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Responses to the comments from Reviewer#2 
The manuscript develops a method for estimating gravity-wave-induced heat fluxes and heating 

rates from SABER temperature observations and examines their global and seasonal distributions 

over 2002–2025. Extending these diagnostics beyond individual lidar sites provides useful 

information on the thermal effects of non-breaking gravity waves in the MLT. 

I find the scientific motivation and overall approach convincing and recommend minor revision. 

The discussion of directional uncertainty is useful and could be extended to consider whether 

statistical correction is feasible; the remaining comments concern equations, figure labels, references 

and language. 

Response: Thank you for your positive feedback and constructive suggestions. The main 

revisions include: (1) a detail discussion on directional uncertainty; (2) clarifying and renumbering 

equations; (3) Increasing the font size of all figures; (4) updating the reference list and corresponding 

citations; (5) a throughout revision of the language. 

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. The directional-bias analysis in Section 3.2 is useful, and a brief discussion of possible correction 

approaches would make it more valuable to other researchers. Could assumptions about wave-

direction distributions, or constraints from complementary observations and models, support a 

statistical correction of the climatological estimates? A fully implemented correction is not 

expected here; outlining possible approaches and their main assumptions and limitations would 

already offer useful guidance for future applications of this method. 

Response: Following your suggestion, we have separated the discussion of propagation direction 

uncertainty into a new subsection, Section 3.3. This subsection provides a detailed discussion of three 

key points: (1) how uncertainty in horizontal propagation direction leads to underestimation of heat 

flux and heating rate; (2) how the new method, despite successfully retrieving global heat fluxes and 

heating rates from SABER observations, overestimates these quantities due to unresolved upward- 

and downward-propagating GWs; and (3) the application of statistical correction for climatological 

heat fluxes and heating rates, including a discussion of potential limitations. The detailed revisions 

are listed below: 

One of the main uncertainties in the GW-induced vertical velocity, heat flux, and heating rate 
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arises from the unknown angle 𝛼𝛼 . The true horizontal wavenumber 𝑘𝑘ℎ  and the along-track 

horizontal wavenumber 𝑘𝑘𝑎𝑎  are related by 𝑘𝑘ℎ =  𝑘𝑘𝑎𝑎 𝑐𝑐𝑐𝑐𝑐𝑐 𝛼𝛼⁄ . Under the assumptions of 𝑘𝑘 ≪ 𝑚𝑚 , 

4𝜋𝜋𝜋𝜋𝜋𝜋 ≪ 1 , and 𝜕𝜕𝑇𝑇� 𝜕𝜕𝜕𝜕⁄ ≪ 𝑔𝑔 𝑐𝑐𝑝𝑝⁄ , the dispersion relation Eq. (4) can be simplified as 𝜔𝜔�ℎ ≈

𝑁𝑁|𝑘𝑘ℎ|/|𝑚𝑚|. Therefore, the true intrinsic frequency 𝜔𝜔�ℎ relates to the along-track intrinsic frequency 

𝜔𝜔�𝑎𝑎 by 𝜔𝜔�ℎ ≈ 𝜔𝜔�𝑎𝑎/ 𝑐𝑐𝑐𝑐𝑐𝑐 𝛼𝛼. Similarly, the true vertical group velocity 𝑐𝑐𝑔𝑔𝑔𝑔,ℎ relates to the along-track 

group velocity 𝑐𝑐𝑔𝑔𝑔𝑔,𝑎𝑎 by  𝑐𝑐𝑔𝑔𝑔𝑔,ℎ = 𝑐𝑐𝑔𝑔𝑔𝑔,𝑎𝑎/ 𝑐𝑐𝑐𝑐𝑐𝑐 𝛼𝛼. The equivalent dissipation rate  𝑑𝑑𝑤𝑤,𝑒𝑒𝑒𝑒 depends on 

the vertical group velocity, thus the true equivalent dissipation rate 𝑑𝑑𝑤𝑤,𝑒𝑒𝑒𝑒,ℎ  relates to the along-

track equivalent dissipation rate 𝑑𝑑𝑤𝑤,𝑒𝑒𝑒𝑒,𝑎𝑎  by 𝑑𝑑𝑤𝑤,𝑒𝑒𝑒𝑒,ℎ ≈ 𝑑𝑑𝑤𝑤,𝑒𝑒𝑒𝑒,ℎ/ 𝑐𝑐𝑐𝑐𝑐𝑐 𝛼𝛼 . The amplitude of vertical 

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

true vertical velocity amplitude 𝐴𝐴𝑤𝑤,ℎ relates to the along-track vertical velocity amplitude 𝐴𝐴𝑤𝑤,𝑎𝑎 by 

𝐴𝐴𝑤𝑤,ℎ ≈ 𝐴𝐴𝑤𝑤,𝑎𝑎/ 𝑐𝑐𝑐𝑐𝑐𝑐 𝛼𝛼.  

Based on the above relations, the true heat flux 𝑤𝑤′𝑇𝑇′������ℎ  relates to the along-track heat flux 

𝑤𝑤′𝑇𝑇′������𝑎𝑎 by 𝑤𝑤′𝑇𝑇′������ℎ ≈ 𝑤𝑤′𝑇𝑇′������𝑎𝑎/ 𝑐𝑐𝑐𝑐𝑐𝑐 𝛼𝛼. If the angle 𝛼𝛼 does not change with altitude, the true heating 

rate 𝐻𝐻𝑅𝑅ℎ  relates to the along-track heating rate 𝐻𝐻𝑅𝑅𝑎𝑎  via 𝐻𝐻𝑅𝑅ℎ ≈ 𝐻𝐻𝑅𝑅𝑎𝑎/ 𝑐𝑐𝑐𝑐𝑐𝑐 𝛼𝛼. However, if the 

angle 𝛼𝛼 changes altitude, the term 𝑐𝑐𝑐𝑐𝑐𝑐 𝛼𝛼 should be included in the vertical gradient of 𝑤𝑤′𝑇𝑇′������ℎ. 

Thus, we have, 
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Equation (21) indicates that the altitude dependent 𝛼𝛼  raises a term 

𝑤𝑤′𝑇𝑇′������𝑎𝑎(𝑠𝑠𝑠𝑠𝑠𝑠 𝛼𝛼 𝑐𝑐𝑐𝑐𝑐𝑐2 𝛼𝛼⁄ )𝑑𝑑𝛼𝛼 𝑑𝑑𝑧𝑧⁄  as compared to the altitude independent 𝛼𝛼. This term complicates the 

estimation of uncertainties caused by 𝛼𝛼. 

Generally, the uncertainty associated with the angle 𝛼𝛼 leads to a systematic underestimation 

of GW-induced vertical velocity and heat flux by a factor of 1/ 𝑐𝑐𝑐𝑐𝑐𝑐 𝛼𝛼 . When the angle 𝛼𝛼  is 

independent of altitude, the GW-induced heat fluxes derived from along-track observations are 

approximately 𝑐𝑐𝑐𝑐𝑐𝑐 𝛼𝛼 times their true values. Specifically, for 𝛼𝛼 = 20°, 40°, 60°, 80°, the values of 

𝑐𝑐𝑐𝑐𝑐𝑐 𝛼𝛼 are about 0.94, 0.77, 0.50, 0.17, respectively. However, more complex scenarios arise when 

𝛼𝛼 varies between different sampling profile or varies with altitude. Notably, determining the actual 

horizontal propagation direction of GWs from SABER limb-viewing observation remains a 

challenging task.  

Another source of uncertainty arises from the proportion (𝛼𝛼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) of downward-propagating 

GWs within the total GW population. Previous ground-based observational studies have 

demonstrated significant variations in 𝛼𝛼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 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 
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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 (𝛼𝛼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 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 

ground-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, airglow 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. 

 

2. Lines 587–588: The simple cos α scaling for heating rate requires α to be independent of altitude, 

as discussed in Section 3.2, but this qualification is missing from the conclusion. 

Response: In the last paragraph of Conclusion, this sentence is revised to: 

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 𝑐𝑐𝑐𝑐𝑐𝑐 𝛼𝛼 if 𝛼𝛼 is independent of 

altitude. 

 

3. Lines 292–293 and 446–451, and Figure 5: The text and caption refer to P90, whereas the color 

bars identify the stronger negative values as P10; please reconcile the labels and clarify whether 

percentiles are calculated from signed values or absolute magnitudes. 

Response: Thanks for your comment. In the previous version, percentiles were are calculated 

from signed values. Amplitudes of relative temperature and vertical velocity perturbations are 

positive, where P90 denotes the 90th percentile of sample values. Heat flux and heating rate are 

predominantly negative. For signed samples sorted in ascending order, P10 is the threshold below 

which 10% of samples have larger absolute magnitudes, leaving 90% of samples with smaller 
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absolute magnitudes. 

In the revised version, percentiles are calculated from absolute values. This unifies our statistical 

metric: P90 is applied consistently to all quantities, and we avoid the separate use of P10 for 

predominantly negative heat flux and heating rate, facilitating inter-comparison among wave 

amplitudes, heat flux and heating rate. 

The following text has been inserted at the end of the first paragraph of Section 3.1: 

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

flux, and heating rate to facilitate intercomparison. This yields 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. 

 

4. Equation 6b does not clearly express the extraction of the phase angle from the complex cross-

wavelet coefficient, and Equation 10 lacks the normalization needed for a period average. Please 

check these expressions against the calculations actually used. 

Response: Thanks for your careful reading. In the new version, Equation 6b is revised to: 

𝛥𝛥𝛥𝛥(𝑎𝑎, 𝑧𝑧) = arg�𝑊𝑊𝑇𝑇1𝑇𝑇2(𝑎𝑎, 𝑧𝑧)� (12𝑏𝑏) 

Equation 10 is revised to: 
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2
𝐴𝐴𝑤𝑤𝐴𝐴𝑇𝑇 cos(𝛥𝛥𝛥𝛥𝑤𝑤𝑤𝑤) ,𝛥𝛥𝛥𝛥𝑤𝑤𝑤𝑤 = 𝜙𝜙𝑤𝑤 − 𝜙𝜙𝑇𝑇 (16) 

Importantly, our calculations were performed using these corrected equations. The original 

expression in the manuscript was a typographical error. 

 

5. Equation 15 has inconsistent density factors in the derivative expansion and does not follow the 

density-weighted flux-divergence form of Equation 13; please check the expression and its 

accompanying explanation.  

Response: Sure, the heat rate should be calculated from density-weighted flux-divergence. In 

the new version, this Equation is revised to: 
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This is also a typographical error. 

 

6. Several cross-references and indices need checking: “Figure 2(b)” in line 193 appears to refer to 

Figure 1(b), “Equation (4)” in line 336 refers to Equations 14a–b, and Equation 12 mixes 

summation indices j and k.  

Response: Thanks for your careful reading. Figure 2(b) is revised to Figure 1(b). In the new 
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version, this sentence is revised to: 

Figure 1(b) shows the amplitude of 𝑊𝑊𝑇𝑇1𝑇𝑇2(𝑎𝑎, 𝑧𝑧) and the phase difference between 𝑇𝑇1′(𝑧𝑧) and 

𝑇𝑇2′(𝑧𝑧). 

 

“Equation (4)” in line 336 refers to Equations 14a–b”: The equation number is revised to (20).  

𝑤𝑤′𝑇𝑇′������ = −(𝐻𝐻𝑇𝑇𝑁𝑁2 𝑅𝑅⁄ )𝐷𝐷𝑧𝑧𝑧𝑧 (20𝑎𝑎) 

𝐻𝐻𝐻𝐻 ≈ −(𝑁𝑁2 𝑅𝑅⁄ )𝐷𝐷𝑧𝑧𝑧𝑧 (20𝑏𝑏) 

This sentence is revised to: 

…Equation (20) predicts the heat flux and heating rate are about −1.5 Kms−1 and ~−24 Kday−1 

 

In the new version, Equation 12 in the previous version is revised to in the new version: 
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𝐶𝐶𝜓𝜓

� �𝐹𝐹(𝑎𝑎𝑘𝑘, 𝑧𝑧) ⋅
𝛥𝛥𝑎𝑎𝑗𝑗
𝑎𝑎𝑗𝑗2

�
𝑗𝑗𝑚𝑚𝑚𝑚𝑚𝑚

𝑗𝑗=𝑗𝑗𝑚𝑚𝑚𝑚𝑚𝑚

(18) 

 

7. Lines 265–269 interpret the amplitude decrease above 100 km physically, whereas lines 520–

521 exclude this region because of wavelet edge effects; please clarify the altitude range used 

for the interpretation.  

Response: This sentence has been moved to the fourth paragraph of Section 3.1 and revised as 

below: 

Above 100 km, the magnitudes of |𝑇𝑇′ 𝑇𝑇�⁄ |  decrease with increasing altitude due to several 

reasons. First, molecular viscosity and thermal diffusivity become important factors in 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 higher 

altitudes (Liu et al., 2013; Vadas and Fritts, 2005). Second, wavelet edge effects can introduce 

artificial features and lead to signal power loss during GW extraction from SABER temperature 

profiles. To mitigate these issues, we limit our analysis to altitudes below 100 km and do not consider 

GWs extracted above this altitude range. 

