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Abstract

:

Atmospheric gravity waves are one of the important dynamic processes in near space and are widely present in the atmosphere. They play a crucial role in the transfer of energy and momentum between different regions of the atmosphere. The Sun, as the ultimate source of gravity wave energy, significantly influences the intensity of gravity wave disturbances through its activity variations. This paper utilizes data from the Global Navigation Satellite System Occultation Sounder (GNOS) onboard the Fengyun-3C (FY-3C) satellite to invert global stratospheric gravity wave disturbances. It provides the global stratospheric gravity wave distribution from 2015 to 2023, nearly covering one solar activity cycle, and focuses on analyzing the response of gravity waves at different latitudes, altitudes, and wavelengths to the solar activity cycle. We found that short-wavelength gravity waves respond more noticeably to solar activity compared to long-wavelength gravity waves. Through analyzing the intensity of stratospheric gravity wave disturbances across different latitude bands, we found that in high-latitude regions, stratospheric gravity wave disturbances are most sensitive and respond most quickly to variations in solar activity. Furthermore, the Southern Hemisphere exhibits a stronger response to the current year’s solar activity changes compared to the Northern Hemisphere. In the mid-latitude and equatorial regions, the response to changes in solar activity intensity is delayed. The correlation gradually strengthens with this lag, reaching a very strong level after a 2-year lag. Additionally, the correlation between the Southern Hemisphere and solar activity is generally higher than that of the Northern Hemisphere.
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1. Introduction


Gravity waves (GWs) are one of the main atmospheric fluctuations in the Earth’s upper atmosphere and lower plasmasphere. They play a crucial role in processes involving changes in atmospheric temperature, density, and chemical composition, as well as in the coupling of energy and momentum transfer between different regions in the middle and upper atmosphere [1,2,3,4]. Gravity waves are usually generated in the troposphere, filtered by wind fields in the stratosphere and mesosphere, and partially dissipated in the upper mesosphere and thermosphere [5].



The primary sources of gravity waves include topography [6], convective events [7], frontal systems, and jet streams [8]. However, the energy source is the solar radiation received by Earth, the cyclical variations in solar activity continuously impact the generation and propagation of gravity waves. By analyzing ground-based station and satellite observation data, a clear correlation between gravity waves and solar activity has been identified [4,9,10,11,12,13]. Gavrilov et al. (1995) analyzed data from a medium-frequency radar (52°N, 107°W) between 1979 and 1993, finding a negative correlation between gravity waves and the 11-year solar activity cycle [9]. After analyzing data from three stations at different longitudes and latitudes, Gavrilov et al. (2002) further indicated that the correlation between gravity waves and solar activity is influenced by longitude [10]. However, Jacobi et al.(2006) found a positive correlation between gravity waves and solar activity after analyzing data from the Colm station [11]. Li et al. (2010) used temperature data from LiDAR observations and found that during solar maximum periods, temperature changes in upper stratospheric gravity waves are enhanced [12]. Additionally, the enhancement of lower atmospheric gravity waves can lead to the strengthening of middle atmospheric gravity waves [14]. Satellite observation data can provide global distributions of gravity waves. By analyzing temperature profile data from SABER, Ern et al. (2011) and Zhang et al. (2012) found that gravity waves exhibit an 11-year periodic variation, which aligns with the solar activity cycle [15,16]. Ern et al. (2011) analyzed five years of temperature data from SABER and concluded that the amplitude and momentum flux of gravity waves are negatively correlated with the solar activity cycle [15]. Liu et al. (2017) further indicated that the potential energy of gravity waves in low- and mid-latitude regions is negatively correlated with solar activity [13]. Additionally, Wang et al.(2023) noted that, after 2017, as solar activity weakened, there was a trend of decreasing gravity waves in high-latitude regions year by year [4].



