluctuations, which is almost, but not quite 90°. Until now, such observations have only
been made by Na Doppler lidars and only in the mesopause region at a handful of locations. Thus,
the current study, if valid, would be a significant contribution to our knowledge of gravity effects in
the stratosphere, mesosphere and lower thermosphere. Unfortunately, I have serious concerns about
the validity of the approach utilized by the authors to derive their heat flux profiles.

Response: First, we greatly appreciate your thorough review of our work and your insightful,
constructive suggestions. We acknowledge your serious concerns regarding the validity of our
approach to derive the heat flux and heating rate. Our main revisions are outlined as:

(1) We have revised our methodology to account for wave dissipation from the perturbation
thermodynamic equation in a dissipative, partially compressible atmosphere, following the method
proposed by Weinstock (1983). This approach includes advection, buoyancy forcing, thermal
diffusivity, and nonlinear damping rates, providing a more realistic representation of gravity wave
dynamics.

(2) We have introduced an effective damping rate d,, ., from energy conservation under
steady-state conditions to parameterize the net impact of various dissipative processes. This allows
use to derive heat fluxes and heating rate from single SABER temperature profiles but sacrifices the
ability to isolate vertical direction-specific wave dissipation and heat flux signatures.

(3) Comparing with the results in the last version, we find following:

® The amplitude of the vertical velocity perturbations in the updated results is smaller than in

the previous version.

® The absolute values of the heat fluxes and heating rates are larger compared to those in the

previous version.

® The spatiotemporal structures of the new results are highly similar to those of the original,

with minimal impact on the overall conclusions.

We address each comment point-by-point. Your comments are shown in black font. Our



responses appear below each comment in blue font, and revisions incorporated into the manuscript

are marked in italic blue font.

Alongside the point-by-point response, we include the marked-up revised manuscript at the end

for reviewer assessment.

1. Non-dissipating gravity waves propagate conservatively in the atmosphere so that the wave
amplitude increases with increasing altitude as exp(z/2H), where z is altitude and H is the density
scale height. The polarization relations employed by the authors were derived by Vadas (2013)
for wave fluctuations scaled by exp(-z/2H) (eq. 13, Vadas, 2013), so indeed the polarization
relations apply to pure sinusoidal oscillations given by eq. 1 in the manuscript. However, the
authors then apply the polarization relations to a wavelet (see eqs. 5 and 7), which is clearly not
a sinusoid. What is the justification for this? More importantly, what errors accrue by assuming
that the polarization relation for a wavelet is identical to that for a pure sinusoid?

Response: We appreciate this insightful comment. Our description of the wavelet transform
procedure was insufficiently clear in the original manuscript. We note that the polarization relations
strictly apply to pure sinusoidal oscillations. To clarify this point, we have added text at the beginning
of Section 2.2 in the revised manuscript:

Due to the facts that (1) the polarization relations are strictly derived for pure sinusoidal waves,
and (2) the wavelet transform effectively decomposes a signal into monochromatic components, each
of which can be treated as a pure sinusoidal wave within the wavelet’s support, the wavelet transform
allows us to isolate and analyze individual monochromatic components of the signal, which can be
approximated as sinusoidal over the localized region. Specifically, the wavelet transform decomposes
the total temperature perturbation at each altitude into spectral components associated with
individual monochromatic waves. For each extracted monochromatic component of the temperature
perturbation, we apply the polarization relations to calculate the corresponding monochromatic
vertical velocity perturbation. The full vertical velocity perturbation is then reconstructed via the
inverse wavelet transform. The main errors arising during wavelet-based decomposition and
reconstruction of monochromatic waves originate from the vertical sampling interval and the adopted
vertical wavelength range. For our configuration (0.5 km vertical sampling over 15—110 km altitude,
with retained vertical wavelengths of 5-30km), the wavelet transform effectively isolates
monochromatic components, for which the polarization relations hold locally. The local
approximation introduces minor errors because each extracted wave packet is nearly monochromatic
within the wavelet’s support, and these errors are dominated by the finite vertical sampling and

wavelength filtering described above rather than departures from the sinusoidal assumption.



Figure R1 shows the T'(z) (dashed line) is reconstructed from Tp.s(z) (solid line) via Morlet
wavelet analysis. It demonstrates that wavelet decomposition and reconstruction preserve the major
structures of temperature perturbations while filtering out small-scale perturbations and random noise

with wavelengths shorter than 5 km.

00:55:02 00:55:46
@) T L {(b) ==
100 :>_ f: —
=: ) == —
90 i\—-- e
80' ‘:> < = r
— 70 o ‘i
£ 60 s =
~ X v
50- P < i
40 <\ >
f(/ \\
304 === Tres § === Tres )
20 - T:/l ¢, 4 - Té ‘))
)/
-10 0 10 -10 0 10
T (K) T (K)

Figure R1. Wavelet decomposition and reconstruction of GW temperature profiles. The two

profiles are corresponding to those shown in Figure 1 of the text.

2. A more serious problem is that the Vadas (2013) polarization relations apply only to non-
dissipating, fully compressible wave fluctuations, when in fact all waves experience some
dissipation (e.g. Guarino et al., 2024; Jandreu et al., 2026,
https://doi.org/10.1029/2026GL124048). Furthermore, not all wave fluctuations are fully
compressible. Many investigators have argued that the wave fluctuations may be regarded as
incompressible (e.g. Walterscheid, 1981; Liu, 2000) and more recently, Gardner (2024, fig. 1,
https://doi.org/10.1029/2023JD040436) showed that compressibility varies depending the
amount of dissipation. How are the author’s results affected by wave dissipation and
compressibility? What is the justification for assuming no dissipation and full compressibility?
Response: We appreciate your valuable comments. In the previous version, we did not account

for the effects of wave dissipation. This is not reflective of real atmospheric conditions. To address

this issue, we derive the heat flux w'T’ from the perturbation thermodynamic equation in a

dissipative, partially dissipative atmosphere (Weinstock, 1983). The compressibility is included

through the buoyancy force, which is due solely to the static background compressibility (i.e., the
exponential decay of background density with altitude according to scale height H). The detailed
revisions are below (Section 2.1 of the new version):

Here, we aim to derived the heat flux and heating rate induced by non-breaking GWs, therefore

dissipation effects associated with GWs must be included. Following the method proposed by

Weinstock (1983), the heat flux w'T’ is derived from the perturbation thermodynamic equation in a



dissipative, partially compressible atmosphere,
l 2
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Equation (1) includes advection due to background wind u, buoyancy forcing from compressibility

effects, thermal diffusivity o and the nonlinear damping rate d.,,. However compressible heating
associated with velocity divergence Vu' is omitted. The buoyancy force raises from only the static
background compressibility. Specifically, it arises from the exponential decay of background density
with altitude according to scale height H = RT/g with R the universal gas constant, g
gravitational acceleration, T the background temperature. The squared buoyancy is given by N? =
g/T (BT/ 0z+ g/ Cp), where ¢, is the specific heat at constant pressure. For a monochromic GW,
its temperature and vertical velocity perturbations are expressed as,

(T',w') = (A, A, )e"@t-kxms) (2)
Here, i =~—1 denotes the imaginary unit. Ay and A, are complex wave amplitudes. The
parameters w, k, and m correspond to the ground-based frequency, horizontal, and vertical
wavenumbers, respectively. Substituting Eq. (2) into Eq. (1) and defining the intrinsic frequency as

® = w — ku, we have the polarization relation between T' and w',

(i + okf +dy,)Ar = — R A, (3a)
. RA . g A
A, = —(lw+d0+dw)H—N2= —(Lw+da+dw)m% (3b)

The intrinsic frequency @ is calculated through the dispersion relation (Fritts and Alexander, 2003),

N k2N2+f2(m2+1/4H2)
0% = (4)
k? + m? + 1/4H?

Here, the molecular damping rate d, = ok? dependents on the total wavenumber k? = k? + m?.
The nonlinear damping rate can be approximated by d,, = Dy, k* + D,, m?, where Dy, and D,,
are the eddy diffusivity in the horizontal and vertical directions, respectively.

However, Dy, and D,, cannot be determined directly from existing observations, and they
are commonly prescribed via parameterization schemes (Weinstock, 1983). To address this limitation,
we propose an effective dissipation rate dy, .q = dgs + d,, based on energy conservation and the
altitude dependence of Ar. For a monochromatic GW, its total wave energy density per unit volume
is approximated by E o A% o e?/"T  Where Hyp denotes the scale height of Ar, defined via
Ar(2) = Ap(z0)e?/?M7 . Under steady-state condition and energy conservation, the reduction of
vertical wave energy flux Fg with altitude arises from wave energy dissipation. Using the steady-

state vertical energy flux Fg = pcgy,E, we obtain the energy balance equation:



dFy

E = _ﬁdw,qu (5)
Here, the vertical group velocity cg, is calculated from Eq. (4),
—m (&% — f?)

‘02 = (k2 + mZ + 1/4H?)?

(6)
For the WKB approximation to hold, the vertical group velocity ¢y, must vary slowly with altitude,
satisfying |(dcgz/dz)/cgz| K |m|. This condition permits the approximation dcg,/dz ~ 0. The
background mass density p follows the hydrostatic relation dp/dz = —p/H. Substituting these

relations into Eq. (5) yields,

dFE:dﬁchE:C _d_E @: _E _E
dz dz Pz T CgzE dz _ o= Hr “ozP 'y 2
Equating the right-hand sides of Egs. (5) and (7),
— _E _E
—pdwy,eqE = Cg2p H_T — CgzP H (8)

Canceling common factors pE on both sides, we arrive at the effective dissipation rate,

dueq = g (3~ 77) ©)
’ H Hr

Here d, ., denotes an effective dissipation rate, which parameterizes the net impact of processes
altering wave amplitude growth. It aggregates the cumulative damping originating from molecular
thermal and viscous diffusion, radiative damping in the MLT region, nonlinear wave—wave
interactions, and wave saturation due to instabilities. It additionally absorbs residual contributions
stemming from minor departures from the WKB approximation and background atmospheric
gradients. For SABER observations, the observational filter, which filters out waves with wavelengths
shorter than 300—400 km, also partly accounts for the derived effective dissipation rate. Accordingly,
dweq should not be interpreted as a purely molecular or turbulent damping coefficient.

