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Abstract

:

To understand the activity of gravity waves (GWs) over the Tibetan Plateau (TP) is of great significance for improving global climate models. Considering that the lower stratosphere is the main level of GWs activity, this paper first established a 14-year 2° × 2° longitude–latitude monthly mean GWs model in the lower stratosphere (18~20 km) of the TP by combining post-processed dry temperature profiles provided by the multi-Global Navigation Satellite System (GNSS) radio occultation (RO) missions: The Constellation Observing System for Meteorology, Ionosphere, and Climate (COSMIC) and the Meteorological Operational (METOP) series polar-orbiting meteorological satellites (METOP-A, METOP-B, and METOP-C) from August 2006 to September 2020. Based on this model, this paper analyzed the characteristics of GWs activity around TP and the effects of topography, background wind, and zonal wind on GWs activity and summarized the general process of topographic wave excitation and upward propagation around TP. The spatial distribution of the lower stratospheric GW Ep is highly correlated with the spatial distribution of background wind and the topography of TP during GWs excitation. The GW Ep is obviously filtered by the zero-speed wind. The change in GW Ep is strongly correlated with the change in topography. These phenomena indicate that the GWs of TP are mainly topographic waves. Moreover, the lower stratospheric GW Ep of TP shows that periodic changes are mainly affected by the periodic background wind, and the GW Ep value is larger in February and smaller in August. The large GW Ep in the lower stratosphere of TP is not only related to the GWs strongly generated by the interaction between the strong background wind and the large elevation or large topographic changes but also related to the strong zonal westerly winds that promote the propagation of GWs upward. Multivariable linear regression models were used to reconstruct the lower stratospheric GW Ep over TP based on the background wind and the zonal wind and a goodness of fit of 81.1% was achieved. It indicates that the GW Ep is dominated by the topographic wave over TP in the lower stratosphere and the background wind has a greater influence on the GWs than the zonal wind.
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1. Introduction


Atmospheric gravity waves (GWs) have an important influence on global atmospheric circulation and the dynamic and thermodynamic structure of the atmosphere [1,2,3,4]. The generation of GWs is related to topography, convection, wind shear, and geostrophic adaptation [5,6,7]. Hoffmann et al. [8] studied the GW activity in global hotspots and showed that most GW sources in active regions were related to mountains or convective. In addition, Zeng et al. [9] pointed out that orographic excitation is one of the more common sources of vertically propagating GWs. Considering the global influence of GWs on atmospheric circulation, GW parameters should be introduced into global climate models used for climate and meteorological forecasting [10]. Therefore, obtaining high-precision topographic wave parameters by various observation means and calculation methods [11,12,13] and analyzing the activity characteristics and generation mechanism of topographic wave can provide effective constraints for GW parameterization and improve the prediction accuracy and reliability of the model.



The lower stratosphere is not only the main level of GW activity but also the altitude level with close material and energy exchange, especially for the Tibetan Plateau (TP). Known as the ‘roof of the world’, the TP is surrounded by the Himalayas, Hengduan Mountains, and Kunlun Mountains, with a total length of approximately 2800 km from east to west. This is one of the most complex landforms in the world and an important source of atmospheric GWs [8]. Xu et al. [14] pointed out that the topography of the TP mainly affects the GWs activity in the lower stratosphere. Wei et al. [15] analyzed the impact of topographic waves on the material exchange between the upper troposphere and the lower stratosphere on the TP and found that the breaking of topographic waves would lead to a low-value area of potential vorticity and ozone in the lower stratosphere, and the Brunt–Väisälä frequency also appeared in an abnormally low-value area in the lower stratosphere due to the impact of the topographic wave process. Zeng et al. [9] pointed out that in spring and winter when zonal winds are westerly winds exceeding 10 m/s, the topographic waves of TP may propagate upward in the whole lower stratosphere. However, these studies are not specific enough regarding GWs activity and the effect of topography on GWs activity in the lower stratosphere. In addition, Zeng et al. [9] pointed out that the topographic wave activity of TP may not be recognized in previous studies due to the use of short time scales and different wave activity proxies. Therefore, there is a lack of research on the generation mechanism of topographic waves over TP. At present, the whole process of topographic wave generation and upward propagation into the middle atmosphere is not well understood.



With the successful implementation of the global navigation satellite system (GNSS) radio occultation (RO) missions, GNSS RO technology has gradually become the main means to detect atmospheric GWs [16,17]. For example, COSMIC (Constellation Observing System for Meteorology, Ionosphere, and Climate) was launched jointly by the United States Department of Defense and the Taiwan of China and METOP (the Meteorological Operational) series polar orbiting meteorological satellites (METOP-A, METOP-B, and METOP-C) were launched by Europe. Compared with other detection methods, GNSS RO technology has the characteristics of all-weather global coverage, self-calibration, long-term stability, high precision, good vertical resolution, and low cost in the detection of atmospheric parameter profiles [18,19,20,21,22,23]. The temperature profile provided by COSMIC has an accuracy of ±0.5 K between 5 and 30 km [24,25], and the accuracy of METOP series satellites is ±1 K when there is no cloud. Khaniani [26] compared the temperature data (2006–2018) provided by several GNSS RO missions from COSMIC, METOP-A, and METOP-B with radiosonde and showed the temperature bias between them was within ±1.5 K below 28 km. These results show that the dry temperature profile provided by GNSS RO missions has high accuracy and meets the requirements of GW extraction. At present, the studies on GWs are mainly based on the observations provided by a single GNSS RO mission. For example, Hei et al. [19] analyzed the characteristics of GW activity over the polar region with a grid resolution of 20° × 10° longitude–latitude based on the CHAMP observations from 2001 to 2005; Liang et al. [20] revealed the global distribution characteristics of stratospheric GWs with a grid resolution of 15° × 10° longitude–latitude based on the COSMIC observations from 2007 to 2012. These research studies have limitations regarding the length of time and the resolution of GWs to some extent. Furthermore, the short time scale is not conducive to the observation of topographic waves [9,27]. Therefore, the combination of multi-GNSS RO missions is necessary for the specific study of GW activity, especially for such a topographic-wave-dominated region as the TP. On the one hand, the combination of multi-GNSS RO missions can increase the number of observations and improve the resolution of GWs. On the other hand, increasing the time scale of the study can reduce the influence of individual special events on the results, improve the reliability of the results, and facilitate the study of the long-term variation characteristics of GWs.



In this paper, the combination of dry temperature profiles of the multi-GNSS RO (COSMIC, METOP-A, METOP-B, and METOP-C) missions from August 2006 to September 2020 was used to model GWs over the TP for 14 years. Based on this model, we analyze the characteristics of GW activity and the effect of topography on GW activity in the lower stratosphere. In addition, the reason for the periodic variation of GWs in the lower stratosphere and the influence of background winds during excitation and zonal winds during upward propagation on GWs in the lower stratosphere are analyzed. In order to quantify this effect, a multivariable linear regression model is used to reconstruct the GWs in the lower stratosphere over the TP. Finally, the general process of interaction between the background wind and the topography to excite topographic waves and topographic waves propagating upward under the influence of the zonal wind over the TP is summarized.



The manuscript is organized as follows. In Section 2, a 2° × 2° longitude–latitude monthly mean GW model was established, the accuracy and stability of the RO temperature were analyzed, and the GW potential energy (Ep) of the TP was extracted. In Section 3, the vertical and spatial distribution of GW Ep and the correlation between the topography and the GW Ep in the TP are analyzed. Moreover, the factors that cause the periodic change and spatial distribution of the GW Ep in the lower stratosphere are investigated. Then, multivariable linear regression models are used to reconstruct the GW Ep in the lower stratosphere, and the general process of topographic wave excitation and upward propagation is summarized. The conclusions are presented in Section 4.




2. Datasets and Methods


2.1. Multi-GNSS RO Observations


The study of GWs requires long-time-scale, high-resolution, and high-precision GW parameters, especially for the TP where topographic waves are generated by a complex topography. This paper used the dry temperature profiles retrieved from four GNSS RO missions: COSMIC, METOP-A, METOP-B, and METOP-C, provided by the COSMIC Data Analysis and Archive Center (CDAAC) from August 2006 to September 2020. A 2° × 2° monthly mean GW model around the TP was established to study the GW activities. In order to obtain the obvious GW activity over the TP (25~41°N, 68~105°E), the surrounding area of the TP was also taken into account. Figure 1 presents the number of RO events around the TP (20~50°N, 60~120°E) for each mission. Figure 1 notes that COSMIC provides a large number of daily RO events during its stable operation, with a maximum of 120, while the number of daily RO events provided by COSMIC at the beginning and end is less than 20. The daily numbers of RO events provided by the METOP series are stable at approximately 20. The mean number of daily RO events is approximately 71, and the mean number of monthly RO events is approximately 2137. Notably, the total number of daily RO events was lower than 20 from May to July 2006, which was not enough to establish the monthly mean GW model of 2° × 2°, so this time period was not considered.



