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Abstract

:

In this article, Thorpe analysis, which often retrieves the characteristics of mixing in the free atmosphere from balloon sounding data, is applied to the data of the Constellation Observing System for Meteorology, Ionosphere and Climate (COSMIC). We find that the COSMIC data can well retrieve the strongest mixed layer in the troposphere (SMLT) altitude, and can reveal the basic variation trend of the SMLT thickness and Thorpe scale    L T   . We use COSMIC data to reveal the global spatial and temporal distribution of the SMLT from 2007 to 2015 and analyze the fluctuation period of the SMLT altitude with Hilbert–Huang transform (HHT), we find that the variation of the SMLT altitude is influenced by the dual effects of terrain and solar radiation.
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1. Introduction


Atmospheric turbulence is an important research subject in the field of Atmospheric Science. It is of great importance in understanding the energy budget and momentum transfer in the atmosphere [1,2]. However, as the turbulence of the free atmosphere is episodic and complex, and the detection of the free atmosphere is limited by the quality (altitude and resolution) [3,4,5], the study of the atmospheric turbulence in the free layer is still relatively undeveloped. Due to the lack of understanding of the turbulence in the free atmosphere, we are unable to grasp its changing laws, which has severely affected the flight safety of aircraft in the free atmosphere and limited the skill of NWP (Numerical Weather Prediction) and climate models [6,7,8,9]. Among the existing means, in situ measurements using turbulence probes on research aircraft are both costly and few in number [10,11]. Radar probing using Doppler radars is more convenient but often subject to uncertainties [12,13]. In order to retrieve the characteristics of turbulence of free atmosphere from balloon sounding data, Thorpe analysis, which was originally applied to the study of ocean mixing [14,15], has been used by many references to analyze balloon sounding data [16,17,18,19,20]. This innovative method provides an alternative approach to the study of free atmospheric turbulence. The Thorpe analysis is a method to obtain the turbulence parameters by calculating the difference between the detected potential temperature profile or potential density profile and the reference profile obtained by sorting the data in ascending order [14,15]. In the free atmosphere, with the use of balloon radiosonde to detect the temperature, pressure and humidity, we can get the potential temperature ( θ ) profile. However, the profile is unstable and it contains a lot of inversions, namely some areas where larger  θ  is in the lower layer, and smaller  θ  is in the higher layer. In order to obtain a stable profile, the  θ  will be arranged in an ascending order. In this process, supposing that    θ m    at    z m    needs to be moved to    z n    after rearrangement (m and n represent the sequence number of this data in the dataset), then the Thorpe displacement will be   D =  z n  −  z m   . The root mean square of all  D  in the entire inversion is the Thorpe scale,


   L T   =        ∑  i = 1  N    D i 2     N     



(1)




which characterizes the scale of the inversion.    L T    is related to the Ozmidov scale    L o   , which is an important scale to describe turbulence characteristics, is represented by


   L O  = c    L  T    



(2)




where  c  is empirical constant,    L O  =    (   ε   N 3     )     1 2     ,  ε  is the turbulent energy dissipation rate and  N  is the buoyancy frequency. In recent years, some related studies have been published. In these studies, Thorpe analysis was applied to sounding data in different regions of the earth. In 2010, Nath et al. [17] made statistics on the vertical distribution characteristics of turbulence over Gadanki sounding station for three years through the Thorpe analysis and found that from the troposphere to the low stratosphere, the  ε  increase from 10−7 to 10−3 m2/s3; In the same year, Kantha and Hocking [18] used the Thorpe analysis to compare balloon detection results with radar detection results for four consecutive months, and found that the two have good consistency. In 2011, Wilson et al. [20] compared the detection ability of conventional resolution radiosonde and high-resolution radiosonde to turbulence in free atmosphere by the Thorpe analysis, and proposed that if the noise is strictly controlled, the data of conventional radiosonde can be used to analyze the climate characteristics of turbulence. In 2016, Muhsin et al. [20] studied the turbulence characteristics over two tropical sounding stations in India by the Thorpe analysis, and found that the turbulence intensity and atmospheric stability within 3–10 km have obvious diurnal changes, but there is no obvious diurnal change over 15 km. These researches contribute to the knowledge of the turbulence of free atmosphere.