Notably, the present effective dissipation formulation does not distinguish between upward- and
downward-propagating GWs. This marks an important difference from previous studies capable of
separating GWs by their upward- and downward-propagation directions (Chu et al., 2022; Gardner,
2024, Guarino et al., 2024, Jandreau and Chu, 2026, Jandreau et al., 2026). The underlying physical
difference arises from their respective inversion strategies: those prior studies separate wave
components according to their vertical energy propagation direction before computing heat flux and
wave dissipation, which permits vertical direction-dependent damping and polarization relations. In
contrast, our approach derives a bulk effective dissipation directly from the observed vertical
variation of multiple monochromatic wave amplitude envelopes regardless of upward- and
downward-propagation directions. This simplification enables direct diagnosis from single SABER

temperature profiles but sacrifices the ability to isolate vertical direction-specific wave dissipation



and heat flux signatures.

The horizontal wavenumber is calculated from the phase difference A¢ between two adjacent
profiles separated by a horizontal distance of Ax (Alexander et al., 2008, Ern et al., 2004),

k =k, =A4¢/Ax (10)

Note that A¢ will be calculated in the next subsection. The horizontal wavenumber k, derived
from Eq. (10) is in the along-track direction. The true horizontal wavenumber ky, is therefore given
by kn = ky,/cosa, where a is the angle between the along-track direction and the GW
propagation direction. Such that kj increase as « increases. The uncertainties of a induce
uncertainties in the retrieval of w', as well as the resultant heat flux and heating rate. This will be
discussed in the next subsection.

Importantly, after implementing the above modifications and recalculations, the amplitude of the
vertical velocity perturbation in the updated results is smaller than that in the previous version.
Nevertheless, the absolute values of heat fluxes and heating rates are larger compared to those in the
previous version. The morphological structures of the old and new results are highly similar.

Figures R2 and R3 display the GW-induced parameters derived using the polarization relations
the assumptions of a non-dissipative, fully compressible atmosphere and a dissipative, partially
compressible atmosphere, respectively. In Figure R3c, the GW-induced vertical velocity profiles
retain the large-scale structures but exhibit reduced magnitudes relative to those in Figure R2¢c. By
contrast, the GW-induced heat fluxes and heating rates in Figures R3d and R3e share similar altitude
variations but have larger absolute magnitudes compared to their counterparts in Figures R2d and

R2e, respectively.
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Figure R2. Procedure of deriving GW-induced parameters on 1 January 2024. (a) GW-induced
temperature profiles of T{ (black) at 37.7°N, 107.4°E and T, (red) at 40.2°N, 107.4°E. (b) amplitude of

Wr,r, inloglO scale (the magnitudes increase with the darkness), the arrow directions indicate the angles

of A¢ (rightward for 0°, upward for 90°, leftward for 180°). (c—e): GW-induced vertical velocity, heat



flux, and heating rate corresponding to T; and T;, respectively.
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Figure R3. Same caption as Figure R2 but for the GW-induced parameters derived from the perturbed

thermodynamic equation in a dissipative, partially compressible atmosphere.

As noted previously, the heat flux is strongly dependent on the phase difference between the
temperature and vertical wind fluctuations. Chu et al. (2022, eq. 10) used the Vadas (2013)

polarization relations to show that for a non-dissipating, fully compressible wave, the sensible

. A2 . . .
heat flux is w'T' = — %% For upwardly propagating waves the vertical wave number m is

negative, and so the heat flux is positive. Indeed, Chu et al. (2022, fig. 5a) and Gardner & Liu
(2007, fig. 6) observed positive heat fluxes with Na Doppler lidars above 95 km where
dissipation was expected to be small or moderate. Yet, this same approach, applied to wavelets
by the authors, yields negative heat fluxes! Why the difference and how do the authors determine
which vertical direction, up or down, their observed wavelets are propagating?

Response: In the previous version, the sign of the vertical wavenumber was incorrectly assigned,

leading to an incorrect interpretation of GW propagation directions and heat flux. Lidar observations

are advantageous for distinguishing between upward- and downward-propagating GWs using their

time—altitude distributions. However, it is difficult to separate upward- and downward-propagating

GWs from SABER observations due to the time-spatial aliasing, even along the satellite orbit track.

Furthermore, GW dissipation in the MLT must be accounted for. Accordingly, we revised the

theoretical framework based on the method proposed by Weinstock (1983) (see the response to

comment#2 for detail) to derive vertical velocity perturbations.

We adopted the perturbation thermodynamic equation in a dissipative, partially compressible,

l 2
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Equation (1) includes advection, buoyancy forcing, thermal diffusivity ¢ and the nonlinear damping
rate d,,, while compressible heating associated with velocity divergence Vu' is omitted. The
buoyancy force raises from only the static background compressibility (i.e., exponential decay of
background density with altitude according to scale height H).

The main improvement is the effective damping rate d,, 4, which is derived from energy
conservation under steady-state conditions. The effective dissipation rate parameterizes the net
impact of processes altering wave amplitude growth. It aggregates the cumulative damping
originating from molecular thermal and viscous diffusion, radiative damping in the MLT, nonlinear
wave—-wave interactions, and wave saturation due to instabilities. This formulation additionally
absorbs residual contributions stemming from minor departures from the WKB approximation and
background atmospheric gradients. For SABER observations, the observational filter, which filters
out waves with wavelengths shorter than 300—400 km, also partly accounts for the derived effective
dissipation rate. Accordingly, d,, 4 should not be interpreted as a purely molecular or turbulent
damping coefficient. This simplification enables direct diagnosis from single SABER temperature
profiles but sacrifices the ability to isolate vertical direction-specific GW dissipation and heat flux

signatures.

4. Luetal. (2017) measured the phase difference betweenthe T’ and w’ fluctuations of numerous
monochromatic gravity waves between 85 and 100 km and found that the mean phase difference
was 2.6° larger than the phase difference predicted by eq. 2. They attributed the difference to
wave dissipation. In other words, the additional phase shift introduced by dissipation can lead to
negative sensible heat fluxes, but the author’s approach of using Vadas (2013) polarization
relations for non-dissipating, fully compressible waves cannot produce heat flux observations of
real waves that experience dissipation and that may be only partially compressible. Gardner
(2024, table 1) derived an approximate solution to the advection-diffusion for heat transfer,
which includes the impact of wave dissipation and partial compressibility. Jandreu et al. (2024)
adopted this approach to bound the wave-driven thermal diffusivity. Perhaps, the authors could
adopt a similar approach to bound the sensible heat flux using their SABER observations.
Response: Thanks for your suggestion. We tested the method from Gardner (2024) and Jandreu

et al. (2026) and found that the GW kinetic energy (K;) depends on the inertial frequency (f) and

the fraction of downward-propagating GWs (@ gown)-
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Near the equator, the inertial frequency approaches to zero. This induces undefined terms such

forq # 2, 3/2

as In(N/f) and results in zero Kz. Consequently, wave-induced diffusion and heat flux also
approaches zero. Additionally, it is difficult to distinguish between upward- and downward-
propagating GWs from SABER observations due to the time-spatial aliasing, even along the satellite
orbit track. For these reasons, we do not employ this method.

Alternatively, following your recommendation and the approach described in Gardner (2024),
we adopt the advection-diffusion for heat transfer within the perturbed thermodynamic equation

proposed by Weinstock (1983). Please refer to our response to Comment #2 for further details.

5. The goal of the author’s research is quite important, but I believe their approach of using the
polarization relations for non-dissipating, fully compressible gravity wave is fatally flawed. I
recommend the paper be returned for major revisions.

Response: Thank you for your valuable feedback and for highlighting the importance of our
research goal. We fully understand and appreciate your concerns regarding the use of polarization
relations for non-dissipating, fully compressible gravity waves. We agree that this approach has
limitations and may not accurately represent real atmospheric conditions, where dissipation and
partial compressibility play significant roles.

To address these concerns, we have made substantial revisions to our methodology,
incorporating the effects of wave dissipation and partial compressibility. Specifically, we have
adopted the approach proposed by Weinstock (1983) to derive the heat flux and heating rates from
the perturbation thermodynamic equation in a dissipative, partially compressible atmosphere. This
approach accounts for the buoyancy force arising from static background compressibility and

includes the effective dissipation rate d,, .,, which parameterizes the net impact of various
dissipative processes.

(1) We have derived the heat flux w’'T’ from the perturbation thermodynamic equation in a
dissipative, partially compressible atmosphere, which includes advection, buoyancy forcing, thermal
diffusivity, and nonlinear damping rates. This approach accounts for the effects of wave dissipation
and partial compressibility.

(2) We have introduced an effective damping rated,, ., based on energy conservation under



steady-state conditions. This rate parameterizes the cumulative damping from molecular thermal and
viscous diffusion, radiative damping, nonlinear wave-wave interactions, and wave saturation due to
instabilities.

(3) We have clarified the justification for applying the polarization relations to wavelets and have
provided a detailed explanation of the wavelet decomposition and reconstruction process, which
allows us to isolate and analyze individual monochromatic components of the signal.

(4) We have compared our results with previous studies that have successfully separated upward-
and downward-propagating GWs and have discussed the limitations of our approach in isolating
vertical direction-specific wave dissipation and heat flux signatures.

These revisions have altered the amplitude of the vertical velocity perturbations, resulting in
larger values for the heat flux and heating rates. These values are consistent with existing observations
and theoretical predictions. Additionally, the spatiotemporal structures of the new results are highly

similar to those of the original, with minimal impact on the overall conclusions.
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Key Points:
® Based on linear gravity wave (GW) theory in a dissipative atmosphere, Glebal-global
GWeravitywave{GW3-induced heat fluxes and heating rates are derived from SABER

temperature profiles-usingtinear GW-theery.

® GW-induced heat fluxes and heating rates correlate with GW amplitudes, producing

downward heat fluxes and cooling background atmosphere.

® Maxima-Peak values of GW-induced heat fluxes and heating rates occur at summer high

latitudes, coinciding with the cold summer mesopause.
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Abstract
Gravity waves (GWs) play an important role in balancing the energy budget of the
mesosphere and lower thermosphere (MLT) by heating/cooling the background atmosphere.

Based on the perturbed thermodynamic equation for a dissipative, partially compressible

atmosphere. Fhe global heat fluxes and heating rates gererated-induced by non-breaking GWs are
derived from SABER observations during 2002—2025. The derived heat fluxes are mainly
downward and cool the background atmosphere, with peaks occurring at 80—100 km. Around 35°N,
the monthly mean heat flux and heating rate are ~—0-73 Kms ' and ~—12-40 Kday !, with standard
deviations of ~3-15 Kms™! and ~20-80 Kday !, respectively. Global GW-induced heat fluxes and
heating rates exhibit stronger annual and weaker semiannual oscillations, with the stronger peak
in the summer hemisphere. Moreover, these quantities show notable interhemispheric and seasonal
asymmetries, with larger summer amplitudes occurring at the northern high latitudes. Such
interhemispheric asymmetry agrees-coincides with the colder summer mesopause at northern high
latitudes. However,—theWhile our retrieved magnitudes of heat fluxes and heating rates-derived
here are—03=0-5-times—the—values comparable to -lidar observations and-are—0-5—times—the
theoretical walaespredictions, several competing bias sources affect the results-and-breakineGWs.