Leroy et al. [28] pointed out that biases may be introduced when the combined datasets were from different GNSS RO observations. In order to analyze the bias between COSMIC and METOP series observations, Figure 2 shows the monthly time series of temperature and temperature bias of 8~38 km around the TP from May 2006 to September 2020, respectively. The time series of dry temperatures provided by different GNSS RO missions are consistent (Figure 2a). The temperature bias between each RO mission and the average temperature of the COSMIC and METOP series observations during the operation period from April 2006 to September 2020 is small and stable within ±0.4 K, except for COSMIC after April 2018 (Figure 2b). After April 2018, COSMIC showed a large temperature bias with a maximum of 0.9 K. In addition, COSMIC only provided RO events in January and February 2019 and January to April 2020, and the number of RO events is small (Figure 1). Therefore, the COSMIC observations after April 2018 are not considered.



The number of RO events before July 2006 was only provided by COSMIC, which was too small to establish the monthly mean GW model of 2° × 2°. In addition, the temperature bias of COSMIC after April 2018 was large. Therefore, the observations from COSMIC before July 2006 and after April 2018 were not considered. The number of RO events provided by the METOP series is stable and the temperature bias is small during their operation. As shown in Table 1, according to the operation time of different METOP RO missions, this paper combined the dry temperature of COSMIC from August 2006 to April 2018 with the dry temperature of METOP series RO missions. We took the RO events of January 2015 as an example to draw the distribution of RO events over the studied area as shown in Figure 3. The RO events almost cover all grids (2° × 2°), and the grid coverage reaches 99.77%, which was 100% in TP (25~41°N, 68~105°E). Figure 4 shows the monthly coverage of GNSS RO events of the TP and its surrounding areas divided by a 2° × 2° grid from August 2006 to September 2020. From Figure 4, the grid coverage of TP and its surrounding areas is over 90% almost every month, and the monthly grid coverage from June 2008 to June 2017 is close to 100%. The monthly mean grid coverage from August 2006 to September 2020 is 97.86%, which is 97.33% in the TP. These indicate that it is feasible to establish a 2° × 2° monthly mean GWs model using the combination of multi-GNSS RO observations.



In order to ensure the reliability of GWs, the monthly mean temperature, the temperature bias, and the temperature trend of different RO missions, which vary with altitude at 8~38 km around the TP, are presented in Figure 5. From Figure 5a, the values of temperature from different RO missions at the altitude of 8~38 km are consistent. The temperature bias of METOP-A and METOP-B is stable at approximately 0 at 8~38 km. A large temperature bias appears below 14 km of COSMIC and METOP-C, within 0.2 K and 0.4 K, respectively (Figure 5b). These indicate that the temperature bias between the different RO missions and their combination is small. Due to periodic changes in temperature data, the trend values are affected by the time lengths, and a large time length corresponds to a small trend. Since the METOP-C (August 2019–September 2020) observations used in this paper were only 14 months, the observation of other RO missions with the same time length (August 2014–September 2015) is selected for comparison. Figure 5c shows that the temperature trends from different RO missions at the altitude of 8~38 km are similar, and all of them are stable within ±0.5 K/month. In addition, the temperature trends within the time range of COSMIC, METOP-A, and METOP-B shown in Table 1 were calculated, and the temperature bias of different RO missions were all approximately 0 within the altitude of 8~38 km. These indicate that the temperatures provided by the different RO missions selected in Table 1 are reliable and stable and can be used for high-precision GW extraction.




2.2. The Wind Datasets


In this study, we used the monthly mean reanalysis data for zonal wind and meridional wind obtained from the ERA5 database (https://cds.climate.copernicus.eu/cdsapp#!/dataset/ (accessed on 16 July 2022)) to specifically study the interaction between the topography and the wind fields from August 2006 to September 2020. The ERA5 database provides reanalysis data of various atmospheric parameters available from 1979 to the present day provided by the European Center for Medium-range Weather Forecasts (ECMWF) [29]. The data are distributed in a horizontal grid of 0.25° × 0.25° (longitude × latitude) at 37 vertical pressure levels extending from 1000 to 1 hPa (~0–45 km). At the same height, the background wind (horizontal direction) with the same horizontal resolution (0.25° × 0.25°) can be obtained by the sum of meridional and zonal wind vectors in the same position.




2.3. The Extraction of GW Ep


GNSS RO technology is considered active satellite-to-satellite telemetry technology. When the radio signal passes through the neutral atmosphere, there is a phase delay between the receiver and transmitter [18,30,31]. The Doppler frequency shift was calculated by the phase delay, and the bending angle profile was obtained by combining the position and velocity of the LEO satellite [30,31]. The refractive index profile is obtained from the bending angle profile through ionosphere optimization, bending angle statistical optimization, and Abel integral transformation [31]. If the effects of electron density and water droplets are ignored, the atmospheric refractive index can be expressed as Formula (1); if the effects of atmospheric water vapor continue to be ignored, as in Formula (2) [31], the dry temperature profile of GW Ep extracted in this paper can be obtained.


  N = ( n − 1 ) ×   10  6  = 77.6  P T  + 3.73 ×   10  5     P W     T 2     



(1)
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Liang et al. [20] pointed out that the GW Ep can indicate the activity intensity of GWs. The dry temperature profile from different RO missions in Table 1 was used to calculate the GW Ep, and the calculation formula is as follows [11,12,32]:
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   T ′  = T −  T ¯   



(5)







In Formula (3),  g  is the gravity acceleration,  N  is the Brunt–Väisälä frequency,    T ′  ( K )   is the temperature perturbation caused by GWs,    T ¯  ( K )   is the background temperature,    C P    in Formula (4) represents the isobaric heating capacity,   g /  C p  = 9.8 ×   10   − 3     K/m represents the adiabatic temperature drop rate,   z ( m )   represents height, and  T  in Formula (5) represents the raw temperature.



According to the above formula, the temperature perturbation caused by GWs is the key to obtaining GW Ep. Cai et al. [11] used a least-squares fitting approach to obtain the temperature perturbation from Lidar data at 84~89 km. Yang et al. [12] used a 2–10 km band-stop filter to acquire the temperature perturbation from ERA5 Reanalysis Data at 5~75 km. Xu et al. [14] used horizontal filtering on the temperature profile to attain the temperature perturbations from COSMIC RO data at 15~31 km. Furthermore, the horizontal filtering of the temperature profile can better eliminate the influence of other large-scale waves in temperature perturbation [14]. Therefore, we used the method of Xu et al. [14] to extract GW Ep in this study. Specifically, we divided the daily temperature profile into 2° × 2° grids to obtain the mean grid temperature, and the mean grid temperature in the vertical direction was interpolated by 0.2 km. Then, S-transform and 0–6 zonal wavenumber filtering were used on the mean grid temperature to obtain the background temperature. Further, the temperature perturbation is obtained by Formula (5). Finally, the GW Ep is calculated according to Formulas (3) and (4). To ensure that the GW Ep values are credible and caused by GWs, we compare our results with those of Zeng et al. [9] and find them to be similar.





3. Results and Discussion


Based on the established 2° × 2° monthly mean GWs model in Section 2, this section analyzes the activity characteristics of GWs, the correlation between topography and GWs, and the reason for the periodicity and spatial distribution of GWs. Then, the GWs in the lower stratosphere of the TP are reconstructed. The excitation and propagation processes of topographic waves are summarized.



3.1. Time-Altitude Distribution of GW Ep


Figure 6 describes the vertical distribution of the monthly mean GW Ep over the TP with an altitude of 8~38 km from August 2006 to September 2020. It is shown that the GW Ep, zonal winds, and tropopause have periodic changes over TP. At the same altitude, the GW Ep reaches its maximum when the westerly wind is strong around February and reaches its minimum when the westerly wind is weak or easterly around August [33].