The traditional balloon sounding method has many advantages, such as the high accuracy and resolution of detection; some sounding stations can accumulate sounding data of many years by releasing sounding balloons every day. That is why the Thorpe analysis is often used to analyze balloon sounding data. However, for balloon sounding, only a small range of detection data obtained over the station without a global observation means the global turbulence characteristics can’t be obtained. At the same time, satellite observations can carry out long-term global observation, but the accuracy and resolution of the observation are far less than the balloon sounding data, so it seems difficult to apply the Thorpe analysis to satellite observation data. However, some researchers’ studies show that there was a larger    L T    stratification in the middle of the troposphere, and its    L T    value could reach over one hundred or even hundreds of meters [17,20,21,22]. The value of  D  is also large enough to be within the resolution of some satellite detection data. However, no research to-date has used the Thorpe technique on satellite data to research this layer. So, we call this layer of atmosphere the strongest mixed layer of the troposphere (SMLT), and try to use satellite observation data to discover the global spatial and temporal distribution of this layer of the atmosphere.



The satellite data used in this article are COSMIC radio occultation data. COSMIC is a cooperative project of several agencies in Taiwan and the United States. It was launched in April 2006 to carry out GNSS (global navigation satellite system) occultation tests [23]. The entire COSMIC system consists of 6 LEO (low-Earth-orbit) satellites weighing about 62 kg, revolving around the earth and receiving signals from 24 United States global positioning satellite GPS (global positioning system) [24]. The refraction of atmosphere will cause the bending of the radiowave path. The ground analysis center obtains the bending angle of the GNSS signal on the atmospheric path according to the geometrical optics principle, and then the refractive index of the atmosphere can be obtained. Finally, combining the refractive index and one dimensional variational method, we can get the global atmospheric temperature, pressure, humidity and ionospheric profile [25,26]. After obtaining this data, we can use the Thorpe analysis to retrieve SMLT’s physical characteristics (altitude, thickness and    L T   ).



In order to further study the change characteristics of the physical properties of SMLT with time, we use the Hilbert–Huang transform (HHT) to extract the main mode and fluctuation period of SMLT altitude varying with time. HHT is a time series analysis method proposed by Huang and other scholars in 1998 [27]. HHT includes two parts: the empirical mode decomposition (EMD) and Hilbert transformation. The core of EMD is to decompose the signal into a series of intrinsic mode functions (IMFs) from high frequency to low frequency based on its time scale characteristics. However, EMD has the problem of mode mixing, that is to say, the similar time scales may be distributed in different IMF. In order to solve this problem, Wu et al. [28] put forward the ensemble empirical mode decomposition (EEMD) method. EEMD introduces white noise and makes ensemble averaging to avoid the mode mixing problem and finally get the IMFs without mode mixing. Then, the Hilbert transform is performed on the IMFs to obtain the amplitude, frequency and period of the IMFs. HHT has the following advantages: compared with Fourier transform, HHT can analyze nonlinear and non-stationary signals. Wavelet transform is essentially a Fourier transform with a flexible time-frequency window, so it also faces the limitations of Fourier transform, and the diversity of wavelet bases brings the problem about how to effectively select the wavelet bases. HHT has complete self-adaptability and is more advantageous in analyzing non-linear and non-stationary phenomena such as turbulence in the atmosphere. This is why this method is used in this article.



In the second section, we describe in detail the balloon sounding data and satellite observation data used, as well as our processing methods for these data. In the third section, we compare the SMLT retrieved from balloon sounding data with SMLT retrieved from satellite data. In the fourth section, we analyze the temporal and spatial distribution of SMLT. In the fifth section, we use HHT to extract and analyze the main modes and periods of SMLT altitude varying over time. The sixth section is our main conclusion.




2. Data and Data Processing Methods


2.1. Data


The balloon sounding data used for this paper was L band balloon sounding data detected twice a day (11:00 and 23:00) from Nanjing Sounding Station (113°05′, 28°12′) in 2015. The L band detection system is composed of GFE(L)-1 secondary wind measuring radar and GTS1 Radiosonde (a high altitude meteorological observation instrument). The main parameters of the detection are temperature, pressure, relative humidity, wind direction, wind speed and altitude. The average vertical resolution of the sounding balloon was about 9 m, and the average greatest detection altitude was about 28 km. The satellite data used in this article was wetPrf occultation data of COSMIC over nine years from the 1st day of 2007 to the 365th day of 2015 (data of 91 days was missing, from the 182nd day of 2010 to the 212th day of 2010, from the 335th day of 2014 to the 364th day of 2014 and from the 273rd day of 2015 to the 302nd days of 2015). The COSMIC data version from the 1st day of 2007 to the 120th day of 2014 was named cosmic2013, and the COSMIC data version from the 121st day of 2014 to the 365th day of 2015 was named cosmic. The COSMIC data contains information on the temperature, pressure, water pressure and refractive index of the atmosphere over the ground to the altitude of 40 km with a resolution of 100 m.