Fhese-underestimations-are-indueced-by-tUheuncertainties of GW horizontal propagation directions,
observational filter, and the limited range of GW wavelengths observable by SABER _tend to

underestimate our retrieved values. Conversely, the unresolved partitioning between upward- and

downward-propagating GWs introduces an overestimation bias.




46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77

1 Introduction

In the mesosphere and lower thermosphere (MLT), the energy budget is governed by multiple
coupled dynamical-chemical processes, such as solar radiative heating, photochemical heating,
radiative cooling, eddy and molecular diffusivity heating, and adiabatic heating/cooling (Holton,
1983; Smith, 2004). Among the multiple processes, adiabatic heating/cooling is several times
larger than other processes (Smith, 2004; Yue and Wang, 2025) and is driven by the residual
meridional circulation, which is caused by breaking gravity waves (GWs) in the MLT (Fritts and
Alexander, 2003; Hines, 1960; Holton, 1983). The momentum and heat dissipated by breaking
GWs have been studied and parameterized in global circulation models and local numerical model
(Fritts, 1984; Lindzen, 1981; Liu et al., 1999; Xue et al., 2012). Another consequence of breaking
GWs is their resulting body force, which generates larger-scale secondary GWs, which propagate
into a wider spatial range as compared to the primary GWs (Li et al., 2022a; Vadas et al., 2003;
Vadas et al., 2018). Relative to breaking GWs, theoretical and recent lidar observations showed
that non-breaking GWs, which have coherent structures, can propagate into a wider spatial range
and influence atmospheric thermal state along their ray path (Chu et al., 2022; Gardner, 2018;
Gardner and Liu, 2007; Liu, 2009; Liu, 2000, 2021; Walterscheid, 1981; Weinstock, 1983; Xu et
al., 2003). This raises the question of how to quantify the net heat induced by non-breaking GWs
and their effects on atmosphere.

The polarization relations for linear GWs in a compressible atmosphere demonstrate that the
phase difference (A¢,, ;) between vertical wind (w") and temperature (T") perturbations deviates

from 90°-and-is—nen-erthegenal. This non-orthogonal phase difference depends on the vertical

wavenumber (m), intrinsic wave frequency (@) of GW, as-wel-as-the-statistic stability, as well as

the diffusivity of the atmosphere (Fritts and Alexander, 2003; Vadas, 2013; Walterscheid, 1981;
Weinstock, 1983). This ren-erthegenal phase differenceyields a non-zero heat flux (w'T"), which
is the average of the product (W'T") over one wave period or wavelength. Then the non-zero heat
flux heats or cools the background atmosphere depending on the vertical propagation direction of

GWs (Chu et al., 2022; Guarino et al., 2024; Jandreau and Chu, 2026; Jandreau et al., 2026). Note

that, the polarization relations for linear GWs under Boussinesq approximation yield A¢,,r = 90°

in_a non-dissipative atmosphere. This orthogonal phase difference yields w'T’ = 0 and zero

heating rate. Previous simulation and lidar observations confirmed that A¢,,r deviates from 90°
by several degrees (Chu et al., 2022; Lu et al., 2017; Xu et al., 2003). In fact, an early study by

Walterscheid (1981) showed that non-breaking GWs_in a dissipative atmosphere produce
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downward heat flux and cool the background atmosphere—within-theirdissipationtayers. Under
typical MLT conditions, non-breaking GW-induced heating rates are of ~8-25 Kday !. Such

magnitudes depend on the static stability and eddy diffusivity. By simulating the nonlinear
propagation of GWs and combining the linear GW saturation theory, Liu (2000) showed that
upward-propagating saturated GWs induce heating rates about —36.4 Kday !. These magnitudes
are comparable with those of adiabatic heating/cooling induced by the residual meridional
circulation in the MLT (Smith, 2004; Yue and Wang, 2025). Thus, the heat fluxes and heating
rates induced by non-breaking GWs have been quantified by ground-based sodium lidar
observations in the MLT over several stations. Unless otherwise specified, we discuss the heat
fluxes and heating rates induced by non-breaking GWs.

Ground-based sodium lidar observations revealed that the GW-induced heat fluxes and
heating rates can be negative or positive depending the upward or downward propagation of GWs.
Their magnitudes varied greatly from case to case. Tao and Gardner (1995) adopted the sodium
lidar at Haleakala (20.8°N, 156.3°W) and revealed upward heat flux below 93 km and downward
heat flux above 93 km. This induces heating rates with a maximum value of ~264 Kday '. Gardner
and Yang (1998) analyzed a total of 65 hours of observations by sodium lidar and showed that the
average heat flux was —2.29+0.43 Kms ™! and the average heating rate was —30.9+5.3 Kday ' in
the MLT. Recently, Guo and Liu (2021) analyzed 400 hours of sodium lidar observations between
2014 and 2017 at the Andes Lidar Observatory (ALO, 30.3°NS, 70.7°W). They revealed
significant annual cycles in heat fluxes, with negative peaks of —2.8 Kms ! occurring in July at
altitudes of 88-94 km. The corresponding heating rates peaked at —30 Kday ' during June—August,
with an annual average of —6.7 Kday '. Li et al. (2022b) analyzed the sodium lidar observation at
the Hefei station from 2012 to 2021. Their results showed that GW-induced heat fluxes exhibited
seasonal fluctuations ranging between —1.2 Kms ' and —2.0 Kms !, yielding an average heating
rate of =35 Kday!. Chu et al. (2022) compared heat fluxes and their corresponding peak altitudes
derived from lidar observations at five stations: SOR (35.0°N), Hefei (32.0°N), Maui (20.7°N),
ALO (30.3°S), and McMurdo (77.8°S). The heat flux at McMurdo reached a peak of =3 Kms ™! at
84 km, while other stations displayed smaller flux peaks located at 88 km or higher. Errors and
spectral range of GWs inhibited in observation are regarded as primary factors responsible for such
discrepancies (Chu et al., 2022; Gardner and Liu, 2007; Guo and Liu, 2021; Su et al., 2008).

Nevertheless, GWs span a broad spatial and temporal spectra and depend on geographic
locations and seasons, making high-resolution simulations computationally challenging (Becker

and Vadas, 2018; Liu et al., 2024; Liu et al., 2014a). Sub-grid breaking GWs are always
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represented via GW parameterization schemes to get reasonable results (Guarino et al., 2024; Liu,
2021; Liu et al., 2018; Yigit and Medvedev, 2009). Theory and ground-based lidar observations
have illustrated the importance of non-breaking GWs and should also be quantified in global view.
Satellite observations provide global coverage but generally lack the capability to directly resolve
vertical wind. To partially resolve the contradiction between the advantage of global coverage and
the lack of vertical-wind measurements from satellite observations, we try to derive the GW-
induced vertical wind, heat flux and heating rate from satellite measured temperature profile and
the theory of linear GWs in a compressible dissipative atmosphere.

The purpose of this work is to derive the global GW-induced heat fluxes and heating rates. A
short description of our flowchart is as follows: (1) We extract GW temperature perturbations from
the temperature profiles measured by the Sounding of the Atmosphere using Broadband Emission
Radiometry (SABER) instrument (Esplin et al., 2023; Russell III et al., 1999). (2) Vertical wind
perturbations are derived based on dispersion—and—pelarization—relations—oftinear—GWthe
perturbated thermodynamic equation in a dissipative, partially compressible atmosphere (Ern et

al., 2004; Fritts and Alexander, 2003; Weinstock, 1983). This idea is slightly different froms our

previous studies, in whichthe GW-induced wind shears were derived from SABER-measured
temperature profiles based-onrusing linear GW theory (Liu et al., 2020). (3) The heat flux and
heating rate are calculated theoretically from the GW temperature and vertical velocity

perturbations by time-averaging over one full wave period.

The remainder of this paper is organized as follows: Section 2 describes the theoretical basis
and the procedure ef-for deriving GW-induced parameters, such as temperature perturbations,

vertical velocity perturbations, heat flux and heating rate. Section 3 analyzes the- GW-indueethese

parameters within a latitude band centeredthe 35°N-latitude-band, along with -and-their associated
uncertainties. Section 4 prevides—presents the global and monthly morphology of the derived

parameters. The discussed in Section 5 covers uncertainties, comparison with lidar observations,

and the influences of heating rate on the thermal structure in the MLT-are-diseussed-in-Seetion-5.

Conclusions are summarized in Section 6.

2 Method of deriving GW-induced heat flux and heating rate

Before introducing our methodology, we provide a brief summary of the key features of the
temperature profiles measured by SABER. The SABER temperature profiles are from 15 km to
110 km altitude and are collected at 83°N-52°S or 52°N-83°S alternatively every about 60 days.

For the Level 2A data, the precision of a single temperature profile increases from ~0.3 K at 15
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km to 15 K at 110 km with a vertical resolution of 2 km (Dawkins et al., 2018; Remsberg et al.,
2008). The SABER temperature is stable after resolving the issue of algorithm instability (Liu et
al., 2026; Mlynczak et al., 2020; Mlynczak et al., 2022; Mlynczak et al., 2023) and is suitable to
for studying the dynamics of the middle and upper atmosphere.

2.1 Theoretical basis of deriving GW-induced vertical velocity perturbations

Atmospheric waves exhibit distinct temporal and spatial scales, which enable —Fhis

charaeteristie—alows—the separation of small-scale temperature perturbations Tyes(z). This is
achieved by subtracting large-scale wave components (e-gsuch as tides and planetary waves) and
background temperatures from raw observational temperature profiles T(z). Then, the GW-
induced temperature perturbations T'(z) can be reconstructed from Te(2) wia-through bandpass
filtering or spectral decomposition within a predefined vertical wavelength range (Alexander et al.,

2008; Liu et al., 2017; Liu et al., 2014b; Wang and Alexander, 2010; Yamashita et al., 2013).
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Figure 1. Procedure of deriving GW-induced parameters on 1 January 2024. (a) GW-induced temperature
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profiles of Ty (black) at 37.7°N, 107.4°E and T; (red) at 40.2°N, 107.4°E. (b) amplitude of Wy, 1, in logl10
scale (the magnitudes increase with the darkness), the arrow directions indicate the angles of A¢
(rightward for 0°, upward for 90°, leftward for 180°). (c—e): GW-induced vertical velocity, heat flux, and

heating rate corresponding to Ty and T, respectively.