 

8. The Figure 4 caption misidentifies the rows showing vertical velocity, and the first row of Figure 

7 shows month–altitude rather than month–latitude distributions.  

Response: The Figure 4 caption is revised to: 

Figure 4. Latitude-altitude distributions of monthly-mean of |𝑇𝑇′ 𝑇𝑇�⁄ | (1st and 4th rows) and |𝑤𝑤′| 

(2nd and 5th rows) in each month. The numbers of profiles are shown in the 3rd and 6th rows. 

The Figure 7 caption is revised to: 

Figure 7. Monthly-mean of background temperature as a function of month and altitude (1st row) 
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and as a function of latitude and altitude (2nd and 3rd rows). The heating rate is overplotted by contour 

lines with interval of 15 Kday−1. 

 

9. Please make the terminology for negative heating rates consistent: Figure 2 uses both CR and 

HR, while “enhanced heating rates” in lines 532–536 refers to stronger cooling. 

Response: This point should be clarified. 

We have revised the subtitle of Figure 2(d) as “Jun HR at 35°N”. Also, the “CR” in the caption 

of Figure 2 is replaced by “HR”.  

The “enhanced heating rates” is revised to “enhanced absolute magnitudes of heating rates” or 

“larger absolute magnitudes”. These sentences are revised to: 

Comparisons between GW-induced heating rates and background temperatures 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 compared 

to 75°S and 45°S, respectively. This feature is consistent with larger absolute magnitudes of summer 

heating rates over northern mid- and high-latitude relative to their southern counterparts. At low 

latitudes, the slightly larger absolute magnitudes of heating rates in summer are consistent with a 

slightly colder mesosphere relative to other seasons. 

 

10. Line 88 places ALO at 30.3°N, whereas the later description gives 30.3°S; the hemisphere 

designation at 55°S in line 441 also needs checking against the months and patterns discussed.  

Response: These points should be clarified. 

First, Andes Lidar Observatory (ALO) is at (30.25°S, 70.73°W). We have revised in text: 

Recently, Guo and Liu (2021) analyzed 400 hours of sodium lidar observations between 2014 

and 2017 at the Andes Lidar Observatory (ALO, 30.3°S, 70.7°W). 

Second, the hemisphere designation at 55° is revised as below: 

A subtle difference is that the latitudinal gradients of the mean |𝑇𝑇′ 𝑇𝑇�⁄ | are steeper around 55°S 

in January and February than in November and December. Likewise, May and June exhibit latitude–

altitude patterns and intensified latitudinal gradients around 55°N similar to July and August. These 

results further confirm that uneven sampling poleward of 55° in both hemispheres does not 

fundamentally influence the physical characteristics governing the seasonal and latitudinal 

variability of  |𝑇𝑇′ 𝑇𝑇�⁄ |  and |𝑤𝑤′| , although it introduces sharper latitudinal transitions around 

55°N/S. 

 

11. The contour labels and color-bar text in Figures 3–7 are rather small and would benefit from 

enlargement. 
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Response: Thanks for your careful reading. The contour labels and color-bar text, as well as the 

ticks of All figures in this version are enlarged. Please see the revised manuscript for each figure. 

 

12. Liu et al. (2022), cited in line 265, appears to be missing from the reference list; the Malavart et 

al. (2025) proceedings entry and the author formatting in Russell et al. (1999) also need attention. 

Response: The reference Liu et al. (2022) has been added in the reference list. 

Liu, X., Xu, J., Yue, J., and Kogure, M.: Persistent layers of enhanced gravity wave dissipation in the 

upper mesosphere revealed from SABER observations, Geophysical Research Letters, 49, 

10.1029/2021gl097038, 2022. 

 

The Malavart et al. (2025) proceedings entry is revised to: 

Malavart, A., Hoffmann, A., Bräuer, F., Hofmann, J., Hélière, A., Carnicero Dominguez, B., Friedl-

Vallon, F., Sinnhuber, B.-M., Preusse, P., Walker, K., Riel, S., Keim, C., Schweikle, S., Nikolov, 

S., Belloc, C., St-Amand, C., Loew, H., Krisch, I., Sandri, P., Moser, K., Klimaszewski, M., 

Posselt, W., Giaccari, P., Caullier, F., and Abdon, S.: EE-11 candidate mission CAIRT: an 

overview of the Phase 0 and system studies, Proc. SPIE, 13667, 136990C, 

https://doi.org/10.1117/12.3077175, 2025. 

 

The author formatting in Russell et al. (1999) and related references, which include James M. 

Russell III as a coauthor, has been revised. Specifically, Russell et al. (1999) is now revised to Russell 

III et al. (1999). The corresponding reference in the reference list is revised to: 

Russell III, J. M., Mlynczak, M. G., Gordley, L. L., Tansock, J., J. J., and Esplin, R. W.: Overview of 

the SABER experiment and preliminary calibration results, Proceedings Volume 3756, Optical 

Spectroscopic Techniques and Instrumentation for Atmospheric and Space Research III, 

https://doi.org/10.1117/12.366382, 1999. 

 

 

13. Several phrases or sentences remain incomplete, particularly the comparison in Abstract lines 

36–37, “The mean values of in December” in lines 244–245, and the sentence beginning “A 

general conclusion is that” in lines 540–542. Other examples include “statistic stability,” 

“Theorical,” “summum maxima,” “is originates,” and the repeated unit notation “K/day⁻¹.” 

Response: Thank you very much for these corrections. 

“The mean values of in December” is revised to “The mean values in December”. 

the sentence beginning “A general conclusion is that” is revised to: 

A general conclusion is that adiabatic heating/cooling induced by meridional circulation are 

https://doi.org/10.1117/12.3077175
https://doi.org/10.1117/12.366382
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highly sensitive to GW forcing. This highlights the necessity of quantifying GW amplitudes and their 

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

modulating the mesopause height and temperature. 

“statistic stability” is revised to “static stability”. 

“Theorical” is revised to “Theoretical”. 

“summum maxima” is revised to “summer maxima”. 

“is originates” is revised to “originates”. 

The repeated unit notation “K/day⁻¹” is revised to “Kday⁻¹.” 

Other typographical errors and misspellings have also been corrected in the revised manuscript. 
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Key Points: 16 

 Based on linear gravity wave (GW) theory in a dissipative atmosphere, Global global 17 

GWgravity wave (GW)-induced heat fluxes and heating rates are derived from SABER 18 

temperature profiles using linear GW theory. 19 

 GW-induced heat fluxes and heating rates correlate with GW amplitudes, producing 20 

downward heat fluxes and cooling background atmosphere. 21 

 Maxima Peak values of GW-induced heat fluxes and heating rates occur at summer high 22 

latitudes, coinciding with the cold summer mesopause. 23 

 24 
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Abstract 25 

Gravity waves (GWs) play an important role in balancing the energy budget of the 26 

mesosphere and lower thermosphere (MLT) by heating/cooling the background atmosphere. 27 

Based on the perturbed thermodynamic equation for a dissipative, partially compressible 28 

atmosphere,The global heat fluxes and heating rates generated induced by non-breaking GWs are 29 

derived from SABER observations during 2002−2025. The derived heat fluxes are mainly 30 

downward and cool the background atmosphere, with peaks occurring at 80–100 km. Around 35°N, 31 

the monthly mean heat flux and heating rate are ~−0.73 Kms−1 and ~−12 40 Kday−1, with standard 32 

deviations of ~1.15 Kms−1 and ~20 80 Kday−1, respectively. Global GW-induced heat fluxes and 33 

heating rates exhibit stronger annual and weaker semiannual oscillations, with the stronger peak 34 

in the summer hemisphere. Moreover, these quantities show notable interhemispheric and seasonal 35 

asymmetries, with larger summer amplitudes occurring at the northern high latitudes. Such 36 

interhemispheric asymmetry agrees coincides with the colder summer mesopause at northern high 37 

latitudes. However, theWhile our retrieved magnitudes of heat fluxes and heating rates derived 38 

here are ~0.3−0.5 times the values comparable to  lidar observations and are ~0.5 times the 39 

theoretical valuespredictions, several competing bias sources affect the results and breaking GWs. 40 

These underestimations are induced by tUhe uncertainties of GW horizontal propagation directions, 41 

observational filter, and the limited range of GW wavelengths observable by SABER tend to 42 

underestimate our retrieved values. Conversely, the unresolved partitioning between upward- and 43 

downward-propagating GWs introduces an overestimation bias. 44 

 45 
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1 Introduction 46 

In the mesosphere and lower thermosphere (MLT), the energy budget is governed by multiple 47 

coupled dynamical-chemical processes, such as solar radiative heating, photochemical heating, 48 

radiative cooling, eddy and molecular diffusivity heating, and adiabatic heating/cooling (Holton, 49 

1983; Smith, 2004). Among the multiple processes, adiabatic heating/cooling is several times 50 

larger than other processes (Smith, 2004; Yue and Wang, 2025) and is driven by the residual 51 

meridional circulation, which is caused by breaking gravity waves (GWs) in the MLT (Fritts and 52 

Alexander, 2003; Hines, 1960; Holton, 1983). The momentum and heat dissipated by breaking 53 

GWs have been studied and parameterized in global circulation models and local numerical model 54 

(Fritts, 1984; Lindzen, 1981; Liu et al., 1999; Xue et al., 2012). Another consequence of breaking 55 

GWs is their resulting body force, which generates larger-scale secondary GWs, which propagate 56 

into a wider spatial range as compared to the primary GWs (Li et al., 2022a; Vadas et al., 2003; 57 

Vadas et al., 2018). Relative to breaking GWs, theoretical and recent lidar observations showed 58 

that non-breaking GWs, which have coherent structures, can propagate into a wider spatial range 59 

and influence atmospheric thermal state along their ray path (Chu et al., 2022; Gardner, 2018; 60 

Gardner and Liu, 2007; Liu, 2009; Liu, 2000, 2021; Walterscheid, 1981; Weinstock, 1983; Xu et 61 

al., 2003). This raises the question of how to quantify the net heat induced by non-breaking GWs 62 

and their effects on atmosphere. 63 

The polarization relations for linear GWs in a compressible atmosphere demonstrate that the 64 

phase difference (Δ𝜙௪்) between vertical wind (𝑤ᇱ) and temperature (𝑇′) perturbations deviates 65 

from 90° and is non-orthogonal. This non-orthogonal phase difference depends on the vertical 66 

wavenumber (𝑚), intrinsic wave frequency (𝜔ෝ) of GW, as well as the statistic stability, as well as 67 

the diffusivity of the atmosphere (Fritts and Alexander, 2003; Vadas, 2013; Walterscheid, 1981; 68 

Weinstock, 1983). This non-orthogonal phase difference yields a non-zero heat flux (𝑤ᇱ𝑇ᇱതതതതതത), which 69 

is the average of the product (𝑤ᇱ𝑇ᇱ) over one wave period or wavelength. Then the non-zero heat 70 

flux heats or cools the background atmosphere depending on the vertical propagation direction of 71 

GWs (Chu et al., 2022; Guarino et al., 2024; Jandreau and Chu, 2026; Jandreau et al., 2026). Note 72 

that, the polarization relations for linear GWs under Boussinesq approximation yield Δ𝜙௪் ൌ 90° 73 

in a non-dissipative atmosphere. This orthogonal phase difference yields 𝑤ᇱ𝑇ᇱതതതതതത ൌ 0  and zero 74 

heating rate. Previous simulation and lidar observations confirmed that Δ𝜙௪் deviates from 90° 75 

by several degrees  (Chu et al., 2022; Lu et al., 2017; Xu et al., 2003). In fact, an early study by 76 

Walterscheid (1981) showed that non-breaking GWs in a dissipative atmosphere produce 77 
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downward heat flux and cool the background atmosphere within their dissipation layers. Under 78 

typical MLT conditions, non-breaking GW-induced heating rates are of ~8–25 Kday−1. Such 79 

magnitudes depend on the static stability and eddy diffusivity. By simulating the nonlinear 80 

propagation of GWs and combining the linear GW saturation theory, Liu (2000) showed that 81 

upward-propagating saturated GWs induce heating rates about −36.4 Kday−1. These magnitudes 82 

are comparable with those of adiabatic heating/cooling induced by the residual meridional 83 

circulation in the MLT (Smith, 2004; Yue and Wang, 2025). Thus, the heat fluxes and heating 84 

rates induced by non-breaking GWs have been quantified by ground-based sodium lidar 85 

observations in the MLT over several stations. Unless otherwise specified, we discuss the heat 86 

fluxes and heating rates induced by non-breaking GWs. 87 

Ground-based sodium lidar observations revealed that the GW-induced heat fluxes and 88 

heating rates can be negative or positive depending the upward or downward propagation of GWs. 89 

Their magnitudes varied greatly from case to case. Tao and Gardner (1995) adopted the sodium 90 

lidar at Haleakala (20.8°N, 156.3°W) and revealed upward heat flux below 93 km and downward 91 

heat flux above 93 km. This induces heating rates with a maximum value of ~264 Kday−1. Gardner 92 

and Yang (1998) analyzed a total of 65 hours of observations by sodium lidar and showed that the 93 

average heat flux was −2.29±0.43 Kms−1 and the average heating rate was −30.9±5.3 Kday−1 in 94 

the MLT. Recently, Guo and Liu (2021) analyzed 400 hours of sodium lidar observations between 95 

