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A B S T R A C T   

Planetary waves, including quasi-2, -5, -10, − 16-day waves, play significant roles in stratospheric 
dynamics. However, the existing knowledge on quasi-10-day waves (Q10DWs) at high latitudes is 
limited. This paper investigated the interannual and seasonal variations of Q10DWs with zonal 
wave numbers varying from the − 3 (westward propagation) to 3 (eastward propagation) modes 
from 2008 to 2022, using temperature data measured by the Microwave Limb Sounder instrument 
(316− 0.001 hPa, corresponding to an altitude of approximately 8–97 km) and temperature/ice 
water content data measured by the Solar Occultation for Ice Experiment (SOFIE) instrument 
(10− 100 km at latitudes >55◦). The findings revealed that the amplitude of Q10DWs in winter 
was higher than that in other seasons. The amplitude of Q10DWs was observed to substantially 
decrease with an increase in wavenumber. In addition, the amplitude of stationary Q10DWs in the 
northern polar region exceeded that in the southern polar region. Moreover, we used observa-
tional data from the SOFIE instrument, which simultaneously measures temperature and ice 
water content (IWC) in the mesosphere, to examine the variations of Q10DWs with respect to the 
temperature and IWC. Our findings suggest that in the northern polar region, the maximum value 
of Q10DWs in IWC was occasionally observed earlier than the lowest value of Q10DWs in 
temperatures.   

1. Introduction 

Planetary waves (PWs) originate from longitudinal variations in topography and heating; they are driven by the Coriolis force. 
These waves play vital roles in atmospheric dynamics and ionospheric electrodynamics [1–6]. PWs are generally categorized as free or 
forced waves. A series of classical normal modes was derived by solving the Laplace tidal equation [7]. Among them, the Rossby 
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normal mode exhibits westward propagation with periods of ~2, 5, 10, and 16 days, commonly called quasi-2-day waves (Q2DWs), 
quasi-5-day waves (Q5DWs), quasi-10-day waves (Q10DWs), and quasi-16-day waves (Q16DWs), respectively [4,6,8]. 

These normal modes have been extensively studied over the past few decades, with a particular focus on Q2DWs and Q5DWs [1–6, 
9,10]. However, Q10DWs have not attracted considerable attention due to limited observations [8,11,12]. Hirooka [13] studied the 
Q10DWs in the stratosphere and lower mesosphere using measurements from the Upper Atmosphere Research Satellite/Improved 
Stratosphere and Mesospheric Sounder (UARS/ISAMS) over 1991–1992. Recently, using temperature measurements from the Ther-
mosphere Ionosphere Mesosphere Energetics Dynamics/Sounding of the Atmosphere using Broadband Emission Radiometry (TIME-
D/SABER), Forbes and Zhang [8] (hereinafter, FZ15) investigated westward-propagating Q10DWs with a latitudinal wave number 
(denoted by s) of 1. Their findings revealed a notable alignment with the theoretical expectations of the normal mode, along with a 
mean period of 9.8 days and a standard deviation of ~0.4 days. FZ15 demonstrated that Q10DWs are weak and strong during summer 
and winter at middle latitudes, respectively. However, due to the limited TIMED/SABER observations, FZ15 only analyzed the 
Q10DWs in the temperature within an altitude range of 20–100 km and within latitudes of ±50◦. Nevertheless, it is theoretically 
expected that Q10DWs will be strong at high latitudes (above ±50◦), which is their normal mode behavior [8]. Thus, FZ15 postulated 
that Q10DWs are pronounced at high latitudes, and one of the goals of this study is to investigate this hypothesis through observational 
analysis. Additionally, the investigation of Q10DW counterparts, particularly in mesospheric clouds, has rarely been explored; thus, it 
is another goal of this study. 

Polar mesospheric clouds (PMCs) comprise a delicate layer of water ice particles that condense near the polar summer mesopause 
on meteoric smoke particles [14]. Many factors, such as water vapor, temperature, and nucleation nuclei, collectively contribute to 
PMC formation. The occurrence and abundance of PMCs have been observed to be closely tied to the dynamics and microphysics of the 
polar summer mesosphere. Thus, PMCs reflect changes in the global temperature and water vapor [14–20]. Kirkwood et al. (2003) 
[64] observed a strong correlation between the probability of observing PMCs and the combined effects of stationary Q16DWs and 
Q5DWs at the PMC locations using 40 years of PMC observations. Moreover, von Savigny et al. [21] observed a good agreement in the 
Q5DWs of PMC occurrence rates and mesopause temperatures based on PMC data obtained using the Scanning Imaging Absorption 
Spectrometer for Atmospheric CHartographY (SCIAMACHY) instrument with temperatures measured using the Microwave Limb 
Sounder (MLS). Several reports [4,22–25] further discuss how Q5DWs modulate PMCs. However, to the best of our knowledge, no 
studies have reported the relation between Q10DWs in mesospheric temperature and Q10DWs in the ice-water content (IWC) of PMCs. 
To examine the phase shift of the Q10DWs in temperature and PMCs, we investigate the concurrent measurements of temperature and 
IWC throughout the entire PMC seasons. The other goal of this study is to investigate the climatology of Q10DWs in the polar 
stratosphere and mesosphere through the Solar Occultation for Ice Experiment (SOFIE) and MLS observations. 