2.2. Calculation of the Potential Temperature, Thorpe Scale    L T    and the Altitude and Thickness of SMLT


When processing balloon sounding data and satellite data, the potential temperature  θ  was calculated via the temperature T, atmospheric pressure P and water vapor information. The water vapor information of the balloon sounding data is represented by relative humidity H, while the water vapor information of the satellite data is represented by vapor pressure e; they can be transformed into each other using a simple formula (  H =  e   E W    × 100  ,    E W    is the saturated water vapor pressure). In this article, the calculation of  θ  is based on Wilson et al. [29]:


  θ  ( i )  = θ  (  i − 1  )   [  1 +  N 2  ( i − 1 )   Δ z  g   ]  .  



(3)




With air subsaturated,    N 2  =  g T   [   (    ∂ T   ∂ z    )  +  Γ d   ]   , where    Γ d    is the dry adiabatic lapse rate; with air saturated,    N 2  =  g T   [   (    ∂ T   ∂ z    )  +  Γ m   ]   [  1 +    L V   q s    R T    ]  −  g  1 +  q w     (    d  q w    d z    )   , where    L V    is the latent heat of vaporization of liquid water or ice.    q w  =  q L  +  q s    is the total water mixing ratio. In our research we used the threshold value of relative humidity to determine if the air was saturated or not. The specific method is described by [30,31].



After obtaining and rearranging the  θ  profiles, we could get Thorpe displacement  D . For an independent inversion region, the sum of all  D  in its interior is zero. Since the noise of the instrument can cause false inversion, the method of Wilson et al. [22] was used to get rid of the fake inversion. The specific steps are to first calculate the variance of the noise with structure function [32]. After the change trend is removed, we get the structure function:


  D (  t ′  ) =      [  v ( t +  t ′  ) − v ( t )  ]   2   ¯  = 2  [     V 2   ¯  −   V ( t +  t ′  ) V ( t )  ¯  +    n 2   ¯   ]  = 2    n 2   ¯  = 2  σ θ 2   



(4)




   σ θ    is the standard deviation of potential temperature noise. For an independent inversion area, if the change range of internal  θ  is smaller than the change range of  θ  caused by the noise, namely


   W θ  ( n ) <  W N  99   ( n )  σ θ   



(5)




then we take it as inversion caused by the noise and delete it.



The Thorpe scale    L T    is obtained by calculating the root-mean-square of all the  D  in the inversion. In inverted regions of the free atmosphere, we define that the largest inversion area of    L T    is the SMLT, and the altitude corresponding to its central position is considered to be the altitude of the SMLT, and the altitude difference between the upper and lower boundary is the thickness of the SMLT.




2.3. Calculation of the Fluctuation Period and Amplitude


In this article, we used HHT to calculate the period and amplitude [27]. HHT is divided into EMD and Hilbert transform. The steps for HHT are



(1) Supposing the original sequence is   X ( t )  , find all of its local maximum and get upper envelope curves    e  max   ( t )   with interpolation. The lower envelope curves    e  min   ( t )   can be obtained in a similar way. We can get the mean envelope curves    m 1  ( t ) =    [   e  max   ( t ) +  e  min   ( t )  ]   2    and further get the first component    h 1  ( t )  ,


   h 1  ( t ) = X ( t ) −  m 1  ( t )  



(6)







(2) Take    h 1  ( t )   as original sequence, repeat (1) k times until the standard deviation of two neighboring components satisfy the condition that   0.2 < D s < 0.3  , where


  D s =   ∑  t = 0  T    [       |   h  1 ( k − 1 )   ( t ) −  h  1 k   ( t )  |   2     h  1 ( k − 1 )  2  ( t )    ]     



(7)






   h  1 k   ( t ) =  h  1 ( k − 1 )   ( t ) −  m  1 k   ( t )  



(8)







At this time,    h  1 k   ( t )   is IMF1, written    c 1  ( t )  .