From Figure 6, the GW Ep over TP has a vertical distribution that decreases first and then increases. In months with no reversal of the wind direction, the GWs propagate upward under the strong westerly winds at altitudes below 20 km and the GW Ep is larger as a whole. At the altitude of 20~36 km, the value of GW Ep is small, which may be related to the weak westerly wind [34]. These results indicate that the strong westerly winds over TP are conducive to the upward propagation of GWs [34,35,36,37]. The value of GW Ep above 36 km is larger due to the influence of the strong westerly winds [25,34]. In the month of the wind direction reversal, the GWs propagate upward under the strong westerly wind and the GW Ep is large below the zero-speed wind height. With the increase in altitude, the value of GW Ep near the zero-speed wind decreases sharply, which is due to the fact that the quasi-static GWs caused by the topography are filtered out after reaching a critical height [1,20]. The result indicates the existence of topographic waves around the TP. At a height above the zero-speed wind, the GWs continue to propagate upward under the easterly wind, and the value of GW Ep is small.



The strong GW activity in the TP is beneficial to the study of GWs’ activity characteristics and the generation and propagation process of topographic waves. Khaykin et al. [38] pointed out that the wave-induced fluctuations cause abrupt changes in the structure of the tropopause, and the values of the GW Ep of this layer will likely be overestimated. Therefore, the GW Ep at altitudes below the tropopause (~17 km) is not credible, and this study mainly focuses on altitudes above 17 km. As seen in Figure 6, when the wind direction did not reverse in winter, the height of strong GW activity was mainly concentrated below 20 km. When the wind direction reverses in summer, the GWs’ activity above 18 km is significantly weakened by the influence of zero-speed wind [35,37]. Therefore, in order to specifically study the GW’s activity characteristics and the periodic change in GWs around the TP, an altitude of 18~20 km is selected for the following study.




3.2. Spatial Distribution of GW Ep and Background Wind


The blocking of background wind by topography is the main way to generate GWs around TP [9]. Figure 7 shows the spatial distribution of the GW Ep and the background wind around the TP. From Figure 7, the background wind and the GW Ep have similar periodic changes. The largest value of GW Ep appears from November to March when the background wind is strong, and the smallest value appears in July, August, and September when the background wind is weak. It is worth noting that from November to March, there is a large GW Ep at the edge of the TP [14], which mainly exists in the southeast of the TP where the background wind is strong. This may be due to the strong background wind being blocked by the topography at the edge, which promoted the generation of GWs. In June, July, and August, there is a large GW Ep in the latitudes of 20°N to 30°N, which may be related to the tropical convection [17,20,33,34]. In general, the spatial distribution of the GW Ep in the lower stratosphere is highly correlated with the spatial distribution of background wind and the topography of the TP, indicating that topographic waves are generated around the TP and propagate upward to the lower stratosphere.




3.3. Correlation between GW Ep and Topography


Topographic waves play a dominant role in GWs around the TP [9]. In order to specifically analyze the relationship between the topography and the GW Ep, this section draws the zonal change and the zonal change rate of the GW Ep and elevation (Figure 8) and the meridional change and the meridional change rate of the GW Ep and elevation (Figure 9) based on the 2° × 2° monthly mean GWs model, respectively. Table 2 lists the Pearson correlation coefficients between the GW Ep and the elevation for each month corresponding to Figure 8 and Figure 9.



It can be seen from Figure 8 that the zonal topography has a great influence on the zonal GW Ep from October to March with strong background winds (Figure 7). In these months, the changes between the zonal GW Ep and the zonal elevation are highly consistent. With the increase in elevation, the value of the GW Ep becomes larger and reaches the maximum before the maximum elevation (Figure 8a,h–l). The correlation coefficients between the change in the zonal GW Ep and the zonal elevation are 0.673, 0.497, 0.465, 0.405, 0.318, and 0.230, respectively (Table 2). Although the topography has an obvious effect on the zonal GW Ep from November to February, the correlation coefficients are not always larger, such as in February (0.318). In addition, the maximum correlation coefficient (0.673) appears in October (Table 2), but the influence of topography on the zonal GW Ep is not the greatest (Figure 8). Therefore, the magnitude of the correlation coefficient between the elevation and the GW Ep may not clearly indicate the impact of topography on the GW Ep in some months. The change rate between the zonal GW Ep and the zonal elevation shows the same trend from October to March. Near the sharp rise or fall in zonal elevation, the zonal GW Ep also rises or falls sharply (Figure 8m,t–x). The correlation coefficient from October to March is large and the minimum is 0.553 (Table 2). These demonstrate that the zonal topography has a significant impact on the zonal GW Ep from October to March, and the large elevation or the large topography changes are conducive to promoting GW excitation. Notably, compared with the correlation coefficient between the change in the zonal elevation and the zonal GW Ep, the correlation coefficient between the change rate of the zonal elevation and the zonal GW Ep is larger from November to February when the topography has a strong influence on the GW Ep (Table 2). In particular, the correlation coefficient between the change in the zonal GW Ep and the zonal elevation is too small to represent the large impact of the topography on the GW Ep in February (0.318) and March (0.230) (Table 2). This indicates that the correlation coefficient between the change rate of the GW Ep and the elevation seems to better represent the impact of the topography on the GW Ep. It is worth noting that from November to March, the change/change rate of zonal GW Ep always seems to change earlier than the change/change rate of zonal elevation (Figure 8a,h–l,m,t–x). As can be seen from Figure 7, these are caused by the large GW Ep excited by the strong background wind in the southern part of the TP.



From April to September, the zonal GW Ep did not change significantly in the region with the large zonal elevation and showed a downward trend with increasing latitude (Figure 8b–g). In addition, the change rate of the zonal GW Ep is negative when the zonal elevation increases sharply (Figure 8n–s). These factors indicate that the weak background wind is not conducive to the excitation of GWs (Figure 7), and these phenomena are related to the poleward propagation of the GW generated by the tropical convection [20,34,36]. Notably, the correlation coefficient between the change/change rate of the zonal GW Ep and the zonal elevation was mainly negative from April to September, and the maximum negative correlation coefficient between the change in the zonal GW Ep and the zonal elevation was −0.494 in July, which may be caused by the fact that the elevation increases and the GW Ep decreases with the increase in latitude in the 20–35°N latitude zone (Figure 8e). Furthermore, the maximum negative correlation coefficient between the change rate of the zonal GW Ep and the zonal elevation was −0.778 in August (Table 2), which is because the change rate of the elevation and the GW Ep showed an opposite trend (Figure 8r). Above all, the zonal topographic influence on the zonal GW Ep was small from April to September.



Figure 9 shows the meridional change and the meridional change rate of the GW Ep and the elevation. The GW Ep in Figure 9a–l shows the same periodicity as Figure 7 with the maximum from November to March and the minimum from July to September, which may be related to the periodic changes in the background wind. From November to February, the meridional topography has a significant effect on the meridional GW Ep, and the value of meridional GW Ep is large when the area has a high meridional elevation (Figure 9i–l). From Table 2, the correlation coefficients between the change/change rate of the meridional GW Ep and the meridional elevation were large from November to February, except for January (0.305/0.223). In addition, the maximum correlation coefficient between the change in the meridional GW Ep and the meridional elevation appears in October (0.835) when the effect of the meridional topography on the meridional GW Ep is not obvious. This proves, once again, that the magnitude of the correlation coefficient between the elevation and the GW Ep may not clearly indicate the impact of topography on the GW Ep in some months. From Figure 9u–x, within the longitude range of 73–86°E where the meridional elevation changes sharply, the meridional GW Ep also shows the same trend with correlation coefficients of 0.95, 0.96, 0.81, and 0.80, respectively. These demonstrated that large topographic changes are conducive to the generation of GWs, and the GWs in the 73–86°E longitude zone of the TP are strongly excited by the topography and the strong background wind (Figure 7). Furthermore, the excited GWs may be influenced by the strong zonal winds and propagate upward into the lower stratosphere. In addition, it was found that the change/change rate of the meridional GW Ep from November to February also showed significant changes from 95–105°E, which was caused by the maximum of GW Ep in the southeast of TP (Figure 7).