The remainder of the paper is arranged as follows. Section 2 describes the observations and method employed to extract PWs. 
Section 3 presents the global distribution of Q10DWs, their seasonal variations, and interhemispheric asymmetry at high latitudes, 
along with an analysis of their dependence on height and wavenumber. Section 4 discusses the phase shift of the W1 Q10DWs in 
temperature and IWC. Finally, Section 5 summarizes the results. 

2. Materials and methods 

To examine the variations of Q10DWs at high latitudes (above ±50◦), we employed temperature measurements obtained using the 
MLS instruments and temperature/IWC measurements obtained using the SOFIE instruments. 

The Aeronomy of Ice in the Mesosphere (AIM) satellite is dedicated to studying PMCs and the chemistry and dynamics of the 
mesosphere. The AIM/SOFIE instrument is used for solar occultation measurements at 16 wavelengths of 0.292–5.316 μm to determine 
vertical profiles of temperature, O3, H2O, CO2, CH4, NO, PMC extinction, and meteoric smoke extinction [16,18,26,27]. This study 
obtained data using SOFIE (version 1.3), which is available online (sofie.gats-inc.com). During polar summer in the Southern 
Hemisphere (SH), the temperature accuracy of SOFIE v1.3 was within 2 K compared to that of SABER at altitudes below the mesopause 
[28]. During polar summer in the Northern Hemisphere (NH), the temperature accuracy of SOFIE v1.3 was within 2 K compared to that 
of SABER at altitudes below ~ 80 km and up to 4 K warmer than that of SABER at an altitude ranging from ~80 to 90 km. The 
measurements had a vertical resolution and path length of ~1.8 and ~300 km, respectively, and the observations covered polar 
latitudes (65◦–82◦ South and North). Russell et al. [27] discussed the accuracy of SOFIE measurements and conducted validations (see 
also references [16–18,26,28,29]). 

The SOFIE v1.3 temperatures within the 10− 102 km height range were vertically smoothed over 1 km prior to the extraction of 
Q10DWs. PMCs were observed during summer, specifically around 30–60 days from the solstice (DFS), within an altitude range of 
~80–89 km in the northern polar region (NPR) and southern polar region (SPR) [17]. The temperature and PMCs were simultaneously 
observed, enabling the accurate determination of the phase shift between them. Q10DWs with zonal wavenumbers ranging from − 3 
(westward propagation) to 3 (eastward propagation) were obtained using the least squares fitting technique on the space–time series of 
the obtained temperature profiles. To achieve this, we fit the observational temperature at a time (units in UT day) using the following 
equation: 

y(λ, t)=A cos
(

2π
T

t −
2π

360
sλ − φ

)

, (1)  

where λ denotes the longitude in degrees, t is the time in days, and A, T, s, and φ denote the amplitude, period, zonal wavenumber, and 
phase, respectively. Positive and negative wavenumbers indicate eastward and westward propagations, respectively. Further, we 
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employed the Monte Carlo method [30] to calculate the confidence level of Q10DWs in every fitting window and obtain amplitudes 
above 0.5 K that are significant at an 80 % confidence level. 

The MLS instrument aboard the Aura spacecraft was used to observe thermal microwave limb emissions [31]. The Aura spacecraft 
maintained a Sun-synchronous orbit at an altitude of 705 km with an inclination of 98◦. It can complete an orbit around the Earth every 
100 min and conduct 240 scans per orbit, resulting in ~3500 vertical profiles per day along its suborbital track. MLS measurements 
encompass geographic latitudes ranging from 82◦N to 82◦S, providing valuable data on the concentrations of various chemical con-
stituents, as well as temperature and geopotential height. The MLS temperatures (316− 0.001 hPa, corresponding to 8− 97 km) were 
obtained by inverting the radiance measurements of O2 from the 118-GHz and isotopic 234-GHz emission lines. The vertical resolution 
of the MLS temperature products decreased with altitude (e.g., 4 and 14 km at 30 and 0.001 hPa, respectively) [32]. 