(3) Repeat (1) and (2) until no IMF can be drawn.



Due to the scale mixing of EMD, EEMD is proposed based on EMD by Wu et al. [28]. The procedure is to add white noise on the original sequence and then perform EMD. Generally, the signal-to-noise ratio of white noise and original signal is 0.2–0.3 (0.2 is used in this article). Repeat the previous two steps and average the results and get the final IMFs and a residual item of the original sequence, written as


  X ( t ) =   ∑  i = 1  n    c i  ( t )   + r ( t )  



(9)




Perform the Hilbert–Huang transform on each    c i  ( t )   and get     c ^  i  ( t )  , namely


    c ^  i  ( t ) =  1 π  P    ∫  − ∞  ∞      c i  ( τ )   t − τ      d τ  



(10)




so that we can further get instantaneous amplitude    A    i    ( t )   and instantaneous frequency    ω i  ( t )  ,


   A    i    ( t ) =    c i    2  ( t ) +   c ^  i 2  ( t )    



(11)






   ω i  ( t ) =   d  {  arctan  [      c ^  i  ( t )    c i  ( t )    ]   }    d t    



(12)




By calculating the respect mean value of    A    i    ( t )   and    ω i  ( t )  , we could get the average amplitude, average frequency and average period.





3. Comparison of Inversion Results of Two Types of Data


In order to verify the results of satellite data, we compared the inversion results of balloon data detected twice a day in the Nanjing Sounding Station with that of the COSMIC data detected in the range of 10° × 10° centered with the Nanjing Radiosonde Station, from the 10th day to the 260th day of 2015 after eliminating the dates when data was missing. The elimination method is that if one kind of data is missing on a certain day, another kind of data of that day also needs to be eliminated. The    L T   , altitude and thickness of SMLT are given a daily average. a, b and c in Figure 1 respectively show the anomalies of SMLT’s    L T   , altitude and thickness obtained from sounding data and COSMIC data (hereafter referred to as "two sorts of data"). For better observation, the sliding average of 30 days was carried out. Table 1 shows the statistical characteristics of    L T   , altitude and thickness obtained from the two sorts of data. It can be seen from the figure and the table that the    L T    and thickness values obtained by the COSMIC data were larger while the altitude values were smaller; however, in terms of    L T   , altitude and thickness, the overall trends of the two sorts of data approximately coincided, and the statistical characteristics corresponded well. The difference between the average value of    L T    and that of the thickness (COSMIC data - balloon data) is 256 m and 165 m respectively, about 2–3 times the resolution difference (about 90 m) of two sorts of data. We believed that the main reason for this difference is caused by the difference in resolution. For COSMIC data, lower resolution will lead to larger  D . At the same time, lower resolution may cause Thorpe analysis to fail to accurately identify the upper and lower boundaries of the mixed layer and may even identify multiple mixed layers of similar altitudes as one layer, so that the thickness inversion results are larger. Difference in the mean altitude (COSMIC data - balloon data) was −1.33 km. We believed that this difference is mainly caused by the difference in the space range of the two detections. First, the area that the sounding balloon can detect is very limited, only to the range of tens of kilometers around the sounding station, while for COSMIC data, in order to ensure occultation events occurring in our selected area at least once a day, we chose a larger area of 10° × 10°. The sporadicity and abruptness of the turbulence together caused the difference between the COSMIC data and balloon data inversion results. However, the correlation coefficients of    L T   , altitude and thickness obtained by the two sorts of data were 0.57, 0.56 and 0.63 respectively, indicating that there was a moderate correlation between the two data. In general, although there were some differences in the inversion results of the two data, COSMIC could still retrieve the basic trend and the detailed characteristics of the SMLT changes. So, we thought that the COSMIC data could meet the requirement to determine the basic characteristics of the SMLT. Based on this, the following study was conducted.




4. The Temporal and Spatial Distribution of SMLT


In order to get the temporal and spatial distribution of SMLT from COSMIC data, we first obtained the data of nine years (from the first day of 2007 to the 365th day of 2015) in the range of 70° N–70° S. Then we processed each profile using the Thorpe analysis, reversed the altitude, thickness and    L T    of SMLT and then averaged the inversion results in each 5° × 5° region as the result of the inversion of the center of the grid.