Variations in solar radiation flux do not directly impact the dynamics of gravity waves but rather influence them through atmospheric background parameters such as background wind, temperature, and dissipation parameters [17,18]. Any change in solar radiation flux will alter the incoming EUV and X-ray fluxes, subsequently affecting atmospheric neutral density and temperature parameters, which in turn modify dissipation factors and others [19]. The influence of solar activity on the stratospheric atmosphere, including changes in Earth’s surface temperature, stratospheric temperature, wind fields, and cloud cover [20,21,22], is a long-term process. These impacts manifest in atmospheric phenomena with a certain lag. Indices representing solar activity levels, such as sunspot numbers and solar radio flux, are correlated with the Arctic Oscillation Index and the East Asian Monsoon Index, with a notable lag correlation [23,24]. For one of the main sources of gravity wave generation, convective activity, its outgoing longwave radiation index, tropical western Pacific vertical velocity, and tropical zonal wind fields all have the highest correlation with the F107 index with a lag of one to two years [24]. Therefore, the response of gravity wave activity to variations in solar activity intensity may also exhibit a lag.



Previous studies analyzing the response of GWs to solar activity have only considered immediate responses, without accounting for the potential delayed response of gravity waves due to atmospheric background parameters, which is a key focus of this paper. Additionally, many studies in the past obtained gravity waves using a high pass filter with a cut-off vertical wavelength of 10 km [25]. Consequently, their results completely suppressed the gravity waves with vertical wavelengths >10 km, which are dominant over the middle and high latitude regions [26]. So, to capture as much gravity wave information as possible, we investigated gravity waves in two separate vertical wavelength ranges, one is 2–10 km (short-wavelength GWs), and the other is 12–20 km (long-wavelength GWs). GWs at different latitudes are influenced by excitation sources, background winds, etc., and their correlation with solar activity may differ, which lacks comparative analysis in previous studies.



This paper uses temperature detection data from the Global Navigation Satellite System Occultation Sounder (GNOS) onboard the FY-3C satellite from 2015 to 2023 to analyze the response of global gravity wave disturbances to medium- and long-term solar activity changes. The primary focus is on analyzing the correlation between gravity wave intensities at different altitudes, latitudes, and wavelengths, and the sunspot number index, which characterizes the solar activity cycle. Additionally, we will focus on the delayed response of gravity waves to solar activity across different latitudinal bands and altitude layers. Section 2 provides a detailed introduction to the data and methods used in this paper. Section 3 analyzes the processing results. Section 4 presents the conclusions and discussion.




2. Data Selection and Methods


2.1. Atmospheric Temperature Profile and the Sunspot Number


The FY-3C satellite is a meteorological satellite that operates in a sun-synchronous orbit, with an average orbital altitude of 836 km and an orbital period of approximately 101.5 min. GNOS is the Global Navigation Satellite System Occultation Sounder onboard the FY-3C satellite, composed of three antennas, three RF units, and one electronic unit. It employs high-dynamic, highly sensitive signal acquisition and tracking technology, enabling it to receive GPS and BDS satellite navigation signals to retrieve atmospheric profiles of temperature, humidity, and other parameters [27]. Through processes such as precise orbit determination, atmospheric parameter retrieval, and quality control, GNOS achieves mean refractivity deviations from the ground to 46 km of –0.09% (GNOS-GPS) and –0.04% (GNOS-BDS), with average standard deviations of 1.81% and 1.26%, respectively [28]. Its atmospheric parameter profiles (e.g., temperature profiles) are long-term stable and suitable for climate research [4,29]. GNOS generates approximately 430 temperature profiles distributed globally each day. This paper selects nine years (2015–2023) of FY-3C-GNOS atmospheric temperature profile data (http://satellite.nsmc.org.cn, accessed on 1 July 2024) to calculate and analyze the global gravity wave distribution. The data span nearly the entire solar activity cycle.



Sunspots have long been considered an excellent indicator and quantifier of solar activity, particularly as an important parameter for the 11-year solar activity cycle trend [30]. In this work, the solar activity cycle is represented by the sunspot number (SN). The SN data are from WDC-SILSO, supported by the Royal Observatory of Belgium, Brussels, at http://www.sidc.be/silso/home (accessed on 1 July 2024).




2.2. The Method of Gravity Wave Extraction


Considering the data volume and distribution of FY-3C occultation data, the statistical analysis region in this paper covers latitudes from 90°S to 90°N; longitude range from 0° to 360°; altitude range from 20 to 50 km, transforming the resolution to 1 km using cubic spline interpolation. The gravity wave disturbance distribution is divided into five latitude bands (two at high latitudes and two at mid-latitudes, 60–90 degrees and 30–60 degrees, respectively, in both the hemispheres and one equatorial band between 30 degrees north and south) and three altitude layers (20–30 km, 30–40 km, and 40–50 km). The seasons are defined based on the northern hemisphere: January, February, and December as winter; March to May as spring; June to August as summer; and September to November as autumn. Before extracting atmospheric gravity wave disturbances, quality control was performed on the atmospheric temperature data detected by the FY-3C satellite. In the aforementioned grid, all data were statistically analyzed by month regardless of year, and temperature data with deviations beyond three times the standard deviation were excluded.