This study used the MLS v4.2 temperature dataset. The validation of these data and the analysis of temperature and geopotential 
biases have been compared with other reported observational results [32]. They reported a basis of approximately − 1 K in temper-
atures compared with correlative measurements in the troposphere and stratosphere. Moreover, they observed an additional sys-
tematic vertical structure with peak-to-peak variations ranging from 2 to 3 K. Given that this study focused on analyzing perturbations 
around the mean state, the aforementioned systematic biases were expected to have minimal influence on the study findings. As the 
AIM/SOFIE and Aura/MLS operate in Sun-synchronous orbits, the extraction of Q10DWs using the MLS was conducted with the same 
methodology as that used for SOFIE. Previous studies have demonstrated the capability of the MLS to observe traveling and stationary 
PWs [33–35]. 

3. Results 

3.1. Global Q10DWs in MLS temperatures 

MLS temperatures (− 82◦–82◦) were used to examine the latitudinal distribution of Q10DWs, and the results were compared with 

Fig. 1. Latitude versus height structures of Q10DW temperature amplitudes for fitting windows centered on the 15th of December (a–c), September 
(d–f), June (g–i), March (j–l). The left column (a, d, g, and j), middle column (b, e, h, and k), and right column (c, f, i, and l) correspond to the s = 1, 
s = 0 (stationary), and s = − 1 modes of the Q10DWs, respectively. 
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those of FZ15 [8]. The data were sorted into latitude bins from − 80◦ to 80◦ with a width of 5◦. There were ~180–250 profiles in each 
bin per day before quality control. Fig. 1 illustrates the height versus latitude structures of the Q10DW temperature amplitudes. The 
fitting windows were centered on four specific dates: the 15th of December (Fig. 1a–c), September (Fig. 1d–f), June (Fig. 1g–i), and 
March (Fig. 1j-l). These dates corresponded to distinct seasonal characteristics, representing winter, autumn, summer, and spring, 
respectively. We observed that the amplitude of Q10DWs was stronger at high latitudes (>55◦) in all months. Furthermore, the larger 
amplitude of Q10DWs extended from lower (30 km) to higher altitudes (80 km) at high latitudes. Fig. 2 shows the distribution of 
Q10DW temperature amplitudes as a function of latitude and day of year at altitudes of ~74 km (a-c), ~60 km (d-f), ~45 km (g-i), ~30 
km (j-l). 

Figs. 1 and 2 indicate that at low altitudes (<60 km), the Q10DWs exhibited peaks at high latitudes in winter. However, above 60 
km, the Q10DW amplitude tended to increase over a broader range in latitude and time. The Q10DW was also observed to peak at an 
altitude above 70 km at mid-latitudes and near the equator. Here, we removed 60 days of the mean nonmigrating tidal components to 
extract the Q10DWs. However, the disturbing waves of solar tidal modulation and the secondary waves could not be accurately 
separated. Ground-based observations indicated that the disturbing waves widely existed within an altitude range of 80–100 km 
[36–40]. The secondary waves [41] generated by the modulation of other PWs with any migrating solar tide also existed within the 
aforementioned altitude range. 

The Q10DW pattern quantified using MLS was similar to those deduced by FZ15 [8] at mid and low latitudes. The results showed 
that Q10DWs were mostly active during winter and around the equinoxes in both hemispheres and the largest amplitudes were 
observed in the NH. In FZ15 [8], the Q10DW temperature amplitudes were only observed within the ±50◦ latitudes using SABER. 
Compared with the amplitude of Q10DWs at mid to low latitudes, the amplitude of Q10DWs at high latitudes (>55◦N/S) was stronger 
in winter (Fig. 1a-c, 1g-1i, and Fig. 2). In addition, the Q10DW temperature amplitudes with s = 0 and − 1 were not weaker than those 
with s = 1. Thus, it was necessary to study the Q10DW temperature amplitudes at high latitudes, and they were investigated using 
SOFIE temperatures at high latitudes. Compared with the coarse vertical resolution of MLS temperatures in the mesosphere (14 km at 

Fig. 2. Latitude versus day-of-year structures of multiyear average (2008–2022) Q10DW temperature amplitudes at altitudes of ~74 km (a–c), ~60 
km (d–f), ~45 km (g–i), ~30 km (j–l). The left column (a, d, g, and j), middle column (b, e, h, and k), and right column (c, f, i, and l) correspond to 
the s = 1, s = 0 (stationary), and s = − 1 modes of the Q10DWs, respectively. 
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0.001 hPa), SOFIE observations had a fine vertical resolution (~1.8 km) that did not change with height. 