2014 and 2017 at the Andes Lidar Observatory (ALO, 30.3°NS, 70.7°W). They revealed 96 

significant annual cycles in heat fluxes, with negative peaks of −2.8 Kms−1 occurring in July at 97 

altitudes of 88–94 km. The corresponding heating rates peaked at −30 Kday−1 during June–August, 98 

with an annual average of −6.7 Kday−1. Li et al. (2022b) analyzed the sodium lidar observation at 99 

the Hefei station from 2012 to 2021. Their results showed that GW-induced heat fluxes exhibited 100 

seasonal fluctuations ranging between −1.2 Kms−1 and −2.0 Kms−1, yielding an average heating 101 

rate of −35 Kday−1. Chu et al. (2022) compared heat fluxes and their corresponding peak altitudes 102 

derived from lidar observations at five stations: SOR (35.0°N), Hefei (32.0°N), Maui (20.7°N), 103 

ALO (30.3°S), and McMurdo (77.8°S). The heat flux at McMurdo reached a peak of −3 Kms−1 at 104 

84 km, while other stations displayed smaller flux peaks located at 88 km or higher. Errors and 105 

spectral range of GWs inhibited in observation are regarded as primary factors responsible for such 106 

discrepancies (Chu et al., 2022; Gardner and Liu, 2007; Guo and Liu, 2021; Su et al., 2008). 107 

Nevertheless, GWs span a broad spatial and temporal spectra and depend on geographic 108 

locations and seasons, making high-resolution simulations computationally challenging (Becker 109 

and Vadas, 2018; Liu et al., 2024; Liu et al., 2014a). Sub-grid breaking GWs are always 110 
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represented via GW parameterization schemes to get reasonable results (Guarino et al., 2024; Liu, 111 

2021; Liu et al., 2018; Yiğit and Medvedev, 2009). Theory and ground-based lidar observations 112 

have illustrated the importance of non-breaking GWs and should also be quantified in global view. 113 

Satellite observations provide global coverage but generally lack the capability to directly resolve 114 

vertical wind. To partially resolve the contradiction between the advantage of global coverage and 115 

the lack of vertical-wind measurements from satellite observations, we try to derive the GW-116 

induced vertical wind, heat flux and heating rate from satellite measured temperature profile and 117 

the theory of linear GWs in a compressible dissipative atmosphere. 118 

The purpose of this work is to derive the global GW-induced heat fluxes and heating rates. A 119 

short description of our flowchart is as follows: (1) We extract GW temperature perturbations from 120 

the temperature profiles measured by the Sounding of the Atmosphere using Broadband Emission 121 

Radiometry (SABER) instrument (Esplin et al., 2023; Russell III et al., 1999). (2) Vertical wind 122 

perturbations are derived based on dispersion and polarization relations of linear GWthe 123 

perturbated thermodynamic equation in a dissipative, partially compressible atmosphere (Ern et 124 

al., 2004; Fritts and Alexander, 2003; Weinstock, 1983). This idea is slightly different fromIn our 125 

previous studies, in whichthe GW-induced wind shears were derived from SABER-measured 126 

temperature profiles based onusing linear GW theory (Liu et al., 2020). (3) The heat flux and 127 

heating rate are calculated theoretically from the GW temperature and vertical velocity 128 

perturbations by time-averaging over one full wave period. 129 

The remainder of this paper is organized as follows: Section 2 describes the theoretical basis 130 

and the procedure of for deriving GW-induced parameters, such as temperature perturbations, 131 

vertical velocity perturbations, heat flux and heating rate. Section 3 analyzes the GW-inducethese 132 

parameters within a latitude band centeredthe 35°N latitude band, along with  and their associated 133 

uncertainties. Section 4 provides presents the global and monthly morphology of the derived 134 

parameters. The discussed in Section 5 covers uncertainties, comparison with lidar observations, 135 

and the influences of heating rate on the thermal structure in the MLT are discussed in Section 5. 136 

Conclusions are summarized in Section 6. 137 

2 Method of deriving GW-induced heat flux and heating rate 138 

Before introducing our methodology, we provide a brief summary of the key features of the 139 

temperature profiles measured by SABER. The SABER temperature profiles are from 15 km to 140 

110 km altitude and are collected at 83°N–52°S or 52°N–83°S alternatively every about 60 days. 141 

For the Level 2A data, the precision of a single temperature profile increases from ~0.3 K at 15 142 



6 

km to 15 K at 110 km with a vertical resolution of 2 km (Dawkins et al., 2018; Remsberg et al., 143 

2008). The SABER temperature is stable after resolving the issue of algorithm instability (Liu et 144 

al., 2026; Mlynczak et al., 2020; Mlynczak et al., 2022; Mlynczak et al., 2023) and is suitable to 145 

for studying the dynamics of the middle and upper atmosphere. 146 

2.1 Theoretical basis of deriving GW-induced vertical velocity perturbations 147 

Atmospheric waves exhibit distinct temporal and spatial scales, which enable . This 148 

characteristic allows the separation of small-scale temperature perturbations 𝑇୰ୣୱሺ𝑧ሻ . This is 149 

achieved by subtracting large-scale wave components (e.g.,such as tides and planetary waves) and 150 

background temperatures from raw observational temperature profiles 𝑇ሺ𝑧ሻ . Then, the GW-151 

induced temperature perturbations 𝑇′ሺ𝑧ሻ can be reconstructed from 𝑇୰ୣୱሺ𝑧ሻ via through bandpass 152 

filtering or spectral decomposition within a predefined vertical wavelength range (Alexander et al., 153 

2008; Liu et al., 2017; Liu et al., 2014b; Wang and Alexander, 2010; Yamashita et al., 2013).  154 

 155 

 

Figure 1. Procedure of deriving GW-induced parameters on 1 January 2024. (a) GW-induced temperature 
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profiles of 𝑇ଵ
ᇱ (black) at 37.7°N, 107.4°E and 𝑇ଶ

ᇱ (red) at 40.2°N, 107.4°E. (b) amplitude of 𝑊
భ் మ்

 in log10 

scale (the magnitudes increase with the darkness), the arrow directions indicate the angles of 𝛥𝜙 

(rightward for 0°, upward for 90°, leftward for 180°). (c–e): GW-induced vertical velocity, heat flux, and 

heating rate corresponding to 𝑇ଵ
ᇱ and 𝑇ଶ

ᇱ, respectively. 

 156 

Herein, we adopt the method detailed described in Appendix A of Liu et al. (2017) to extract 157 

𝑇′ሺ𝑧ሻ from 𝑇ሺ𝑧ሻ. A brief overview is below fFor completeness, a brief overview is provided below. 158 

First, daily SABER temperatures at ascending and descending nodes are individually selected 159 

within a 5° latitudinal band. At each node, latitudinal band and altitude, we decompose 𝑇ሺ𝑧ሻ into 160 

the background field 𝑇തሺ𝑧ሻ and harmonic fits 𝑇୤୧୲ሺ𝑧ሻ for zonal wavenumbers of 1–6. The residual 161 

temperature 𝑇୰ୣୱሺ𝑧ሻ is calculated as 𝑇ሺ𝑧ሻ െ 𝑇തሺ𝑧ሻ െ 𝑇୤୧୲ሺ𝑧ሻ. Second, 𝑇′ሺ𝑧ሻ is reconstructed from 162 

𝑇୰ୣୱሺ𝑧ሻ via Morlet wavelet analysis (Torrence and Compo, 1998). In this step, vertical wavelengths 163 

are constrained to 5–30 km. Figure 1(a) shows two adjacent profiles of the derived 𝑇′ሺ𝑧ሻ as an 164 

example.  165 

Following a similar approach used to retrieve GW-induced wind shears Liu et al. (2020) 166 

retrieved the GW-induced wind shears using linear GW theory in a non-dissipative, compressible 167 

atmosphere. Here, we aim to derived the heat flux and heating rate induced by non-breaking GWs, 168 

therefore dissipation effects associated with GWs must be included. Following the method 169 

proposed by Weinstock (1983), the heat flux 𝑤ᇱ𝑇ᇱ is derived from the perturbation thermodynamic 170 

equation in a dissipative, partially compressible atmosphere, 171 

𝜕𝑇′
𝜕𝑡

൅ ሺ𝑢′ ൅ 𝑢ሻ ⋅ ∇𝑇ᇱ ൌ െ
𝐻𝑁ଶ

𝑅
𝑤ᇱ ൅ 𝜎∇ଶ𝑇ᇱ െ 𝑑௪𝑇′ ሺ1ሻ 172 

Equation (1) includes advection due to background wind 𝑢, buoyancy forcing from compressibility 173 

effects, thermal diffusivity 𝜎 and the nonlinear damping rate 𝑑௪. However compressible heating 174 

associated with velocity divergence ∇𝑢ᇱ is omitted. The buoyancy force raises from only the static 175 

background compressibility. Specifically, it arises from the exponential decay of background 176 

density with altitude according to scale height 𝐻 ൌ 𝑅𝑇ത 𝑔⁄  with 𝑅 the universal gas constant, 𝑔 177 

gravitational acceleration, 𝑇ത the background temperature. 𝐻). The squared buoyancy, is given by 178 

𝑁ଶ ൌ 𝑔 𝑇ത⁄ ൫𝜕𝑇ത 𝜕𝑧⁄ ൅ 𝑔 𝑐௣⁄ ൯ , where 𝑐௣  is the specific heat at constant pressure. For a 179 

monochromic GW, its temperature and vertical velocity perturbations are expressed as, we derive 180 

GW-induced vertical velocity perturbations 𝑤ᇱሺ𝑧ሻ from SABER temperature observations using 181 

the dispersion and polarization relations for linear GWs. The GW-induced temperature and vertical 182 

velocity perturbations are expressed as, 183 
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 184 

ሺ𝑇ᇱ,𝑤ᇱሻ ൌ ሺ𝐴் ,𝐴௪ሻ𝑒௜ሺఠ௧ି௞௫ି௠௭ሻ ሺ2ሻ 185 

𝑇ᇱ ൌ 𝐴்𝑒௜ሺఠ௧ି௞௫ି௠௭ିథ೅ሻ ሺ1𝑎ሻ 186 

𝑤ᇱ ൌ 𝐴௪𝑒௜ሺఠ௧ି௞௫ି௠௭ିథೢሻ ሺ1𝑏ሻ 187 

Here, 𝑖 ൌ √െ1 denotes the imaginary unit. 𝐴் and 𝐴௪ are complex wave amplitudes, and 𝜙் and 188 

𝜙௪  are wave phases. The parameters 𝜔, 𝑘 , and 𝑚 correspond to the ground-based frequency, 189 

horizontal, and vertical wavenumbers, respectively. Substituting Eq. (2) into Eq. (1) and defining 190 

the intrinsic frequency as 𝜔ෝ ൌ 𝜔 െ 𝑘𝑢, we have the polarization relation between 𝑇′ and 𝑤ᇱ, 191 

ሺ𝑖𝜔ෝ ൅ 𝜎𝑘௧
ଶ ൅ 𝑑௪ሻ𝐴் ൌ െ

𝐻𝑁ଶ

𝑅
𝐴௪ ሺ3𝑎ሻ 192 

𝐴௪ ൌ െሺ𝑖𝜔ෝ ൅ 𝑑ఙ ൅ 𝑑௪ሻ
𝑅𝐴்
𝐻𝑁ଶ ൌ െሺ𝑖𝜔ෝ ൅ 𝑑ఙ ൅ 𝑑௪ሻ

𝑔
𝑁ଶ

𝐴்
𝑇ത

ሺ3𝑏ሻ 193 

The intrinsic frequency 𝜔ෝ is calculated through the dispersion relation (Fritts and Alexander, 2003),  194 

𝜔ෝଶ ൌ
𝑘ଶ𝑁ଶ ൅ 𝑓ଶሺ𝑚ଶ ൅ 1 4𝐻ଶ⁄ ሻ

𝑘ଶ ൅ 𝑚ଶ ൅ 1 4𝐻ଶ⁄
ሺ4ሻ 195 

Here, the molecular damping rate 𝑑ఙ ൌ 𝜎𝑘௧
ଶ dependents on the total wavenumber 𝑘௧

ଶ ൌ 𝑘ଶ ൅ 𝑚ଶ. 196 

The nonlinear damping rate can be approximated by 𝑑௪ ൌ 𝐷௛௛ 𝑘ଶ ൅ 𝐷௭௭ 𝑚ଶ, where 𝐷௛௛ and 𝐷௭௭ 197 

are the eddy diffusivity in the horizontal and vertical directions, respectively.  198 