The method for extracting atmospheric gravity waves uses the commonly employed small perturbation approximation, which assumes that the measured temperature profile T(z) is composed of the background temperature   T ¯  (z) and the perturbation value T′(z). The background temperature is obtained by averaging all temperature profiles from a grid within a specific season. The perturbation value is obtained by subtracting the average from each profile. The obtained perturbation profiles are band-pass filtered (Equation (1)) with a passband range of 2–20 km, thereby obtaining atmospheric disturbances caused by gravity waves with vertical wavelengths in the 2–20 km range. The absolute value of the obtained temperature perturbations is then calculated for each grid on a quarterly basis. Further, filters with ranges of 2–10 km and 12–20 km are selected to analyze the global distribution characteristics of gravity waves with shorter vertical wavelengths of 2–10 km (short waves) and longer vertical wavelengths of 12–20 km (long waves), respectively. Then, by performing zonal averaging based on the five defined latitudes, the average disturbance of gravity waves in different latitude bands is derived. Finally, the extracted gravity wave intensities of different wavelengths were averaged according to latitude bands and seasons. Before 2018, due to the small amount of data, the standard deviations for the curves are larger than 20% but are smaller than 15% beyond 2018. Analyzing the variation patterns of gravity waves with different vertical wavelengths can reveal the differences in contributions to the coupling of the upper and lower atmosphere by waves of different vertical wavelengths. We developed a Python script that utilizes the library of fundamental algorithms for scientific computing in Python(SciPy; https://scipy.org/; accessed on 1 July 2024) to conduct interpolation and bandpass filtering analysis.


    T  ′ 2   ¯  =   1   z  m a x   −  z  m i n       ∫   z  m i n     z  m a x     T  ′ 2    d z ,  



(1)








2.3. Statistical Method


This work applies two statistical methods: Pearson correlation analysis and significance test. We performed the Pearson correlation analysis to determine whether our target variables, such as gravity wave intensity at different wavelengths and different latitudes, are linearly associated with the solar cycle. The correlation coefficient r between two random variables reflects their linear dependence.


  r =    ∑  ( x −  m x  )   ( y −  m y  )     ∑   ( x −  m x  )  2  ∑   ( y −  m y  )  2       



(2)




where mx is the mean of the vector x and my. is the mean of the vector y. Based on the obtained Pearson correlation coefficients, we consider a correlation coefficient greater than 0.8 to be strongly correlated, a coefficient between 0.5 and 0.8 to be moderately correlated, and a coefficient less than 0.5 to be weakly correlated.



Second, we perform the significance test. We used the p-value to represent the significance level of the correlation coefficient. The smaller the p-value, the more significant the correlation coefficient obtained from the analysis between sunspot number and GW intensity. We consider the correlation analysis results with a p-value greater than 0.1 to be non-significant. Results with a p-value less than 0.1 but greater than 0.05 are considered weakly significant. Results with a p-value less than 0.05 are considered significant, and those with a p-value less than 0.01 are considered highly significant.





3. Result


We analyzed gravity wave disturbances of different wavelengths and discussed the correlation between gravity wave disturbance intensity and solar activity (based on the sunspot number) using Pearson correlation analysis. Considering that the impact of solar activity intensity changes on gravity waves might be delayed due to the Earth’s atmospheric system, we analyzed the effects of solar activity intensity changes with a 2-year lag (impact of 2013–2021 solar activity intensity), a 1-year lag (impact of 2014–2022 solar activity intensity), and the same period effect (impact of 2015–2023 solar activity intensity).