3.2. Q10DWs at high latitudes in SOFIE temperature 

We computed the frequency wavenumber spectrum of PWs using the SOFIE temperature, using a method provided by Salby et al. 
[7], to ascertain the significant components of the PWs at high latitudes. The PW period is typically in the range of 2–30 days, with a 
strong seasonal dependence. Thus, in the NH (SH), we obtained the vertical mean spectrum using SOFIE temperatures within an 
altitude range of 80–90 km (60–80◦N/S) from 2008 to 2022. We obtained the normalized frequency–wave number spectrum in each 
hemisphere (Fig. 3). We observed that, in addition to the Q2DWs (frequency, ~0.5/day) and Q5DWs (frequency, ~0.2/day), the 
Q10DWs were significant with wavenumbers 1 and − 1 in the NPR (Fig. 3b) and SPR (Fig. 3a), respectively. The Q10DWs with s =
0 were not significant in both polar regions. 

First, we focused on the evolution of the amplitude of Q10DWs in the time–height contour at high latitudes. Considering that the 
AIM satellite is on the Sun-synchronous orbit, the relation between longitude (λi) and UT (ti) was simply given by λi = 2πti∕(1 day). 
The Q10DWs were determined through the LS fitting of the residual data for wave periods varying from 8 to 12 days. The amplitude 
and period of the Q10DWs were the values that yielded the largest amplitude [42]. 

Fig. 4a and b shows the stationary mode (s = 0) based on the 2008–2022 averages as the contour of the PW in the NPR and SPR, 
respectively. To conveniently compare the Q10DWs between both hemispheres, we adjusted the date by shifting it forward 6 months in 
the NPR. The date corresponded to the initial day of every calendar month. The contour lines shown in Fig. 4 represent the mean zonal 
winds derived from the Modern Era Retrospective Analysis for Research and Applications (MERRA) assimilation model. The amplitude 
of Q10DWs was larger in winter than in other seasons in both hemispheres. In the NPR, the amplitude of the Q10DWs was the largest in 
January and increased with an increase in altitude. The amplitudes of Q10DWs exhibited two peaks separately at 35 and 85 km 
(Fig. 4a). Similarly, the amplitude exhibited two peaks at 30 and 70 km in September in the SPR (Fig. 4b). The amplitude of Q10DWs 
exceeded 5 K in the lower mesosphere and stratosphere from December to February in the NPR and from July to September in the SPR. 
The variation was consistent with the annual variation in the zonal westerly wind from 2008 to 2022, as the westerly wind facilitated 
the upward propagation of PWs [43]. These strong Q10DWs were generated by the baroclinic/barotropic instability in the polar night 
jet and/or double-jet regions [41,44–46]. However, during summer, the presence of easterly winds impeded the upward propagation 
of PWs. Consequently, the amplitude of Q10DWs in the polar stratosphere during summer was extremely small, approaching zero. 

The propagating modes of the Q10DWs were examined in the NPR and SPR. Fig. 5 shows a multiyear composite analysis of the 
amplitudes of the Q10DWs of W1–W3 and E1–E3 in the NPR and SPR for 2008–2022 in SOFIE temperature. Fig. 5a–f and 5g–5l 
indicate the propagating modes of Q10DWs in the NPR and SPR with wavenumbers E1–E3 and W1–W3, respectively. The results 
showed that the eastward-propagating modes (E1–E3) of the Q10DWs were consistent with the quasi-stationary Q10DWs in both 
hemispheres. They both exhibited a clear annual variation, with peaks during winter extending from the stratosphere to the lower 
mesosphere. The amplitude was observed to be dependent on the wavenumber. For example, the Q10DWs with eastward wave-
numbers of 1, 2, and 3 (E1–E3) exhibited structures that were very similar to the stationary-mode Q10DWs. In addition, with an 
increase in the wavenumber, the amplitude of the Q10DWs considerably decreased. The westward and eastward-propagating Q10DWs 
exhibited the same patterns. In all cases, the annual variation of the Q10DWs was less pronounced above 80 km. Below 80 km, the 
strongest Q10DWs were in winter, compared with the nearly zero Q10DWs in summer. On the contrary, at 90 km, the amplitude of the 
Q10DWs in winter, spring, and autumn was larger than that in summer. At 100 km, the Q10DW amplitude exhibited a stronger 
semiannual variation with peaks in winter and summer. 