However, 𝐷௛௛ and 𝐷௭௭ cannot be determined directly from existing observations, and they 199 

are commonly prescribed via parameterization schemes (Weinstock, 1983). To address this 200 

limitation, we propose an effective dissipation rate 𝑑௪,௘௤ ൌ 𝑑ఙ ൅ 𝑑௪  based on energy 201 

conservation and the altitude dependence of 𝐴். For a monochromatic GW, its total wave energy 202 

density per unit volume is approximated by 𝐸 ∝ 𝐴்
ଶ ∝ 𝑒௭/ு೅. Where 𝐻் denotes the scale height 203 

of 𝐴், defined via 𝐴்ሺ𝑧ሻ ൌ 𝐴்ሺ𝑧଴ሻ𝑒௭/ଶு೅. Under steady-state condition and energy conservation, 204 

the reduction of vertical wave energy flux 𝐹ா  with altitude arises from wave energy dissipation. 205 

Using the steady-state vertical energy flux 𝐹ா ൌ 𝜌𝑐௚௭𝐸, we obtain the energy balance equation: 206 

𝑑𝐹ா
𝑑𝑧

ൌ െ𝜌𝑑௪,௘௤𝐸 ሺ5ሻ 207 

Here, the vertical group velocity 𝑐௚௭ is calculated from Eq. (4), 208 

𝑐௚௭ ൌ
െ𝑚 ሺ𝜔̂ଶ െ 𝑓ଶሻ

𝜔̂ሺ𝑘ଶ ൅ 𝑚ଶ ൅ 1 4𝐻ଶ⁄ ሻଶ
ሺ6ሻ 209 

For the WKB approximation to hold, the vertical group velocity 𝑐௚௭ must vary slowly with altitude, 210 
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satisfying ห൫𝑑𝑐௚௭ 𝑑𝑧⁄ ൯ 𝑐௚௭ൗ ห ≪ |𝑚|. This condition permits the approximation 𝑑𝑐௚௭ 𝑑𝑧⁄ ൎ 0. The 211 

background mass density 𝜌 follows the hydrostatic relation 𝑑𝜌 𝑑𝑧⁄ ൌ െ𝜌 𝐻⁄ . Substituting these 212 

relations into Eq. (5) yields,  213 

𝑑𝐹ா
𝑑𝑧

ൌ
𝑑𝜌𝑐௚௭𝐸
𝑑𝑧

ൌ 𝑐௚௭𝜌
𝑑𝐸
𝑑𝑧

൅ 𝑐௚௭𝐸
𝑑𝜌
𝑑𝑧

ൌ 𝑐௚௭𝜌
𝐸
𝐻்

െ 𝑐௚௭𝜌
𝐸
𝐻

ሺ7ሻ 214 

Equating the right-hand sides of Eqs. (5) and (7),  215 

െ𝜌𝑑௪,௘௤𝐸 ൌ 𝑐௚௭𝜌
𝐸
𝐻்

െ 𝑐௚௭𝜌
𝐸
𝐻

ሺ8ሻ 216 

Canceling common factors 𝜌𝐸 on both sides, we arrive at the effective dissipation rate, 217 

𝑑௪,௘௤ ൌ 𝑐௚௭ ൬
1
𝐻
െ

1
𝐻்
൰ ሺ9ሻ 218 

Here 𝑑௪,௘௤ denotes an effective dissipation rate, which parameterizes the net impact of processes 219 

altering wave amplitude growth. It aggregates the cumulative damping originating from molecular 220 

thermal and viscous diffusion, radiative damping in the MLT region, nonlinear wave–wave 221 

interactions, and wave saturation due to instabilities. It additionally absorbs residual contributions 222 

stemming from minor departures from the WKB approximation and background atmospheric 223 

gradients. For SABER observations, the observational filter, which filters out waves with 224 

wavelengths shorter than 300–400 km, also partly accounts for the derived effective dissipation 225 

rate. Accordingly, 𝑑௪,௘௤  should not be interpreted as a purely molecular or turbulent damping 226 

coefficient. 227 

Notably, the present effective dissipation formulation does not distinguish between upward- 228 

and downward-propagating GWs. This marks an important difference from previous studies 229 

capable of separating GWs by their upward- and downward-propagation directions (Chu et al., 230 

2022; Gardner, 2024; Guarino et al., 2024; Jandreau and Chu, 2026; Jandreau et al., 2026). The 231 

underlying physical difference arises from their respective inversion strategies: those prior studies 232 

separate wave components according to their vertical energy propagation direction before 233 

computing heat flux and wave dissipation, which permits vertical direction-dependent damping 234 

and polarization relations. In contrast, our approach derives a bulk effective dissipation directly 235 

from the observed vertical variation of multiple monochromatic wave amplitude envelopes 236 

regardless of upward- and downward- propagation directions. This simplification enables direct 237 

diagnosis from single SABER temperature profiles but sacrifices the ability to isolate vertical 238 

direction-specific wave dissipation and heat flux signatures. 239 

 240 
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For a compressible, f-plane, and non-dissipative atmosphere, the polarization relation linking 241 

𝑤ᇱ and 𝑇ᇱ is written as (Chu et al., 2022; Vadas, 2013), 242 

𝐴௪ ൌ 𝒫ሺ𝜔ෝ,𝑚ሻ
𝐴்
𝑇ത

ሺ2𝑎ሻ 243 

𝒫ሺ𝜔ෝ,𝑚ሻ ൌ
െ𝑖𝑔𝜔ෝ
𝑁ଶ ൤1 െ

𝑖
𝑚𝐻

൬
1
2
െ

1
𝛾
൰൨ ቈ1 ൅

𝑖
𝑚𝐻

ቆ
1
2
െ
𝛾 െ 1
𝛾

𝜔ෝଶ

𝑁ଶቇ቉൘ ሺ2𝑏ሻ 244 

In this equation, 𝒫ሺ𝜔ෝ,𝑚ሻ is the polarization coefficient. 𝑔 is the gravitational acceleration, 245 

𝑁 the buoyancy frequency, and 𝐻 the atmospheric scale height. The parameter 𝛾 is the specific 246 

heat ratio of dry air. The intrinsic frequency satisfies: 247 

𝜔ෝଶ ൌ
𝑘ଶ𝑁ଶ ൅ 𝑓ଶሺ𝑚ଶ ൅ 1 4𝐻ଶ⁄ ሻ

𝑘ଶ ൅ 𝑚ଶ ൅ 1 4𝐻ଶ⁄
ሺ3ሻ 248 

The horizontal wavenumber is calculated from the phase difference Δ𝜙 between two adjacent 249 

profiles separated by a horizontal distance of Δ𝑥 (Alexander et al., 2008; Ern et al., 2004), 250 

𝑘 ൌ 𝑘௔ ൌ 𝛥𝜙 𝛥𝑥⁄ ሺ410ሻ 251 

Note that 𝛥𝜙 will be calculated in the next subsection. the The horizontal wavenumber 𝑘௔ derived 252 

from Equation Eq. (410) is in the along-track direction. The true horizontal wavenumber 𝑘௛ is 253 

therefore given by 𝑘௛ ൌ  𝑘௔ cos𝛼⁄ , where 𝛼 is the angle between the along-track direction and the 254 

GW propagation direction. Such that 𝑘௛  increase as 𝛼 increases. For instance, if 𝛼 ൌ 60°, 𝑘௛ ൌ255 

2𝑘௔ , the true intrinsic frequency 𝜔ෝ௛  is approximately 2𝜔ෝ௔ , here 𝜔ෝ௔  is the intrinsic frequency 256 

calculated from Equations (3) and (4). The uncertainties of 𝛼 induce uncertainties in the retrieval 257 

of 𝑤ᇱ , as well as the resultant heat flux and heating rate. This will be discussed in the next 258 

subsection.  259 

2.2 GW-induced vertical velocity perturbations, heat fluxes, and heating rate 260 

Due to the facts that (1) the polarization relations are strictly derived for pure sinusoidal waves, 261 

and (2) the wavelet transform effectively decomposes a signal into monochromatic components, 262 

each of which can be treated as a pure sinusoidal wave within the wavelet’s support, the wavelet 263 

transform allows us to isolate and analyze individual monochromatic components of the signal, 264 

which can be approximated as sinusoidal over the localized region. Specifically, the wavelet 265 

transform decomposes the total temperature perturbation at each altitude into spectral components 266 

associated with individual monochromatic waves. For each extracted monochromatic component 267 

of the temperature perturbation, we apply the polarization relations to calculate the corresponding 268 

monochromatic vertical velocity perturbation. The full vertical velocity perturbation is then 269 
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reconstructed via the inverse wavelet transform. The main errors arising during wavelet-based 270 

decomposition and reconstruction of monochromatic waves originate from the vertical sampling 271 

interval and the adopted vertical wavelength range. For our configuration (0.5 km vertical 272 

sampling over 15–110 km altitude, with retained vertical wavelengths of 5–30 km), the wavelet 273 

transform effectively isolates quasi-monochromatic components, for which the polarization 274 

relations hold locally. The local approximation introduces minor errors because each extracted 275 

wave packet is nearly monochromatic within the wavelet’s support, and these errors are dominated 276 

by the finite vertical sampling and wavelength filtering described above rather than departures 277 

from the sinusoidal assumption. We derive the  𝑤ᇱሺ𝑧ሻ from  𝑇ᇱሺ𝑧ሻ based on the aforementioned 278 

theory and Morlet wavelet analysis (Torrence and Compo, 1998).  279 

The wavelet transform of 𝑇ᇱሺ𝑧ሻ takes the form: 280 

𝑊்ሺ𝑎, 𝑧ሻ ൌ
1

√𝑎
න 𝑇ᇱሺ𝜏ሻ 𝜓∗ ቀ

𝜏 െ 𝑧
𝑎

ቁ 𝑑𝜏
ஶ

ିஶ
ሺ5𝑎11𝑎ሻ 281 

with the Morlet mother wavelet of  282 

𝜓ሺ𝑧ሻ ൌ 𝜋ିଵ ସ⁄ 𝑒௜௞బ௭𝑒ି௭
మ ଶ⁄ ሺ511𝑏ሻ 283 

Here, 𝜓∗ሺ𝑧ሻ is the complex conjugate of 𝜓ሺ𝑧ሻ, and 𝑘଴ is the central wavenumber. The wavelet 284 

scale 𝑎 relates to the physical wavelength 𝜆 and the vertical step Δ𝑧 via 𝑎 ൌ 𝜆𝑘଴/2𝜋Δ𝑧. Using 285 

Equation Eq. (511), the wavelet coefficients 𝑊
భ்
ሺ𝑎, 𝑧ሻ and 𝑊

మ்
ሺ𝑎, 𝑧ሻ are calculated from 𝑇ଵ

ᇱሺ𝑧ሻ 286 

and 𝑇ଶ
ᇱሺ𝑧ሻ, respectively. The phase difference Δ𝜙ሺ𝑎, 𝑧ሻ between  𝑇ଵ

ᇱሺ𝑧ሻ and 𝑇ଶ
ᇱሺ𝑧ሻ is calculated as,  287 

𝑊
భ் మ்
ሺ𝑎, 𝑧ሻ ൌ 𝑊

భ்
ሺ𝑎, 𝑧ሻ ⋅ 𝑊

మ்
∗ ሺ𝑎, 𝑧ሻ ሺ612𝑎ሻ 288 

𝛥𝜙ሺ𝑎, 𝑧ሻ ൌ tanିଵargൣ𝑊 భ் మ்
ሺ𝑎, 𝑧ሻ൧ ሺ612𝑏ሻ 289 

Figure 21(b) shows the amplitude of 𝑊
భ் మ்
ሺ𝑎, 𝑧ሻ and the phase difference between 𝑇ଵ

ᇱሺ𝑧ሻ and 290 

𝑇ଶ
ᇱሺ𝑧ሻ. The horizontal wavenumber 𝑘௔  is calculated from Δ𝜙ሺ𝑎, 𝑧ሻ by Equation Eq. (410). The 291 

intrinsic frequency 𝜔ෝ௔ is calculated by Eq.uation (34). Substituting these parameters into Equation 292 

Eq. (23) and using the effective dissipation rate 𝑑௪,௘௤ ൌ 𝑑ఙ ൅ 𝑑௪  calculated by Eq. (9), the 293 

wavelet coefficient of  𝑤ᇱሺ𝑧ሻ is written as, 294 

𝑊௪ሺ𝑎, 𝑧ሻ ൌ െ൫𝑖𝜔ෝ ൅ 𝑑௪,௘௤൯
𝑔
𝑁ଶ 𝒫൫𝜔ෝሺ𝑎ሻ,𝑚ሺ𝑎ሻ൯ ⋅

𝑊்ሺ𝑎, 𝑧ሻ

𝑇ሺ𝑧ሻ
ሺ713ሻ 295 

Finally, 𝑤ᇱሺ𝑧ሻ is reconstructed via the inverse wavelet transform of 𝑊௪ሺ𝑎, 𝑧ሻ,  296 

𝑤ᇱሺ𝑧ሻ ൌ
𝑑𝑗√Δ𝑧
𝐶ఋ 𝜓଴

෍
Reൣ𝑊௪ሺ𝑎௝ , 𝑧ሻ൧

ඥ𝑎௝

௝ౣ౗౮

௝ୀ௝ౣ౟౤

ሺ814ሻ 297 

Here, 𝐶ఋ ൌ 0.776 is the reconstruction constant. The summation indices 𝑗୫୧୬ and 𝑗୫ୟ୶ correspond 298 
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to the scale bounds 𝑎min and 𝑎max, which are converted from the wavelength interval  ሾ𝜆min, 𝜆maxሿ 299 

with 𝜆min ൌ 5 km and 𝜆max ൌ 30 km. The vertical velocity perturbation profiles derived from  300 