3.1. Response of Short Wavelength (2–10 km) Gravity Waves


For gravity waves at different altitude layers, both the disturbance intensity and the interannual variation trends differ. Figure 1 shows the variations in short-wavelength gravity wave disturbance intensity at the 25 km altitude layer from 2015 to 2023, as well as the response to changes in solar activity intensity. The Pearson correlation coefficients between the sunspot number and gravity wave disturbance intensity, along with their significance, p-values, are indicated in the top graph of Figure 1. From Figure 1, it can be seen that the impact of solar activity intensity on short-wavelength gravity waves at the 25 km altitude layer has a higher reliability with a 2-year lag, while the impact in the same period can be ignored. From the 2-year lag analysis, it can be seen that the Southern Hemisphere is more affected by solar activity intensity than the Northern Hemisphere. This might be due to the larger land area in the Northern Hemisphere, leading to more orographic gravity waves and influences from land-sea boundaries [31].



Figure 2 shows the response of short-wavelength gravity waves to solar activity at an altitude range of 35 km. Based on the correlation coefficients and significance p-values indicated in the top graph of Figure 1, it is evident that gravity waves in the polar regions of both hemispheres are the most sensitive to changes in solar activity intensity, with the highest confidence in the impact during the same period. For the Southern Hemisphere, Northern Hemisphere, and equatorial regions, the highest confidence is observed with a 2-year lag, showing a trend where the correlation is higher in mid-latitude regions compared to the equatorial regions. Similar to the response at 35 km altitude, the high-latitude regions of both hemispheres at 45 km altitude are the most sensitive, with the correlation coefficients being quite similar. In the mid-latitude and equatorial regions at the 45 km altitude layer, the response of gravity wave disturbances to solar activity intensity has the highest confidence with a 2-year lag, with correlation coefficients exceeding 0.8.



From Figure 1, Figure 2 and Figure 3, it can be seen that for short-wavelength gravity waves, the disturbance intensity is strongest in the equatorial region, followed by the mid-latitude regions, and weakest in the high-latitude regions. This is consistent with the analysis results of Alexander et al. (2008) and Wu and Eckermann (2008) [32,33]. Additionally, at the 35 km and 45 km altitude layers, gravity wave disturbances in the mid-latitude regions exhibit seasonal variations, and the disturbance intensity in the Northern Hemisphere is higher than that in the Southern Hemisphere across all latitude bands. This phenomenon is mainly due to the different zonal wind directions in the Northern Hemisphere during winter and summer, which produce different filtering effects on orographic gravity waves, leading to seasonal variations in gravity wave intensity [31]. In terms of intensity, the gravity wave disturbance intensity at the 35 km altitude layer is higher than at the 25 km and 45 km altitude layers, which is similar to the observations of Wang et al. (2023) [4]. From the correlation analysis, it can be seen that the correlation coefficients for a 2-year lag in the mid-latitude and equatorial regions are significantly higher than those for a 1-year lag. This indicates that the impact of solar activity intensity changes on stratospheric gravity waves in mid- and low-latitude regions is delayed, reaching its peak after a 2-year lag. The cause of this phenomenon is likely due to the delayed response of fundamental atmospheric parameters and activities to solar activity [34,35] In the 1-year lag analysis, the correlation between gravity waves and sunspot numbers in the mid-latitude and equatorial regions is positively related to altitude; the higher the altitude, the higher the correlation. For example, in the mid-latitude region of the Southern Hemisphere, the correlation coefficients at 25 km, 35 km, and 45 km altitudes are 0.554, 0.695, and 0.776, respectively. However, this phenomenon is not observed in the 2-year lag analysis. This might be because the correlation coefficients in the 2-year lag analysis have already reached a strong correlation, resulting in smaller distinctions across different altitude layers. However, this phenomenon is not observed in the 2-year lag analysis.