FZ15 [8] stated that solar or lunar tides cannot be completely removed from the analysis and tides exponentially increase with 
altitude. Additionally, above 80 km, the dissipation of gravity waves and the subsequent deposition of momentum may excite sec-
ondary Q10DWs. This mechanism has been confirmed in the context of stationary PWs with larger amplitudes [43,47–51]. If the 
Q10DW component of the secondary excitation was sufficiently large, it was comparable to the original Q10DWs, as shown below. We 
conducted the same analysis using the MLS-based data (as shown in Fig. 6) and arrived at the same conclusion but with smaller 

Fig. 3. Normalized mean frequency versus wavenumber spectra of temperature disturbances at high latitudes (70◦N/S–80◦N/S) in an altitude range 
of 80–90 km in summer from 2008 to 2022. Panels (a) and (b) show the Southern and Northern Hemispheres, respectively. 
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Fig. 4. Composite multiyear analysis of the amplitudes of Q10DWs in temperature with stationary mode (s = 0) in the NPR (a) and SPR (b) 
extracted from SOFIE data over 2008–2022. The contour lines represent the composite of the mean zonal wind speeds derived from the Modern Era 
Retrospective Analysis for Research and Applications (MERRA) data in the same period of SOFIE observations. Each contour line has a spacing of 5 
m/s. Note that the contour lines with zero values (red line), positive values (solid line), and negative values (dashed line) are the zero, eastward, and 
westward wind speeds, respectively. To conveniently compare the Q10DWs in the NPR (a) and SPR (b), the date in the NPR was shifted forward by 
6 months. 

Fig. 5. Composite multiyear analysis of the amplitudes of Q10DWs in temperature in the NPR (a–f) and SPR (g–l) extracted from SOFIE data over 
2008–2022. Panels (a) and (g) are for s = 1 mode; panels (b) and (h) are for s = 2 mode; panels (c) and (i) are for s = 3 mode; panels (d) and (j) are 
for s = − 1 mode; panels (e) and (k) are for s = − 2 mode; panels (f) and (l) are for s = − 3 mode. 

Y. Su et al.                                                                                                                                                                                                              



Heliyon 10 (2024) e31241

7

amplitudes. A reason for the smaller amplitudes of Q10DWs in the MLS was the coarser MLS vertical resolution. 
Next, the evolution of the period corresponding to the maximum amplitude (PCMA) of the Q10DWs was examined based on the 

time and height. We analyzed the PCMA of the Q10DWs of the stationary and propagating modes (Fig. 7). The period corresponding to 
the Q10DW amplitudes smaller than 1 K is not shown. Fig. 7a and b indicate the stationary mode of the PCMA of Q10DWs in the NPR/ 
SPR, and Fig. 7c–h and 7i–7n indicate the propagating modes of the PCMA of Q10DWs in the NPR and SPR with wave numbers E1–E3 
and W1–W3, respectively. The results showed that in the stationary mode, no significant difference was observed between the numbers 
of the PCMA of Q10DWs greater than and less than 10 days. Nevertheless, most of the PCMA of Q10DWs less than and greater than 10 
days were concentrated above and below 50 km, respectively. In the propagating mode, whether in the NPR/SPR or eastward/ 
westward propagating, the PCMA of the Q10DWs greater than 10 days gradually decreased as the wave number increased. Asym-
metries were observed between the NH and SH regarding the PCMA of Q10DWs. The PCMA of the Q10DWs greater than 10 days in the 

Fig. 6. Composite multiyear analysis of the amplitudes of Q10DWs in temperature in the NPR (panels a and c-h) and SPR (panels b and i-n) 
extracted from MLS data over 2008–2022. Panels (a) and (b) are stationary mode (s = 0); panels (c) and (i) are for s = 1 mode; panels (d) and (j) are 
for s = 2 mode; panels (e) and (k) are for s = 3 mode; panels (f) and (l) are for s = − 1 mode; panels (g) and (m) are for s = − 2 mode; panels (h) and 
(n) are for s = − 3 mode. 
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NPR exceeded that in the SPR at the same time/location. The results of employing the same method to analyze the PCMA of Q10DWs 
from the MLS data were consistent with the results obtained using SOFIE data. Finally, we analyzed the evolution of the average period 
of Q10DWs (amplitude >1 K) in time and height. When calculating the average period of Q10DWs with a period between 8 and 12 
days, the Q10DW average period was relatively stable around 10 days. 