𝑇ଵ
ᇱሺ𝑧ሻ and 𝑇ଶ

ᇱሺ𝑧ሻ are displayed in Figure 1(c). 301 

The GW-induced heat flux  𝑤ᇱ𝑇′തതതതതത is defined as the period-averaged product of 𝑤ᇱ𝑇′. The real-302 

valued GW solutions are the real parts of Equation Eq. (12): 303 

𝑇ᇱ ൌ 𝐴் cosሺ𝜔𝑡 െ 𝑘𝑥 െ 𝑚𝑧 െ 𝜙்ሻ ሺ915𝑎ሻ 304 

𝑤ᇱ ൌ 𝐴௪ cosሺ𝜔𝑡 െ 𝑘𝑥 െ 𝑚𝑧 െ 𝜙௪ሻ ሺ915𝑏ሻ 305 

Thus, at each spatial location ሺ𝑥, 𝑧ሻ, the period-averaged heat flux 𝑤ᇱ𝑇′തതതതതത can be analytically derived 306 

by integrating the instantaneous covariance 𝑤ᇱ𝑇′ over one wave period 2𝜋 𝜔⁄ , 307 

𝑤ᇱ𝑇ᇱതതതതതതሺ𝑧ሻ ൌ
𝜔
2𝜋

න 𝑇ᇱሺ𝑡ሻ𝑤ᇱሺ𝑡ሻ𝑑𝑡
ଶగ ఠ⁄

଴
ൌ

1
2
𝐴௪𝐴் cosሺ𝛥𝜙௪்ሻ ,𝛥𝜙௪் ൌ 𝜙௪ െ 𝜙் ሺ106ሻ 308 

The wavelet coefficients of 𝑤ᇱሺ𝑧ሻ and 𝑇ᇱሺ𝑧ሻ are denoted as 𝑊௪ሺ𝑎, 𝑧ሻ and 𝑊்ሺ𝑎, 𝑧ሻ, respectively. 309 

For monochromatic harmonic waves, the scale-resolved wavelet flux can be written as, 310 

𝐹ሺ𝑎, 𝑧ሻ ൌ
1
2

Reሾ𝑊௪𝑊்
∗ሿ ൌ

1
2

|𝑊௪||𝑊்| cosሺ𝛥𝜙௪்ሻ ൌ
1
2
𝐴௪𝐴் cosሺ𝛥𝜙௪்ሻ ሺ117ሻ 311 

Here, 𝐹ሺ𝑎, 𝑧ሻ is the period-averaged heat flux contributed by the individual wave component 312 

corresponding to wavelet scale 𝑎 at altitude 𝑧. The equality between the wavelet-derived term and 313 

the analytical flux (the last “=” of Equation Eq. 1117) holds due to the two properties of the Morlet 314 

wavelet transform for harmonic signal. First, the modulus of wavelet coefficients is linearly 315 

proportional to physical wave amplitudes. Second, the retrieved phase difference agrees exactly 316 

with that of the original signal. The proportionality coefficient is fully removed via wavelet 317 

normalization during reconstruction.  318 

To obtain the altitude-dependent total heat flux from multi-scale GW components, we 319 

integrate the scale-resolved flux 𝐹ሺ𝑎, 𝑧ሻ over all scales. The integration is weighted by  Δ𝑎௞௝ 𝑎௞௝
ଶ⁄  320 

and normalized by 𝐶ట: 321 

𝑤ᇱ𝑇ᇱሺ𝑧ሻ ൌ
1
𝐶ట

෍ ቈ𝐹ሺ𝑎௞ , 𝑧ሻ ⋅
𝛥𝑎௞௝
𝑎௞௝
ଶ ቉

௝ౣ౗౮

௝௝ୀ௝ౣ౟౤

ሺ128ሻ 322 

The vertical distributions of GW-induced heat flux derived from 𝑇ଵ
ᇱሺ𝑧ሻ and 𝑇ଶ

ᇱሺ𝑧ሻ are shown in 323 

Figure 1(d). The results show that the GW-induced heat flux is predominantly negative with peaks 324 

around 85 km. This indicates a downward transport of heat by upward propagating GWs. The GW-325 

induced heating rate (𝐻𝑅) is further calculated as (Gardner and Yang, 1998; Weinstock, 1983), 326 

𝐻𝑅 ൌ
𝜕𝑇
𝜕𝑡

ൌ െ
1
𝜌̅
𝜕ሺ𝜌̅𝑤ᇱ𝑇ᇱതതതതതതሻ

𝜕𝑧
ሺ139ሻ 327 
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Here, 𝜌̅  is the background density, which is derived in the same manner as the background 328 

temperature 𝑇ത. Figure 1(e) shows the heating rates induced by 𝑇ଵ
ᇱሺ𝑧ሻ and 𝑇ଶ

ᇱሺ𝑧ሻ, respectively. The 329 

results show that the heating rates are mainly negative with peaks around 90 km. This feature 330 

indicates that GW-induced perturbations effectively cool the background atmosphere in this region 331 

at least in this case.  332 

3 The retrieved parameters and uncertainty analysis 333 

In this section, we first show present GW-induced parameters around 35°N with an offset of 334 

±5° for June and December. This latitude band is well-sampled by lidar measurements. These The 335 

presented parameters include relative temperature perturbation, vertical velocity perturbation, heat 336 

flux and heating rate. ThenNext, we compare these retrieved parameters are compared against their 337 

lidar-derived counterparts. T to quantify the discrepancies between our retrievals and lidar results, . 338 

Finally, we conduct theoretical analysis to assess how the influences of angle 𝛼 influencesaffects 339 

the uncertainties of the GW-induced parameters. 340 

3.1 Retrieved parameters at 35°N 341 

Figures 2(a1–d1) shows present the amplitudes of the GW-induced relative temperature 342 

(|𝑇ᇱ 𝑇ത⁄ |) and vertical velocity (|𝑤′|) perturbations, and the values of 𝑤ᇱ𝑇ᇱതതതതതത and 𝐶𝐻𝑅 at 35°N in 343 

June. The mean values of these GW-induced parameters of in December are also shown presented 344 

in Figures 2(a2–d2). Since the variation of |𝑇ᇱ 𝑇ത⁄ | serves as the fundamental for deriving the other 345 

parameters, we first conduct a detailed analysis of this variable. Figure 2(a1) shows that |𝑇ᇱ 𝑇ത⁄ | 346 

exhibits substantial variability across individual profiles at every altitude. Their magnitudes 347 

increase from below to about 100 km and then decrease above 100 km. Notably, Tthe 50th 348 

percentile (P50) magnitudes of |𝑇ᇱ 𝑇ത⁄ | are generally smaller than their arithmetic mean values. 349 

This indicates that the magnitudes of |𝑇ᇱ 𝑇ത⁄ | are predominantly distributed at small magnitudes, 350 

while extremely large outliers positively skew the mean above the P50.   351 

In Ggenerally, the mean, P10, P50 and P90 profiles of  |𝑇ᇱ 𝑇ത⁄ |  exhibit similar altitude 352 

variations. This indicates that the vertical variations of |𝑇ᇱ 𝑇ത⁄ | are almost homogeneous across 353 

different statistical quantiles, despite the positively skewed distribution of individual profiles. It is 354 

worth noting that percentiles are calculated from absolute values of wave amplitudes, heat flux, 355 

and heating rate to facilitate intercomparison. This yields a unified statistical metric: P90 is adopted 356 

consistently for all variables, eliminating the need to use P10 separately for heat flux and heating 357 

rate, which are predominantly negative. 358 
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To quantify the gradient of vertical variations of |𝑇ᇱ 𝑇ത⁄ |, we employ an exponential fit the 359 

P90 of |𝑇ᇱ 𝑇ത⁄ | by a function of expሺ𝑧 2𝐻஺⁄ ሻ to fit the P90 of |𝑇ᇱ 𝑇ത⁄ | by aat four altitude ranges 360 

(i.e., 60–70 km, 70–80 km, 80–90 km, and 90–100 km). Here 𝐻஺ is the corresponding scale height. 361 

A larger value of 𝐻஺ indicates a slower increase of in the P90 of |𝑇ᇱ 𝑇ത⁄ |. Figure 2(a1) shows that 362 

the fitting results (black line) and the magnitudes of 𝐻஺ at the four altitude ranges. Additionally, 363 

Tthe scale heights 𝐻்𝐻, which are calculated from averaged background temperature at the four 364 

altitude ranges, are also labeled by a magenta numbers. We see that the magnitudes of 𝐻஺ are larger 365 

than those of 𝐻்𝐻 by a factor of 2–12 times. Moreover, the magnitudes of 𝐻஺ are largest at 80–90 366 

km, and are larger at 70–80 km and are smallest at 60–70 km. This indicates that the GWs 367 

dissipated throughout the this altitude range. While tThe strongest dissipation occurs at ~70–90 368 

km, where which is just below the mesopause and coincides with persistent layers of GW 369 

dissipations (Liu et al., 2022).  370 

Above 100 km, the magnitudes of |𝑇ᇱ 𝑇ത⁄ | decrease with the increasing altitude due to several 371 

reasons. This is becauseFirst, molecular viscosity and thermal diffusivity become important factors 372 

inin  dissipating GWs at higher altitudes (Liu et al., 2013; Ortland and Alexander, 2006; Vadas 373 

and Fritts, 2005; Xu et al., 2009). Consequently, Oonly waves with longer vertical wavelengths 374 

can propagate into a higher altitudes (Liu et al., 2013; Vadas and Fritts, 2005). Second,This is 375 

because of wavelet edge effects can introduce artificial features and lead to signal power loss 376 

during GW extraction from SABER temperature measurementsprofiles. To mitigate these issues, 377 

we limit our analysis to altitudes below We do not analyze GWs extracted from SABER 378 

temperature above 100 km and do not consider GWs extracted above this altitude range. 379 

Although While the vertical variations of |𝑤ᇱ| in Figure Fig. 2(b) share some similarities 380 

withexhibit similar variations to those of |𝑇ᇱ 𝑇ത⁄ | generally, their there are two main differences 381 

that can be attributed to two distinct factorsascribed to: (1)First, Tthe scale heights of the P90 of 382 

for |𝑤ᇱ| are generally larger than those of |𝑇ᇱ 𝑇ത⁄ |, except at 70–80 km. This difference is largely 383 

due to the fact thatAs shown in Equations (2) and (3), |𝑤ᇱ| is proportional to the intrinsic frequency 384 

and effective damping rate (Eq. 3b) and thus the vertical wavelength (Chu et al., 2022; Vadas, 385 

2013). Compared to |𝑇ᇱ 𝑇ത⁄ |, |𝑤ᇱ| is more sensitive to high-frequency GWs and damping rate 386 

(Geller and Gong, 2010). ThusAs a result, a sharper dissipation of |𝑤ᇱ|  undergoes stronger 387 

dissipation with altitude due to with altitudes is caused by the strongerenhanced dissipation of low-388 

frequency GWs having lower frequency andwith shorter vertical wavelengths (Vadas and Fritts, 389 

2005). (2)Second, Tthe peaks of |𝑤ᇱ| are mainlyoccur around 96 km, which is slightly lower than 390 
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the ~100 km peaks of observed for |𝑇ᇱ 𝑇ത⁄ |, which are around 100 km. This difference is mainly 391 

can be attributable tocaused by phase difference 𝛥𝜙௪்  between 𝑤ᇱ  and 𝑇ᇱ 𝑇ത⁄  as shown in 392 

Equation (2), which deviates from 90° by several degrees (Chu et al., 2022; Lu et al., 2017; 393 

Weinstock, 1983; Xu et al., 2003).  394 

 395 
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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. (a1): Profiles of |𝑇ᇱ 𝑇ത⁄ | (grey lines) and their statistics, i.e., 10th (P10: blue dot), 50th 

(P50: blue solid), 90th (P90: blue dash-dot) percentiles and the means (red line) and standard deviations 

(red error bar). (a2) The means and standard deviations of |𝑇ᇱ 𝑇ത⁄ | in June (red) and December (black). (b1–

d1): same caption as (a1) but for |𝑤ᇱ|, 𝑤ᇱ𝑇ᇱതതതതതത, and 𝐶𝐻𝑅, respectively. (b2–d2): same caption as (a2) but for 

|𝑤ᇱ|, 𝑤ᇱ𝑇ᇱതതതതതത, and 𝐶𝐻𝑅, respectively. 