Herein, we adopt the method detailed deseribed-in Appendix A of Liu et al. (2017) to extract
T'(z) from T(z). A-briefoverview-is-belowfFor completeness, a brief overview is provided below.

First, daily SABER temperatures at ascending and descending nodes are individually selected
within a 5° latitudinal band. At each node, latitudinal band and altitude, we decompose T'(z) into
the background field T'(z) and harmonic fits Tg(z) for zonal wavenumbers of 1-6. The residual
temperature Tyo5(2) is calculated as T'(z) — T(z) — Tg:(2). Second, T'(z) is reconstructed from
Tres(2) via Morlet wavelet analysis (Torrence and Compo, 1998). In this step, vertical wavelengths
are constrained to 5-30 km. Figure 1(a) shows two adjacent profiles of the derived T'(z) as an

example.

Liu et al. (2020)

retrieved the GW-induced wind shears using linear GW theory in a non-dissipative, compressible

atmosphere. Here, we aim to derived the heat flux and heating rate induced by non-breaking GWs,

therefore dissipation effects associated with GWs must be included. Following the method

proposed by Weinstock (1983). the heat flux w'T"’ is derived from the perturbation thermodynamic

equation in a dissipative, partially compressible atmosphere,

l 2

0 _ N
73 + @ +w) VT = — A w' +oVT' —d,T' (D

Equation (1) includes advection due to background wind u, buoyancy forcing from compressibility

effects, thermal diffusivity o and the nonlinear damping rate d,,. However compressible heating

associated with velocity divergence Vu' is omitted. The buoyancy force raises from only the static

background compressibility. Specifically, it arises from the exponential decay of background

density with altitude according to scale height H = RT /g with R the universal gas constant, g

gravitational acceleration, T the background temperature. H). The squared buoyancy, is given by

N%?=g/T (6’1_"/62 + g/cp) . where ¢, is the specific heat at constant pressure. For a

monochromic GW. its temperature and vertical velocity perturbations are expressed as.-we-detive
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T A iwt—kx—mz—d+) (14)
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Here, i = v—1 denotes the imaginary unit. Ay and 4,, are complex wave amplitudes;-and-¢—and
éy—are—wavephases. The parameters w, k, and m correspond to the ground-based frequency,

horizontal, and vertical wavenumbers, respectively. Substituting Eqg. (2) into Eq. (1) and defining

the intrinsic frequency as @ = w — ku, we have the polarization relation between T’ and w',

2

(io + ok? +d,)Ar = — A A, (3a)
o~ RA7 o~ g Ar
Aw = —(lw+d0+dw)W: —(lw+d6+dw)m? (3b)

The intrinsic frequency @ is calculated through the dispersion relation (Fritts and Alexander, 2003),

_, _K2N? + f2(m? + 1/4H?) @
T TR m2 + 1/4H2

Here, the molecular damping rate d, = ok?_dependents on the total wavenumber k7 = k? + m?,

The nonlinear damping rate can be approximated by d,, = Dy, k? + D,, m?, where Dy, and D,,,

are the eddy diffusivity in the horizontal and vertical directions, respectively.

However, Dy, and D,, cannot be determined directly from existing observations, and they

are_commonly prescribed via parameterization schemes (Weinstock, 1983). To address this

limitation, we propose an effective dissipation rate d, ., = ds + d,,_based on energy

conservation and the altitude dependence of Ar. For a monochromatic GW, its total wave energy

density per unit volume is approximated by E o« A% « e?/HT_Where Hy_denotes the scale height

of Ay, defined via A7 (2) = Ar(z)e?/?HT. Under steady-state condition and energy conservation,

the reduction of vertical wave energy flux Fr with altitude arises from wave energy dissipation.

Using the steady-state vertical energy flux Fr = pcy,E, we obtain the energy balance equation:

dFg

dz

Here, the vertical group velocity ¢, is calculated from Eq. (4),
o mm@ =Y

92 d(k?+m?2 + 1/4H?)?

= _Edw,qu (5)

(6)

For the WKB approximation to hold, the vertical group velocity c¢,, must vary slowly with altitude,
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satisfying |(dcgz / dz) / ng| <« |m|_This condition permits the approximation dc,,/dz ~ 0. The

background mass density p follows the hydrostatic relation dp/dz = — p/H. Substituting these

relations into Eq. (5) vields,

e S S ™
Equating the right-hand sides of Egs. (5) and (7),
_ _E _E
—pdy,eqE = Cgzp T T (8)
Canceling common factors pE _on both sides, we arrive at the effective dissipation rate,
ea = 32 (5~ Hi) )

Here d,, .4 denotes an effective dissipation rate, which parameterizes the net impact of processes

altering wave amplitude growth. It ageregates the cumulative damping originating from molecular

thermal and viscous diffusion, radiative damping in the MLT region, nonlinear wave—wave

interactions, and wave saturation due to instabilities. It additionally absorbs residual contributions

stemming from minor departures from the WKB approximation and background atmospheric

gradients. For SABER observations, the observational filter, which filters out waves with

wavelengths shorter than 300400 km, also partly accounts for the derived effective dissipation

rate. Accordingly, d,, .,_should not be interpreted as a purely molecular or turbulent damping

coefficient.

Notably, the present effective dissipation formulation does not distinguish between upward-

and downward-propagating GWs. This marks an important difference from previous studies

capable of separating GWs by their upward- and downward-propagation directions (Chu et al.,

2022; Gardner, 2024; Guarino et al., 2024; Jandreau and Chu, 2026; Jandreau et al., 2026). The

underlying physical difference arises from their respective inversion strategies: those prior studies

separate wave components according to their vertical energy propagation direction before

computing heat flux and wave dissipation, which permits vertical direction-dependent damping

and polarization relations. In contrast, our approach derives a bulk effective dissipation directly

from the observed vertical variation of multiple monochromatic wave amplitude envelopes

regardless of upward- and downward- propagation directions. This simplification enables direct

diagnosis from single SABER temperature profiles but sacrifices the ability to isolate vertical

direction-specific wave dissipation and heat flux signatures.
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The horizontal wavenumber is calculated from the phase difference A¢ between two adjacent
profiles separated by a horizontal distance of Ax (Alexander et al., 2008; Ern et al., 2004),
k=k,=A4¢/Ax (410)

Note that A¢ will be calculated in the next subsection. the-The horizontal wavenumber k, derived

from Egquatien-Eq. (410) is in the along-track direction. The true horizontal wavenumber k), is

therefore given by k;, = k,/cos a, where « is the angle between the along-track direction and the

GW propagation direction. Such that kj- increase as a increases. Ferinstanee;fa—=60%tg—

~

: 2 APPFo ately—2égs g

} ~The uncertainties of @ induce uncertainties in the retrieval
of w', as well as the resultant heat flux and heating rate. This will be discussed in the next

subsection.

2.2  GW-induced vertical velocity perturbations, heat fluxes, and heating rate

Due to the facts that (1) the polarization relations are strictly derived for pure sinusoidal waves,

and (2) the wavelet transform effectively decomposes a signal into monochromatic components,

each of which can be treated as a pure sinusoidal wave within the wavelet’s support, the wavelet

transform allows us to isolate and analyze individual monochromatic components of the signal,

which can be approximated as sinusoidal over the localized region. Specifically, the wavelet

transform decomposes the total temperature perturbation at each altitude into spectral components

associated with individual monochromatic waves. For each extracted monochromatic component

of the temperature perturbation, we apply the polarization relations to calculate the corresponding

monochromatic vertical velocity perturbation. The full vertical velocity perturbation is then

10
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reconstructed via the inverse wavelet transform. The main errors arising during wavelet-based

decomposition and reconstruction of monochromatic waves originate from the vertical sampling

interval and the adopted vertical wavelength range. For our configuration (0.5 km vertical

sampling over 15-110 km altitude, with retained vertical wavelengths of 5-30 km), the wavelet

transform effectively isolates quasi-monochromatic components, for which the polarization

relations hold locally. The local approximation introduces minor errors because each extracted

wave packet is nearly monochromatic within the wavelet’s support, and these errors are dominated

by the finite vertical sampling and wavelength filtering described above rather than departures

from the sinusoidal assumption. We derive the w'(z) from T'(z) based on the aforementioned

theory and Morlet wavelet analysis (Torrence and Compo, 1998).

The wavelet transform of T’ (z) takes the form:

Wy (a,z) = % f_ TPy (%) dr (5a11a)

with the Morlet mother wavelet of
W(z) = m~V4eikozg=2%/2 (511b)
Here, 1" (2) is the complex conjugate of Y(z), and k is the central wavenumber. The wavelet
scale a relates to the physical wavelength A and the vertical step Az via a = Ak,/2nAz. Using
Eguation-Eq. (511), the wavelet coefficients Wr, (a, z) and Wr, (a, z) are calculated from Ty (z)
and T, (z), respectively. The phase difference A¢(a, z) between Ty (z) and T,(z) is calculated as,
Wr,r,(a,z) = Wr,(a,z) - wr, (a,z) (612a)
A¢(a,z) =+an—targ[Wr,r,(a,2)| (612b)
Figure 21(b) shows the amplitude of Wr,r,(a,z) and the phase difference between T;(z) and
T,(z). The horizontal wavenumber k,, is calculated from A¢(a, z) by Equation-Eq. (410). The
intrinsic frequency @, is calculated by Eq.uation (34). Substituting these parameters into Equation
Eq. (23)_and using the effective dissipation rate d, ., = ds + d,_calculated by Eq. (9), the

wavelet coefficient of w'(z) is written as,

FPoN g ~ WT (a, Z)
W,(a,z)=—(id+d — P{a{a)mla)) ———— 713
w( ) ( w,eq) N2 T(Z) ( )
Finally, w'(2) is reconstructed via the inverse wavelet transform of W, (a, z),
djVvVAz \Jmax  Re|W,,(a;, z
Cs o

J=Jjmin \/a_]

Here, Cs = 0.776 is the reconstruction constant. The summation indices j,i, and j,ax correspond

11
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to the scale bounds a,,;, and a,,,,, which are converted from the wavelength interval [A;, Amax]
with A,,;, = 5 km and 4,,, = 30 km. The vertical velocity perturbation profiles derived from
T{(z) and T, (z) are displayed in Figure 1(c).
The GW-induced heat flux w'T’ is defined as the period-averaged product of w'T’. The real-
valued GW solutions are the real parts of Equation-Eq. (42):
T' = A cos(wt — kx —mz — ¢) (915a)
w' = A, cos(wt — kx —mz — ¢,,) (915b)
Thus, at each spatial location (x, z), the period-averaged heat flux w'T’ can be analytically derived

by integrating the instantaneous covariance w'T’ over one wave period 27/ w,

W 21/ W 1
W) =5 [ T OW©de = 3 AuAr cos@bur) B = by —br (166)
0

The wavelet coefficients of w'(z) and T'(z) are denoted as W, (a, z) and Wy (a, z), respectively.

