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Dear Editor and Reviewer:  1 

Thank you for your letter and for the reviewers’ valuable comments and questions 2 

concerning our manuscript entitled “First Observations of Solar Zenith Angle 3 

Modulation of Diurnal Tidal Structure in the MLT Region”. These comments are all 4 

valuable and very helpful for revising and improving our manuscript, as well as the 5 

important guiding significance to our researches. We have studied the valuable 6 

comments from you and the reviewers carefully, and tried our best to revise the manuscript. 7 

These changes in the revised manuscript have been marked in the track changes version 8 

manuscript, as well as the point to point responses have listed as following:  9 

 10 

Comment 1: Lines 50–61 and Section 3.2 (lines 288–323): The authors might want to 11 

be more precise in framing the novelty of the reported SZA dependence. The general 12 

influence of solar heating, and hence of seasonal variations in solar illumination, on 13 

atmospheric thermal tides is well established. Therefore, the novelty of the present 14 

study should not be presented as the discovery that solar forcing affects diurnal tides 15 

per se. Rather, the authors should clarify that their contribution is the global meteor-16 

radar-based observational documentation of an SZA-related modulation of the vertical 17 

amplitude and phase structure of locally observed diurnal tides in the MLT region, 18 

including its hemispheric asymmetry and its incomplete representation in SD-WACCM. 19 

Response: We fully agree that the influence of solar heating on atmospheric thermal 20 

tides is well established, and that the novelty of our study should not be framed as 21 

demonstrating that solar forcing affects diurnal tides per se. We have therefore revised 22 

the Abstract, Introduction, Section 3.2, and Conclusions to clarify the specific 23 

contribution of this work. 24 

In the revised manuscript, we emphasize that the novelty lies in providing a broad, 25 

multi-station meteor-radar observational characterization of the SZA-related seasonal 26 

modulation of the vertical amplitude and phase structures of locally observed diurnal 27 

tides in the MLT region. In particular, our observations reveal that this modulation is 28 

most evident at Northern Hemisphere low and mid-latitudes, is substantially weaker in 29 

the Southern Hemisphere, and is only partly reproduced by SD-WACCM. We have also 30 

revised the relevant wording throughout the manuscript to avoid implying that SZA or 31 

solar heating alone determines the observed local tidal structure, since single-station 32 

radar measurements represent a superposition of migrating and nonmigrating tidal 33 

components and are additionally influenced by background circulation and other 34 

dynamical processes. These revisions more precisely distinguish the established role of 35 

solar heating in tidal excitation from the observational advance provided by the present 36 

study.   37 

 38 

Comment 2: Lines 114–117: The manuscript refers to a “global climatology” and 39 

emphasizes the global distribution of the meteor-radar network. While the use of fifteen 40 

radars indeed provides a very valuable and unusually broad ground-based perspective, 41 

the spatial sampling is not globally uniform. In particular, some latitude and longitude 42 

sectors are much better represented than others, with several Northern Hemisphere 43 

stations concentrated in East Asia. The authors may wish to slightly qualify the wording 44 
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where appropriate, or briefly discuss how the non-uniform station distribution could 45 

affect the interpretation of hemispheric differences and the representativeness of the 46 

inferred “global” patterns. 47 

Response: We agree that, although the fifteen meteor radars provide unusually broad 48 

latitudinal coverage from the Southern to the Northern Hemisphere, their spatial 49 

distribution is not uniform in either latitude or longitude. In particular, several Northern 50 

Hemisphere low- and mid-latitude stations are concentrated in East Asia, whereas the 51 

Southern Hemisphere and other longitude sectors are more sparsely sampled.  52 

We have therefore revised the wording in the manuscript to avoid implying uniformly 53 

distributed global coverage and now describe the observations as providing a broad 54 

ground-based perspective across a wide latitude range where appropriate. We have also 55 

added a discussion of this limitation, noting that the inferred hemispheric differences 56 

should be interpreted in the context of the available radar sampling. Because single-57 

station tidal observations can also contain longitudinal variability associated with 58 

nonmigrating tides and other regional effects, part of the apparent interhemispheric 59 

difference may reflect differences in longitudinal sampling in addition to genuine 60 

hemispheric-scale behavior. Nevertheless, the geographically extensive radar network 61 

still provides a valuable observational basis for identifying large-scale common features 62 

and hemispheric contrasts in the seasonal structure of diurnal tides. These limitations 63 

are now explicitly acknowledged in the revised manuscript. 64 

 65 

Comment 3: Lines 150–156 and Fig. A1: The authors state that the choice of fitting 66 

window length has only a minimal effect on the analysis of seasonal tidal variations and 67 

therefore adopt a 7-day window with a 1-day step. However, Fig. A1 appears to indicate 68 

that the 11-day window leads to somewhat stronger smoothing of the time series 69 

compared with the 5-day and 7-day windows. While this may not affect the 70 

climatological seasonal patterns emphasized in the manuscript, it would be useful to 71 

mention this smoothing effect explicitly and to clarify that the conclusion of “minimal 72 

effect” refers mainly to the seasonal-scale variability considered here, rather than to 73 

shorter-term tidal variability. 74 

Response: We agree that the 11-day fitting window produces stronger smoothing of 75 

short-term tidal variability than the 5-day and 7-day windows, as can be seen in Figure 76 

A1. Our original statement that the fitting-window length has only a “minimal effect” 77 

was therefore too general. We have revised the manuscript to clarify that this conclusion 78 

applies specifically to the seasonal-scale climatological variability considered in this 79 

study, rather than to shorter-term tidal variations. The 7-day window with a 1-day step 80 

is retained as a compromise between temporal resolution and fitting stability. 81 

 82 

Comment 4: Section 3.2 (lines 288–323): The reported relationship between SZA and 83 

the vertical structure of the diurnal tide is one of the central results of the manuscript. 84 

At present, however, this relationship appears to be mainly inferred visually from the 85 

seasonal-altitude plots. It would strengthen the paper if the authors could quantify this 86 

relationship more explicitly, for example by providing correlation coefficients, lag 87 

correlations, or a simple metric describing the seasonal variation in the altitude of the 88 
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amplitude maximum. This would make the evidence for the proposed SZA modulation 89 

more robust and easier to assess. 90 

Response: We thank the reviewer for this constructive suggestion. We agree that a 91 

quantitative assessment provides stronger support for the SZA-related modulation than 92 

visual comparison alone. In the revised manuscript, we therefore added a simple metric 93 

to characterize the seasonal variation in the vertical structure of the diurnal tide.  94 

As shown in Figure 4, we further compares the altitudes corresponding to zero phase 95 

of the zonal and meridional diurnal tides observed at BJMR, MCMR, WHMR, KMMR, 96 

and FKMR with the SZA. Strong correlations are found at the midlatitude stations 97 

BJMR, MCMR, and WHMR, while relatively high correlations are also evident at the 98 

lower-latitude stations KMMR and FKMR. These results provide quantitative support 99 

for a pronounced SZA-related seasonal modulation of the vertical structure of diurnal 100 

tides in the MLT region, consistent with an important solar-heating imprint on the 101 

observed tidal variability. 102 

 103 

Figure 4. Comparison of the altitudes corresponding to zero phase of the zonal (left 104 

column) and meridional (right column) diurnal tides observed at Beijing, Mengcheng, 105 