 396 

Figures 2(c) and 2(d) show thatreal significant variations in the heat fluxes and heating rates 397 

exhibit large variability from one profile to anotheracross individual profiles and with altitude. 398 

Notably, Theirthese magnitudes values are predominantlymainly negative, which indicatesing that 399 

the upward propagating GWs induce downward heat fluxes and cool the background atmosphere 400 

within a dissipative, partially compressible atmosphere. The statistical quantiles of heat fluxes and 401 

heating rates decrease with altitude sharply with altitude below ~90 km, followed by a gradual 402 

increase above this altitude and then increase with altitude slowly above ~90 km. These This 403 

altitude vertical variations are differsent from those of observed in |𝑇ᇱ 𝑇ത⁄ | and |𝑤ᇱ| at ~90–100 km, 404 

because the heat fluxes and heating rates are related todepend on both the amplitudes of |𝑇ᇱ 𝑇ത⁄ | 405 

and |𝑤ᇱ| and their phase differences between |𝑇ᇱ 𝑇ത⁄ | and |𝑤ᇱ|. The mean values for The hheat 406 
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fluxes have mean values ofare ~−0.73 Kms−1 with standard deviations of ~1.15 Kms−1 at over 80–407 

100 km. Similarly, the mean values for The hheating rates have mean values ofare ~−12Kday40 408 

Kday−1 with standard deviations of ~20 80 Kday−1. The magnitudes of the P50 of for heat fluxes 409 

and heating rates are ~0.6 times of their respective mean values. While Whereas, the magnitudes 410 

of P90 magnitudesof heat flux and heating rate are of roughly 2.5 times of larger than their 411 

respective mean values. This indicates that both sample distributions exhibit both heat flux and 412 

heating rate have negatively skewedskewness distributions of individual samples. Figures 2(a2–413 

d2) show that retrieved absolute magnitudesthe absolute values of retrieved parameters are larger 414 

in June than those incompared to December above 70 km. This indicates that the seasonal 415 

variations in GW strength drive the corresponding seasonal changes ininduce similar variations of 416 

heat fluxes and heating rates, highlighting the importance of considering these fluctuations when 417 

modeling atmospheric dynamics. 418 

3.2 Comparison with observations and theoretical analysis 419 

Sodium lidar can measure temperature and three-dimensional winds with high spatial and 420 

temporal resolutions. This enables the retrieval of GW-induced heat flux and heating rate. Based 421 

on 65 hours of sodium lidar observations over seven nights at Starfire Optical Range (SOR; 35°N, 422 

107°W), Gardner and Yang (1998) derived a mean heat flux of −2.3±0.43 Kms−1 and a 423 

corresponding heating rate of −30.9 ±5.2 Kday−1. A further analysis of 370 hours of SOR lidar 424 

observations in 1998−2000 revealed that the monthly mean heat flux exhibits semiannual 425 

variations with winter peaks of −3 Kms−1 and summer peaks of −1.5 Kms−1 around 88 km. 426 

Meanwhile, the heating rate reaches seasonal maxima of −100 Kday−1 in winter and −80 Kday−1 427 

in summer around 90 km (Gardner and Liu, 2007). Using temperature and winds observed by a 428 

sodium lidar at Colorado State University (40.6°N, 105°W) on December 3, 2004, Li et al. (2007)  429 

investigated the heating rate associated with GW breaking. Their results indicate that the heating 430 

rate is positive between 94 and 98 km, with a maximum value of 62.4 Kday−1 around 96 km. Above 431 

98 km, however, the heating rate turns negative, reaching a minimum peak of −36 Kday−1 near 432 

100 km. Using 400 hours of sodium lidar observations in 2014−2017 at Andes Lidar Observatory 433 

(ALO; 30°S, 71°W), Guo and Liu (2021) showed that the heat flux is downward throughout the 434 

year below 95 km and has a peak of −3 Kms−1 in July. The corresponding heating rate reaches its 435 

annual peak of −30 Kday−1 around July. Using 400 hours of sodium lidar observations in 436 

2012−2021 at Hefei (32°N, 117°E), Li et al. (2022b) showed that the heat flux varies from −1.2 437 

Kms−1 to −2 Kms−1 throughout the year below 94 km. The annual heat flux has peak of −2 Kms−1 438 
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at 89 km. In the 87−95 km, the mean heating rate is approximately −35 Kday−1, with a peak value 439 

of around −50 Kday−1 near 90 km. Furthermore, Chu et al. (2022) compared the heat flux and its 440 

peak altitudes based on lidar observations at five stations, including SOR (35.0°N), Hefei (32.0°N), 441 

Maui (20.7°N), ALO (30.3°S), and McMurdo (77.8°S). Their results showed that the peak heat 442 

flux at McMurdo is the strongest and reaches −3 Km s⁻¹ at an altitude of 84 km, whereas the peaks 443 

heat fluxes at the remaining stations were smaller and occurred at altitudes of 88 km or above.  444 

The magnitudes of the above lidar-derived heat flux and heating rate are mainly around their 445 

peak altitude. The heat fluxes are from −1.2 to −3 Kms−1 at altitudes ranging from 84 to 90 km. 446 

The corresponding heating rates are from −30 to −100 Kday−1 around 90 km. It should be noted 447 

that the magnitudes of heat fluxes and heating rates may be influenced by observation errors and 448 

the spatial and temporal spectral ranges of GWs resolved by observations (Gardner and Liu, 2007; 449 

Guo and Liu, 2021; Su et al., 2008). Using the a linear dispersion relation for GWs and considering 450 

eddy and molecular diffusion, Weinstock (1983) derived the relationships between heat flux and 451 

vertical diffusivity 𝐷௭௭. Specifically,, 452 

𝑤ᇱ𝑇ᇱതതതതതത ൌ െሺ𝐻்𝑁ଶ 𝑅⁄ ሻ𝐷௭௭ ሺ1420𝑎ሻ 453 

Then the heating rate is expressed as, 454 

𝐻𝑅 ൎ െሺ𝑁ଶ 𝑅⁄ ሻ𝐷௭௭ ሺ1420𝑏ሻ 455 

For the typical values of 𝐻் ൌ 5.5 km, buoyancy frequency 𝑁 ൌ 0.02 sିଵ , gas constant 𝑅 ൌ456 

287 JkgିଵKିଵ  and 𝐷௭௭ ൌ 200 mଶsିଵ  in the MLT, Equation (204) predicts the heat flux and 457 

heating rate are about −1.5 Kms−1 and ~−24 Kday−1. Generally, the magnitudes of heat fluxes and 458 

heating rates retrieved from SABER temperature measurements are ~0.3−0.5 timescomparable of 459 

to those retrieved from lidar observations and and are ~0.5 times of the theoretical values.  460 

3.3 Uncertainty analysis 461 

The One of the main uncertainties of in the GW-induced vertical velocity, heat flux, and 462 

heating rate arises from the undefined unknown angle 𝛼. The true horizontal wavenumber 𝑘௛ and 463 

the along-track horizontal wavenumber 𝑘௔  horizontal wavenumbers are related via by 𝑘௛ ൌ464 

 𝑘௔ cos𝛼⁄ . Under the assumptions of 𝑘 ≪ 𝑚, 4𝜋𝐻𝑚 ≪ 1, and 𝜕𝑇ത 𝜕𝑧⁄ ≪ 𝑔 𝐶𝑐௣⁄ , the dispersion 465 

relation Equation Eq. (34) can be simplified as 𝜔ෝ௛ ൎ 𝑁|𝑘௛|/|𝑚|. This indicates thatTherefore, the 466 

true intrinsic frequency 𝜔ෝ௛  relates to the along-track intrinsic frequency 𝜔ෝ௔  via by 𝜔ෝ௛ ൎ467 

𝜔ෝ௔/ cos𝛼. Similarly, the true vertical group velocity 𝑐௚௭,௛ relates to the along-track group velocity 468 

𝑐௚௭,௔ by  𝑐௚௭,௛ ൌ 𝑐௚௭,௔/ cos𝛼. The equivalent dissipation rate  𝑑௪,௘௤ depends on the vertical group 469 

velocity, thus the true equivalent dissipation rate 𝑑௪,௘௤,௛  relates to the along-track equivalent 470 
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dissipation rate 𝑑௪,௘௤,௔  by 𝑑௪,௘௤,௛ ൎ 𝑑௪,௘௤,௛/ cos𝛼 . The amplitude of vertical velocity is 471 

propotional to the intrinsic frequency and the effective damping rate. Consequently, the true 472 

vertical velocity amplitude 𝐴௪,௛  relates to the along-track vertical velocity amplitude 𝐴௪,௔  by 473 

𝐴௪,௛ ൎ 𝐴௪,௔/ cos𝛼.  474 

Based on the above relations, tThe module of the polarization coefficient is further simplified 475 

as |𝒫ሺ𝜔ෝ௛,𝑚ሻ| ൌ 𝑔𝜔ෝ௛ 𝑁ଶ⁄  (Chu et al., 2022). This indicates that the true amplitudes 𝐴௪௛  relates to 476 

the along-track amplitudes 𝐴௪௔  via 𝐴௪௛ ൎ 𝐴௪௔ / cos𝛼. Based on Equation (10), the true heat flux 477 

𝑤ᇱ𝑇ᇱതതതതതത௛  relates to the along-track heat flux 𝑤ᇱ𝑇ᇱതതതതതത௔  via by 𝑤ᇱ𝑇ᇱതതതതതത௛ ൎ 𝑤ᇱ𝑇ᇱതതതതതത௔/ cos𝛼. If the angle 𝛼 478 

does not change with altitude, the true heating rate 𝐻𝑅௛ relates to the along-track heating rate 𝐻𝑅௔ 479 

via 𝐻𝑅௛ ൎ 𝐻𝑅௔/ cos𝛼 . However, if the angle 𝛼  changes altitude, the term cos𝛼  should be 480 

included in the vertical gradient of 𝑤ᇱ𝑇ᇱതതതതതത௛. Thus, we have, 481 
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Equation (1521) indicates that the altitude dependent 𝛼 raises a term 𝑤ᇱ𝑇ᇱതതതതതത௔ሺsin𝛼 cosଶ 𝛼⁄ ሻ 𝑑𝛼 𝑑𝑧⁄  485 

as compared to the altitude independent 𝛼. This term complicates the estimation of uncertainties 486 

caused by 𝛼. 487 

Generally, the uncertainty associated with the  uncertainties of the angle 𝛼  leads to a 488 

systematic underestimation of underestimates the amplitude of the GW-induced vertical velocity 489 

and heat flux by a factor of 1/ cos𝛼. If the angleWhen the angle 𝛼 is independent of altitude, the 490 

derived GW-induced parametersheat fluxes derived from along-track observations are about 491 

approximately cos𝛼 times of their true parametersvalues. Specifically, for 𝛼 ൌ 20°, 40°, 60°, 80°, 492 

the values of cos𝛼 are about 0.94, 0.77, 0.50, 0.17, respectively. However, The mmore complex 493 

scenarios cases are thatarise when the angle 𝛼  may change varies between differentfrom one 494 

sampling profile to another or ,varies with altitude and that the angle 𝛼 may change with altitude. 495 

Notably, determining the actual horizontal propagation direction of GWs from SABER limb-496 

viewing observation remains a challenging taskHowever, the actual propagation direction is 497 

difficult to determine by SABER limb sampling.  498 

Another source of uncertainty arises from the proportion (𝛼ௗ௢௪௡) of downward-propagating 499 

GWs within the total GW population. Previous ground-based observational studies have 500 
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demonstrated significant variations in 𝛼ௗ௢௪௡ across different geographic locations and seasons, 501 

with peak values reaching 50% and or higher (Chu et al., 2022; Gavrilov et al., 1996; Jandreau et 502 

al., 2026; Strelnikova et al., 2020; Vadas et al., 2018). Recently, Guarino et al. (2024) developed 503 

a novel GW parameterization describing vertical mixing by non‐breaking GWs and implemented 504 

it into a chemistry climate model. In their scheme, they assume a fixed proportion (𝛼ௗ௢௪௡ ൌ 33%) 505 

of downward-propagating GWs, independent of altitude, geographic location, or season. Their 506 

results showed that downward-propagating GWs produce non-negligible wave-induced vertical 507 

mixing and tracer flux in the MLT, which cannot be ignored in global chemistry-climate 508 

simulations. Both ground-based observations and models typically separate the upward- and 509 

downward-propagating GWs prior to heat fluxes and heating rates calculations. In contrast, our 510 

method retrieves global heat fluxes and heating rates from SABER temperature profiles at the cost 511 

of not distinguishing between upward- and downward-propagating GWs. Consequently, both 512 

upward- and downward-propagating GWs contribute to downward heat fluxes and cooling of the 513 

background atmosphere. This leads to an overestimation of absolute magnitudes of heat fluxes and 514 

heating rates. 515 

The statistical correction of climatological heat fluxes and heating rates may rely on prior 516 

assumptions of wave directional distributions based on existing knowledge of wave sources and 517 

their propagation environment. For instance, independent observations by lidar, airglow imagers 518 

and GW-resolving model simulations can provide supplementary constrains on the directionality 519 

spectral of GWs. These complementary data can be utilized to calibrate the azimuthal weighting 520 

function and thereby reduce bias in climatological means. However, limitations arise due to 521 

inconsistencies in temporal-spatial sampling between different instruments, and discrepancies 522 

between model parameterizations and real atmospheric GW conditions. Future tomographic limb-523 

imaging concepts observations can retrieve atmospheric parameters across the plane perpendicular 524 

to the line of sight from each limb scan. As a candidate mission of ESA’s Earth Explorer 11, the 525 