For monochromatic harmonic waves, the scale-resolved wavelet flux can be written as,
1 1 1
F(a,2) = 5 Re[W,, W71 = 5 Wy || cos(Aur) = 5 AyAr cos(Acbur) (147)

Here, F(a, z) is the period-averaged heat flux contributed by the individual wave component
corresponding to wavelet scale a at altitude z. The equality between the wavelet-derived term and
the analytical flux (the last “=" of Equation-Eq. +117) holds due to the two properties of the Morlet
wavelet transform for harmonic signal. First, the modulus of wavelet coefficients is linearly
proportional to physical wave amplitudes. Second, the retrieved phase difference agrees exactly
with that of the original signal. The proportionality coefficient is fully removed via wavelet
normalization during reconstruction.

To obtain the altitude-dependent total heat flux from multi-scale GW components, we

integrate the scale-resolved flux F(a, z) over all scales. The integration is weighted by Aay;/ a? j

and normalized by Cy:

W@ =y [F<ak,z) - A‘Z’“’] (128)

Cyp L= jmin Ay
The vertical distributions of GW-induced heat flux derived from Tj (z) and T,(z) are shown in
Figure 1(d). The results show that the GW-induced heat flux is predominantly negative with peaks
around 85 km. Fhis-indi i ~The GW-
induced heating rate (HR) is further calculated as (Gardner and Yang, 1998; Weinstock, 1983),
_oT__10GwT)
Jt p 0z

HR (129)
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Here, p is the background density, which is derived in the same manner as the background
temperature T. Figure 1(e) shows the heating rates induced by T; (z) and T, (z), respectively. The
results show that the heating rates are mainly negative with peaks around 90 km. This feature
indicates that GW-induced perturbations effectively cool the background atmosphere in this region

at least in this case.

3  The retrieved parameters and uncertainty analysis

In this section, we first shew-present GW-induced parameters around 35°N with an offset of
+5° for June and December. This latitude band is well-sampled by lidar measurements. These-The
presented parameters include relative temperature perturbation, vertical velocity perturbation, heat

flux and heating rate. ThenNext, we compare these retrieved parameters are-compared-against their

lidar-derived counterparts—F to quantify the discrepancies between our retrievals and lidar results;-.
Finally, we conduct theoretical analysis to assess how the influences-ofangle a influencesaffeets

the uncertainties of the GW-induced parameters.

3.1 Retrieved parameters at 35°N
Figures 2(al-dl) shews—present the amplitudes of the GW-induced relative temperature
(| T'/T|) and vertical velocity (|w’|) perturbations, and the values of w'T’ and £HR at 35°N in

June. The mean values of these GW-induced parameters efin December are also shews-presented
in Figares 2(a2—d2). Since the variation of | T’ /T | serves as the fundamental for deriving the other
parameters, we first conduct a detailed analysis of this variable. Figure 2(al) shows that | T’ /T |
exhibits substantial variability across individual profiles at every altitude. Their magnitudes
increase from below to about 100 km and then decrease above 100 km. Notably, Fthe 501
percentile (P50) magnitudes of | T’ /T | are generally smaller than their arithmetic mean values.
This indicates that the magnitudes of | T' /T | are predominantly distributed at small magnitudes,
while extremely large outliers positively skew the mean above the P50.

In Ggenerally, the mean, P10, P50 and P90 profiles of |T’/T | exhibit similar altitude
variations. This indicates that the vertical variations of | T'/T | are almost homogeneous across
different statistical quantiles, despite the positively skewed distribution of individual profiles. It is

worth noting that percentiles are calculated from absolute values of wave amplitudes, heat flux,

and heating rate to facilitate intercomparison. This vields a unified statistical metric: P90 is adopted

consistently for all variables, eliminating the need to use P10 separately for heat flux and heating

rate, which are predominantly negative.

13
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To quantify the gradient of vertical variations of |T'/T|, we employ an exponential fithe
POQ-of 1T /Tl beafunction efexp(z/2H,) to fit the P90 of |T'/T| by—aat four altitude ranges
(+-6560—70 km, 70-80 km, 80-90 km, and 90—-100 km). Here H, is the corresponding scale height.
A larger value of H, indicates a slower increase of-in the P90 of |[T’/T|. Figure 2(al) shows that
the fitting results (black line) and the magnitudes of H, at the four altitude ranges. Additionally,
Fthe scale heights H-H, which are calculated from averaged background temperature at the four
altitude ranges, are also-labeled by amagenta numbers. We see that the magnitudes of H, are larger
than_those of HH by a factor of 2—12 times. Moreover, the magnitudes of H, are largest at 80-90
km, and are larger at 70-80 km and are smallest at 60—70 km. This indicates that the-GWs
dissipated throughout the-this altitude range. While-tThe strongest dissipation occurs at ~70-90
km, where—which is—just-belewthemesepause—and-coincides with persistent layers of GW
dissipations (Liu et al., 2022).

Above 100 km, the magnitudes of |T’/T| decrease with the-increasing altitude due to several
reasons. Thisis-beeauselirst, molecular viscosity and thermal diffusivity become important factors

inin-_dissipating GWs_at higher altitudes (Liu et al., 2013; Ortland and Alexander, 2006; Vadas

and Fritts, 2005; Xu et al., 2009). Consequently, ©only waves with longer vertical wavelengths
can propagate into a-higher altitudes (Liu et al., 2013; Vadas and Fritts, 2005). Second,Fhis—is

beeause—of wavelet edge effects can introduce artificial features and lead to signal power loss

during GW extraction from SABER temperature measurementsprofiles. To mitigate these issues,
we limit our analysis to altitudes below We—deo—netanalyze GWsextractedfromSABER
temperature-above-100 km and do not consider GWs extracted above this altitude range.
Adthough-While the vertical variations of |w'| in Figure-Fig. 2(b) share some similarities
withexhibit-similarvariationsto those of |T’/T|-generally, theirthere are two main differences
that can be attributed to two distinct factorsaseribed-to: (HFirst, Fthe scale heights of the-P90 of

for |w'| are generally larger than those of |T'/T|. except at 70-80 km. This difference is largely

due to the fact thatAsshewninEquatiens{2yand-(2); |w'| is proportional to the-intrinsic frequency
and effective damping rate (Eq. 3b)-and-thus-the—vertical-wavelength(Chuet-al ;2022 Vadas;
2043). Compared to |T'/T|, |w'| is more sensitive to high-frequency GWs_and damping rate
(Geller and Gong, 2010). FhusAs a result, a—sharper—dissipation—of-|w’| undergoes stronger
dissipation with altitude due to with-altitades-is-eaused-by-the-strongerenhanced dissipation of low-

frequency GWs havinglowerfrequeney-andwith shorter vertical wavelengths (Vadas and Fritts,
2005). 2)Second, Fthe peaks of |w'| are-mainkyoccur around 96 km, which is slightly lower than

14
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the ~100 km peaks ef-observed for |T' /T |;-which-are-around100-km. This difference is-mainly
can be attributable toeaused—by phase difference A¢,; between w’ and T'/T-as—shown—in

Equatien{2), which deviates from 90° by several degrees (Chu et al., 2022; Lu et al., 2017;
Weinstock, 1983; Xu et al., 2003).
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Figure 2. Overlaid profiles of the GW-induced parameters and their statistical quantiles at 35°N in June
and December 2024. (al): Profiles of |T’/T| (grey lines) and their statistics, i.e., 10™ (P10: blue dot), 50
(P50: blue solid), 90" (P90: blue dash-dot) percentiles and the means (red line) and standard deviations
(red error bar). (a2) The means and standard deviations of |T’/T| in June (red) and December (black). (b1—
d1): same caption as (al) but for |w’|, w'T’, and €HR, respectively. (b2—d2): same caption as (a2) but for
[w'], w'T’, and CHR, respectively.

Figures 2(c) and 2(d) shew-thatreal significant variations in the-heat fluxes and heating rates
exhibitlarge—vartabiityfromoneprofileto—anetheracross individual profiles and with altitude.
Notably, Fheirthese magnitudes-values are predominantlymaily negative, whieh-indicatesing that
the-upward-propagatine-GWs induce downward heat fluxes and cool the background atmosphere

within a dissipative, partially compressible atmosphere. The statistical quantiles of heat fluxes and

heating rates decrease with-altitude-sharply with altitude below ~90 km, followed by a gradual

increase above this altitude-and-then—inerease-with-altitudeslowly-above~90-km. These-This
altitude-vertical variations are-differsent from those ef-observed in |T'/T| and |w’| at ~90—100 km,

because the-heat fluxes and heating rates are-related-todepend on both the amplitudes of |T'/T]|
and |w’'| and their phase differences-between|T-/Tlandw’l. The mean values for The-hheat
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fluxes have meanvaluesofare ~—0-73 Kms ™! with standard deviations of ~--+5 Kms ™! at-over 80—
100 km. Similarly, the mean values for Fhe-hheating rates have-mean-valuesofare ~—12Kday40
Kday ™! with standard deviations of ~20-80 Kday!. The magnitudes of the P50 of for heat fluxes

and heating rates are ~0.6 times ef-their respective mean values. While-Whereas, the magnitudes

of-P90 magnitudesef-heatflux—and-heatingrate are ef-roughly 2.5 times ef-larger than their
respective mean values. This indicates that both sample distributions exhibit beth-heatHux—-and
heatingrate-havenegatively skewedskewness-distributions-of-individual-samples. Figures 2(a2—

d2) show that retrieved absolute magnitudesthe-abselute-values-of retrieved parameters are larger
in June than—these—incompared to December above 70 km. This indicates that the seasonal

variations in GW strength drive the corresponding seasonal changes ininduecesimilarvariations-of

heat fluxes and heating rates, highlighting the importance of considering these fluctuations when

modeling atmospheric dynamics.