3.3. Q10DWs in temperature and IWC 

Herein, we discuss the relation between Q10DWs in temperature and IWC measured simultaneously using the SOFIE instrument in 
the NPR and SPR. We adopted a band-pass filter with cutoff periods ranging from 8 to 12 days. Fig. 8 illustrates the relation between 
the Q10DWs in temperature and IWC averaged at an altitude of 81–87 km in the summers of these two hemispheres, during 

Fig. 7. PCMA of Q10DWs in temperature in the NPR (panels a and c-h) and SPR (panels b and i-n) extracted from MLS data over 2008–2022. Panels 
(a) and (b) are stationary mode (s = 0); panels (c) and (i) are for s = 1 mode; panels (d) and (j) are for s = 2 mode; panels (e) and (k) are for s = 3 
mode; panels (f) and (l) are for s = − 1 mode; panels (g) and (m) are for s = − 2 mode; panels (h) and (n) are for s = − 3 mode. 
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2008–2022. The x-axis label indicates the DFS (number of days from the summer solstices, which fall on 21 June in the NPR and 21 
December in the SPR, respectively). The results indicated a complex relation between the Q10DWs in temperature and the IWC 
anomaly in both the hemispheres. In the NPR, the Q10DWs in temperature and the IWC anomaly typically negatively correlated for 
− 10–5 DFS and 35–60 DFS. The maximum value of the IWC anomaly was observed earlier than the lowest temperatures. Additionally, 
the Q10DWs in the IWC anomaly began to considerably increase at a DFS of 15, reaching the maximum amplitude at 30 DFS (Fig. 8a). 
In the SPR, the Q10DWs in the IWC anomaly did not considerably change during summer. The Q10DWs in temperature and the IWC 
anomaly in the SPR are anticorrelated from − 30 to − 15 DFS and from 12 to 27 DFS. The maximum value of a 10-day IWC anomaly was 
observed later than the lowest temperature 2–3 days from the DFS of − 17 to the DFS of 12 and the DFS of 27 to the DFS of 65 (Fig. 8b). 
In the NPR and SPR, the maximum value of the IWC anomaly was observed earlier and later, respectively, than the lowest temperature 
or was exactly negatively related. In addition, the amplitude of the Q10DWs in the IWC anomaly was extremely volatile in the NPR but 
remained stable in the SPR. 

PMC formation is dependent on many factors, such as temperature, water vapor abundance, and nucleation. PWs can modulate the 
amount of water vapor through transport. Thus, it is highly possible that the maximum ice water in PMC is not observed during the 
lowest temperature. In addition, PMC formation can deplete the local water vapor before the temperature decreases to its lowest value 
[52]. Therefore, even if the temperature decreases, there may not be more ice water. This is why the maximum value of the ice water in 
the Q5DWs was observed earlier than the lowest temperature recorded in the same wave [21,23,24,53]. Atmospheric fluctuations in 
various periods can influence atmospheric dynamics, particularly processes such as upwelling and transport, which play crucial roles 
in regulating the formation of PWC ice particles [54]. In addition, the formation of ice particles can be influenced by other factors, such 
as nucleation rate, ice core number density, and eddy diffusion [19,25]. Changes in these factors can greatly affect ice formation, 
consequently influencing the phase difference between Q10DWs in temperature and IWC anomalies. The relation between the 
Q10DWs in temperature and the IWC anomaly was very different in both hemispheres. Further modeling is required to investigate the 
relation between the amplitude of the Q10DWs in temperature and the IWC anomaly. 

4. Discussion 

Based on climatological research, westward-propagating waves with a zonal wavenumber of 1 (s = − 1) and eastward-propagating 
waves with meridional wavenumbers of 1 (s = 1) and 2 (s = 2) have been identified as the predominant propagating waves in Q10DW 
[55]. As shown in Fig. 3, the amplitude of the Q10DW (s = 0) temperature component should be very close to 0 in both the SH and NH. 
However, in Figs. 1, 2, 4 and 5, the amplitude of the Q10DW (s = 0) temperature component is considerably larger, with some values 
exceeding 5 K. The occurrence of the Q10DW (s = 0) temperature component eruption at high latitudes (50–70◦N/S) in the winter 
hemisphere at altitudes of 30–80 km (Figs. 1 and 2) is clearly abnormal. We believe that the Q10DW (s = 0) observed in the middle 
atmosphere at high latitudes is a mixed wave, including the Q5DW, partial secondary waves, and coupling between and within 
hemispheres caused by gravity waves. The phenomenon observed in Fig. 1 (s = 0) further supports our hypothesis. Q10DWs can be 
observed at the upper boundary of the middle atmosphere across all latitudes. Q5DW/Q16DWs are symmetric modes, exhibiting 
temperature perturbations symmetric about the equator, whereas Q2DW/Q10DWs are antisymmetric modes, with perturbations 
changing sign at the equator [56]. This suggests that Q10DWs near the equator are expected to be close to 0. However, Fig. 1 shows 
significant amplitudes of Q10DW (s = 0) observed in equatorial regions above 80-km altitude. This phenomenon is likely caused by 
shear instability, which during the equinox transition period can considerably amplify PWs above 80 km [57]. In addition, secondary 