Wuhan, Kunming, and Fuke with the solar zenith angle. The corresponding correlation 106 

coefficients are marked in each panel. 107 

 108 

Comment 5: Lines 337–351: The authors correctly note that single-station meteor-109 
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radar observations represent a combination of migrating and nonmigrating tidal 110 

components. This limitation should be more explicitly connected to the interpretation 111 

of the SZA dependence. Since nonmigrating tides may be influenced by zonally 112 

asymmetric heating, topography, latent heat release, and wave interactions, the authors 113 

should be cautious not to imply that the observed local tidal structures can be attributed 114 

to direct solar forcing alone. A short clarification would help distinguish between the 115 

established role of solar heating in tidal excitation and the more complex interpretation 116 

of locally observed composite tides. 117 

Response: We thank the reviewer for this important comment. The SZA-related 118 

variations identified from single-station meteor-radar observations should not be 119 

interpreted as a direct response to solar forcing alone. As already noted in the 120 

manuscript, the diurnal tide derived at an individual radar site represents a local 121 

superposition of migrating and nonmigrating tidal components. While solar radiative 122 

heating provides the fundamental excitation for migrating thermal tides, the locally 123 

observed composite tide can also be affected by zonally asymmetric heating, latent heat 124 

release, topography, background winds, and interactions with planetary waves and 125 

gravity waves. 126 

 127 

We have therefore revised Sections 3.2 and 3.3 to make this distinction more explicit. 128 

In the revised manuscript, SZA is used as a representative indicator of the seasonal 129 

variation in solar illumination rather than as a direct measure of the total local tidal 130 

forcing. Accordingly, the observed correspondence between SZA and the vertical 131 

amplitude and phase structures is now described as an SZA-related seasonal modulation 132 

or imprint on the locally observed composite diurnal tide, rather than as evidence that 133 

the local tidal structure is directly controlled by solar heating alone. We have also 134 

softened the corresponding causal wording in the Conclusions. 135 

 136 

 137 

Comment 6: Lines 352–363: The authors refer only generally to “data from the 138 

European Centre for Medium-Range Weather Forecasts (ECMWF)” when discussing 139 

surface net solar radiation and surface latent heat flux. However, the Data Availability 140 

Statement suggests that ERA5 reanalysis data were used. This should be stated 141 

explicitly in the main text, including the specific data product and variables used, and 142 

the appropriate reference should be added, i.e. Hersbach et al. (2020) for ERA5. 143 

Response: We thank for pointing this out. In the revised manuscript, we now explicitly 144 

state that the ERA5 reanalysis produced by the European Centre for Medium-Range 145 

Weather Forecasts (ECMWF) was used, and specify the two variables analyzed in this 146 

study: surface net solar radiation and surface latent heat flux. We have also added the 147 

recommended reference to Hersbach et al. (2020) and revised the Data Availability 148 

Statement accordingly.  149 

References: Hersbach, H., Bell, B., Berrisford, P., et al. (2020). The ERA5 global 150 

reanalysis. Quarterly Journal of the Royal Meteorological Society, 146, 1999–2049. 151 

https://doi.org/10.1002/qj.3803. 152 

 153 
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Comment 7: Conclusions (lines 422–449): The manuscript focuses on climatological 154 

seasonal patterns, but I wonder whether the authors could make better use of the multi-155 

year nature of the radar data set by briefly discussing interannual variability. This aspect 156 

may be relevant because the individual radar records have different lengths and cover 157 

partly different years. Although the authors compare results from shorter and longer 158 

subsets at Davis to assess the robustness of the climatology, it would still be useful to 159 

know how large the year-to-year variability of the diurnal tide amplitudes and phases is 160 

at selected stations, and whether it could influence the inferred seasonal structures or 161 

hemispheric differences. I do not necessarily suggest a full additional analysis, but a 162 

short discussion, or one representative supplementary figure, would help readers assess 163 

the robustness and representativeness of the reported climatological patterns. 164 

Response: We agree that interannual variability is an important aspect of diurnal-tide 165 

variability and may contribute to differences among the climatologies derived from 166 

radar records of different lengths and covering different periods. 167 

The primary objective of the present study is to characterize the climatological seasonal 168 

structure of diurnal tides across the available meteor-radar network rather than to 169 

investigate their interannual variability in detail. To assess the possible influence of 170 

record length on the climatological results, we compared the diurnal-tide amplitudes 171 

and phases derived from the long-term DVMR record with those obtained from a 5-172 

year subset (Figures A2 and A3). The comparison shows that, although some 173 

differences in magnitude are present, the principal seasonal–altitude structures remain 174 

very similar. This suggests that the major climatological features emphasized in this 175 

study are relatively robust to differences in record length. 176 

Following the reviewer’s suggestion, we have expanded the discussion to explicitly 177 

acknowledge that year-to-year tidal variability may affect the magnitude and timing of 178 

individual seasonal enhancements and may contribute to some of the station-to-station 179 

and hemispheric differences, particularly because the radar records do not cover 180 

identical periods. We have therefore added this limitation to the revised manuscript 181 

rather than introducing an additional interannual-variability analysis, which is beyond 182 

the scope of the present climatological study.  183 

As a follow-up to the present work, we are currently investigating the long-term 184 

variability of diurnal tides at middle and high latitudes, with particular emphasis on 185 

their responses to the QBO, ENSO, and the solar cycle. These interannual-to-decadal 186 

variations will be examined in detail in a separate study. 187 

 188 

Comment 8: Conclusions (lines 422–449): The comparison with SD-WACCM is 189 

discussed in Section 3.2, but it is not clearly taken up again in the Conclusions. Since 190 

the model comparison is an important part of the manuscript and helps demonstrate the 191 

value of the observational data set, the authors should briefly summarize the main 192 

outcome there. In particular, the Conclusions should state that SD-WACCM reproduces 193 

some aspects of the observed seasonal diurnal-tide variability, especially at higher 194 

latitudes and partly in the phase structure, but does not fully capture the SZA-related 195 

amplitude modulation and the observed low- and mid-latitude seasonal patterns. This 196 

would also strengthen the statement that the radar climatology provides useful 197 
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constraints for model evaluation. 198 

Response: We thank the reviewer for this helpful suggestion. We agree that the 199 

comparison with SD-WACCM is an important component of the manuscript and should 200 

be more explicitly summarized in the Conclusions. 201 

In the revised manuscript, we have added a brief summary of the main model–202 

observation comparison. Specifically, we now state that SD-WACCM reproduces some 203 

broad features of the observed seasonal diurnal-tide variability, particularly the seasonal 204 

amplitude variation at higher latitudes and part of the phase structure at Northern 205 

Hemisphere mid-latitudes. However, the model does not fully reproduce the observed 206 

low- and mid-latitude seasonal amplitude patterns and generally fails to capture the 207 

SZA-related modulation of the vertical amplitude structure. 208 

 209 

Technical corrections 210 

Lines 211–214: The sentence “However, the seasonal morphology of diurnal tides two 211 

conjugate 30° latitudes…” is a bit unclear and appears to be grammatically incorrect. 212 

Response: We thank the reviewer for pointing this out. We agree that the original 213 

sentence was unclear and grammatically incorrect. We have revised it for clarity as 214 

follows: “However, the seasonal morphology of the diurnal tides at the approximately 215 

conjugate mid-latitude stations ALOMR (30.3°S) and MCMR (33.4°N) shows a clear 216 

hemispheric asymmetry. Both exhibit enhanced amplitudes during February–March, 217 

but this period corresponds to autumn at ALOMR and spring at MCMR. ” 218 

 219 

Line 233: “The Meridional DT amplitudes” -> “The meridional DT amplitudes” 220 

Response: We have corrected “The Meridional DT amplitudes” to “The meridional DT 221 

amplitudes” in the revised manuscript. 222 

 223 

Line 434: “vertical altitude structure” is redundant, use “vertical structure” or “altitude 224 

structure” 225 

Response: We have replaced “vertical altitude structure” with “vertical structure” in 226 

the revised manuscript and checked the manuscript for similar redundant wording. 227 