3.2 Comparison with observations-and-theoretical-analysis

Sodium lidar can measure temperature and three-dimensional winds with high spatial and
temporal resolutions. This enables the retrieval of GW-induced heat flux and heating rate. Based
on 65 hours of sodium lidar observations over seven nights at Starfire Optical Range (SOR; 35°N,
107°W), Gardner and Yang (1998) derived a mean heat flux of —2.3£0.43 Kms ' and a
corresponding heating rate of —30.9 £5.2 Kday '. A further analysis of 370 hours of SOR lidar

observations in 1998-2000 revealed that the monthly mean heat flux exhibits semiannual

1 1

variations with winter peaks of =3 Kms™' and summer peaks of —1.5 Kms " around 88 km.
Meanwhile, the heating rate reaches seasonal maxima of —100 Kday ! in winter and —80 Kday !
in summer around 90 km (Gardner and Liu, 2007). Using temperature and winds observed by a
sodium lidar at Colorado State University (40.6°N, 105°W) on December 3, 2004, Li et al. (2007)
investigated the heating rate associated with GW breaking. Their results indicate that the heating
rate is positive between 94 and 98 km, with a maximum value of 62.4 Kday ! around 96 km. Above
98 km, however, the heating rate turns negative, reaching a minimum peak of —36 Kday ! near
100 km. Using 400 hours of sodium lidar observations in 2014—2017 at Andes Lidar Observatory
(ALO; 30°S, 71°W), Guo and Liu (2021) showed that the heat flux is downward throughout the
year below 95 km and has a peak of =3 Kms™! in July. The corresponding heating rate reaches its
annual peak of —30 Kday ' around July. Using 400 hours of sodium lidar observations in
20122021 at Hefei (32°N, 117°E), Li et al. (2022b) showed that the heat flux varies from —1.2

Kms ! to —2 Kms ! throughout the year below 94 km. The annual heat flux has peak of =2 Kms™!
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at 89 km. In the 87—95 km, the mean heating rate is approximately —35 Kday !, with a peak value
of around —50 Kday ' near 90 km. Furthermore, Chu et al. (2022) compared the heat flux and its
peak altitudes based on lidar observations at five stations, including SOR (35.0°N), Hefei (32.0°N),
Maui (20.7°N), ALO (30.3°S), and McMurdo (77.8°S). Their results showed that the peak heat
flux at McMurdo is the strongest and reaches —3 Km s™ at an altitude of 84 km, whereas the peaks
heat fluxes at the remaining stations were smaller and occurred at altitudes of 88 km or above.

The magnitudes of the abeve-lidar-derived heat flux and heating rate are mainly around their
peak altitude. The heat fluxes are from —1.2 to —3 Kms™! at altitudes ranging from 84 to 90 km.
The corresponding heating rates are from —30 to —100 Kday ' around 90 km. It should be noted
that the magnitudes of heat fluxes and heating rates may be influenced by observation errors and
the spatial and temporal spectral ranges of GWs resolved by observations (Gardner and Liu, 2007,
Guo and Liu, 2021; Su et al., 2008). Using the-a linear dispersion relation for GWs and considering
eddy and molecular diffusion, Weinstock (1983) derived-the relationships between heat flux and

vertical diffusivity D,,. Specifically.;
w'T" = —(H;N?/R)D,, (1420a)

Then the heating rate is expressed as,
HR ~ —(N?/R)D,, (1420b)
1

For the typical values of Hr = 5.5 km, buoyancy frequency N = 0.02 s~
287 Jkg K1 and D,, = 200 m?s~! in the MLT, Equation (204) predicts the heat flux and

, gas constant R =

heating rate are about —1.5 Kms ™' and ~—24 Kday'. Generally, the magnitudes of heat fluxes and
heating rates retrieved from SABER temperature measurements are ~0-3—0-5-timescomparable-of
to those retrieved from lidar observations and and-are—0-5-times-efthe theoretical values.

3.3 Uncertainty analysis

Fhe-One of the main uncertainties ef-in the GW-induced vertical velocity, heat flux, and
heating rate arises from the urdefined-unknown angle a. The true horizontal wavenumber kj, and
the along-track_horizontal wavenumber k, herizental-wavenumbers—are related via—by k; =
ko/cos a. Under the assumptions of k « m, 4mHm « 1, and 9T /0z < g/&c,, the dispersion

relation Equatien-Eq. (34) can be simplified as @, = N|ky|/|m|. Thisindicates-thatTherefore, the

true intrinsic frequency @, relates to_the along-track intrinsic frequency @, wia—by @, =

@,/ cos a. Similarly, the true vertical group velocity c,, j relates to the along-track group velocity

Cgz,abY Cgzn = Cgza/ cOs a. The equivalent dissipation rate d,, .4 depends on the vertical group

velocity, thus the true equivalent dissipation rate d,, 04, relates to the along-track equivalent
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dissipation rate dy eqq by dy eqn = dyeqn/ cosa_. The amplitude of vertical velocity is

propotional to the intrinsic frequency and the effective damping rate. Consequently, the true

vertical velocity amplitude A,, , relates to the along-track vertical velocity amplitude A4, ; by

Ayp = Ay q/cosa.

Based on the above relations, tFhe-medule-ofthe polarizationcoefficientisfurtherstmplified

w'T’, relates to the along-track heat flux w'T’, s#a-by w'T’y, = w'T’,/ cosa. If the angle a

does not change with altitude, the true heating rate HRj, relates to the along-track heating rate HR,,
via HR, = HR,/ cosa. However, if the angle a changes altitude, the term cos a should be
included in the vertical gradient of w'T"’;,. Thus, we have,

1opw'T'y, 10p +6 w'T’, —1W N 1 aW'T’“+W (sina>da(21)
p 0z  poz a9\ cosa )" HY " * T cosa oz Wia dz

w'T’

}6%%_‘1‘6‘{“}%%}_ 1 %éwﬂ"‘—alnlw (si&e&\daﬁ
p oz P 9z e D ke

Equation (1521) indicates that the altitude dependent « raises a term w'T’ ,(sin a/cos? a) da /dz
as compared to the altitude independent . This term complicates the estimation of uncertainties

caused by a.

Generally, the uncertainty associated with the —uneertainties—ofthe—angle a leads to a
systematic underestimation of underestimates-—the-amplitude-ofthe-GW-induced vertical velocity
and heat flux by a factor of 1/ cos a. Hthe-angleWhen the angle « is independent of altitude, the
derived—GW-induced parametersheat fluxes derived from along-track observations are abeut

approximately cos a times eftheir true parametersvalues. Specifically, for « = 20°,40°,60°, 80°,
the values of cos a are about 0.94, 0.77, 0.50, 0.17, respectively. However, Fhe-mmore complex
scenarios eases—are—thatarise when the—angle-a maychange—varies between differentfrom—one
sampling profile-te-anether or svaries with altitude-and-that-the-angle-a-may-change-with-altitude.
Notably, determining the actual horizontal propagation direction of GWs from SABER limb-
viewing observation remains a challenging taskHewever,—the—actual-propagation—direction—is

Another source of uncertainty arises from the proportion (@ ;,,,,) of downward-propagating

GWs within the total GW population. Previous ground-based observational studies have
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demonstrated significant variations in a,4,,,,, across different geographic locations and seasons,

with peak values reaching 50% and or higher (Chu et al., 2022; Gavrilov et al., 1996; Jandreau et

al., 2026; Strelnikova et al., 2020; Vadas et al., 2018). Recently. Guarino et al. (2024) developed

a novel GW parameterization describing vertical mixing by non-breaking GWs and implemented

it into a chemistry climate model. In their scheme, they assume a fixed proportion (@ zoun = 33%)

of downward-propagating GWs. independent of altitude, geographic location, or season. Their

results showed that downward-propagating GWs produce non-negligible wave-induced vertical

mixing and tracer flux in the MLT, which cannot be ignored in global chemistry-climate

simulations. Both eround-based observations and models typically separate the upward- and

downward-propagating GWs prior to heat fluxes and heating rates calculations. In contrast, our

method retrieves global heat fluxes and heating rates from SABER temperature profiles at the cost

of not distinguishing between upward- and downward-propagating GWs. Consequently, both

upward- and downward-propagating GWs contribute to downward heat fluxes and cooling of the

background atmosphere. This leads to an overestimation of absolute magnitudes of heat fluxes and

heating rates.

The statistical correction of climatological heat fluxes and heating rates may rely on prior

assumptions of wave directional distributions based on existing knowledge of wave sources and

their propagation environment. For instance, independent observations by lidar, aireglow imagers

and GW-resolving model simulations can provide supplementary constrains on the directionality

spectral of GWs. These complementary data can be utilized to calibrate the azimuthal weighting

function and thereby reduce bias in climatological means. However, limitations arise due to

inconsistencies in temporal-spatial sampling between different instruments, and discrepancies

between model parameterizations and real atmospheric GW conditions. Future tomographic limb-

imaging concepts observations can retrieve atmospheric parameters across the plane perpendicular
to the line of sight from each limb scan. As a candidate mission of ESA’s Earth Explorer 11, the
CAIRT (Changing-Atmosphere Infra-Red Tomography) is a Fourier transform infrared limb
imager and observes simultaneously from the middle troposphere to the lower thermosphere with
a ~400 km-wide swath. Subsequent limb-images further enable the reconstruction of three-
dimensional spatial distributions of atmospheric parameters. Such capabilities will open new
avenues for investigating the propagation directions and associated impacts of GWs (Errera et al.,

2026; Malavart et al., 2025).

4 Global and seasonal morphology of the derived parameters
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The high spatial and temporal resolutions of lidar measurements provide reliable retrievals of

heat fluxes and heating rates at ~80—100 km, with data collected over multiple-everseveral stations.

While Elidar observations are mainly restricted to clear-sky nighttime conditions, thereby-and
thereforehave lmited-limiting their temporal continuity. Hewever;Although the propagation
directions of GWs cannot be retrieved from SABER observations, its continuous global
observations together with the retrieval method developed in Section 2 provides an opportunity to
investigate the global morphology of heat fluxes and heating rates. In this section, the year-to-year
variations are neglected, all profiles from 2002 to 2025 are composited to form a composite year
dataset. This enhances the statistical confidence of derived quantiles (e.g., the mean and P90),

particularly at high latitudes.