Fig. 8. Composite year analysis of the temporal evolution of Q10DWs in temperature (blue) and IWC (red) averaged between 81 and 87 km altitude 
during the NPR (a) and SPR (b) summers, extracted from SOFIE data over 2008–2022. The x-axis label indicates the number of days from the 
respective summer solstices (21 June in the NPR and 21 December in the SPR, respectively). 

Y. Su et al.                                                                                                                                                                                                              



Heliyon 10 (2024) e31241

10

waves are enhanced at this altitude. Fritts et al. [58] demonstrated that secondary waves may result from wave–wave interactions and 
wave breaking. Secondary waves generated from mountain waves breaking at critical levels below 83 km could propagate to PMC 
altitudes and account for wave activity over orographic sources. From Figs. 4 and 5 (s = 0), the amplitude of Q10DW primarily peaks in 
the winter hemisphere (at 30–60 and 70–90 km). However, the peak in the amplitude of Q10DW (s = 1) at 70–90 km disappears, 
further confirming our hypothesis. 

During the winter half-year, the amplitude of Q10DW (s = 1) near the top of the stratosphere at high latitudes is significant. 
Eastward background winds that are slower than the phase speed of Q10DW (s = 1) hinder its propagation. In addition, thick 
evanescence regions between 18 and 25 km impede the propagation of s = 1 waves [59]. Therefore, we speculate that the large 
amplitude of Q10DW (s = 1) at the high-latitude stratospheric top is due to the interaction between locally excited waves and upward 
propagating waves. In the NH, the Q10DW (s = 1) experiences favorable transmission conditions in the winter troposphere (shear 
instability) and may propagate upward, ultimately resulting in strong wave activity at the stratospheric top. On the contrary, in the SH, 
the Q10DW (s = 1) excited at the tropospheric top does not propagate upward because the background winds are not conducive to 
upward propagation. During the summer half-year, the propagation conditions for the Q10DW (s = − 1) are very poor, leading to 
minimal wave activity during this period. Although the propagation conditions for the Q10DW (s = − 1) are favorable in spring and 
autumn, no Q10DWs (s = − 1) are present at the top of the troposphere during these seasons. We speculate that the Q10DW (s = − 1) is 
more active in the troposphere during winter than during the other two seasons. In the summer months, thick evanescence regions 
around 20 km hinder upward wave propagation in the troposphere and thick evanescence regions above 40 km further impede upward 
propagation. Therefore, the activity of the Q10DW (s = − 1) across the entire altitude range during summer is relatively weak. In 
high-latitude regions, both the Q10DWs (s = 1 and s = − 1) exhibit relatively strong activity, with the Q10DW (s = − 1) having better 
propagation conditions from the troposphere upward than Q10DW (s = 1). The Q10DW (s = − 1) excited in the troposphere in the NH 
can easily propagate upward into the stratosphere and mesosphere. We speculate that the Q10DW (s = 1) in both hemispheres may be 
excited in situ and interact with downward-propagating waves, resulting in intense wave activity. Generally, the seasonal Q10DW 
variation differs, and its spatial and temporal distributions are primarily determined by wave propagation conditions. 