 228 

 229 

 230 

 231 

 232 

 233 

 234 

 235 

 236 

 237 

 238 

 239 

 240 

 241 
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Zenith Angle 285 

Corresponding author: Xianghui Xue (xuexh@ustc.edu.cn) 286 

Abstract: A global climatology of diurnal tides in the mesosphere and lower 287 

thermosphere (MLT) is constructed using multiyear observations from fifteen meteor 288 

radars distributed worldwide. The results show that diurnal tidal amplitudes are 289 

strongest at low and mid-latitudes (10°–50° N/S), with peak values of about 60 m s⁻¹ 290 

near 20°–30° N/S, and are comparatively weak near the Equator and at polar latitudes. 291 

The seasonal variations of the diurnal tide are characterized by maxima around the 292 

equinoxes and minima during the solstices. In addition to these global climatological 293 

features, we identify a clear modulation of the vertical structure of diurnal tidal 294 

amplitude and phase by seasonal variations in solar forcing, represented here by the 295 

solar zenith angle (SZA). This modulation is particularly evident at northern low and 296 

mid-latitudes, but is much weaker in the Southern Hemisphere. The hemispheric 297 

asymmetry suggests that the tidal response to solar forcing is not globally uniform. To 298 

further explore the possible cause of this asymmetry, we examine the meridional fluxes 299 

of zonal tidal momentum. The results suggest that background zonal winds can 300 

influence tidal propagation through filtering effects and momentum drag, thereby 301 

contributing to the observed hemispheric differences in tidal structure. These results 302 

provide new observational evidence for the coupling between solar forcing and diurnal 303 

tides in the MLT region and offer useful constraints for the evaluation of general 304 

circulation models. They also improve our understanding of tidal propagation and 305 

variability in the middle and upper atmosphere. 306 

 307 

Introduction 308 

The global wind field, temperature, density, and atmospheric composition of the 309 

mesosphere and lower thermosphere (MLT) region are strongly influenced by the 310 

vertical upward propagation of atmospheric (solar) tides that transport energy and 311 

momentum from the lower atmosphere to the middle and upper atmosphere (see, e.g., 312 

Forbes and Garrett, 1979; Forbes, 1995; Hagan and Forbes, 2002; Manson et al., 2004; 313 

mailto:xuexh@ustc.edu.cn
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Pancheva et al., 2014). Atmospheric tides in the MLT region are important components 314 

of the general circulation (Hagan and Forbes, 2002;, Smith, 2012; Becker, 2017).  315 

Ground-based and satellite techniques are widely used to observe atmospheric tides in 316 

the MLT region. Both of these techniques have their own advantages and limitations. 317 

As tides are global-scale oscillations with periods that are harmonics of a solar day, 318 

satellite observations can capture both migrating and nonmigrating components (Hagan 319 

and Forbes, 2002; Manson et al., 2004; Oberheide et al., 2006; Wu et al., 2008a, 2008b; 320 

Mukhtarov et al., 2009; Xu et al., 2009; Pancheva et al., 2009, 2010; and the references 321 

therein). However, the limitations of satellite techniques are that their inclination 322 

precessing orbits basically take dozens of days to cover the whole day in local time. For 323 

example, the thermosphere, ionosphere, mesosphere energetics, and dynamics (TIMED)  324 

satellite needs 60 days to cover 24-hour measurements, so observations based on 325 

satellite techniques can usually provide the climatology of the slowly varying global-326 

scale migrating and nonmigrating tides (Xu et al., 2009; Pancheva et al., 2009), but they 327 

are not well suited for investigating short-term variability in regional tides.  328 

In addition to space-based observations, an advantage of ground-based techniques, such 329 

as meteor radar (MR) and medium frequency (MF) radar, is high temporal resolution 330 

of MLT tides, which in the last few decades have been successfully used for 331 

investigating the short-term variability and seasonal, intraseasonal and interannual 332 

variations in tides, as well as their long-term trend changes at various geographic 333 

locations (e.g., Manson et al., 1999, 2002, 2004; Jacobi et al., 1999; Riggin et al., 1999; 334 

Vincent et al., 1998; Mitchell et al., 2002; Pancheva et al., 2020; Yi et al., 2019, 2023; 335 

Stober et al., 2021a; Hindley et al., 2022; Wang et al., 2022; Zhou et al., 2022). The 336 

obvious limitation of a single station is its inability to resolve the global-scale 337 

oscillation of tides and extract migrating and nonmigrating tides. 338 

To achieve the decomposition of tidal components, a few studies have used the 339 

longitudinal distribution of MRs and MFs at particular latitudes to resolve migrating 340 

and nonmigrating tidal components (e.g., Murphy, 2003; Murphy et al., 2006; He et al., 341 

2018; He and Chau, 2019; Liu et al., 2020; Wang et al., 2022). However, in the last few 342 
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decades, numerous studies have investigated mesospheric tides, which were often 343 

limited to a single station or particular latitudes (e.g., Manson et al., 2002; Davis et al., 344 

2013; Stober et al., 2021a,; 2021b; and the references therein). Therefore, the global 345 

picture of mesospheric tides observed by ground-based radars is still sparse. 346 

Diurnal tides exhibit variability across a wide range of timescales, from days to years, 347 

primarily driven by two mechanisms: (1) variability in tropospheric and stratospheric 348 

tidal forcing (Zhang et al., 2010; Lieberman et al., 2007), and (2) amplitude modulation 349 

through interactions with the mean flow, planetary waves, and gravity waves 350 

(McLandress, 2002a, 2002b; Becker, 2017). Long-term variations in diurnal tides are 351 

further influenced by seasonal cycles, interannual phenomena such as the El Niño–352 

Southern Oscillation (ENSO), the quasi-biennial oscillation (QBO), and the 11-year 353 

solar cycle. These factors affect both the generation and vertical propagation of tides 354 

by modulating tropospheric heating and background wind structures (Vincent et al., 355 

1998; Lieberman et al., 2007; Hindley et al., 2022; Ramesh et al., 2024; Sheng et al., 356 

2025). 357 

The current global distribution of meteor radars, spanning from the northern to southern 358 

polar regions, provides favorable spatial and temporal coverage for investigating the 359 

climatology of mesospheric tides. In fifteen meteor radars used in this study, we present 360 

a global view provide extensive ground-based sampling of diurnal tidal amplitudestides 361 

across both hemispheres. Although the network is not uniformly distributed in latitude 362 

and longitude, with several Northern Hemisphere low- and phases based on 363 

observations from fifteen meteor radars. Our results demonstrate that solar heating 364 

strongly influences midlatitude stations concentrated in East Asia, it enables a broad 365 

characterization of the seasonal evolution of the vertical structure of diurnal tidal 366 

amplitudes and phases.vertical structures of locally observed diurnal tides. Here, we 367 

investigate the amplitude and phase variations of diurnal tides using multiyear 368 

observations from these fifteen meteor radars. Our results show that seasonal variations 369 

in solar forcing, represented by the solar zenith angle (SZA), are associated with 370 

systematic changes in the vertical amplitude and phase structures of locally observed 371 
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diurnal tides. In addition, using horizontal wind measurements, we examine the 372 

coupling between tides and the background mean flow, which modulates the and 373 

discuss its possible role in shaping tidal amplitude, phase, and vertical wavelength of 374 

diurnal tidesstructure. These findings provide compelling new observational evidence 375 

that solar -forcing plays a significant role-related seasonal variations are reflected in 376 

shaping the behaviorvertical structures of diurnal tides in the MLT region. 377 

2. Data and Method 378 

In this study, hourly horizontal wind data from fifteen meteor radars (MRMRs) are used. 379 

The locations of the stations and their abbreviations are shown in Figure 1. Further 380 

information summarizing, while their geographic locations, operationalcoordinates, 381 

operating frequencies, peak powers, and observational periods is availableare 382 

summarized in Table 1. AllThe meteor radars used in this study arewere manufactured 383 

either by ATRAD Ltd. (Holdsworth et al., 2004) or by Genesis Ltd. (Hocking et al., 384 