From April to September, the meridional GW Ep is affected by the weak background wind (Figure 7) with a value of less than 2 J/kg and does not show obvious change with the meridional elevation (Figure 9b–g), and the change rate of the meridional GW Ep fluctuated around 0 (Figure 9n–s). However, the correlation coefficient between the change in the meridional GW Ep and the meridional elevation is larger in May (0.548) and September (0.583) (Table 2). This phenomenon does not correspond to that in Figure 9c,g, which indicates the change in the meridional GW Ep is only slightly affected by the meridional elevation. From Table 2, the correlation coefficients between the change rate of the meridional GW Ep and the meridional elevation are small, which shows, once again, that the correlation coefficient between the change rate of the GW Ep and the elevation better represents the impact of the topography on the GW Ep. These indicate that the meridional topography has little influence on the meridional GW Ep from April to September.




3.4. Periodic Variation of the GW Ep in the Lower Stratosphere


The GW Ep in the lower stratosphere of the TP show periodic changes (Figure 8 and Figure 9). In the area with strong background wind and large topography, the GW Ep is larger and has obvious periodic changes. In order to specifically analyze the reasons for the periodicity of the GW Ep in the lower stratosphere of the TP, as shown in Figure 10, seven typical regions are selected in this section. Regions #1 and#2 represent the regions with weak background wind and strong background wind, respectively. From Figure 10, Region #3 is selected due to its special topography with weak background wind due to being blocked by the surrounding topography, and the elevation of the southern topography of Region #3 is large. Regions #4 and#5 represent the regions of the small GW Ep and the large GW Ep, respectively. Regions #6 and#7 represent the regions of the small topography and the large topography, respectively. The specific ranges of these regions are shown in Table 3.



The GWs in the lower stratosphere of TP mainly come from the upward propagation of the topographic waves generated by the interaction between the background wind and topography. Therefore, the periodic variation of the GW Ep in the lower stratosphere may be related to the periodic background winds that were blocked by the topography to generate the topographic wave and then propagated upward into the lower stratosphere. In addition, the correlation coefficient between the GW Ep and the background wind was influenced by the proportion of topographic waves in GWs. Figure 11 shows the monthly mean time series of the background wind, the zonal wind, and the GW Ep for each region, and the correlation coefficients between the GW Ep and the background wind and the correlation coefficients between the GW Ep and the zonal wind in each region are shown in Table 3. From Figure 11a,b, although the zonal wind in Region #1 is stronger than that in Region #2, a large GW Ep occurs in Region #2 with strong background wind and the small GW Ep in Region #1 corresponds to the weak background wind. The correlation coefficient between the GW Ep and the background wind in Region #1 (Region #2) is larger than the correlation coefficient between the GW Ep and the zonal wind (Table 3), indicating that the periodicity of the GW Ep in the lower stratosphere is greatly affected by background wind in Regions #1 and #2. Furthermore, the correlation coefficients between the GW Ep and the background wind in Regions #1 and #2 are 0.422 and 0.621, respectively. This indicates that the GW Ep excited by strong background wind propagates upward to the lower stratosphere, therefore, the correlation between the GW Ep and the background wind in Region #2 is stronger than that in Region #1. Notably, the background wind is weak in Region #3 (Figure 11c) but the correlation coefficient between the GW Ep and the background wind is greater than that in Region #2. On the one hand, the GWs also have horizontal propagation in the process of upward propagation, and Region #3 is near the larger GW Ep. On the other hand, Region #3 is close to the edge of the TP with large topographic changes, which is conducive to the excitation of GWs (Figure 7). From Table 3, we can observe the zonal wind in Region #4 is stronger than that in Region #5 (Figure 11), and the large correlation coefficient between the GW Ep and the background wind and the large correlation coefficient between the GW Ep and the zonal wind both appear in Region #5 with the large GW Ep (Figure 11d,e). This indicates that the GW Ep in the lower stratosphere is mainly affected by the background wind in Regions #4 and #5, and the proportion of topographic waves in Region #5 excited by the interaction between the background wind and the topography is larger in GWs. The intensity of the background wind in Regions #6 and #7 is similar (Figure 11f,g), and the elevation of Region #7 is larger (Figure 10), indicating the stronger excitation between the background wind and the larger topography in Region #7 to generate the GWs. However, the correlation coefficient between the GW Ep and the background wind in Region #7 (0.822) is smaller than that in Region #6 (0.828). In addition, the correlation coefficient between the GW Ep and the zonal wind (0.838) is larger than the correlation coefficient between the GW Ep and background wind (0.828) in Region #6. These results indicate that the GW Ep in Region #6 is strongly influenced by the zonal wind during its upward propagation, which promotes the topographic waves to reach the lower stratosphere.




3.5. Relationship between GW Ep and Background Wind and Zonal Wind


The main mechanism of GW generation around the TP is the blocking of background wind by topography, and the GWs are affected by the zonal wind during its upward propagation [35,37]. Therefore, the differences in topography, background wind, and zonal wind are important factors for the spatial distribution of the GWs in the lower stratosphere. In order to analyze the specific reasons for the spatial distribution of the GW Ep in the lower stratosphere around the TP, this paper presents the time series of the background wind, the zonal wind, and the GW Ep in Figure 12 for each region based on the 2° × 2° monthly mean GW model.



The background wind and the zonal wind have similar periodicity in each region, which is strong around February and weak around August. The GW Ep of each region is obviously different due to the influence of the different background wind and the different zonal wind, but it shows the same periodic change as the background wind and the zonal wind in its region. For example, the background wind and the zonal wind in Region #7 are significantly stronger than that in Region #1 around February when the background wind and the zonal wind are strong, and the background wind and the zonal winds in Region #7 are weaker than those in Region #1 around August when the background wind and the zonal wind are weak. Therefore, the GW Ep of Regions #1 and #7 is also larger around February and smaller around August. Around February, the value of the GW Ep in Region #7 is significantly larger than that in Region #1 on the whole and the value of the GW Ep in Region #7 is smaller than that in Region #1 around August. These results show that the large GW Ep in the lower stratosphere of the TP is related to the strong background wind and the strong zonal wind.



The background wind in Regions #1 and #3 due to being blocked by the surrounding topography leads to significantly weaker wind than that in Region #2 around February when the background wind is strong. In addition, the zonal winds in Region #2 are also significantly stronger than those in Regions #1 and #3 around February. This suggests that around February, not only is the excitation of GWs stronger in Region #2 but the excited GWs are also more conducive to upward propagation. Therefore, the GW Ep of Region #2 in Figure 12c is larger than that of Regions #1 and #3 on the whole around February. It is worth noting that the magnitude of the background wind and the zonal wind are similar in Regions #1 and #3, but the GW Ep of Region #3 is larger than that of Region #1 as a whole, which may be due to the horizontal spread of the large GW Ep near Regions #2. Around August, the zonal winds in Region #2 are weak easterly winds, indicating that the quasi-static GWs caused by the topography have been filtered by the zero wind speed, but the value of GW Ep is greater than that in Regions#1 and #3. As can be seen from Figure 7, this may be due to the spread of the GW Ep generated by tropical convection to Region #5.



The background winds in Regions #4 and #5 are similar and strong around February, so the reason the value of the GW Ep in Region #5 is larger than that in Region #4 around February is that the zonal winds in the upward propagation of the GW Ep in Region #5 are stronger than that in Region #4, which explains that the larger GW Ep in the southeast of TP in winter is caused by the strong background wind and the strong zonal wind. The background wind and the zonal wind in Region #5 are weaker than those in Region #4 around August, and the zonal wind in Region #5 is easterly, but the value of the GW Ep in Region #5 is similar to Region #4, which may also be attributed to the GW Ep generated by tropical convection.



The strength of the background wind is similar in Regions #6 and #7 (Figure 12a), but the topography of Region #7 is larger (Figure 9), which indicates that Region #7 is more conducive to the generation of GW Ep. The zonal wind in Region #6 is stronger than that in Region #7 around February (Figure 12b), indicating that the GW Ep in Region #6 is favorable for upward propagation around February, which again proves that the GW Ep in Region #6 mentioned in Section 3.4 is affected by the strong zonal winds in its upward propagation. Therefore, it can be found from Figure 12c that around February, when the zonal wind of Region #7 is significantly weaker than that of Region #6, the GW Ep in Region #6 is larger (2011, 2015, 2016, and 2019). When the zonal wind of Region #7 approaches Region #6, the GW Ep is larger in Region #7 (2007–2009, 2012, 2014, 2017, and 2018). This indicates that the GW Ep in the lower stratosphere is influenced by the background wind and the topography at excitation and the zonal wind during upward propagation. It is worth noting that around August, the values of the GW Ep in Regions #6 and #7 are similar, and the values of background wind are also similar. This suggests that in Regions #6 and #7 when the background wind is weak and not conducive to GW excitation, the zonal wind has little influence on the upward propagation of the GWs and the GW Ep in the lower stratosphere is mainly affected by the background wind.