4.1 Variations of GW amplitudes

Figure 3 shows the month-altitude distributions of the mean and P90 values of-for |T’/T| and
|w'| at high (75°N/S), middle (45°N/S), and low (15°N/S) latitudes. Overall, the month-altitude
patterns of the mean and P90 fields ef—for |T’/T| and |w’| are qualitatively analogous. The main
difference is that the P90 magnitudes-ef P90-are about twice as-large-as-theirthe corresponding
mean values. At high latitudes, both statistical quantiles exhibit altitude-dependent seasonal
variations. The |T’/T| field is dominated by annual oscillations, with wintertime maxima in each
hemisphere below ~75 km and transitioningtranslating to summertime maxima above ~85 km. A

weak transition layer existsSeasenal—variations—are—very—weak at ~75-85 km-, with minimal
seasonal variation observedtransition-layer. Above ~85 km, a weak winter peaks emerge at 75°S,

whereas no sweh-comparable feature is evident at 75° N. At middle latitudes, the seasonal
variations are—stmtar—toresemble those at high latitudes. The main difference is that the
hemispheric winter maxima shift downward from ~75 km at high latitudes to ~70 km at middle
latitudes. In addition, the-semiannual oscillations are stronger at ~70—-80 km are-strengerthan-these

compared to seen-theirat high latitude counterpartss. By comparison, the-seasonal oscillations at

low latitudes are far weaker than their mid- and high-latitude counterparts.
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Figure 3. Month-altitude distributions of monthly-mean and monthly-P90 effor |T'/T| (1* and 2nd rows)
and [w'| (3™ and 4™ rows) at high (75°N/S), middle (45°N/S), and low (15°N/S) latitudes. Bottom row
shows the numbers of profiles. Here, the month denotes the composite month derived over 2002—2025.
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The mean and P90 of |w’| exhibit altitude-dependent seasonal oscillations that are analogous
to those observed foref |T'/T|. Two key distinctions exist between these two fields. First, the
annual maxima of |w’| in each hemisphere shift downward relative to |T’/T|. The annual maxima
of |w’| occurs near ~90 km, while the corresponding masximurm-maxima of |T’/T| is-are located
at ~ 95 km. Second, pronounced semiannual oscillations in |w'| occurs at ~60—75 km and across
middle and high latitudes. These semiannual oscillations hawve-reach their maxima in winter and
summer months of each hemisphere. Notably, such summer semiannual maxima below 75 km that
occur in |w’'| are absent in |T'/T|. A plausible physical explanation ef-for the-sumpum-maxima
offw-below—75-tamthis phenomenon is that w' is more sensitive to the-high-frequency GWs

(Equatien-2. 3). In summer, convection is one of the dominant GW sources, emitting abundant
high-frequency GWs with fast horizontal phase speeds. These GW's can propagate upward into the
stratosphere and mesosphere and thus generate the summer maxima. The seasonal variations of
|T’/T| and |w’'| are strongest at high latitudes, moderately stronger at middle latitudes, and weak
at low latitudes. These seasonal variations vary continuously across latitude bands and can be
interpreted as a genuine physical feature, rather than an artifact arising from uneven monthly

sampling profiles at high latitudes.

The latitude-altitude distributions of the means-of |T’/T| show that their maxima are-occur
at high latitudes around summer months above ~85 km (Figure-Fig. 4). Specifically, in January,
February, November, and December, their maxima are-at-latitudes-higherthanoccur poleward of
50°S. In May, June, July, and August, their maxima are-atlatitudeshigherthanoccur poleward of
50°N. Below ~75 km, the means-of |T' /T| reach-theirmaximapeaks around 60°+£20° in the winter

hemisphere and—weakerwith secondary peaks around 20°+10° in the summer hemisphere.

Mereever—theThese patterns suggests that the high-latitude summer maxima-at hich-latitudes
above ~85 km-is originates from low- and mid-latitudes (i.e., 10°-30° of the summer hemisphere)
atnear ~50 km.

The latitude-altitude distributions of the means-of |w’| exhibit a similar pattern as-to those of
|T’/T| in each month. The differences can be attributed to two aspects. First, the heights at which
efhigh-latitude summer maxima occur forathigh-tatitudes-of |w'| are ~5 km lower than those of
for |T'/T| in the same month. For exampleinstance, in January and atlatitudes—higher
thanpoleward of 50°S, the maxima of |w'| and |T'/T| are—occur at ~90 km and ~95 km,

respectively. Second, the means-ef |w'| have peaks at high latitudes of winter hemisphere above
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~85 km, which are weaker and at a lower height-altitudes as—eemparedrelative to their summer
maxiracounterparts.

Figures 3 and 4 reveal that the winter maxima of |w'| above ~85 km over the-southern high
latitudes exceed their northern counterparts-, This-indieatestheindicating pronounced hemispheric
asymmetry in |w’|. The mean values of |T'/T| exhibit similar hemispheric asymmetry, although
with a weaker the-interhemispheric contrast is-less-pronounced-comparedrelative to that of |w'|.
Alse-aAbove ~85 km, the summer maxima of both |T’/T| and |w’| at northern high latitudes are
larger than their southern counterparts. Furthermore, the summer peaks of both |T'/T| and |w’|
are stronger than theirwinter eeunterparts-peaks over high latitudes. Collectively, Fthese features
demonstrate clear interhemispheric and seasonal asymmetries in the-GW amplitudes at high

latitudes. However, such interhemispheric and seasonal asymmetries of the GW amplitudes are

less-distinetmuch weaker at low latitudes.
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Figure 4. Latitude-altitude distributions of monthly-mean of |T'/T| (1*' and 4" rows) and |w’| (2™ and

4%.5™ rows) in each month. The numbers of profiles are shown in the 3™ and 6" rows.

Adtheugh-tThe number of sampled profiles poleward of 55°S is substantially lower in January
and February eempared-withrelative November and December. This uneven sampling distribution

of sampling profiles—at high latitudes is—eaused-byarises from-the SABER’s yaw-maneuver of
SABERobservation mode. HeweverNevertheless, the corresponding latitude-altitude patterns_of

the means |T'/T| and |w’| remain consistent across these four months. A minerdistinetionsubtle
difference is that the latitudinal gradients of the means—of |T’/T| are steeper around 55°S in
January and February than in November and December. Likewise, May and June exhibit latitude—
altitude patterns and simHarlyintensified meridional-latitudinal gradients around 55°S-N as-similar
toebserved—n July and August. These results further confirm that uneven sampling—eounts

poleward of 55° in both hemispheres does not fundamentally influence the physical characteristics
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governing the seasonal and latitudinal variability of |T'/T| and |w'|, yet—theyalthough it
introduces sharper meridional-latitudinal transitions around 55°N/S.

4.2 Variations of heat flux and heating rate
Figure 5 shows the statistical quantiles (mean and P90) of heat flux (w'T") and heating rate

(HR) as a function of month-and--altitude at-across six latitude bands, rangingfremspanning high

to low latitudes efin each hemisphere. Generally, the means and P90 values ef for heat flux exhibit

similar month-altitude patterns. The magnitudes of the P90_for heat flux ef-heatflux—are
approximately twe-timestwice-larger-than those of the corresponding means. The means and P90
of heating rate behave similarly to thoseare-ina-simHarsitaationte_of heat flux. For illustration
purposes only, Fthe P90 of heat flux and heating rate are shown here—is—enly to Hlustrate

highlighting their large-substantial variabilities and negative skewness at each heightaltitude.
Subsequentthe-following analysis focuses on the means-ef values of heat flux and heating rate.
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Figure 5. Month-altitude distributions of monthly-mean and montly-P90 of heat flux (1* and 2™ rows)
and heating rate (3 and 4™ rows) at high (75°N/S), middle (45°N/S), and low (15°N/S) latitudes.

The heat flux shown in Figure 5 exhibits_a clear semiannual oscillation at 75°S with peaks

occurring in winter and summer. Notably, the December peak around is more pronounced than

that a

at75°N—While the peaks-around Decemberisstronger-thanthese-around July. In contrast at 75°N,

the heat flux exhibits an annual oscillation with peak in summer. At middle latitudes ef-in both

hemispheres, the-semiannual oscillations are superimposed by—on semiannual oscillations, with
stronger peaks observed around July. At low latitudes ef-in both hemispheres, the-semiannual

oscillations are-in-the-dominant-pesittondominate and exhibit-with- comparable peak magnitudes
in summer and winter. We note-that-theobserve an increase in peak magnitudes in-summer-of-both

hemispheres—inerease—with-the-asinereasing latitudes_increases during summer months of both
hemispheres. These features-patterns of annual and semiannual oscillations can also be seen in

heating rates.
However, both heat flux and heating rate exhibit interhemispheric and seasonal asymmetries.
These asymmetries can be summarized as follows. First, the summer maxima of heat flux are

~—approximately —+-56 Kms™! at 75°N, which are larger than the corresponding values of~

approximately —+5.0 Kms ™! at 75°S. The winter maxima are approximately ~—0-83 Kms ™' at 75°N,
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75°N_Third, according to the contour lines (—0-52 Kms™! for heat flux and —+2-35 Kday ! for
heating rate), the summer maxima extend over a wider altitude range at 75°N than at 75°S.

FourthThird, the heat flux and heating rate at 75°S has equivalent magnitudes in summer and

winter above 80 km. In contrast, the heat flux and heating rate at 75°N is much larger in summer

than in winter. These features demonstratesheow—the interhemispheric asymmetry in both the

magnitude and vertical structure of the summer maxima ef-for heat flux and heating rate.
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Figure 6. Latitude-altitude distributions of monthly-mean heat flux (1* and 3" rows) and heating rate (2"

and 4" rows).

Figure 6 shows the latitude-altitude distributions of heat flux and heating rate to characterize
their latitudinal variations #—for each month. During November—February, the heat flux and
heating rate reach their peaks at southern high latitudes. In contrast, during May—August, the heat
flux and heating rate exhibit dual peak structures at high latitudes in both hemispheres.
Additionally, the substantially larger magnitudes occur at northern high latitudes. Combined with
the results in Figure-Fig. 5, these patterns demonstrate clear interhemispheric and seasonal
asymmetries. The summer (May—August) high-latitude peaks of heat flux and heating rate in the
Northern Hemisphere feature larger amplitudes—Fhey-also-span and a broader vertical extent. By
comparison, the corresponding high-latitude peaks in the Southern Hemisphere’s summer
(November—February) and winter (May—August) are weaker. During equinoctial months (March,
April, September, and October), weak peaks of heat flux and heating rate emerge around the

equator and 50°N/S.

5 Discussion

Based on the perturbed thermodynamic equation forhnear-GW-dispersion—and-pelarization
relationin a dissipative, partially compressible atmosphere, we derive the-global GW-induced heat

fluxes and heating rates are—derived—from SABER temperature measurements_ without

distinguishing between upward- and downward-propagating GWs. The sain-primary assumption
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is that the-GWs prepagatingpropagate inthe-along the SABER orbit- track-direetionof SABER

orbit. To quantify The-suncertainties, are-gquantified-by-introdueing-an angle a;which-denotes-the
deviation is introduced to represent the departure of the actaal-true GW prepagating-propagation

direction relative-tofrom the along-track direction. In the simple case that-where the angle a does
notechange-withis altitude-independent, we find that the retrieved heat fluxes and heating rates are

systematically underestimated by a factor of cos a. Our results indicate thatOwverall; the monthly

mean heat fluxes and heating rates are ef~approximately —0-73 Kms™! and ~—42-40 Kday !, with
standard deviations of ~--15 Kms ™! and ~20-80 Kday !, respectively. They These values are ~0-3—
0-5—timescomparable to—the lidar-derived—value retrievals and are—0-5—times—ef-theoretical

predictions, suggesting the reliability of the derived heat fluxes and heating rates.