2001), whichand have verybroadly similar designs and operationoperating principles. 385 

The DVMR, BPMR, DWMR, FKMR, KMMR, WHMR, BJMR, MCMR, MHMR, 386 

TRMR, and SVMR, manufactured by ATRAD Ltd.., provide temporal and 387 

altitudinalvertical resolutions of 1 hrh and 2 km, respectively. The KTMR, ASSMR, 388 

ALOMR, and KEPMR, manufactured by Genesis Ltd.., provide temporal and 389 

altitudinalvertical resolutions of 1 hrh and 3 km. To better use these , respectively. The 390 

ALOMR data for fitting tidal components, used in this study were obtained from the 391 

vertical resolution ofearlier SKiYMET meteor radar operated near the Andes Lidar 392 

Observatory during 2009–2014 (Liu and Franke, 2020), rather than from the ATRAD-393 

based multistatic CONDOR system deployed in the region since 2019 (Stober et al., 394 

2022). For consistency in the tidal analysis, the horizontal wind data was calculated 395 

every were analyzed at 2 -km within the altitude range from intervals over the 80 to –396 

100 km range. Reid et al. (2018) and Zeng et al. (2022) carried out joint 397 

measurementconducted collocated meteor-radar comparison campaigns involving two 398 

meteor radars located at Davis Station in Antarctica and Kunming Station at low 399 

latitudes, respectively, summarized the performance of wind measurements observed 400 
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by meteor radar and provided a precise estimation of wind detailed assessments of 401 

meteor-radar wind performance and measurement uncertainties. 402 

Table 1. Main operation parameters, geographic coordinates and observational time 403 

periods for the meteor radars used in this study. 404 

 Meteor 

radars 

Geographic 

coordinates 

Frequency Peak 

Power 

Included 

date 

range  

Approx. 

Years   

Southern 

Hemisphere 

(SH) 

Davis 

(DVMR) 

68.6°S, 

77.9°E 

33.2 MHz 7.5 

kW 

2005-

2024 

20 

King Edward 

Point 

(KEPMR) 

54.3° S, 

36.5°W 

35.2 MHz 7.5 

kW 

2016-

2020 

5 

Buckland 

Park 

(BPMR) 

34.6°S, 

138.5°E 

55 MHz 40 

kW 

2016-

2021 

5 

Andes Lidar 

Observatory 

(ALOMR) 

30.3°S, 

70.7°W 

35.2 MHz 7.5 

kW 

2009-

2013 

5 

Darwin 

(DWMR) 

12.3°S, 

130.8°E 

33.2 MHz  7.5 

kW 

2006-

2014 

8 

Ascension 

Island 

(ASSMR) 

7.9°S, 14.4° 

W 

43.5 MHz 12 

kW 

2002-

2011 

10 

Kototabang 

(KTMR) 

0.2°S, 

100.3°E 

37.7 MHz 12 

kW 

2003-

2017 

14 

Northern 

Hemisphere 

(NH) 

Fuke 

(FKMR) 

19.5°N, 

109.1°E 

38.9 MHz 20 

kW 

2015-

2020 

6 

Kunming 

(KMMR) 

25.6°N 

103.8°E 

37.5 MHz 20 

kW 

2011-

2016 

5 

Wuhan 

(WHMR) 

30.5°N, 

114.4°E 

38.9 MHz 20 

kW 

2012-

2024 

13 

Mengcheng 

(MCMR) 

33.4°N, 

116.1°E 

38.9 MHz 20 

kW 

2014-

2024 

11 

Beijing 

(BJMR) 

40.3°N, 

116.2°E  

38.9 MHz 7.5 

kW 

2012-

2023 

12 

Mohe 

(MHMR) 

53.5°N, 

122.3°E  

38.9 MHz 20 

kW 

2012-

2024 

13 

Tromsø 

(TRMR) 

69.6°N, 

19.2°E 

30.3 MHz 7.5 

kW 

2004-

2023 

20 

Svalbard 

(SVMR) 

78.2°N, 

16.0°E 

31 MHz 7.5 

kW 

2004-

2023 

20 

To extract the tidal components observed by the meteor radars, we calculate the 405 
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amplitude and phase of tidal components. The tidal analysis involves harmonics fitted 406 

to the hourly mean zonal and meridional winds. The fitting function is given by407 

 𝑦(𝑡) = 𝑦̅(𝑡) + ∑ 𝐴𝑖sin (
2𝜋𝑖

24
𝑡 + ∅𝑖)3

𝑖=1 , (1) 408 

where 𝑦(𝑡) is the wind measurement, 𝑦̅(𝑡) is the prevailing component, and 𝐴𝑖 and 409 

∅𝑖 represent the amplitude and phase, respectively. The tidal components with periods 410 

of 24 h, 12 h and 8 h represent the diurnal, semidiurnal and terdiurnal tides, respectively. 411 

As shown in Figure A1 in the Appendix A, we tested multiple fitting -window lengths 412 

(5-day, 7-day, and 11-day) days). Although the 11-day window produces somewhat 413 

stronger smoothing of short-term variability than the 5- and found that the resulting7-414 

day windows, the main seasonal variations in diurnal tidal amplitudes and phases were 415 

largelyremain broadly consistent across these window sizes. Theamong the three 416 

window lengths. Therefore, the influence of fitting-window length is relatively small 417 

for the seasonal-scale variability emphasized in this study, although shorter-term tidal 418 

variations are more sensitive to the choice of window length had minimal effect on the 419 

analysis of seasonal tidal variations.. Based on this assessment, we adopted a 7-day 420 

window with a 1-day step to extract the 24 h, 12 h,as a compromise between temporal 421 

resolution and 8 h tidal components from the wind data using a least-squares fitting 422 

method over the 80–100 km altitude range.fitting stability.  423 

424 

Figure 1. The locations of the Davis Station (DVMR, 68.6°S, 77.9°E), King Edward 425 
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Point Station (KEPMR, 54° S, 36° W), Buckland Park (BPMR, 34.6°S, 138.5°E), 426 

Andes Lidar Observatory (ALOMR, 30.3° S, 70.7° W), Darwin (DWMR, 12.3° S, 427 

130.5° E), Ascension Island (ASSMR, 7.9° S, 14.4° W), Kototabang (KTMR, 0.2°S, 428 

100.3°E), Fuke (FKMR, 19.5°N, 109.1°E), Kunming (KMMR, 25.6°N, 103.8°E), 429 

Wuhan (WHMR, 30.6° N, 114.4° E), Mengcheng (MCMR, 33.4° N, 116.5° E), Beijing 430 

(BJMR, 40.3° N, 116.2° E), Mohe (MHMR, 53.5° N, 122.3° E), Tromsø (TRMR, 69.6° 431 

N, 19.2° E), and Svalbard (SVMR, 78.2°N, 16°E). 432 

The DT results are based on radar measurements with varying lengths of observational 433 

records. Some radars, such as ALOMR, KMMR, and KEPMR, have only 5 years of 434 

data, whilewhereas others, likesuch as DVMR and TRMR, have up to 20 years. These 435 

differences in record length and observational period may influence the calculated mean 436 

DT amplitudes or the estimated mean tidal magnitudes. Inamplitudes and phases 437 

because diurnal tides also exhibit considerable interannual variability. To assess the 438 

sensitivity of the climatological results to record length, Figures A2 and A3, we 439 

compare DT amplitudes and phases derived from 20 years and 5 years of data at the 440 