3.6. Reconstruction of GW Ep in Lower Stratosphere


The GWs’ activity in the lower stratosphere around the TP is mainly influenced by the background wind at excitation and the zonal wind during upward propagation (Figure 12). In order to quantitatively analyze the influence of the background wind and zonal wind on the GW Ep, a multivariable linear regression model [39,40] was adopted to reconstruct the GW Ep of the TP in the lower stratosphere. The formula is as follows:


  y ( t ) =  a 0  +  a 1  ⋅ t +  a 2  ⋅ B a c k g r o u n d _ w i n d ( t ) +  a 3  ⋅ U _ w i n d ( t )  



(6)




where  y  is the time series of the GW Ep (18~20 km) on the TP,    a 0    is the constant term of the model,    a 1    is the trend term, and    a 2    and    a 3    are the coefficients of the background wind and the zonal wind, respectively.   B a c k g r o u n d _ w i n d   and   U _ w i n d   represent the time series of the background wind and the zonal wind over the TP, respectively. The background wind is the average value of the background wind over the elevation range of TP (3–8 km), and the zonal wind is the average value of the zonal wind over the elevation range from TP to the lower stratosphere (8~18 km).



The p-value of the F-test in this model is 8.03 × 10−60 and the goodness of fit is 0.811, indicating that the model fit is effective and 81.1% of the GW Ep of TP in the lower stratosphere can be determined by this model. Figure 13 shows the fitting curve and the corresponding residuals of the model. The true value is essentially on or near the fitted curve and the corresponding residual fluctuates around 0, which indicates that the model is well fitted. The coefficients of the fitted curves were 2.14, 0.0023, 0.607, and −0.139, respectively, denoting that the GW Ep in the lower stratosphere over the TP shows an increasing trend of 0.0023 J/kg per month, and the influence of background wind on the GW Ep in the lower stratosphere is greater than that of the zonal wind. Energy dissipation occurs in the upward propagation of the GWs. This process is mainly affected by the zonal winds, and the strong zonal westerly winds will reduce energy dissipation in this process [37]. Therefore, the negative correlation coefficient of zonal wind indicates the influence of the energy attenuation of the GWs during upward propagation on the GW Ep in the lower stratosphere.




3.7. General Process of Topography Wave Excitation and Propagation


Based on the above analysis, we can know that the GWs in the TP are generated by the interaction between the topography and the background wind and are then propagated upward to the lower stratosphere under the influence of the zonal wind. Zeng et al. [9] pointed out that the existence of the topographic waves can be proven by the spatial distribution of the GW Ep (Figure 7), the relationship between the GW Ep and the topography (Figure 8 and Figure 9), and the obvious filtering by the zero-speed wind as it propagates upward (Figure 6). The obvious filtering of the GW Ep by the zero-speed wind and the high correlation between the distribution of the GW Ep and the topography indicate that topographic waves play a dominant role over the TP in the lower stratosphere. Figure 14 shows the general process of the excitation and propagation of topographic waves around the TP. Firstly, the mountain blocks the background wind to excite the GWs (topographic waves) (Figure 14a). The strong background wind and the large elevation or the large topography changes will intensely motivate GWs, especially in the southeast of the TP. Then, the motivated GWs propagate upward (Figure 14b). The GWs will dissipate energy during upward propagation, which is affected by the zonal wind. The strong westerly wind reduces the energy dissipation in this process and promotes the GWs to propagate upward to the middle and upper atmosphere. The westerly wind with a stronger wind speed will promote the GWs to propagate upward. When the west wind turns into the east wind, the zero-speed wind will filter the quasi-static GWs motivated by the topography, and the GWs decrease sharply above the zero-speed wind. Then, the reduced GWs continue to propagate upward under the east wind.



In this section, we provide an example to describe the specific process of the GWs’ excitation when the background wind is blocked by the TP and the upward propagation of GWs around the TP. The spatial distribution of the topography of TP, the background wind (3 km), the zonal wind (8~18 km), and the GW Ep (18~20 km) was drawn based on the annual average of the observed data in March (Figure 14c–f). There are strong background winds and large topographic changes in the southern part of the TP (Figure 14c,d). The strong background wind is blocked by the topography, which promotes the excitation of GWs. The strong zonal westerly winds in the southeastern part of the TP (25–30°N, 95–105°E) promote the upward propagation of GWs (Figure 14e), which makes the GW Ep largest in the lower stratosphere in this region (Figure 14f). In contrast, the GW Ep is relatively small in the northwestern plateau (35–40°N, 75–86°E). The background wind in this area is weak due to being blocked by the high surrounding topography (Figure 14c,d), which is not conducive to GWs’ excitation. In addition, the zonal winds in the upward propagation of GWs are weak (Figure 14e). Thus, the GW Ep reaching the lower stratosphere in this region is small (Figure 14f).





4. Conclusions


In this paper, a 2° × 2° monthly mean GWs model around the TP for 14 years from August 2006 to September 2020 was established based on the dry temperature profiles of four GNSS RO missions: COSMIC, METOP-A, METOP-B, and METOP-C. The stability of the dry temperature observation of each RO mission and the bias between the dry temperature of each RO mission and the combined mean temperature of the four GNSS RO missions from August 2006 to September 2020 were analyzed. It was proved that the dry temperature observation of each RO mission has good stability, and the combination of dry temperature observations by each RO mission is available and can be used for high-precision GW Ep extraction. The vertical distribution of GWs over the TP and the spatial distribution of GWs around the TP were analyzed. The effect of topography on the GW Ep in the lower stratosphere was investigated. Then the periodic variation of the GW Ep over the TP and the influence of the background winds during excitation and the zonal winds during upward propagation on the GW Ep in the lower stratosphere were explored in seven typical regions. The multivariable linear regression models were then used to reconstruct the GW Ep of the lower stratosphere over the TP based on the background wind and the zonal wind. Finally, the general process of topographic wave excitation and upward propagation around the TP was summarized. This paper draws the following conclusions.



The GW Ep in the lower stratosphere of the TP has obvious periodic changes. Around February, the zonal winds are strong westerlies and the value of the GW Ep is large. Around August, the zonal wind changes from westerly to easterly and the zero-speed wind filters the quasi-static GWs, so the value of the GW Ep in the lower stratosphere is small. The spatial distribution of the GW Ep in the lower stratosphere is highly correlated with the spatial distribution of the background wind and the topography around the TP. The GW Ep is large when the background winds are strong from November to March and the GW Ep is small when the background winds are weaker from July to September. Furthermore, there is a large GW Ep at the edge of the TP, which mainly exists in the southeast of the TP where the background wind is strong.



The GW Ep in the lower stratosphere over the TP is mainly the topographic waves generated by the interaction between the topography and the background wind, which then propagate upward to the lower stratosphere under the influence of the zonal wind. The interaction between the strong background wind (November–February) and large elevation or large topographic changes strongly excite the GWs, and the strong zonal wind reduces the energy dissipation of GWs propagating upward and promotes GWs to propagate to the lower stratosphere. When the background wind and the zonal wind are strong around February, the value of GW Ep in the lower stratosphere of the TP is large in the region with strong background wind and strong zonal wind. In order to quantitatively analyze the influence of the background wind and zonal wind on the GW Ep, a multivariable linear regression model was adopted to reconstruct the GW Ep of the TP in the lower stratosphere. The results show that the model has a good fitting result, and 81.1% of the GW Ep can be determined by the model. These indicated that the GW Ep was dominated by the topographic wave over TP, and the background wind has a greater influence on the GWs than the zonal wind. The periodic variation of the GW Ep in the lower stratosphere is mainly affected by the periodic background winds, and this effect is larger in the region where the background wind and the topography strongly excited the topographic waves.