3.2. Response of Long-Wavelength (12–20 km) Gravity Waves


Using band-pass filtering, we extracted gravity waves with wavelengths in the range of 12–20 km for analysis. The results are shown in Figure 4, Figure 5 and Figure 6. Figure 4 shows the response of gravity waves at the 25 km altitude layer to solar activity. As shown in the figure, except for the high-latitude region of the Southern Hemisphere, the response of gravity wave disturbance intensity to solar activity intensity in other latitude bands is delayed by two years. The response of gravity wave disturbances in the high-latitude region of the Southern Hemisphere to changes in solar activity intensity is relatively rapid, showing a response within the same period. It is worth noting that the correlation between sunspot numbers and gravity waves in the high-latitude region of the Northern Hemisphere with a two-year lag is negative. Figure 5 and Figure 6 show the response of gravity waves at the 35 km and 45 km altitude layers to solar activity, respectively. Similar to the 25 km altitude layer, except for the same-period response in the high-latitude region of the Southern Hemisphere, the response of gravity wave disturbance intensity to solar activity intensity in other latitude bands is delayed by two years. Additionally, the correlation between sunspot numbers and gravity waves in the high-latitude region of the Northern Hemisphere with a two-year lag is also negative. It is noteworthy that in the mid-latitude and equatorial regions, the correlation coefficients with a two-year lag are positively related to altitude; the higher the altitude, the greater the correlation. This phenomenon is not observed in the one-year lag analysis. This is in stark contrast to the analysis of short-wavelength gravity waves, indicating that there are differences in the responses of short-wavelength and long-wavelength gravity waves to solar activity.



From a comprehensive view of Figure 4, Figure 5 and Figure 6, similar to short-wavelength gravity waves, the disturbance intensity is strongest in the equatorial region, followed by the mid-latitude regions, and weakest in the high-latitude regions. However, unlike short-wavelength gravity waves, the gravity wave intensity in the mid-latitude region of the Southern Hemisphere gradually increases with altitude and surpasses the disturbance intensity in the mid-latitude region of the Northern Hemisphere. For short-wavelength gravity waves, the disturbance intensity in the Southern Hemisphere is consistently lower than that in the Northern Hemisphere. In terms of correlation, the response of gravity waves in the mid-to-high-latitude regions of the Northern Hemisphere to changes in solar activity is delayed by two years. In the mid-latitude region of the Southern Hemisphere, the response is delayed by one year, while in the high-latitude region of the Southern Hemisphere, the response occurs within the same period. Consistent with previous studies, the simultaneous response of mid- and low-latitude regions to solar activity shows a negative correlation [9,15]. However, since their results did not undergo significance analysis, the conclusions, although similar, are questionable. Similar to short-wavelength gravity waves, the correlation coefficients between gravity waves and sunspot numbers in the equatorial region are lower than those in the mid-latitude region at different altitude levels. Additionally, in the two-year lag analysis, the correlation between gravity waves in the mid-latitude region and sunspot numbers is positively related to altitude; the higher the altitude, the greater the correlation. For example, in the mid-latitude region of the Northern Hemisphere, the correlation coefficients at 25 km, 35 km, and 45 km altitudes are 0.639, 0.742, and 0.77, respectively. This trend is consistent with the equatorial region and the mid-latitude region of the Southern Hemisphere. This phenomenon is not observed in the one-year lag analysis.




3.3. Response of Full Wavelength (2–20 km) Gravity Waves


Combining the analysis of short-wavelength gravity waves and long-wavelength gravity waves, Figure 7, Figure 8 and Figure 9 depict the response of gravity waves across different altitude levels to solar activity. Figure 7 illustrates the response of gravity waves across all wavelengths at an altitude of 25 km to solar activity. It can be observed that the response of mid-latitude regions to solar activity gradually strengthens with increasing lag time. Gravity waves in the high-latitude regions of the Southern Hemisphere respond to solar activity changes during the same period. The response of gravity waves at a 35 km altitude level differs from that at a 25 km altitude level (as shown in Figure 8). High-latitude regions of the Northern Hemisphere respond to solar activity during the same period, but gravity waves lagging two years behind solar activity show a negative correlation. Overall, the response of gravity waves across all wavelengths to solar activity shows that mid-latitude regions and equatorial regions exhibit a lagged response to solar activity of two years at all altitude levels. Additionally, there is a phenomenon where the higher the altitude, the lower the correlation coefficient. At the same time, the differences between the high-latitude regions of the Northern and Southern Hemispheres are quite evident. In the Southern Hemisphere high-latitude regions, there is no lagged response to solar activity across all altitude levels. However, the situation in the Northern Hemisphere is more complex. Only the analysis at 35 km and 45 km altitude levels passed significance testing, and in the analysis with a lag of two years, a negative correlation is observed.