Davis meteor radar (DVMR). The comparison clearly shows that the long-term DVMR 441 

record with those obtained from a 5-year subset. Although some differences between 442 

the two datasetsin magnitude are smallevident, the principal seasonal–altitude 443 

structures remain very similar, suggesting that data length does not significantly affect 444 

the main climatological features of the diurnal tides presented in this study. are 445 

relatively robust.  446 

 447 

3. Results 448 

3.1 Seasonal Variation of Global Diurnal Tides 449 

Figure 2 presents the seasonal–altitude structures of monthly mean diurnal tidal (DT) 450 

amplitudes and phases in zonal and meridional winds from the southern to northern 451 

polar regions. At polar latitudes, DT amplitudes from SVMR, TRMR, and DVMR show 452 

annual variation, peaking in summer and weakening in winter, with similar zonal and 453 

meridional patterns. In general, the DT amplitude during summer in both polar regions 454 

shows a relatively weak enhancement at lower altitudes below 84 km, reaching values 455 

up to 10 m/s, and a strong enhancement at higher altitudes above 96 km, reaching values 456 
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up to 20 m/s. Stober et al. (2021b) reported that the DT amplitudes observed by the 457 

McMurdo meteor radar (77.8°S) at higher polar latitudes in the SH show stronger 458 

enhancements during summer in zonal components and have semiannual enhancements 459 

during March-May (autumn) and September-November (spring) in meridional 460 

components, which presents a different seasonal pattern of diurnal tides to the DVMR 461 

observations. 462 

At higher northern midlatitudes, the zonal and meridional DT amplitudes observed by 463 

the MHMR show similar seasonal patterns withto the high -latitude TRMR 464 

observations, reaching their maximum during summer with values up to 10 m/s. At 465 

southern higher midlatitudes, the KEPMR zonal DT amplitudes are very weak and 466 

show two weak enhancements in March (autumn) and September (spring), reaching 467 

values up to 10 m/s. The KEPMR meridional DT amplitudes are much stronger than 468 

those of the zonal component, which shows enhancements above 96 km with a 469 

maximum near the spring equinox, reaching values up to 20 m/s (e.g., Hindley et al., 470 

2022). Although at theMHMR and KEPMR are located at geographically conjugate 471 

higher mid-latitudes, the diurnal tidetides observed byat the MHMR and KEPMR 472 

showstwo stations show a clear seasonal asymmetry. 473 

The DT amplitudes observed by the BJMR, MCMR, and WHMR from 40°N to 30°N 474 

at northern midlatitudes generally exhibit a similar seasonal pattern. They show a first 475 

enhancement near the spring equinox and a second enhancement around the autumn 476 

equinox. The DT amplitudes of the zonal components observed by the BJMR and 477 

MCMR, reaching values up to 30 m/s and 45 m/s, respectively, are stronger than the 478 

values of the meridional component, reaching up to 25 m/s and 35 m/s, respectively. At 479 

lower midlatitudes near 30° N, the WHMR zonal and meridional DT amplitudes are 480 

generally equal, reaching values up to 50 m/s.  481 

At southern midlatitudes near 30°S, the DT amplitude observed by ALOMR exhibits 482 

two significant enhancements that appear near the spring and autumn equinoxes. At 483 

higher latitudes, the BPMR DT amplitude exhibits a strong enhancement near the 484 

autumn equinox and a second enhancement in the later autumn equinox. However, the 485 
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seasonal morphology of the diurnal tides twoat the approximately conjugate lower mid-486 

latitude stations ALOMR (30° latitudes.3°S) and WHMR (30.2°N) shows a clear 487 

seasonalhemispheric asymmetry, both peak in. Both exhibit enhanced amplitudes 488 

during February–March, but ALOMR nearthis period corresponds to autumn at 489 

ALOMR and MCMR near spring equinox. Furthermore, the ALOMR meridional DT 490 

amplitude is stronger than that of zonal components.at WHMR.  491 

At northern low latitudes, the zonal and meridional DT amplitudes observed by the 492 

KMMR and FKMR exhibit two significant enhancements that appear in February-493 

March and September-November. Different from the midlatitudes, the meridional DT 494 

amplitudes at low latitudes are stronger than those of the zonal component. Deepa et al. 495 

(2008) reported that the zonal and meridional DT amplitudes observed in the 496 

Trivandrum (8.5°N) meteor radar are maximumreach maxima during autumn (August–497 

November) and spring (March), and meridional amplitudes are stronger than zonal 498 

amplitudes, which are generally similar to the FKMR (19.5°N) observations. 499 
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 501 

Figure 2. Monthly mean amplitudes of composite zonal (left column) and meridional 502 

(right column) diurnal tidal (DT) components derived from fifteen meteor radars. Note 503 

that the colorbar scales differ betweenamong panels. The black lines represent the solar 504 

zenith angle at local noon (1200 LT), corresponding to the right axes. Vertical black 505 

dashed lines indicate the spring and autumn equinoxes, as well as the summer and 506 

winter solstices. 507 

At southern low latitudes, zonal DT amplitudes observed by the DWMR exhibit strong 508 

enhancement in summer (February) and weaker enhancement in spring (September). 509 

The Meridionalmeridional DT amplitudes show two peaks—one in spring (September) 510 

and another during March–April. Zonal amplitudes from the ASSMR display 511 

semiannual variations, peaking near the equinoxes (September and March) (e.g., Davis 512 

et al., 2013). Meridional DT amplitudes from both DWMR and ASSMR show similar 513 
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semiannual patterns, with peak values reaching ~60 m/s in DWMR data. Kishore 514 

Kumar et al. (2014) also reported semiannual variations over Cachoeira Paulista (22°S), 515 

with meridional and zonal amplitude peaks of 55 m/s and 45 m/s, respectively—similar 516 

to ALOMR observations at 30°S. At the equator, KTMR data show three peaks: 517 

January–February, June–July, and November–December. These amplitudes increase 518 

with altitude, reaching ~40 m/s near 100 km. 519 

Figure 3 presents the monthly mean phases of the zonal and meridional diurnal tides 520 

(DTs), defined as the time of the first positive maximum in the hourly wind 521 

measurements. Since the phases are calculated in local time, longitudinal differences 522 

among radars are eliminated. At high latitudes, SVMR and TRMR exhibit semiannual 523 

variations in both components, while DVMR displays annual variations, characterized 524 

by more stable phases and longer vertical wavelengths compared to SVMR and TRMR. 525 

At higher northern midlatitudes, the DT phases at MHMR resemble those at TRMR, 526 

with semiannual variation in the zonal component and annual variation in the 527 

meridional component. In contrast, KEPMR at southern midlatitudes shows semiannual 528 

variations in both components—differing from DVMR but similar to ALOMR and 529 

BPMR. The zonal DT phases at ALOMR exhibit weak annual variation, whereas the 530 

meridional phases are semiannual and more variable. For both BPMR and ALOMR, 531 

meridional vertical wavelengths are shorter in summer and longer in winter. 532 
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 534 

Figure 3. Same as Figure 2, but for the monthly mean phases of composite zonal (left 535 

column) and meridional (right column) diurnal tidal (DT) components. 536 

The zonal and meridional DT phases observed by the BJMR, MCMR, WHMR, KMMR, 537 

and FKMR from middle to lower latitudes in the NH generally exhibit similar seasonal 538 

characteristics. Both zonal and meridional DT phases remain stable throughout the year 539 

and are indicative of upward propagating tides. Their diurnal tidal vertical wavelengths 540 

during summer and winter are generally longer than those during spring and autumn. 541 

Note that this behavior is consistent with the Hough-mode decomposition shown in 542 

Lieberman et al. (2003, their Fig. 9) for the migrating diurnal tide: the (1, 2) mode 543 

maximizes near the equinoxes and has a vertical wavelength of ~15 km, whereas the (1, 544 
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1) mode exhibits a weak annual cycle and a longer vertical wavelength. There are 545 

approximately 3-6/6-12 hour phase lags between the zonal and meridional components 546 

during summer/winter. In the SH low latitudes (KTMR, ASSMR, DWMR), DT phases 547 

are also stable with small seasonal changes but show clear zonal–meridional differences. 548 