Based on the 2° × 2° monthly mean GWs model, this paper confirms that the GWs in the TP are dominated by the topographic waves generated by the interaction between the topography and the background wind. Furthermore, the strong background wind and the large elevation or the large topography changes intensely motivate GWs (topographic waves), and the strong westerly wind promotes the GWs to propagate upward to the middle and upper atmospheres. These are helpful to deepen the understanding of GWs of the TP and are of great significance to GW parameterization in the relevant models. In addition, this paper uses the combination of four RO missions (COSMIC, METOP-A, METOP-B, and METOP-C) to extend the research time and increase the resolution of the results, which provides a good basis for subsequent research of GWs with high precision and a long time scale.
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Figure 1. The number of GNSS RO events of each mission around the TP (20~50°N, 60~120°E) from May 2006 to September 2020. The red solid line indicates the total number of GNSS RO events provided by the selected missions in this paper. Blue solid line, the number of COSMIC GNSS RO events; green solid line, the number of METOP-A GNSS RO events; cyan solid line, the number of METOP-B GNSS RO events; magenta solid line, the number of METOP-C GNSS RO events. 






Figure 1. The number of GNSS RO events of each mission around the TP (20~50°N, 60~120°E) from May 2006 to September 2020. The red solid line indicates the total number of GNSS RO events provided by the selected missions in this paper. Blue solid line, the number of COSMIC GNSS RO events; green solid line, the number of METOP-A GNSS RO events; cyan solid line, the number of METOP-B GNSS RO events; magenta solid line, the number of METOP-C GNSS RO events.



[image: Remotesensing 14 05671 g001]







[image: Remotesensing 14 05671 g002 550] 





Figure 2. The monthly average of (a) temperature and (b) the temperature bias variation of 8~38 km around TP (20~50°N, 60~120°E) from May 2006 to September 2020. Magenta solid line, the COSMIC temperature; blue solid line, the METOP-A temperature; green solid line, the METOP-B temperature; cyan solid line, the METOP-C temperature; red solid line, the combined temperature. 
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Figure 3. The distribution of RO events around TP (20~50°N, 60~120°E) in January 2015. Red dot, COSMIC RO event; green dot, METOP-A RO event; blue dot, METOP-B RO event. 
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Figure 4. The monthly grid (2° × 2°) coverage of GNSS RO events (a) around TP (20~50°N, 60~120°E) and (b) in (25~41°N, 68~105°E) the TP from August 2006 to September 2020. 
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Figure 5. The (a) temperature, (b) temperature bias, and (c) temperature trend in each RO mission varying with altitude at 8~38 km. Magenta solid line, the COSMIC temperature; blue solid line, the METOP-A temperature; green solid line, the METOP-B temperature; cyan solid line, the METOP-C temperature; red solid line, the combined temperature. 
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Figure 6. The vertical distribution of the monthly mean GW Ep over TP (25~41°N, 68~105°E) at 8~38 km from August 2006 to September 2020. The red solid dot represents the Lapse Rate Tropopause, the black solid line represents the westerly wind, the black dotted line represents the east wind, the red solid line represents the zero-speed wind, and the zonal wind data are provided by the ERA5. 
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Figure 7. The spatial distribution of monthly mean GW Ep of 18~20 km around TP (20~50°N, 60~120°E) from August 2006 to September 2020. Region of TP: Latitude, 25~41°N; longitude: 68~105°E. The arrow represents the background wind. 






Figure 7. The spatial distribution of monthly mean GW Ep of 18~20 km around TP (20~50°N, 60~120°E) from August 2006 to September 2020. Region of TP: Latitude, 25~41°N; longitude: 68~105°E. The arrow represents the background wind.



[image: Remotesensing 14 05671 g007]







[image: Remotesensing 14 05671 g008 550] 





Figure 8. The zonal change and zonal change rate of the monthly mean GW Ep and the elevation from August 2006 to September 2020. Latitude from 20 to 50°N, longitude from 68 to 105°E. The red line represents the 18~20 km GW Ep and the blue line represents the elevation. 
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Figure 9. The meridional change and the meridional change rate of monthly mean GW Ep and the elevation from August 2006 to September 2020. Latitude from 30 to 35°N, longitude from 60 to 120°E. The red line represents the 18~20 km GW Ep and the blue line represents the elevation. 
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Figure 10. The selected region. The arrow represents the background wind vector of 3 km. 
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Figure 11. The relationship between the GW Ep over different regions depicted in Table 3 with the background wind and the zonal wind from August 2006 to September 2020. (a) Region #1; (b) Region #2; (c) Region #3; (d) Region #4; (e) Region #5; (f) Region #6; (g) Region #7. The background wind is the average over the elevation range of each region. Blue solid line, zonal wind; green solid line, background wind; red solid line, GW Ep. 
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Figure 12. The time series of (a) the background wind, (b) the zonal wind (8~18 km), and (c) the GW Ep (18~20 km) in each region from August 2006 to September 2020. The background wind is the average value of the background wind within the elevation range of each region. The solid lines in cyan, red, blue, green, black, orange, and magenta represent the variables from Region #1 to Region #7, respectively. 
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Figure 13. The GW Ep fitting curves (a) and the corresponding residuals (b) of multivariable linear regression model in the lower stratosphere over TP (25~41°N, 68~105°E) from August 2006 to September 2020. 
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Figure 14. The general process of (a) the GW (topographic waves) excitation and (b) the upward propagation around TP, and the corresponding observations of (c) the topography, (d) the background wind at the altitude of 3 km, (e) the average zonal wind of 8~18 km, and (f) the GW Ep in the lower stratosphere (18~20 km). 
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Table 1. The selected RO missions in each time interval around TP from August 2006 to September 2020.
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	Time Interval
	Satellite





	August 2006 (213)~February 2008 (060)
	COSMIC



	March 2008 (061)~January 2013 (031)
	COSMIC, METOP-A



	February 2013 (032)~April 2018 (120)
	COSMIC, METOP-A, METOP-B



	May 2018 (121)~July 2019 (212)
	METOP-A, METOP-B



	August 2019 (213)~June 2020 (182)
	METOP-A, METOP-B, METOP-C



	July 2020 (183)~August 2020 (246)
	METOP-B, METOP-C



	September 2020 (247)~September 2020 (274)
	METOP-C
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Table 2. The Pearson correlation coefficient between the GW Ep and the elevation from August 2006 to September 2020. The correlation coefficients that pass the 95% significance test are in bold.
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Time (Month)

	
Zonal

	
Meridional




	
Change

	
Rate of Change

	
Change

	
Rate of Change






	
March

	
0.230

	
0.538

	
0.245

	
0.264




	
April

	
0.062

	
0.271

	
0.162

	
0.222




	
May

	
0.060

	
0.490

	
0.548

	
0.177




	
June

	
−0.136

	
0.043

	
0.290

	
−0.113




	
July

	
−0.494

	
−0.728

	
0.152

	
0.147




	
August

	
−0.442

	
−0.778

	
0.384

	
−0.044




	
September

	
−0.376

	
−0.396

	
0.583

	
0.281




	
October

	
0.673

	
0.847

	
0.835

	
0.539




	
November

	
0.497

	
0.760

	
0.480

	
0.519




	
December

	
0.465

	
0.553

	
0.536

	
0.737




	
January

	
0.405

	
0.553

	
0.305

	
0.223




	
February

	
0.318

	
0.608

	
0.512

	
0.457
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Table 3. Region selection and Pearson correlation coefficient between the GW Ep and the background wind/the zonal wind in each region. The correlation coefficient in bold indicates that it passes the 95% significance test.






Table 3. Region selection and Pearson correlation coefficient between the GW Ep and the background wind/the zonal wind in each region. The correlation coefficient in bold indicates that it passes the 95% significance test.