CAIRT (Changing-Atmosphere Infra-Red Tomography) is a Fourier transform infrared limb 526 

imager and observes simultaneously from the middle troposphere to the lower thermosphere with 527 

a ~400 km-wide swath. Subsequent limb-images further enable the reconstruction of three-528 

dimensional spatial distributions of atmospheric parameters. Such capabilities will open new 529 

avenues for investigating the propagation directions and associated impacts of GWs (Errera et al., 530 

2026; Malavart et al., 2025). 531 

4 Global and seasonal morphology of the derived parameters 532 
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The high spatial and temporal resolutions of lidar measurements provide reliable retrievals of 533 

heat fluxes and heating rates at ~80–100 km, with data collected over multiple over several stations. 534 

While Llidar observations are mainly restricted to clear-sky nighttime conditions, thereby and 535 

therefore have limited limiting their temporal continuity. However,Although the propagation 536 

directions of GWs cannot be retrieved from SABER observations, its continuous global 537 

observations together with the retrieval method developed in Section 2 provides an opportunity to 538 

investigate the global morphology of heat fluxes and heating rates. In this section, the year-to-year 539 

variations are neglected, all profiles from 2002 to 2025 are composited to form a composite year 540 

dataset. This enhances the statistical confidence of derived quantiles (e.g., the mean and P90), 541 

particularly at high latitudes. 542 

4.1 Variations of GW amplitudes 543 

Figure 3 shows the month-altitude distributions of the mean and P90 values of for |𝑇ᇱ 𝑇ത⁄ | and 544 

|𝑤ᇱ| at high (75°N/S), middle (45°N/S), and low (15°N/S) latitudes. Overall, the month-altitude 545 

patterns of the mean and P90 fields of  for |𝑇ᇱ 𝑇ത⁄ | and |𝑤ᇱ| are qualitatively analogous. The main 546 

difference is that the P90 magnitudes of P90 are about twice as large as theirthe corresponding 547 

mean values. At high latitudes, both statistical quantiles exhibit altitude-dependent seasonal 548 

variations. The |𝑇ᇱ 𝑇ത⁄ | field is dominated by annual oscillations, with wintertime maxima in each 549 

hemisphere below ~75 km and transitioningtranslating to summertime maxima above ~85 km. A 550 

weak transition layer existsSeasonal variations are very weak at ~75–85 km , with minimal 551 

seasonal variation observedtransition layer. Above ~85 km, a weak winter peaks emerge at 75°S, 552 

whereas no such comparable feature is evident at 75° N. At middle latitudes, the seasonal 553 

variations are similar toresemble those at high latitudes. The main difference is that the 554 

hemispheric winter maxima shift downward from ~75 km at high latitudes to ~70 km at middle 555 

latitudes. In addition, the semiannual oscillations are stronger at ~70–80 km are stronger than those 556 

compared to seen theirat high latitude counterpartss. By comparison, the seasonal oscillations at 557 

low latitudes are far weaker than their mid- and high-latitude counterparts. 558 

 559 
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Figure 3. Month-altitude distributions of monthly-mean and monthly-P90 of for |𝑇ᇱ 𝑇ത⁄ | (1st and 2nd rows) 

and |𝑤ᇱ| (3rd and 4th 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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 560 

The mean and P90 of |𝑤ᇱ| exhibit altitude-dependent seasonal oscillations that are analogous 561 

to those observed forof |𝑇ᇱ 𝑇ത⁄ |. Two key distinctions exist between these two fields. First, the 562 

annual maxima of |𝑤ᇱ| in each hemisphere shift downward relative to |𝑇ᇱ 𝑇ത⁄ |. The annual maxima 563 

of |𝑤ᇱ| occurs near ~90 km, while the corresponding maximum maxima of |𝑇ᇱ 𝑇ത⁄ | is are located 564 

at ~ 95 km. Second, pronounced semiannual oscillations in |𝑤ᇱ| occurs at ~60–75 km and across 565 

middle and high latitudes. These semiannual oscillations have reach their maxima in winter and 566 

summer months of each hemisphere. Notably, such summer semiannual maxima below 75 km that 567 

occur in |𝑤ᇱ| are absent in |𝑇ᇱ 𝑇ത⁄ |. A plausible physical explanation of for the summum maxima 568 

of |𝑤ᇱ| below 75 kmthis phenomenon is that 𝑤ᇱ is more sensitive to the high-frequency GWs 569 

(Equation 2. 3). In summer, convection is one of the dominant GW sources, emitting abundant 570 

high-frequency GWs with fast horizontal phase speeds. These GWs can propagate upward into the 571 

stratosphere and mesosphere and thus generate the summer maxima. The seasonal variations of 572 

|𝑇ᇱ 𝑇ത⁄ | and |𝑤ᇱ| are strongest at high latitudes, moderately stronger at middle latitudes, and weak 573 

at low latitudes. These seasonal variations vary continuously across latitude bands and can be 574 

interpreted as a genuine physical feature, rather than an artifact arising from uneven monthly 575 

sampling profiles at high latitudes. 576 

The latitude-altitude distributions of the means of |𝑇ᇱ 𝑇ത⁄ | show that their maxima are occur 577 

at high latitudes around summer months above ~85 km (Figure Fig. 4). Specifically, in January, 578 

February, November, and December, their maxima are at latitudes higher thanoccur poleward of 579 

50°S. In May, June, July, and August, their maxima are at latitudes higher thanoccur poleward of 580 

50°N. Below ~75 km, the means of |𝑇ᇱ 𝑇ത⁄ | reach their maxima peaks around 60°±20° in the winter 581 

hemisphere and weakerwith secondary peaks around 20°±10° in the summer hemisphere. 582 

Moreover, theThese patterns suggests that the high-latitude summer maxima at high latitudes 583 

above ~85 km is originates from low- and mid-latitudes (i.e., 10°–30° of the summer hemisphere) 584 

at near ~50 km.  585 

The latitude-altitude distributions of the means of |𝑤ᇱ| exhibit a similar pattern as to those of  586 

|𝑇ᇱ 𝑇ത⁄ | in each month. The differences can be attributed to two aspects. First, the heights at which  587 

of high-latitude summer maxima occur forat high latitudes of |𝑤ᇱ| are ~5 km lower than those of  588 

for  |𝑇ᇱ 𝑇ത⁄ |  in the same month. For exampleinstance, in January and at latitudes higher 589 

thanpoleward of 50°S, the maxima of |𝑤ᇱ|  and |𝑇ᇱ 𝑇ത⁄ |  are occur at ~90 km and ~95 km, 590 

respectively. Second, the means of |𝑤ᇱ| have peaks at high latitudes of winter hemisphere above 591 
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~85 km, which are weaker and at a lower height altitudes as comparedrelative to their summer 592 

maximacounterparts.  593 

Figures 3 and 4 reveal that the winter maxima of |𝑤ᇱ| above ~85 km over the southern high 594 

latitudes exceed their northern counterparts. , This indicates theindicating pronounced hemispheric 595 

asymmetry in  |𝑤ᇱ|. The mean values of |𝑇ᇱ 𝑇ത⁄ | exhibit similar hemispheric asymmetry, although 596 

with a weaker the interhemispheric contrast is less pronounced comparedrelative to that of |𝑤ᇱ|. 597 

Also, aAbove ~85 km, the summer maxima of both |𝑇ᇱ 𝑇ത⁄ | and |𝑤ᇱ| at northern high latitudes are 598 

larger than their southern counterparts. Furthermore, the summer peaks of both |𝑇ᇱ 𝑇ത⁄ | and |𝑤ᇱ| 599 

are stronger than their winter counterparts peaks over high latitudes. Collectively, Tthese features 600 

demonstrate clear interhemispheric and seasonal asymmetries in the GW amplitudes at high 601 

latitudes. However, such interhemispheric and seasonal asymmetries of the GW amplitudes are 602 

less distinctmuch weaker at low latitudes. 603 

 604 
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Figure 4. Latitude-altitude distributions of monthly-mean of |𝑇ᇱ 𝑇ത⁄ | (1st and 4th rows) and |𝑤ᇱ| (2nd and 

4th 5th rows) in each month. The numbers of profiles are shown in the 3rd and 6th rows. 

 605 

Although tThe number of sampled profiles poleward of 55°S is substantially lower in January 606 

and February compared withrelative November and December. This uneven sampling distribution 607 

of sampling profiles at high latitudes is caused byarises from the SABER’s yaw-maneuver of 608 

SABERobservation mode. HoweverNevertheless, the corresponding latitude-altitude patterns of 609 

the means |𝑇ᇱ 𝑇ത⁄ | and |𝑤ᇱ| remain consistent across these four months. A minor distinctionsubtle 610 

difference is that the latitudinal gradients of the means of |𝑇ᇱ 𝑇ത⁄ | are steeper around 55°S in 611 

January and February than in November and December. Likewise, May and June exhibit latitude–612 

altitude patterns and similarly intensified meridional latitudinal gradients around 55°S N as similar 613 

toobserved in July and August. These results further confirm that uneven sampling counts 614 

poleward of 55° in both hemispheres does not fundamentally influence the physical characteristics 615 
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governing the seasonal and latitudinal variability of  |𝑇ᇱ 𝑇ത⁄ |  and |𝑤ᇱ| , yet theyalthough it 616 

introduces sharper meridional latitudinal transitions around 55°N/S.  617 

4.2 Variations of heat flux and heating rate 618 

Figure 5 shows the statistical quantiles (mean and P90) of heat flux (𝑤ᇱ𝑇ᇱതതതതതത) and heating rate 619 

(𝐻𝑅) as a function of month and -altitude at across six latitude bands, ranging fromspanning high 620 

to low latitudes of in each hemisphere. Generally, the means and P90 values of for heat flux exhibit 621 

similar month-altitude patterns. The magnitudes of the P90 for heat flux of heat flux are 622 

approximately two timestwice larger than those of the corresponding means. The means and P90 623 

of heating rate behave similarly to thoseare in a similar situation to of heat flux. For illustration 624 

purposes only, Tthe P90 of heat flux and heating rate are shown here is only to illustrate 625 

highlighting their large substantial variabilities and negative skewness at each heightaltitude. 626 

SubsequentThe following analysis focuses on the means of values of heat flux and heating rate. 627 

 628 
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Figure 5. Month-altitude distributions of monthly-mean and montly-P90 of heat flux (1st and 2nd rows) 

and heating rate (3rd and 4th rows) at high (75°N/S), middle (45°N/S), and low (15°N/S) latitudes. 

 629 

The heat flux shown in Figure 5 exhibits a clear semiannual oscillation at 75°S with peaks 630 

occurring in winter and summer. Notably, the December peak around is more pronounced than 631 

that and annual oscillation at 75°N. The peaks appear in winter and summer at 75°S and in summer 632 

at 75°N. While the peaks around December is stronger than those around July. In contrast at 75°N, 633 

the heat flux exhibits an annual oscillation with peak in summer. At middle latitudes of in both 634 

hemispheres, the semiannual oscillations are superimposed by on semiannual oscillations, with 635 

stronger peaks observed around July. At low latitudes of in both hemispheres, the semiannual 636 

oscillations are in the dominant positiondominate and exhibit with  comparable peak magnitudes 637 

in summer and winter. We note that theobserve an increase in peak magnitudes in summer of both 638 

hemispheres increase with the asincreasing latitudes increases during summer months of both 639 

hemispheres. These features patterns of annual and semiannual oscillations can also be seen in 640 

heating rates.  641 

However, both heat flux and heating rate exhibit interhemispheric and seasonal asymmetries. 642 

These asymmetries can be summarized as follows. First, the summer maxima of heat flux are 643 

~−approximately −1.56 Kms−1 at 75°N, which are larger than the corresponding values of ~ 644 

approximately −15.0 Kms−1 at 75°S.  The winter maxima are approximately ~−0.83 Kms−1 at 75°N, 645 
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which are less than the corresponding values of approximately ~−1.26 Kms−1 at 75°S. Second, at 646 

75°N, the summer maxima occur at altitudes of ~75 km and ~100 km, separated by a valley at ~88 647 

km.  This vertical valley structure is less pronounced at 75°S. We note that the vertical valley 648 

structure of summer heating rate maxima is less pronounced as compared to that of heat flux at 649 

75°N. Third, according to the contour lines (−0.52 Kms−1 for heat flux and −12 35 Kday−1 for 650 

heating rate), the summer maxima extend over a wider altitude range at 75°N than at 75°S. 651 

FourthThird, the heat flux and heating rate at 75°S has equivalent magnitudes in summer and 652 

winter above 80 km. In contrast, the heat flux and heating rate at 75°N is much larger in summer 653 

than in winter. These features demonstrateshow the interhemispheric asymmetry in both the 654 

magnitude and vertical structure of the summer maxima of for heat flux and heating rate.   655 

 656 
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Figure 6. Latitude-altitude distributions of monthly-mean heat flux (1st and 3rd rows) and heating rate (2nd 

and 4th rows). 