4. Summary and Discussion


This study utilizes the stratospheric temperature profile data observed by the GNOS payload on the FY-3C satellite to analyze the response of gravity wave disturbances in the 20–50 km altitude range to long-term variations in solar activity. Sunspot numbers are used to represent the strength of solar activity, and Pearson correlation analysis and significance analysis are employed to discuss the response of gravity wave disturbances at different spectral bands and altitude layers to medium and long-term variations in solar activity. We used methods such as zonal averaging and seasonal averaging to mitigate the variations in gravity wave intensity caused by short-term solar eruptive activities (e.g., flares, coronal mass ejections) leading to geomagnetic storms, and short-term intense atmospheric activities such as typhoons and severe convective weather. This allows the results to better reflect the trend of gravity wave responses to the 11-year solar activity cycle. Although only nine years of observation data were used, not covering the entire solar activity cycle, it still provides a reasonable reflection of the response of gravity wave disturbance intensity to the 11-year solar activity cycle. The Pearson correlation coefficients and significance levels (p-values) obtained from the analysis of Figure 1, Figure 2, Figure 3, Figure 4, Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9 are organized into three lists below, with correlation coefficients having significance levels below 0.01 highlighted in red.



Previous studies based on observations from individual stations or satellites have shown that GW activity and long-term solar activity changes are sometimes positively correlated and sometimes negatively correlated; these long-term changes have also been attributed to changes in local meteorological conditions [9,10,11,13,15]. This study finds that the positive or negative correlation between GW activity and long-term solar activity changes is related to the latitude of individual stations (or latitude bands in satellite observations) and the lag time. Ern et al. (2011) analyzed GW amplitude and momentum flux at 30 km between 30°N and 30°S and the 10.7 cm solar flux, indicating a negative correlation between the 11-year solar cycle and GW activity [15]. Gavrilov et al. (1995) used data from a medium-frequency radar in the mid-latitude region (52°N, 107°W) and also found a negative correlation between gravity waves and the 11-year solar activity cycle [9]. Liu et al. (2017) further used satellite data to point out that the potential energy of gravity waves in low and mid-latitude regions is negatively correlated with solar activity [13]. This does not contradict the positive correlation between gravity waves and solar activity mentioned in this paper. As shown by the correlation coefficients in Table 1, Table 2 and Table 3 for the equatorial and mid-latitude regions, the majority of the non-lagged correlation coefficients of the zonally averaged gravity wave values are negative, which is consistent with previous studies. Additionally, the zonally averaged gravity wave values, compared to single-station gravity wave disturbance values, better reflect the overall conditions of the latitude band. When there is a lag of one or two years, the correlation coefficients become positive, and the confidence levels increase significantly. Furthermore, the significance analysis shows that the p-value for a 2-year lag is significantly lower than the p-value for no lag, indicating that the credibility of the gravity waves’ response to solar activity in the equatorial and mid-latitude regions is higher when considering a 2-year lag.



The correlation between GW and solar activity may depend on GW sources (e.g., topography, convection) and gravity wave propagation conditions at different latitudes [10,13]. Parameters affecting gravity wave propagation, such as zonal wind speed and atmospheric temperature, respond differently to the solar activity cycle depending on latitude [36]. Additionally, Liu et al. (2017) pointed out that the response of gravity wave potential energy to solar activity depends on latitude and height, and exhibits hemispherical asymmetry. The delayed response of gravity waves to the 11-year solar cycle in equatorial and mid-latitude regions is believed to be due to the delayed effects of solar activity on some fundamental atmospheric parameters and activities, such as convective activity and ocean temperatures. Deep convection, such as thunderstorms, mesoscale convective complexes, and mesoscale convective systems, are considered major sources of gravity waves [37]. Xiao et al. (2016) pointed out that there is a significant lagged correlation (1–2 years) between outgoing longwave radiation (OLR), which characterizes convective activity over the tropical western Pacific, and the F10.7 index [34]. White et al. (1997) also pointed out that the highest correlation between solar activity levels and ocean temperatures lags solar activity by 1–2 years, which is the timescale for the upper ocean to reach radiative equilibrium after being disturbed by solar total irradiance [35]. Huo et al. (2023) similarly noted that the decadal oscillation of the tropical Pacific climate system has the highest correlation with the 11-year solar cycle, lagging solar activity by 1–2 years [38]. It is precisely these delayed responses of atmospheric activities and parameters to solar activity that result in the delayed response of gravity waves to solar activity. However, this paper only analyzes the overall response of gravity waves without analyzing gravity waves from different excitation sources, which will be further investigated in future work.