At the equator, KTMR zonal wavelengths shorten near equinox and lengthen in winter 549 

and spring. The ASSMR zonal DT phases at SH lower latitudes show similar seasonal 550 

variations with KTMR.  551 

 552 

Figure 4553 
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 554 

Figure 4. Comparison of the altitudes corresponding to zero phase of the zonal (left 555 

column) and meridional (right column) diurnal tides observed at Beijing, Mengcheng, 556 

Wuhan, Kunming, and Fuke with the solar zenith angle. The corresponding correlation 557 

coefficients are marked in each panel. 558 

 559 
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 560 

Figure 5. Same as Figure 2, but for the monthly mean amplitudes of composite zonal 561 

(left column) and meridional (right column) diurnal tidal (DT) components obtained 562 

from the SD-WACCM. 563 
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564 

Figure 56. Same as Figure 3, but for the monthly mean phases of composite zonal (left 565 

column) and meridional (right column) diurnal tidal (DT) components obtained from 566 

the SD-WACCM. 567 

3.2 Influence of Solar Zenith Angle on Modulation of Seasonal Diurnal TidesTide 568 

Structures  569 

Figure 2 also shows seasonal variations of solar zenith angle (SZA) at 12 LT over fifteen 570 

meteor radars. In this study, we adopt the SZA at local noon (12:00 LT) as a 571 

representative value (e.g., Liu et al., 2019), since it closely reflects the maximum daily 572 

solar heating and captures the dominant seasonal trend relevant for atmospheric tidal 573 
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excitation.  574 

A clear correlationcorrespondence is observed between the seasonal variation in SZA 575 

and the vertical heightaltitude of the diurnal tidal (DT)-tide amplitude maxima, 576 

especiallyparticularly at northern midlatitudes (BJMR, MCMR, and WHMR), and to a 577 

lesser extent at northern low latitudes (KMMR, and FKMR). Near the equator, DT 578 

amplitudes at KTMR exhibit a semiannual variation that also appears to be linked to 579 

SZA. In the southern midlatitudes, the vertical variation of DT amplitudes at BPMR is 580 

also correlated with SZA, although the relationship is weaker compared to that in the 581 

Northern Hemisphere. Overall, globalthe observations suggestindicate that solar 582 

heating modulatesthe seasonal variation in the altitude of the DT amplitude maxima is 583 

closely associated with the seasonal variation in SZA at several low- and midlatitudes, 584 

but this effect exhibitsmidlatitude stations, with a clear hemispheric asymmetry in the 585 

strength of this relationship. As shown in Figure A4, the global semidiurnal tidal (SDT) 586 

amplitudes observed by the fifteen meteor radars do not show such SZA dependence.   587 

Compared to the DT amplitudes, the seasonal variations of the DT phase shown in 588 

Figure 3 exhibit a stronger correspondence with seasonal changes in solar forcing, as 589 

represented by the noon SZA. This effect is most evident across lower and midlatitudes 590 

in the NH, particularly at MHMR, BJMR, MCMR, WHMR, KMMR and WHMR. 591 

Similar but weaker signals are FKMR. Figure 4 further compares the altitudes 592 

corresponding to zero phase of the zonal and meridional diurnal tides observed at 593 

KTMR near the equator, as well asBJMR, MCMR, WHMR, KMMR, and FKMR with 594 

the SZA. Strong correlations are found at ALOMR and BPMRthe midlatitude stations 595 

BJMR, MCMR, and WHMR, while relatively high correlations are also evident at the 596 

lower-latitude stations KMMR and FKMR. These results provide quantitative support 597 

for a pronounced SZA-related seasonal modulation of the vertical structure of diurnal 598 

tides in the SH midlatitudesMLT region, consistent with an important solar-heating 599 

imprint on the observed tidal variability. Similar to the DT amplitudes, no clear 600 

correspondence between the DT phase and SZA is observed at the Southern 601 

Hemisphere stations, indicating a hemispheric asymmetry in the influenceSZA-related 602 



27 

 

seasonal variation of SZA on DT phase. As shown in Figure A5, and consistent with 603 

expectations, the phases of the semidiurnal tide (SDT) exhibit no clear relationship with 604 

SZA. 605 

, suggesting that the SZA-related seasonal signature identified for the diurnal tide is not 606 

evident in the SDT. As shown in Figures A45 and A56, we also computed the diurnal 607 

tidal (DT) amplitude and phase from hourly winds simulated by the specified-dynamics 608 

version of the Whole Atmosphere Community Climate Model (SD-WACCM), sampled 609 

at the meteor-radar locations. The simulation is nudged toward the Goddard Earth 610 

Observing System Model, Version 5 (GEOS-5) reanalysis product (Rienecker et al., 611 

2008).MERRA meteorological fields produced using the Goddard Earth Observing 612 

System Model, Version 5 (GEOS-5) data assimilation system (Rienecker et al., 2008). 613 

It employs a horizontal resolution of 1.9° latitude × 2.5° longitude and the high-vertical-614 

resolution lev144 configuration with 144 vertical model levels, providing a vertical 615 

resolution of approximately 0.5 km in the MLT region (Zhou et al., 2022). In the 616 

specified-dynamics configuration, winds and temperatures in the lower atmosphere are 617 

constrained toward the reanalysis fields, while the model runs freely in the MLT region 618 

(Cen et al., 2022). Hourly zonal and meridional winds from the model are used in the 619 

present tidal analysis. SD-WACCM reproduces the seasonal variation of DT amplitudes 620 

at high latitudes, with maxima in summer and minima in winter (Stober et al., 2021a). 621 

However, at low and midlatitudes it fails to capture the seasonal behavior of the diurnal 622 

tides observed by the meteor radars used in this study, consistent with the findings of 623 

Zhou et al. (2022).  624 

We further examine whether SD-WACCM can reproduce the seasonal trendvariations 625 

in the vertical structurestructures of DT amplitude and phase that is directly modulated 626 

by the solar zenith angle (associated with variations in SZA). As expected,. SD-627 

WACCM generally does not reproduce thisthe observed SZA-related featurefeatures in 628 

DT amplitudes. In contrast,, whereas it largely captures the SZA modulation 629 

ofcorresponding seasonal variations in DT phase at Northern Hemisphere midlatitudes. 630 

The discrepancies between the observations and SD-WACCM suggest that the 631 
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excitation mechanisms and evolution processes of diurnal tides in the mesosphere–632 

lower thermosphere (MLT) region are still not fully understood. 633 

3.3 Discussion on Hemispheric Differences in Diurnal Tide Modulation by Solar 634 

Zenith Angle 635 

Figure 67 presents latitude–seasonal contour plots of the zonal and meridional diurnal 636 

tidal (DT) amplitudes at 86 and 92 km, derived from fifteen meteor radars. Across the 637 

mesopause region, both components generally maximize at ~20–30° N/S, consistent 638 

with direct global tidal wind measurements from TIMED/TIDI that show low-latitude 639 

DT wind maxima near ~20–30° and around ~90 km (e.g., Oberheide et al. (2006);; Wu 640 

et al. (2008a, 2008b))) and with multi-instrument tidal wind/temperature inferences 641 

from Huang et al. (2006). Overall, the meridional DT amplitudes tend to be stronger 642 

than the zonal components. Seasonally, zonal diurnal tides typically peak around the 643 

equinoxes and reach minima near the solstices. The global structure indicates that DT 644 

amplitudes are largely characterized by semiannual variations, though annual and 645 

intraseasonal components are also present (e.g., Das et al., 2013; Yi et al., 2019; 646 