Temperature, water vapor abundance, and nucleation all play a role in PMC formation. In summer, upwelling occurs at high 
latitudes and the ascending air is adiabatically cooled to temperatures lower than 150 K [60]. In addition to lowering the temperatures, 
this upward flow transports water vapor to the summer polar mesopause region to remain in the super-saturated altitude range for a 
longer period so that it can grow larger. Because supersaturation is exponentially dependent on temperature and only linearly 
dependent on water vapor, clouds are primarily controlled by temperature [18,61]. The 11-year solar cycle, coupling between and 
within hemispheres caused by gravity waves, and PW activity influence PMC formation seasons by affecting temperature. PMC in SH is 
more variable and generally darker than that in NH [61]. Further, the relation between PMC and temperature in SH is more complex in 
the SH than in the NH (Fig. 8). PMC formation in the summer polar regions of the SH is hindered by persistent SH stratospheric polar 
vortices, which extend until the end of December and continue to influence wave propagation to the middle atmosphere. This influence 
is stronger in the SH than in the NH because the breakdown of polar vortices occurs much later in the SH. Walterscheid [62] and Liu 
[63] reported that atmospheric gravity wave breaking in a low thermosphere can produce a downward heat flux, which cools the 
mesopause region and heats the region immediately below. There is a highly significant correlation between IWC and atmospheric 
perturbations induced by Q5DW, Q16DW, and stationary PWs [64]. In theory, Q10DWs do not directly influence PMC variations 
because Q10DWs are predominantly present in the winter hemisphere, with very weak activity in the summer hemisphere where PMCs 
occur only at high latitudes. However, in Fig. 8, we still observe a complex relation between the temperature and IWC of the Q10DWs. 
This complexity arises because the filtered Q10DW primarily includes Q5DW, partial secondary waves, and coupling between and 
within the hemispheres caused by gravity waves. This leads to an intriguing conclusion: even when the filtered Q10DW is considered 
solely as a climatological diagnostic factor, without considering its complex climate dynamics, it can still reveal certain PMC 
variations. 

5. Conclusion 

Theoretically, in the middle and upper atmospheric levels, the amplitude of Q10DWs is higher at high latitudes than at the low and 
middle latitudes. However, studies on the confirmation of this theory are limited because of the scarcity of satellite observations. The 
counterparts of Q10DWs have rarely been studied, particularly in terms of PWC. The time–height and wavenumber dependence of 
Q10DWs at high latitudes is presented using AIM/SOFIE and Aura/MLS temperature measurements over 2008–2022. Moreover, the 
relations between the Q10DWs in temperature and the corresponding PMC IWCs were explored. The overall conclusions are as follows. 

The amplitude of the Q10DWs decreased with an increase in the zonal wavenumber and was larger at high latitudes (>55◦) than at 
lower latitudes in both hemispheres in all months. At lower altitudes (<60 km), the largest amplitude was only observed at high 
latitudes in winter. As the height increased, the amplitude extended to a wider latitude range and covered a longer-lasting time. The 
amplitude was larger in winter than in other seasons at high latitudes in both hemispheres. In the NPR/SPR, the amplitude of the 
Q10DWs was the largest in January/September. With an increase in altitude, the amplitude appeared to exhibit a strong (35/30 km)– 
weak (60/55 km)–strong (85/70 km) pattern. In addition, with an increase in the wavenumber, the amplitude of the Q10DWs 
considerably decreased. The westward and eastward-propagating Q10DW exhibited similar patterns. The seasonal variation of 
Q10DW varied, and its spatial and temporal distribution was primarily influenced by wave propagation conditions. 

The amplitude of the Q10DWs exhibited an asymmetry between both hemispheres, which was dependent on height and zonal 
wavenumbers. In the stationary mode, the amplitude in the NPR was larger than that in the SPR. As the wavenumber increased, the 
amplitudes in both hemispheres decreased, and the decrease in the amplitude in the SPR was more significant than that in the NPR. 
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Most of the PCMAs of the Q10DWs less and greater than 10 days were concentrated above and below 50 km, respectively, in the 
stationary mode. In the propagating mode, the PCMA of the Q10DWs greater than 10 decreased as the wave number increased whether 
in the NPR/SPR or eastward/westward-propagating mode. When the wave number was − 3/3, practically all the PCMAs were less than 
10. 

The maximum IWC value was observed earlier than the lowest temperature (from the DFS of − 27 to the DFS of − 10) or was exactly 
negatively related (from the DFS of − 10 to the DFS of 5 and from the DFS of 35 to the DFS of 60) in the NPR. On the contrary, the 
maximum IWC value was observed later than the lowest temperature (from the DFS of − 17 to the DFS of 12 and from the DFS of 27 to 
the DFS of 65) or was exactly negatively related (from the DFS of − 30 to the DFS of − 15 and from the DFS of 12 to the DFS of 27), in the 
SPR. Moreover, the amplitude of the Q10DWs in IWC varied more than that in the NPR than in the SPR. In theory, Q10DWs in the 
middle atmosphere cannot explain variations in PMC. However, using Q10DWs as a diagnostic indicator for PMCs might be a 
promising approach. This is because temperature Q10DWs not only incorporate the influences of the Q5DW, secondary waves, and 
tidal waves that affect PMCs but are also closely related to the 11-year solar cycle that impacts PMCs. 
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