Through a comprehensive analysis of Figure 1, Figure 2, Figure 3, Figure 4, Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9 and Table 1, Table 2 and Table 3, the following conclusions can be drawn:




	
In terms of gravity wave intensity, the disturbance intensity of gravity waves is strongest in the equatorial region, followed by the mid-latitude region, and weakest in the high-latitude region; there are significant interannual variations in gravity wave disturbances in high-latitude and mid-latitude regions, while the interannual variations in the equatorial region are not significant;



	
Compared to long-wave gravity waves, short-wave gravity waves exhibit a more pronounced response to solar activity, and the correlation increases with increasing lag time, which may be due to the characteristics of short-wave gravity waves or the predominance of short waves in the gravity waves detected by GNOSE;



	
For high-latitude regions, gravity wave disturbances are more sensitive to changes in solar activity than in other regions, and the response is more rapid; the response of gravity wave disturbance intensity in the high-latitude region of the Southern Hemisphere to changes in solar activity in the current year is higher than that in the high-latitude region of the Northern Hemisphere; the correlation between gravity wave intensity and changes in solar activity in high-latitude regions also varies with altitude, with higher altitudes exhibiting a stronger correlation;



	
For mid-latitude and equatorial regions, there is a delay in response to changes in solar activity, with the correlation gradually increasing with the lagging years, reaching a very strong level after a lag of 2 years; the correlation between gravity wave disturbance intensity and solar activity is generally higher in the mid-latitude region of the Southern Hemisphere than in the Northern Hemisphere, which may be due to the stronger influence of terrain and convection on gravity waves in the Northern Hemisphere; the response of short-wave gravity wave intensity to changes in solar activity at lag times of 1 and 2 years is higher than that of long-wave gravity waves in mid-latitude and equatorial regions; the correlation between full-wavelength (2–20 km) gravity wave intensity and solar activity with a lag of 2 years is negatively correlated with altitude, with higher altitudes exhibiting weaker correlation, while the correlation with a lag of 1 year is the opposite.
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Figure 1. Response of short-wavelength gravity waves to solar activity at an altitude of 25 km. The top graph shows the variation in gravity wave disturbance intensity over time in different latitude intervals. Significance levels are indicated as follows: p-value > 0.1 is not marked, p-value < 0.1 is marked with *, p-value < 0.05 is marked with **, and p-value < 0.01 is marked with ***. In the bottom graph, the black line represents the monthly mean sunspot number, and the red line represents the 13-month mean sunspot number. 
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[image: Remotesensing 16 03239 g001]







[image: Remotesensing 16 03239 g002] 





Figure 2. Response of short-wavelength gravity waves to solar activity at an altitude of 35 km. The legend is the same as in Figure 1. 
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Figure 3. Response of short-wavelength gravity waves to solar activity at an altitude of 45 km. The legend is the same as in Figure 1. 
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Figure 4. Response of long-wavelength gravity waves at an altitude of 25 km to solar activity. The legend is the same as in Figure 1. 
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Figure 5. Response of long-wavelength gravity waves at an altitude of 35 km to solar activity. Significance levels are indicated as follows: p-value > 0.1 is not marked, p-value < 0.05 is marked with **, and p-value < 0.01 is marked with ***. 
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Figure 6. Response of long-wavelength gravity waves at an altitude of 45 km to solar activity. The legend is the same as in Figure 1. 
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Figure 7. Response of gravity waves across all wavelengths at an altitude of 25 km to solar activity. The legend is the same as in Figure 1. 
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Figure 8. Response of gravity waves across all wavelengths at an altitude of 35 km to solar activity. The legend is the same as in Figure 1. 
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Figure 9. Response of gravity waves across all wavelengths at an altitude of 45 km to solar activity. Significance levels are indicated as follows: p-value > 0.1 is not marked, p-value < 0.05 is marked with **, and p-value < 0.01 is marked with ***. 
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Table 1. Correlation between short-wavelength (2–12 km) gravity wave intensity and solar activity.
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Lag (Years)