Guharay et al., 2021). 647 

It is important to note that the DTs observed by single-station meteor radars represent 648 

a combination of migrating and nonmigrating tides, which cannot be easilyreadily 649 

separated. In some cases, nonmigrating components may even dominate over the 650 

migrating ones (Forbes and Garrett, 1979). Migrating diurnal tides are primarily driven 651 

by solar infrared absorption by tropospheric water vapor and ultraviolet absorption by 652 

zonal-mean ozone in the stratosphere and lower mesosphere (Chapman and Lindzen, 653 

1970; Forbes and Garrett, 1979; Lieberman et al., 2003).  654 

In contrast, nonmigrating tides arise from more complex mechanisms, including 655 

zonally asymmetric thermal forcing (e.g., surface topography, localized heating, and 656 

longitudinal variations in solar heating variations) and nonlinear interactions with 657 

stationary planetary waves (Hagan and Forbes, 2002;, 2003). Accurate modeling of 658 

these tides therefore requires consideration of a broad range of atmospheric processes—659 

including radiative, chemical, and dynamical effects—such as processes, including the 660 
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global distributiondistributions of latent heatheating, ozone, and water vapor; 661 

background temperature and winds; molecular and eddy diffusivity; gravity -wave drag; 662 

and Newtonian cooling (Manson et al., 2002). 663 

Accordingly, the correspondence between SZA and the locally observed DT structure 664 

should not be interpreted as a one-to-one response to direct solar heating. In this study, 665 

SZA is used primarily as an indicator of the seasonal variation in solar illumination. 666 

The observed SZA-related variations should therefore be regarded as a seasonal solar-667 

forcing imprint on the locally observed composite diurnal tide, whose amplitudes and 668 

phases are further modified during propagation. Departures from this relationship may 669 

reflect contributions from zonally asymmetric heating, latent heating, topography, 670 

background circulation, and interactions with planetary and gravity waves. 671 

In Figures 6e7e and 6f7f, we present the seasonal and globallatitudinal variations of 672 

surface net solar radiation and surface latent heat flux, based on data derived from the 673 

ERA5 reanalysis produced by the European Centre for Medium-Range Weather 674 

Forecasts (ECMWF).; Hersbach et al., 2020). Monthly climatologies of these two 675 

ERA5 variables were used to characterize the seasonal variations in surface radiative 676 

and latent-heat forcing. As shown in Figure 6e,7e, surface net solar radiation input is 677 

primarily governedstrongly controlled by the SZAseasonal variation in solar 678 

illumination, with solar heating peaking at midlatitudes near 30° and exhibiting similar 679 

seasonal patterns across all sites.larger values occurring in the summer hemisphere. The 680 

seasonal variation in surface latent heat releaseflux, shown in Figure 6f7f, is 681 

largelystrongly latitude- dependent—strongest around 15°,, with larger magnitudes at 682 

low and mid-latitudes and substantially weaker near the equator and midlatitudes, and 683 

weakestvalues at high latitudes. Latent heat flux tends to be stronger in the winter 684 

hemisphere than in the summer (Kubota et al., 2003; Zhang et al., 2018). These results 685 

suggest that the solar heating sources of tides are generally symmetric between 686 

hemispheres. However, this symmetry does not explain why the observed SZA 687 

modulation of diurnal tides occurs, implying that other factors such as background 688 

winds or dynamical interactions may be involved. 689 
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 690 

Figure 67. (a-–d) Latitude‐–seasonal variations in the zonal and meridional diurnal 691 

tidal amplitudes at 92 and 86 km were obtainedderived from the fifteen meteor radars. 692 

(e) and (–f) Surface net solar radiation and Surfacesurface latent heat flux derived from 693 

the ERA5 reanalysis produced by the European Centre for Medium-Range Weather 694 

Forecasts (ECMWF.). Note that the values of colorbar are differentscales differ among 695 

panels. 696 
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 697 

Figure 78. Comparison of background zonal wind (left column) and the meridional 698 

flux of tidal zonal momentum (right column) calculated by the fifteen meteor radars. 699 

Note that the colorbar values are different.scales differ among panels.. The black lines 700 

depict the solar zenith angle at 12 LT noon, corresponding to the right axes. The vertical 701 

black dashed lines depict the spring and autumn equinoxes and summer and winter 702 

solstices. 703 

In addition to the excitation sources, the influence of background circulation on tides 704 

should also be considered. The background zonal mean flow can affect the upward 705 

propagation process of tides through filtering effects, which can be interpreted as the 706 

background zonal mean flow exerting a drag on the zonal momentum of tides (e.g., 707 

McLandress, 2002b; Isoda et al., 2004; Liu et al., 2016). As previously noted, the 708 

WACCM simulation cannot fully resolve the seasonal variations of diurnal tides 709 
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observed by meteor radars in this study, particularly at low- and mid-latitudes. 710 

Therefore, it is necessary to identify a variable calculable from meteor radar 711 

observations to characterize variations in the zonal momentum of diurnal tides.Doppler 712 

effects, which alter the phase of diurnal tides in both zonal and meridional wind tidal 713 

components. Under ideal conditions, the zonal and meridional components of diurnal 714 

tides are approximately in quadrature, with a constant phase difference of 90°, resulting 715 

in negligible meridional flux of tidal zonal momentum (u’v’). However, variations in 716 

background zonal winds can modify the tidal phases through Doppler effects, thereby 717 

disrupting this orthogonality and producing nonzero u’v’. Therefore, the meridional 718 

flux of tidal zonal momentum provides a useful indicator for characterizing the 719 

interaction between background circulation and tides, as it reflects deviations from the 720 

ideal phase relationship between tidal wind components. The meridional flux of tidal 721 

zonal momentum can be derived using zonal and meridional wind tides, which is given 722 

as follows (Devara and Ahmed, 1986): 723 

 𝑢′𝑣′̅̅ ̅̅ ̅ =
1

2
𝑢̂𝑣𝑐𝑜𝑠(𝜙𝑢 − 𝜙𝑣)  (2) 

Where𝑢′𝑣′̅̅ ̅̅ ̅ =
1

2
𝑢̂𝑣𝑐𝑜𝑠(𝜙𝑢 − 𝜙𝑣)       (2) 724 

where 𝑢′𝑣′̅̅ ̅̅ ̅
 denotes the meridional flux of tidal zonal momentum; 𝑢̂ and 𝑣 represent 725 

the amplitudeamplitudes of the zonal wind tide and meridional tidewind tides, 726 

respectively;  𝜙𝑢 and 𝜙𝑣 denote the phase of zonal wind tide and meridional tide, 727 

respectively. 728 

Figure 78 presents the comparison ofbetween background zonal windwinds and the 729 

meridional flux of tidal zonal momentum calculated byfrom the fifteen15 meteor radars. 730 

It is noted that in observations from BJMR, MCMR, WHMR, KMMR, and FKMR, 731 

located inat mid-latitudes in the Northern Hemisphere, the SZA consistently aligns with 732 

the altitude and month whereshow that the background zonal wind reaches the 733 

maximum of the eastward direction and the diurnal tidal zonal momentum approaches 734 

zero. When the magnitude of the meridional flux of zonal momentum approaches zero, 735 

the vertical gradient of this meridional flux reaches its maximum. Since the eastward 736 
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intensity at the same altitude and month as the maximum eastward meridional flux of 737 

tidal zonal momentum. Since u’v’ approaches zero when the phase relationship between 738 

zonal and meridional tidal components remains close to quadrature, and vice versa, this 739 

suggests a potential relationship between strong eastward zonal winds and the departure 740 

of tidal components from quadrature. 741 

The (1,1) Hough mode of zonal wind diurnal tides peaks at approximatelyreaches 742 

maximum amplitude near 25° of latitude, while the (1,1) Hough mode of corresponding 743 

meridional wind component peaks around 20° of latitude, the. Therefore, diurnal tides 744 

inat mid-latitude regionslatitudes are primarily governedmainly controlled by the (1,1) 745 

mode of migrating tides with westward propagating zonal wavenumber 1. When 746 

thestrong eastward background eastward wind attains its maximum intensity, the 747 

filtering effect of the background mean flow allows substantial penetration of zonal 748 

winds prevail, the phase speed of the westward -propagating tidal components, thereby 749 

maximizing the vertical gradient of momentum flux associated with these westward 750 

propagating tidal components. It should be noted that, at present, we have not yet 751 

separated the migrating and non-migrating tidal components from the single-station 752 

meteor radar wind observations. In future work, we plan to extract tidal components 753 

from the sounding of atmosphere using broadband emission radiometry (SABER) 754 

temperature data and further investigate the responses of different diurnal tidal 755 

componentstides is opposite to solar forcing, particularly the SZAthe background flow. 756 