	
Region

	
Regional Scope

	
Characteristic

	
Correlation Coefficient




	
GW Ep and

Background Wind

	
GW Ep and Zonal Wind






	
1

	
Latitude: 36–38°N

Longitude: 69–71°E

	
Weak background wind

	
0.422

	
0.315




	
2

	
Latitude: 27–29°N

Longitude: 85–87°E

	
Strong background wind

	
0.621

	
0.605




	
3

	
Latitude: 36–38°N

Longitude: 79–83°E

	
Weak background wind

	
0.766

	
0.737




	
4

	
Latitude: 39–41°N

Longitude: 94–98°E

	
Small GW Ep

	
0.575

	
0.563




	
5

	
Latitude: 26–28°N

Longitude: 98–100°E

	
Large GW Ep

	
0.774

	
0.736




	
6

	
Latitude: 30–32°N

Longitude: 99–101°E

	
Low topography

	
0.828

	
0.838




	
7

	
Latitude: 33–35°N

Longitude: 81–83°E

	
High topography

	
0.822

	
0.782

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
DY 12 84k € 08ET20E O WIE T2E B4E 96E 106

25 .
. g € - 5
2WE 12 i s tonEreve 2V BE T2€ sa oe rover2ve 2 WE 12 b

s AR 3 Sl b =7 eades
YWE 12 iE o tonErove 2V BE T2E B SeETomEI20E 2 B0E 12 BIE SOE T0REINE
Longitude Longitude Longitude.






media/file4.png
Temperature (K)

Temperature Bias (K)

226

224

222

220

218
2006/6 2007/6 2008/6 2009/6 2010/6 2011/6 2012/6 2013/6 2014/6 2015/6 2016/6 2017/6 2018/6 2019/6 2020/6

1

0.5

—0.5

—1
2006/6 2007/6 2008/6 2009/6 2010/6 2011/6 2012/6 2013/6 2014/6 2015/6 2016/6 2017/6 2018/6 2019/6 2020/6
Time (month)

(a)

COSM
| /

A~ METORLA
| METOP-B
METOP-C
SUM

| |

(b)

COSMIC

METOP-A

METOP-B

METOP-C
]

—
>

4






media/file18.png
Altitude (km)

Altitude (km)

Altitude change (km/degree)

a) March b) April ¢) Ma d) June e) Jul August
10 ( ) 6 10 ( ) P 6 10 ( ) y 6 10 ( ) 6 10 ( ) y 6 10 (f) g 6
Altitude
8 Ep 8 8 8 8 8
6 4 6 4 6 4 6 4 6 4 6 4
4 , 4 '/\’79\?_\ , 4 \/\4%\ , 4 , 4 , 4 m ,
2 2 A 2 A 2 2 2 A
7 7 D
0 0 0 0 0 0 0 0 0 0 0
60°E  80°E 100°E 120°E 60°E  80°E  100°E 120°E 60°E  80°E  100°E 120°E 60°E  80°E 100°E 120°E 60°E  80°E  100°E 120°E 60°E  80°E  100°E 120°E
September h) October i) November i) December k) Januar 1) Februar
o (@8Sep P () o @ R ) 1o (19 January o y
8 8 8 l 8 8 8
6 4 6 4 6 I\ /\\/ 4 6 J\—/\/‘,\ 4 6 §’\/ 4 6 s 4
2 2 2 2 \ 2 2
2 2 2 A 2 2 2 A
\/ =] YAV, \VJ
0 AN 0o o0 0o 0 0o 0 0o 0 0o 0 0
60°E  80°E 100°E 120°E 60°E  80°E  100°E 120°E 60°E  80°E  100°E 120°E 60°E  80°E 100°E 120°E 60°E  80°E  100°E 120°E 60°E  80°E  100°E 120°E
March April M 1 A
) (m) Marc 0 ) (n) Apri 0 ) (o) May 0 ) p) June 0 ) (q) July 0 ) (r) August 0
0.5 0.5 0.5 0.5 0.5 0.5
0 &4 -05 0 05 0 05 0 &“ -05 0 05 0 0.5
0.5 0.5 0.5 0.5 0.5 0.5
- -1 - : -1 - -1 - -1 - -1 - * * -
60°E  80°E 100°E 120°E 60°E  80°E  100°E 120°E 60°E  80°E  100°E 120°E 60°E  80°E 100°E 120°E 60°E  80°E  100°E 120°E 60°E  80°E  100°E 120°E
) (s) September ) (t) October ) (u) November 0 ) (v) December 0 ) (w) January 0 (x) February 0
] I I |
0.5 0.5 0.5 0.5 0.5 0.5
0 \/ N -~~~ -05 0 05 0 05 0 % 05 0 05 0 0.5
0.5 0.5 0.5 \/ 0.5 W 0.5 0.5
- -1 - -1 - -1 - -1 - -1 - -1
60°E  80°E 100°E 120°E 60°E  80°E  100°E 120°E 60°E  80°E  100°E 120°E 60°E  80°E 100°E 120°E 60°E  80°E  100°E 120°E 60°E  80°E  100°E 120°E

GW Ep (J/kg)

GW Ep (J/kg)

GW Ep change (J/kg-degree)





media/file21.jpg
Wind speed (mis)

ERORA

NN

&3 Z N 23

n5L@ — NN
_S NN SN NSNS AN NSNS

200675 200775 200875 20005 910/5 2011/5 201278 201573 201473 21575 2016/5 20175 T18/5 2019/5 20205
Time (month)

g






media/file26.png
8 | | |

(a) "* *
D 6l n Ao | x
=
o Ke *
S * *

3
=4\,
£ e o %  Truth value
I I I Fitting curve |

9 | |
2006/8 2007/8 2008/8 2009/8 2010/8 2011/8 2012/8 2013/8 2014/8 2015/8 2016/8 2017/8 2018/8 2019/8 2020/8

2 | T 1 L | L |

-

™
Al
o T
ol K3
£
R 73
—_t Al T
r N £ 1
L7 L]
_*"‘_|'
T
e - 1
O] L]
1 1 '
—
e
K3
LTS
AT
73 v
4
.
e
o K3
K3

Residuals
o

sl
Al
£ Ad
k'
I 1
i
|_
N
o
"
—3
}
T
— 1
. b
! Ao 1
N 1 ;
S ;!
L K73 | - i1
faad

| | | | L2 |
2016/8 2017/8 2018/8 2019/8 2020/8

_9t B S | [ |
2006/8 2007/8 2008/8 2009/8 2010/8 2011/8 2012/8 2013/8 2014/8 2015/8
Time (month)






media/file27.jpg
1
E
H
H
]






media/file3.jpg
Temperature (K)

“Temperature Bias (K)

30066 2007/6 200576 2009/ 2010/6 2011/6 2012/6 20156 201476 2015/6 2016/6 2017/5 2015/6 2019/5 2020/6

e (Ehoniti)






media/file22.png
Wind speed (m/s)

Zonal wind Background wind GW Ep

21.5 | |

6.5

—8.5

21.5

6.5

—8.5

21.5 .
6.5 7.5
—8.5 2.5
25 ) AN 1A AlAallAL AL ALl Allal AL AL {125
g.g NS T T D T T T I~ N NN T ;g
215} (€) 412.5
6.5 7.5
—8.5 .
21.5

6.5

—8.5

21.5

6.5

—8.5

2006/8 2007/8 2008/8 2009/8 2010/8 2011/8 2012/8 2013/8 2014/8 2015/8 2016/8 2017/8 2018/8 2019/8 2020/8
Time (month)

GW Ep (J/kg)





media/file19.jpg
6500
000
5500
5000

1500
4000
3500
3000

% X W
~ e

Longitude





media/file7.jpg
(a) Grid coverage around TP

0
200678 200775 200875 200975 20105 201175 2
().

8 200378 20148 201578 201658 20178 20185 201958 2
id coverage in TP

208

\
0
o8
B
50
os
Eoi
20
Co2
o

o
2006’5 200775 2008/ 20098 2010 20118 20128 20138 20145 20155 20168 20178 2ISE 20198 2208
“Time (month)





media/file28.png
[
(b) Upward propagation

Zonal wind
west wind

Wind direction reversal
«®

Energy

Zero speed wind
dissipation

d —East wind\‘

10573 =
(a) Gravity wave excitation I






media/file10.png
Altitude (km)

[\
o
—

38

32 |

DO
(=2}
——

14

8
193

203

213 223 233
Temperature (K)

243

253

Altitude (km)

DO
o
—T—T T

38

32 | i

DO
(=]

— T
1

| ¢
A

—0.8— 06 04 02 0 0.2 04 06 0.8
Temperature Bias (K)

Altitude (km)

38 T .

(€)

32

DN
(=]
— T

[\
[}
—T—T T

é/

8 ' -
-03 -01 01 03 05
Temperature trend (K/month)

0.7





media/file14.png
(¢) May

S W

Latitude

[}
=
= ¥
3 2 :
.-ﬂ 200 VR :___' 4.‘;:"' __"..:* 4_'.‘_—111
120°E QO"E 2" 84°E 96°E 108°E120°E
(h) October (i) November
50°N e s 50°N T
T e
) ) Ay e
e S 40N 8
q 30°N ReT < ook E
— SN o .
200 VA& BMIMFENY. 4 M) v 0 2009 A s 1.
E0°E 72°E 84°E 96°E 108°E120°E 0°E 72°E 84°E
j) December k) January 1
50°N [ s 50°N RSy
O o J o
g 40°N ,-% 40°N
S 30°N| 3 S 30°N|