 657 

Figure 6 shows the latitude-altitude distributions of heat flux and heating rate to characterize 658 

their latitudinal variations in for each month. During November–February, the heat flux and 659 

heating rate reach their peaks at southern high latitudes. In contrast, during May–August, the heat 660 

flux and heating rate exhibit dual peak structures at high latitudes in both hemispheres. 661 

Additionally, the substantially larger magnitudes occur at northern high latitudes. Combined with 662 

the results in Figure Fig. 5, these patterns demonstrate clear interhemispheric and seasonal 663 

asymmetries. The summer (May–August) high-latitude peaks of heat flux and heating rate in the 664 

Northern Hemisphere feature larger amplitudes. They also span and a broader vertical extent. By 665 

comparison, the corresponding high-latitude peaks in the Southern Hemisphere’s summer 666 

(November–February) and winter (May–August) are weaker. During equinoctial months (March, 667 

April, September, and October), weak peaks of heat flux and heating rate emerge around the 668 

equator and 50°N/S. 669 

5 Discussion  670 

Based on the perturbed thermodynamic equation forlinear GW dispersion and polarization 671 

relation in a dissipative, partially compressible atmosphere, we derive the global GW-induced heat 672 

fluxes and heating rates are derived from SABER temperature measurements without 673 

distinguishing between upward- and downward-propagating GWs. The main primary assumption 674 
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is that the GWs propagating propagate in the along the SABER orbit- track direction of SABER 675 

orbit. To quantify The uuncertainties, are quantified by introducing an angle 𝛼, which denotes the 676 

deviation is introduced to represent the departure of the actual true GW propagating propagation 677 

direction relative tofrom the along-track direction. In the simple case that where the angle 𝛼 does 678 

not change withis altitude-independent, we find that the retrieved heat fluxes and heating rates are 679 

systematically underestimated by a factor of  cos𝛼. Our results indicate thatOverall, the monthly 680 

mean heat fluxes and heating rates are of ~approximately −0.73 Kms−1 and ~−12 40 Kday−1, with 681 

standard deviations of ~1.15 Kms−1 and ~20 80 Kday−1, respectively. They These values are ~0.3–682 

0.5 timescomparable to the lidar-derived value retrievals and are ~0.5 times of theoretical 683 

predictions, suggesting the reliability of the derived heat fluxes and heating rates.  684 

Despite these inherent uncertainties, the GW-induced heat fluxes and heating rates presented 685 

in this study offer distinct advantages, including global spatial coverage and continuous temporal 686 

coverage spanning from 2002 to 2025. The derived heat fluxes and heating rates derived here are 687 

strongly correlated to the GW amplitudes, exhibiting latitudinal dependence in both annual and 688 

semiannual oscillation, as well as interhemispheric and seasonal asymmetries in their peak 689 

magnitudes. The month-altitude patterns of GW amplitudes and the corresponding GW-induced 690 

heat fluxes and heating rates are comparable with to nighttime lidar observations at SOR (35°N) 691 

reported by Gardner and Liu (2007). Their lidar results showed that the GW temperature variance 692 

(𝑇ᇱଶ) reaches its maxima in winter and summer at altitudes above 100 km and ~85−95 km, with 693 

winter peaks larger than summer ones. In contrast, vertical wind variance (𝑤ᇱଶ) is dominated by 694 

annual oscillations and is maximized in summer. The summer peaks occur near 85 km and 92 km, 695 

which are lower in altitude than the corresponding peaks of temperature variance peaks. These 696 

seasonal and altitudinal features support the results presented in Figure Fig. 3. The SOR lidar-697 

derived heat fluxes and heating rates exhibit negative peaks near 90 km in both winter and summer, 698 

with winter peaks being more negative than their summer counterparts. Gardner and Liu (2007) 699 

suggested that variations in heat fluxes and heating rates are closely related to GW 700 

intensityamplitude. The GW-induced heat flux and heating rateresults derived here support this 701 

conclusion. By integrating the comparisons from Section 3.2 with those discussed here, we 702 

emphasize the consistent agreement between our findings and previous lidar measurements in 703 

terms of both magnitude and spatial-temporal patterns. 704 

 705 
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Figure 7. Monthly-mean of background temperature as a function of month and latitude altitude (1st rows) 

and as a function of latitude and altitude (2nd and 3rd rows). The heating rate is overplotted by contour lines 

with interval of 4 15 Kday−1. 

 706 

Nevertheless, several discrepancies exist between our results and those obtained from the 707 

lidar observationsthe two results. First, unlike the lidar observations, there is no the summer 708 

maximum of 𝑇ᇱଶ above 100 km in Figure 3. This is because of wavelet edge effects during GW 709 

extraction from SABER temperature measurements. We do not analyze GWs extracted from 710 
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SABER temperature above 100 km. Second, the lidar-observed 𝑇ᇱଶ valley near 95 km observed 711 

by the lidar is absent in our results. This discrepancy can be attributed to oscillations of 𝑇ᇱଶ 712 

oscillates at twice the wavenumber and its variationvaries with the instantaneous phase of the 713 

perturbation. The amplitude in Equation Eq. (12) is calculated from the Hilbert transform, which 714 

removes the dependence on the instantaneous phase, in 𝑇ᇱଶ  and representsing the slowly varying 715 

envelope of the perturbation. ThirdSecond, the month-altitude patterns of lidar-derived heat fluxes 716 

and heating rates are more complex than those derived herecompared to those derived in our study. 717 

FourthThird, positive values of heat fluxes and heating rates retrieved from lidar observations are 718 

not fully reproduced here. The last two discrepancies are likely attributed to (1)the distinct GW 719 

spectral ranges resolved by lidar and SABER, and (2) unresolved upward- and downward-720 

propagating GWs from SABER temperature measurements. 721 

Now, we discuss the relations of global morphology between of heating rates and background 722 

temperatures, as well as their relationships. Figure 7 shows the distributions of monthly-mean 723 

background temperature as a functions of month and -altitude and as a function of latitude and -724 

altitude. Comparisons between the GW-induced heating rates and background temperatures show 725 

reveal that the cold summer mesopause coincides well with the enhanced absolute magnitudes of 726 

heating rates at mid- and high-latitude. Furthermore, the summer mesopause is colder at 75°N and 727 

45°N than that atcompared to 75°S and 45°S, respectively. This feature is consistent with enhanced 728 

larger absolute magnitudes of summer heating rates over northern mid- and high-latitude relative 729 

to their southern counterparts. At low latitudes, the slightly the strongerlarger absolute magnitudes 730 

of heating rates in summer is are consistent with the a slightly colder mesosphere relative to other 731 

seasons.  The relationships among GWs’ strength, mesopause height and temperature at high 732 

latitudes have been studied through using global models with different GW parameterization 733 

schemes and GW sources for GWs (Berger and Von Zahn, 1999; Garcia and Solomon, 1985; 734 

Siskind et al., 2003). The summer mesopause structures exhibit large significant discrepancies 735 

among different these models. A general conclusion is that adiabatic heating/cooling caused 736 

induced by the meridional circulation, which is are highly sensitive to GW forcing. This highlights 737 

the necessityillustrates the importance of quantifying GW amplitudesthe strengths of GWs and 738 

their associated heating/cooling rates. , particularly at high latitudes where they play a crucial role 739 

in modulating the mesopause height and temperature. 740 

The energy balance in the MLT is controlled by many dynamical and chemical processes in 741 

the MLT. The sSolar heating and chemical heating contributeare ~10 K/day−1 and ~10−15 K/day−1, 742 

respectively (Mlynczak and Solomon, 1993; Smith, 2004; Wu et al., 2026; Xu et al., 2007). 743 
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Radiative cooling caused bydue to CO2 is about −15 K/day−1 (Mlynczak et al., 2024; Mlynczak et 744 

al., 2018). The adiabatic heating and cooling rates caused by meridional circulation reach peaks 745 

about 15 K/day−1 in the winter polar MLT and −15 K/day−1 in the summer polar MLT, respectively 746 

(Smith, 2004; Yue and Wang, 2025). In comparison to these processesCompared to the above-747 

mentioned heating/cooling rates, the GW-induced heating rates are of on the order of ~10 40 748 

K/day−1, which areThis value is in quantitative agreement with thelarger than adiabatic cooling 749 

rates. This quantitative comparison illustrates the importance role of non-breaking GWs in 750 

heating/cooling the local atmosphere and the energy balance in the MLTe. 751 

We note that the enhanced absolute magnitudes of heating rates extend from about 70 km to 752 

100 km, whereas, the heights of mesopause heights are mainly at around ~85−95 km at high 753 

latitudes of in the summer hemispheres. This indicates that the enhanced absolute magnitudes of 754 

heating rates above the mesopause are not the only factor of determiningsolely responsible for 755 

shaping the thermal structure of the lower thermosphere. In fact, the spatial and temporal variations 756 

of in the thermal structures are determined influenced by many heating/cooling 757 

sourcesmechanisms. Specifically, although the diffusive and O2 heating rates are very small, they 758 

increase with altitude and reachto peaks of ~10−20 K/day−1 at ~100−110 km (Smith, 2004). 759 

Moreover, the narrow warm region above the cold summer mesopause has also been revealed by 760 

Yue and Wang (2025). This may be partially explained by the decreasing adiabatic cooling rate 761 

above summer mesopause and auroral heating (Smith, 2004; Yue and Wang, 2025).  762 

6 Conclusions 763 

The importance of heat fluxes and heating rates induced by non-breaking GWs have has been 764 

quantified by ground-based lidar observations. However, Ttheheir global distributions of these 765 

quantities are remain unknown yet. This is due to the unavailablelack of vertical wind 766 

measurements. To partially overcome address this limitation, we derive the GW-induced vertical 767 

wind via theusing the perturbation thermodynamic equationlinear GW theory in a dissipative, 768 

partially compressible atmosphere and from the temperature profiles measured by SABER during 769 

2002–2025. Based on these derived vertical winds, Then we then calculate the global the GW-770 

induced heat fluxes and heating rates are also derived. The main conclusions are summarized as 771 

below. 772 

The GW-induced parameters (|𝑇ᇱ 𝑇ത⁄ |, |𝑤ᇱ|, heat flux, and heating rate) at 35°N are analyzed 773 

and compared with lidar observations. The derived heat fluxes are mainly downward and cool the 774 

background atmosphere, which with peak magnitudes occurring around 90 km. At 80–100 km, the 775 
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The mean values of heat fluxes and heating rates have mean values ofare ~−0.73 Kms−1 and 776 

~−12Kday40 Kday−1, respectively. with Their standard deviations of ~1.15 Kms−1 and ~20 80 777 

Kday−1 at 80–100 km, respectively. The derived heating rates are comparable to those observed 778 

by lidars and almost equivalent tolarger than the adiabatic cooling rates reported beforepreviously. 779 

It is important to note that these parameters are derived from the observed vertical variation of 780 

multiple monochromatic wave amplitude envelopes, regardless of their upward or downward 781 

propagation directions. This unresolved vertical directional ambiguity will overestimate the GW-782 

induced heat fluxes and heating rates. 783 

The global spatial and temporal distributions of the GW-induced parameters are studied in a 784 

composite year derived over 2002–2025. The aAnnual oscillations are dominant in |𝑇ᇱ 𝑇ത⁄ | and 785 

|𝑤ᇱ| at high latitudes of within summer hemispheres. The annual, with annual maxima of |𝑇ᇱ 𝑇ത⁄ | 786 

and |𝑤ᇱ| are locatedoccurring at ~ 95 km and ~90 km, respectively. In contrast, heat fluxes and 787 

heating rates exhibit clear semiannual oscillations, with peaks in both winter and summer 788 

hemispheres. Moreover, GW-induced parameters show notable interhemispheric and seasonal 789 

asymmetries, especially particularly evident at high latitudes. Such These interhemispheric 790 

asymmetryies supports the colder summer mesopause at northern high latitudes as compared to 791 

that at southern high latitudes. 792 

Although our retrievedThe magnitudes of heat fluxes and heating rates are ~0.3−0.5 times 793 

theagree with lidar-derived values and are ~0.5 times of the theoretical valuespredictions, multiple 794 

competing bias sources affect the results. This discrepancy is mainly attributed to uncertainties of 795 

wave propagation direction. Underestimation arises from uncertainties in the horizontal 796 

propagation direction of GWs, which can reduce the retrieved heat fluxes and heating rates by a 797 

factor of cos𝛼  if 𝛼  is independent of altitude The uncertainty of GW propagation direction 798 

underestimates heat fluxes and heating rates by a factor of cos𝛼 . Moreover, SABER’s the 799 

observational filter and limited detectable wavelength range preferentially capture wavelengths 800 

observable by SABER are favor waves with long horizontal wavelengths. , leading to the 801 

underestimation of Thus, the unobserved waves with sshort -wavelength wavess, which can that 802 

also contribute to GW heat transportheat fluxes and heating, are omitted and induce an 803 

underestimation. Conversely, overestimation arises from the unresolved separation between 804 

upward- and downward-propagating GWs. Future tomographic limb-imaging observations (e.g., 805 

CAIRT) and high high-resolution model simulations, can provide three-dimensional atmospheric 806 

parameters and overcome these limitations. 807 
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