The Doppler effect induced by the opposing background wind increases the intrinsic 757 

frequency of the tides, which modifies the vertical and horizontal phase structures of 758 

the tidal components. As a result, the phase difference between the zonal and meridional 759 

tidal winds decreases from quadrature, thereby producing a significant positive u′v′ 760 

and enhancing the eastward meridional flux of tidal zonal momentum. The seasonal 761 

variation of background zonal winds may modify the phase structure of these tidal 762 

components in the mid-latitude region, leading to corresponding variations in tidal 763 

momentum flux. In the high- and low-latitude regions, this correspondence is disrupted 764 

due to the complexity of tidal modes and the altered seasonal variability of zonal winds. 765 
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This could be one of the possible reasons for the relatively poor correlation between 766 

SZA and tidal activity in the high- and low-latitude regions. 767 

However, in the southern hemisphere, the consistency between the eastward maximum 768 

of the background zonal wind and the zero-line ofpositive diurnal tidal zonal 769 

momentum is only observed inat BPMR although ALOMR is also located at mid-770 

latitude in the southern hemisphere. This suggests that the possible mechanism inat 771 

BPMR may resemble that in northern hemisphere mid-latitudes, while ALOMR 772 

exhibits distinct behavior. Although ALOMR and BPMR share similar latitudes, BPMR 773 

is situated in Australia, whereas ALOMR is located near the Andes Mountains in South 774 

America. Beyond the filteringDoppler effects of the background mean flow on tides, 775 

gravity waves may also interact with tidal components (e.g., Liu and Hagan, 1998; Li 776 

et al., 2009; Stober et al., 2021b2021a). The Andes Mountains near ALOMR generate 777 

strong topographic gravity waves with varying seasonal characteristics (e.g., Alexander 778 

and Teitelbaum, 2011; Cao et al., 2016; Randall et al., 2017; Llamedo et al., 2019), 779 

which could modify tidal amplitudes and phases, leading to deviations in the seasonal 780 

variations of tides from the SZA line. 781 

4. Conclusion 782 

In Section 3, we show the climatology of global diurnal tides in the MLT region 783 

observed by fifteen meteor radars, especially the modulation of mesospheric tides by 784 

solar heating, which can be briefly summarized as follows: 785 

1. In general, the diurnal tides are strong at lower and middle latitudes (10-50°N/S), 786 

reaching maxima near 20-30°N/S with values of approximately 60 m/s, and are weak 787 

at the equator and higher mid- and polar latitudes (higher than 50°N/S). 788 

2. In terms of seasonal variation, the diurnal tides at lower and mid-latitudes generally 789 

reach the maximummaxima near equinoxes and have smaller amplitudes during 790 

summer and winter solstices. In the equatorial region, the diurnal tides show 791 

enhancements during January-February, June-August, and October-November. In the 792 

polar region, the diurnal tides show enhancements during summer and are weak during 793 

winter. 794 
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3. The seasonal trend inevolution of the vertical altitude structure of the DT amplitude 795 

and phase is directly modulated by structures of DTs exhibits a systematic relationship 796 

with solar heatingillumination, represented by SZA, particularly at northern lower and 797 

mid-latitudes, butmidlatitudes. However, this relationship is weaker in the Southern 798 

Hemisphere, the phenomenon is less pronounced. These differences reflectindicating a 799 

significant hemispheric asymmetry between the Northern and Southern Hemispheres. 800 

4. Global distributions of meridional fluxes of zonal tidal momentum highlight the 801 

critical role of background zonal winds in modulating tidal propagation. These winds 802 

can selectively filter tidal components and exert momentum forcing (or drag), thereby 803 

influencing both the amplitude and phase of the diurnal tide. This zonal wind–tide 804 

interaction is recognized as a primary mechanism contributing to the interhemispheric 805 

asymmetry observed in global tidal structures.   806 

5. The comparison with SD-WACCM shows that the model reproduces some broad 807 

features of the observed seasonal diurnal-tide variability, particularly the seasonal 808 

amplitude variation at higher latitudes and part of the phase structure at Northern 809 

Hemisphere mid-latitudes. However, SD-WACCM does not fully capture the observed 810 

seasonal amplitude patterns at low and mid-latitudes and generally fails to reproduce 811 

the SZA-related modulation of the vertical amplitude structure. These model–812 

observation differences demonstrate the value of the multi-station meteor-radar 813 

climatology as an observational constraint for evaluating and improving the 814 

representation of tidal excitation, propagation, and variability in whole-atmosphere 815 

models. 816 

In conclusion, this study provides the first comprehensive global picture of diurnal tides 817 

observed byan unusually broad ground-based climatological perspective on locally 818 

observed diurnal tides using fifteen meteor radars. Our results offer distributed across 819 

both hemispheres. The resulting dataset offers a new reference data set that can serve 820 

as avaluable observational benchmark for future model development and 821 

evaluationevaluating the seasonal and vertical structures of diurnal tides in the MLT 822 

regionatmospheric models, while the non-uniform station distribution should be 823 
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considered when generalizing the inferred hemispheric differences to unsampled 824 

longitude sectors. The pronounced signatures of solar-heating-driven tides highlight 825 

persistent deficiencies in current models and underscore the need to better represent the 826 

underlying dynamical processes that link the lower atmosphere to the MLT region. 827 

 828 

Appendix A: Comparison of Meteor Radar Tidal Estimations with Different Time 829 

Windows and Global Observations of the Semidiurnal Tide by Meteor Radars 830 

 831 

 832 

Figure A1. Zonal (left column) and meridional (right column) diurnal tide amplitudes 833 

(upper row) and phases (lower row) observed by the Svalbard Meteor Radar (SVMR) 834 

during 2005. The tidal amplitudes and phases are derived using sliding windows of 5 835 

days (blue lines), 7 days (red lines), and 11 days (green lines). 836 

 837 
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 838 

Figure A2. Zonal and meridional diurnal tide amplitude (left column) and phase (right 839 

column) observed by the Davis Meteor Radar (DVMR). Results derived from 2005–840 

2022 are shown in the upper row, and those from 2005–2009 in the lower row. 841 

 842 

Figure A3. Same as A2, but for the meridional amplitude and phase. 843 



38 

 

 844 

Figure A4. Monthly mean amplitudes of the composite zonal (U; left columns) and 845 

meridional (V; right columns) semidiurnal tidal (SDT) components derived from fifteen 846 

meteor radars. Note that the color-barcolorbar scales differ among panels. The black 847 

solid lines denote the solar zenith angle at local noon (1200 LT), shown on the right 848 

axes. The vertical black dashed lines indicate the spring and autumn equinoxes and the 849 

summer and winter solstices. 850 
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 851 

Figure A5. Same as Figure A4, but for the monthly mean phases of composite zonal 852 

(left column) and meridional (right column) semidiurnal tidal (SDT) components 853 

derived from fifteen meteor radars. 854 

 855 
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