	
Altitude

	
Northern High Latitude

	
Northern Mid Latitude

	
Equator

	
Southern Mid Latitude

	
Southern High Latitude






	
Lag 0 year

	
25 km

	
0.038

	
−0.233

	
−0.337 *

	
−0.259

	
0.121




	
35 km

	
0.509 ***

	
−0.114

	
−0.319 *

	
−0.033

	
0.789 ***




	
45 km

	
0.521 ***

	
0.095

	
−0.274

	
0.307 *

	
0.774 ***




	
Lag 1 year

	
25 km

	
0.413 ***

	
0.554 ***

	
0.381 ***

	
0.554 ***

	
0.728 ***




	
35 km

	
−0.082

	
0.619 ***

	
0.439 ***

	
0.695 ***

	
0.439 **




	
45 km

	
−0.246

	
0.677 ***

	
0.5 ***

	
0.776 ***

	
0.096 *




	
Lag 2 year

	
25 km

	
0.674 ***

	
0.939 ***

	
0.85 ***

	
0.937 ***

	
0.909 ***




	
35 km

	
−0.316 *

	
0.944 ***

	
0.88 ***

	
0.949 ***

	
0.069




	
45 km

	
−0.592 ***

	
0.87 ***

	
0.877 ***

	
0.804 ***

	
−0.383 **








Note: Significance level > 0.1 is unmarked; Significance level < 0.1 is marked with *; Significance level < 0.05 is marked with **; Significance level < 0.01 is marked with ***.













 





Table 2. Correlation between long-wavelength (12–20 km) gravity wave intensity and solar activity.
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Lag (Years)

	
Altitude

	
Northern High Latitude

	
Northern Mid Latitude

	
Equator

	
Southern Mid Latitude

	
Southern High Latitude






	
Lag 0 year

	
25 km

	
0.313 *

	
−0.034

	
−0.394 **

	
−0.302 *

	
0.743 ***




	
35 km

	
0.348 **

	
−0.145

	
−0.444 ***

	
0.083

	
0.813 ***




	
45 km

	
0.457 ***

	
−0.148

	
−0.388 ***

	
−0.05

	
0.889 ***




	
Lag 1 year

	
25km

	
−0.48 ***

	
0.321 *

	
0.131

	
0.724 ***

	
0.041




	
35 km

	
−0.433 **

	
0.378 **

	
0.12

	
0.731 ***

	
0.18




	
45 km

	
−0.313 *

	
0.425 **

	
0.231

	
0.693 ***

	
0.394 **




	
Lag 2 year

	
25 km

	
0.728 ***

	
0.639 ***

	
0.627 ***

	
0.788 **

	
−0.378 **




	
35 km

	
0.692 ***

	
0.742 ***

	
0.629 **

	
0.902 ***

	
−0.266




	
45 km

	
−0.618 ***

	
0.77 ***

	
0.71 ***

	
0.93 ***

	
−0.06 **








Note: Significance level > 0.1 is unmarked; Significance level < 0.1 is marked with *; Significance level < 0.05 is marked with **; Significance level < 0.01 is marked with ***.













 





Table 3. Correlation between full-wavelength (2–20 km) gravity wave intensity and solar activity.
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Lag (Years)

	
Altitude

	
Northern High Latitude

	
Northern Mid Latitude

	
Equator

	
Southern Mid Latitude

	
Southern High Latitude






	
Lag 0 year

	
25 km

	
0.266 *

	
−0.227

	
−0.375 **

	
−0.07

	
0.634 ***




	
35 km

	
0.461 ***

	
−0.147

	
−0.38 **

	
0.030

	
0.83 ***




	
45 km

	
0.504 ***

	
−0.053

	
−0.345

	
0.085

	
0.826 ***




	
Lag 1 year

	
25km

	
−0.225

	
0.443 ***

	
0.309 **

	
0.683 ***

	
0.449 ***




	
35 km

	
−0.27

	
0.492 ***

	
0.321 **

	
0.704 ***

	
0.272




	
45 km

	
−0.265

	
0.519 ***

	
0.357 **

	
0.708 ***

	
0.197




	
Lag 2 year

	
25 km

	
−0.3 *

	
0.858 ***

	
0.796 ***

	
0.952 ***

	
0.246




	
35 km

	
0.548 ***

	
0.849 ***

	
0.795 ***

	
0.903 ***

	
−0.178




	
45 km

	
−0.592 ***

	
0.795 ***

	
0.793 ***

	
0.863 ***

	
−0.288








Note: Significance level > 0.1 is unmarked; Significance level < 0.1 is marked with *; Significance level < 0.05 is marked with **; Significance level < 0.01 is marked with ***.
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