Despite these inherent uncertainties, the GW-induced heat fluxes and heating rates presented
in this study offer distinct advantages, including global spatial coverage and continuous temporal
coverage spanning-from 2002 to 2025. The derived heat fluxes and heating rates derived-here-are
strongly correlated to the GW amplitudes, exhibiting latitudinal dependence in both annual and

semiannual oscillation, as well as interhemispheric and seasonal asymmetries in their peak

magnitudes. The month-altitude patterns of GW amplitudes and the corresponding GW-induced
heat fluxes and heating rates are comparable with-to nighttime lidar observations at SOR (35°N)
reported by Gardner and Liu (2007). Their lidar results showed that the GW temperature variance
(T'?) reaches its maxima in winter and summer at altitudes above 100 km and ~85-95 km, with
winter peaks larger than summer ones. In contrast, vertical wind variance (w'?) is dominated by
annual oscillations and is-maximized in summer. The summer peaks occur near 85 km and 92 km,
which are lower in altitude than the corresponding peaks-ef-temperature variance peaks. These
seasonal and altitudinal features support the results presented in Figure-Fig. 3. The SOR lidar-
derived heat fluxes and heating rates exhibit negative peaks near 90 km in both winter and summer,
with winter peaks being more negative than their summer counterparts. Gardner and Liu (2007)
suggested that variations in heat fluxes and heating rates are closely related to GW

intensttyamplitude. The GW-indueced-heatflux—-and-heatingrateresults derived here support this

conclusion. By integrating the comparisons from Section 3.2 with those discussed here, we

emphasize the consistent agreement between our findings and previous lidar measurements in

terms of both magnitude and spatial-temporal patterns.
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Figure 7. Monthly-mean of background temperature as a function of month and latitude altitude (1% rows)
and as a function of latitude and altitude (2" and 3™ rows). The heating rate is overplotted by contour lines
with interval of 4-15 Kday .
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707 Nevertheless, several discrepancies exist between our results and those obtained from the
708  lidar observationsthe—two—results. First, unlike-the lidar-observations,—there—is—no—the summer
709
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the lidar-observed T'? valley near 95 km observed

by the lidar is absent in our results. This discrepancy can be attributed to oscillations of T'?

osetlates-at twice the wavenumber and its variationvaries with the instantaneous phase of the
perturbation. The amplitude in Eguation-Eq. (42) is-calculated from the Hilbert transform;—whieh
removes the dependence on the instantaneous phase, 72 and-representsing the slowly varying
envelope of the perturbation. FhirdSecond, the month-altitude patterns of lidar-derived heat fluxes
and heating rates are more complex than-these-derived-herecompared to those derived in our study.

FeurthThird, positive values of heat fluxes and heating rates retrieved from lidar observations are
not fully reproduced here. The last two discrepancies are likely attributed to (1)the distinct GW

spectral ranges resolved by lidar and SABER, and (2) unresolved upward- and downward-

propagating GWs from SABER temperature measurements.

Now, we discuss therelations-of global morphology between-of heating rates and background

temperatures, as well as their relationships. Figure 7 shows the distributions of monthly-mean

background temperature as a-functions of month-and--altitude and as-afunetion-oflatitude-and—-

altitude. Comparisons between the-GW-induced heating rates and background temperatures shew

reveal that the cold summer mesopause coincides well with the enhanced absolute magnitudes of

heating rates at mid- and high-latitude. Furthermore, the summer mesopause is colder at 75°N and

45°N than-thatatcompared to 75°S and 45°S, respectively. This feature is consistent with erhaneed

larger absolute magnitudes of summer heating rates over northern mid- and high-latitude relative

to their southern counterparts. At low latitudes, the slightly the-strengerlarger absolute magnitudes

of heating rates in summer is-are consistent with the-a slightly colder mesosphere relative to other
seasons. The relationships among GWs> strength, mesopause height and temperature at high
latitudes have been studied threugh-using global models with different GW-parameterization
schemes and GW-sources_for GWs (Berger and Von Zahn, 1999; Garcia and Solomon, 1985;
Siskind et al., 2003). The summer mesopause structures exhibit large-significant discrepancies
among different-these models. A general conclusion is that adiabatic heating/cooling eaused
induced by the-meridional circulation;whieh is-are highly sensitive to GW forcing. This highlights
the necessitytHustrates—the—tmpertanee of quantifying GW_amplitudesthe-strensthsof-GWs and

their associated heating/cooling rates—, particularly at high latitudes where they play a crucial role

in modulating the mesopause height and temperature.

The energy balance in the MLT is controlled by many dynamical and chemical processes-i#
the MLT. ThesSolar heating and chemical heating contributeare ~10 K/day ' and ~10—15 K/day !,
respectively (Mlynczak and Solomon, 1993; Smith, 2004; Wu et al., 2026; Xu et al., 2007).
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Radiative cooling eaused-bydue to COz is about —15 K/day ! (Mlynczak et al., 2024; Mlynczak et
al., 2018). The adiabatic heating and cooling rates caused by meridional circulation reach peaks
about 15 K/day ! in the winter polar MLT and —15 K/day ' in the summer polar MLT, respectively
(Smith, 2004; Yue and Wang, 2025). In comparison to these processesCompared-to-the-above-

mentioned-heating/coolingrates, the-GW-induced heating rates are ef-on the order of ~16-40
K/day ™!, which-areThis value is-in quantitative-agreement-with-thelarger than adiabatic cooling

rates. This quantitative comparison illustrates the importance role of non-breaking GWs in

heating/cooling the local atmosphere and the energy balance in the ML Te.

We note that the enhanced absolute magnitudes of heating rates extend from about 70 km to

100 km, whereas, the-heights—ef-mesopause heights are mainly at-around ~85-95 km at high

latitudes ef-in the summer hemispheres. This indicates that the enhanced absolute magnitudes of

heating rates above the mesopause are not the-onlyfactor-of determiningsolely responsible for

shaping the thermal structure of the lower thermosphere. In fact, the spatial and temporal variations

of —in_the thermal structures are determined—influenced by many heating/cooling
soureesmechanisms. Specifically, although the diffusive and Oz heating rates are very small, they
increase with altitude and—reachto peaks of ~10—20 K/day ! at ~100—110 km (Smith, 2004).
Moreover, the narrow warm region above the cold summer mesopause has also been revealed by
Yue and Wang (2025). This may be partially explained by the decreasing adiabatic cooling rate

above summer mesopause and auroral heating (Smith, 2004; Yue and Wang, 2025).

6 Conclusions

The importance of heat fluxes and heating rates induced by non-breaking GWs have-has been
quantified by ground-based lidar observations. However, Ftheheir global distributions of these
quantities are—remain unknown yet—TFhis—is—due to the—unavailablelack of vertical wind

measurements. To partially evercome-address this limitation, we derive the GW-induced vertical

wind wia-theusing the perturbation thermodynamic equationlinear-GW-theery in a_dissipative,

partially compressible atmosphere and-fres-the temperature profiles measured by SABER during
2002-2025. Based on these derived vertical winds, Then-we then calculate the global the-GW-

induced heat fluxes and heating rates-are-also-derived. The main conclusions are summarized as
below.

The GW-induced parameters (|T’/T|, |w’|, heat flux, and heating rate) at 35°N are analyzed
and compared with lidar observations. The derived heat fluxes are-sainty downward and cool the

background atmosphere, which-with peak magnitudes occurring around 90 km. At 80—100 km, the
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The-mean values of heat fluxes and heating rates have-mean—values—ofare ~—0-73 Kms ™' and
~—12Kday40 Kday !, respectively. with-Their standard deviations ef~+15 Kms™! and ~20-80

Kday !-at-80-100-km, respectively. The derived heating rates are comparable to those observed

by lidars and almestequivalenttelarger than the adiabatic cooling rates reported beforepreviously.

It is important to note that these parameters are derived from the observed vertical variation of

multiple monochromatic wave amplitude envelopes, regardless of their upward or downward

propagation directions. This unresolved vertical directional ambiguity will overestimate the GW-

induced heat fluxes and heating rates.

The global spatial and temporal distributions of the-GW-induced parameters are studied in a
composite year derived-over 2002-2025. The-aAnnual oscillations are dominant in |T’/T| and
|[w’'| at high latitudes e£ within summer hemispheres—The-annual, with annual maxima ef}7-/T}
and-hware-loeatedoccurring at ~ 95 km and ~90 km, respectively. In contrast, heat fluxes and
heating rates exhibit clear semiannual oscillations, with peaks in both winter and summer
hemispheres. Moreover, GW-induced parameters show notable interhemispheric and seasonal
asymmetries, espeetally—particularly evident at high latitudes. Sueh—These interhemispherie
asymmetryies supports the colder summer mesopause at northern high latitudes as-compared to
that-at-southern high latitudes.

Although our retrieved¥he magnitudes of heat fluxes and heating rates are—0-3—0-5-times
theagree with lidar-derived values and are~0-5-times-ofthe-theoretical valuespredictions, multiple

competing bias sources affect the results. Fhis-diserepaney-is-mainty-attributed-to-uneertaintiesof
wave—propagation—direetion-__Underestimation arises from uncertainties in the horizontal
propagation direction of GWs, which can reduce the retrieved heat fluxes and heating rates by a
factor of cosa_if a_is independent of altitude—TFhe—uneertainty—of-GW—propagation—direction
wirderestimates—heat—thes—and-heatine—ratesbyv—atactor—oleos« . Moreover, SABLIR s the

observational filter and limited detectable wavelength range preferentially capture wavelengths

observable-bySABER arefaver-waves with long horizontal wavelengths—, leading to the
underestimation of Fhus;the-unobserved-waves-with-sshort--wavelength_wavess;—which-ean_that

also contribute to GW heat transportheat—fluxes—and—heating,—are—omitted—and—induce—an

underestimation. Conversely, overestimation arises from the unresolved separation between

upward- and downward-propagating GWs. Future tomographic limb-imaging observations (e.g.,

CAIRT) and high-high-resolution model simulations; can provide three-dimensional atmospheric

parameters and overcome these limitations.
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