) — 2 - o l"lf ’_:3.."‘:"— ) o ‘.:‘._ - .',-»_’__j N P —‘—“"J‘i
20°M0°E 72°E 84°E 96°E 108°E120°E 20 BO°E 72°E 84°E 96°E 108°E120°E 20 BO°E 72°F 84°E 96°E 108°E120°E
Longitude Longitude Longitude

" >
ca oae
e SR n wdo )
. .-—__:_ ) W it






media/file11.jpg





media/file6.png
METOP-B

® METOP-A

® COSMIC

5 W lp "

opnine

120°E

4 1 "
\ o NS _mE
'y S
4 “m - 'S o !
'R LN i e 1
H » % ‘vm L : N
s 00 rm g ou.ooo
B L2 S
3 o o
T oL . TRy
» | > ¢ -o\oo L
‘ L L...“ . ” ..) ° A—M
...—.ww ' 1
o b T
] WAk e
.. ..\ ,”um .‘*
® & PG ® “
o) P e,
. ‘..“
.oo 3 .
r
- e {1
z z 20
(@) 9] (@)
9] AN AN

Longitude





media/file15.jpg





nav.xhtml


  remotesensing-14-05671


  
    		
      remotesensing-14-05671
    


  




  





media/file16.png
Altitude (km)

Altitude (km)

Altitude change (km/degree)

a) March b) April ¢) Ma d) June e) Jul August

10 (I) 10 10 (I )Ap ] 10 10 © Y 10 10 (d) 10 10 © y 10 10 @ g 10
8 . 8 8 8 8 § 8 8 8 8 8 8
6 ‘/‘\, 6 6 6 6 6 6 6 6 6 6 6
) ) ) wx 4 4 A\ 4 4 4 4 4 4 o, 4
2 _‘/\,\J_ 2 2 _—/\,\J_ 22 _/ ~__]2 2 2 2 22 / 2
0 0 0 0 0 0 0 0 0 0 0 0
20°N  30°N  40°N  50°N 20°N  30°N  40°N  50°N 20°N  30°N  40°N  50°N 20°N  30°N  40°N  50°N 20°N  30°N  40°N  50°N 20°N  30°N  40°N  50°N

September h) October i) November i) December k) Januar 1) Februar

10 (g)] P 10 10 (h) 10 10 @ 10 10 () 10 10 (ko) y 10 10 @ Y 10
8 8 8 8 8 [ 8 8 8 8 ~ 8 8 / 8
4 4 4 4 4 oS d 44 4 4 4 4 o 4
2 2 2 2 2 J \\,\,_ 2 2 ﬂ 22 22 / \\-«\_,_ 2
0 0 0 0 0 0 0 0 0 0 0 0
20°N  30°N  40°N  50°N 20°N  30°N  40°N  50°N 20°N  30°N  40°N  50°N 20°N  30°N  40°N  50°N 20°N  30°N  40°N  50°N 20°N  30°N  40°N  50°N

March April M 1 A

) (m) Marc 0 ) (n) Apri 0 ) (o) May 0 ) (p) June 0 ) (q) July 0 ) (r) August 0

0.5 0.5 0.5 0.5 J’\ 0.5 0.5
0 05 0 05 0 05 0 M 05 0 N q 05 0 M -0.5

0.5 0.5 0.5 05t~/ — 0.5 0.5 [ ANFL

-1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1

20° 30°N  40°N  50°N 20°N  30°N  40°N  50°N 20°N  30°N  40°N  50°N 20°N  30°N  40°N  50°N 20°N  30°N  40°N  50°N 20°N  30°N  40°N  50°N
(s) September (t) October (u) November (v) December (w) January (x) February

1 0 1 0 1 0 1 0 1 0 1 0

0.5 0.5 0.5 ﬂ% 0.5 AR 0.5 0\\ 0.5 A\
0 4 -0.5 07 05 0 / "[ 0.5 0 -0.5 0¢fF "/ 05 0 /7/< -0.5

05 _/'/\J 05 0.5 v/ 05 0.5 05 \/\;'/

-1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1

20°N  30°N  40°N  50°N 20°N  30°N  40°N  50°N 20°N  30°N  40°N  50°N 20°N  30°N  40°N  50°N 20°N  30°N  40°N  50°N 20°N  30°N  40°N  50°N

GW Ep (J/kg)

GW Ep (J/kg)

GW Ep change (J/kg-degree)





media/file2.png
Profile number

100 - | \‘ | ” _
R YV W w _
60 - f ' ‘ il \ _
40 J M“ ‘ J (h ,M. ‘ ‘ | ‘ ~ u WW‘ JAbiht 1t H“ M‘MM
i ' | ] n!n i] 1 M ‘W' WWWMM Mw | A

A I I I
0
2006/6/1 2007/6/1 2008/6/1 2009/6/1 2010/6/1 2011/6/1 2012/6/1 2013/6/1 2014/6/1 2015/6/1 2016/6/1 2017/6/1 2018/6/1 2019/6/1 2020/6/1

Time (day)






media/file20.png
Level /m

8500
8000
7500
7000
6500
6000
5500
- 5000
- 4500
- 4000
- 3500
- 3000

i
\

40°N

B ok >

Latitude

30°N

<JAEEE L[]

zoog E— ———
0°E 70°E 80°E 90°E 100°E 110°E 120°E

Longitude





media/file23.jpg
o
2006/5 2007/5 2008/5 2009/5 2010/8 2011/5 2012/5 2013/5 2014/5 2015/5 2016/5 2017/5 2018/5 2019/5 2020/
Time (month)





media/file5.jpg
® COSMIC ® METOP-A @ METOPB

Longitude





media/file24.png
[\
-

—
ot

[t
o

ot

O 2
2006/8 2007/8 2008/8 2009/8 2010/8 2011/8 2012/8 2013/8 2014/8 2015/8 2016/8 2017/8 2018/8 2019/8 2020/8

Zonal Wind (m/s) Background Wind (m/s)
|

O

/W

Wi v v

i

vvv“/w V/V

60
40 (b) v A ‘* 0\ N\ -
90 / \/ M\\ //\ “4, ‘ o ,\ \

GW Ep (J/kg)

20
2006/8 2007/8 2008/8 2009/8 2010/8 2011/8 2012/8 2013/8 2014/8 2015/8 2016/8 2017/8 2018/8 2019/8 2020/8

—
o
I

ot
l

0
2006/8 2007/8 2008/8 2009/8 2010/8 2011/8 2012/8 2013/8 2014/8 2015/8 2016/8 2017/8 2018/8 2019/8 2020/8
Time (month)





media/file1.jpg
Time (day)





media/file25.jpg
-
200675 2007/3 200878 20005 2010/8 2011/8 2012/8 20L3/5 2014/5 2015/8 2016/5 2017/5 20185 2019/8 2020/
Time (month)





media/file12.png
= = ===
Rl — —| = = = = = = R Rl
[ T — T = a3l

—— ™
T == |
—_— =
-|-MTV|.-:||I-::
e =
— [ —— - T = — — |
—

+ sl N I PR, S

ml = . &
2
Y
i ) s Sy e g — oy

- || _ RS S e

[

g
-1

0 O < A& O o0 O < o O
cn cn (ag] cn cn (] (@] o o o

(wsy) Spmnyy

10

8
2006/8

2019/8

/02 2016/02 2017/02 2018/02 2019/02 2020/0

2009/8
007/02 2008/02 2009/02 2010/02 2011/02 2012/02 2013/02 2014/02 201

2015/8 2016/8 2017/8 2018/8 20‘)20‘8
R 2

2014/8

3/8

2012/8 201

2011/8

2010/8

2007/8 2008/8

2

Time (month)





media/file9.jpg
®

©

re trend (K/month)






media/file0.png





media/file8.png
(a) Grid coverage around TP

[T ™= —l

Coverage rate

0
2006/8 2007/8 2008/8 2009/8 2010/8 2011/8 2012/8 2013/8 2014/8 2015/8 2016/8 2017/8 2018/8 2019/8 2020/8
(b) Grid coverage in TP
WIT™T1I1TT M I IO M

overage rate

0
2006/8 2007/8 2008/8 2009/8 2010/8 2011/8 2012/8 2013/8 2014/8 2015/8 2016/8 2017/8 2018/8 2019/8 2020/8
Time (month)






media/file17.jpg