In order to reflect the characteristics of the SMLT varying according to the season, we performed a seasonal average of the SMLT in this section. Figure 2 shows the oblique and top views of the spatial distribution of SMLT in spring 2007. Since the influence of the sun in spring was relatively equal on the northern and southern hemispheres, the SMLT distribution around the equator was roughly symmetric. We could see from the oblique view that the altitude of SMLT clearly presented a bigger value in the tropical area, rapid dropping down in mid latitudes and a smaller value in high latitudes. However, the highest part of SMLT was not located at the equator, but in the area of 10–20° N and 10–20° S, and the maximum was over 10 km. The altitude in equatorial region was slightly lower, about 9.5 km. The lowest altitude appeared in the area with a latitude larger than 50°, about 6 km. From the top view, we could see that the largest    L T    was between 50° S and 50° N.    L T    was approximately greater than 350 m, and some regions were even larger than 450 m. In the tropics,    L T    was smaller in most high-SMLT regions; in regions where latitude was higher than 50°,    L T    was the smallest, approximately less than 350 m.



In order to more clearly reflect the change in the altitude, thickness and    L T    of SMLT with seasons, we carried out meridional and zonal averages of these three physical quantities respectively. Figure 3 shows the distribution of SMLT with longitude in spring, summer, autumn and winter after meridional averaging. Table 2 shows the statistical characteristics of Figure 3. As can be seen from Figure 3 and Table 2, the SMLT altitude generally fell between 7 and 8 km, with the annual average value 7.51 km and greater altitude in the summer. In the area of 80–100° E, there was always an obvious prominence in the four seasons with an altitude of about 8 km. This happened to be the longitude of the Tibetan Plateau, indicating that the large scale topography function of Tibetan Plateau had an impact on the altitude of SMLT. The thickness of SMLT was mostly between 700 and 900 m, with an average annual value of 804 m. The    L T    of SMLT was mostly between 350 and 450 m with an annual average of 401 m. Similar to the altitude, the thickness and    L T    of SMLT also show the characteristics of a larger value in summer.



Figure 4 shows the distribution of SMLT with a latitude in spring, summer, autumn and winter after zonal averaging. Table 3 shows the statistical characteristics of Figure 4. From Table 3, we can see that the range of three physical quantities of the SMLT after the zonal averaging was larger than that after meridional averaging, and approximately 5.5–9.5 km, 538–591 m and 283–440 m, respectively. From Figure 4, we can see that, as analyzed in Figure 2, there were significant latitudinal differences in the altitude of SMLT, with the highest altitudes in the tropical region, slightly lower in the equatorial region, a rapid decline in the mid-latitude region and the lowest in the high latitudes. There was a clear seasonal variation of the zonal average distribution of SMLT, with a minor change in the southern hemisphere and the major change in the northern hemisphere. Especially in the section of 20–40° N, the altitude of SMLT in summer and autumn was greater than that in spring and winter, making a smoother change of the SMLT altitude in the northern hemisphere in summer and autumn. In spring and winter, the maximum value of    L T    in the northern hemisphere appears between 20° and 30° N, while in summer and autumn it moved northward to 40° N.



Based on the phenomena observed above, we believed that the fundamental reasons for the variation of SMLT were the seasonal variation of solar radiation and the difference in the topography of the northern and southern hemispheres. Since the subsolar point always moves between the Tropic of Capricorn and the Tropic of Cancer, the altitude of the SMLT in the low-latitude regions was always greater than in the mid-latitudes. In the southern hemisphere, the land area is smaller and mainly distributed in the lower latitudes, so the land area of the southern hemisphere affected by the sun did not change much in the course of the movement of the sun. In the northern hemisphere, the land area in low latitudes accounts for only a small part of the total land area, so the land area of the northern hemisphere affected by the sun would gradually become larger in the course of the northward movement of the subsolar point. In addition, the large-scale topography of the Qinghai–Tibet Plateau, the Rocky Mountains and the Iranian Plateau in the region of 30–60° N contribute to the uplifting of the boundary layer top and tropopauses in these regions. When the heights of the boundary layer top and tropopause rise, it will cause the updraft of wind speed maximum area in the middle of the troposphere, and the wind shear and gravity waves are the main causes of turbulence [33,34], so the SMLT will also rise. During the southward shift of the subsolar point, the influence of the sun on the 30–60° N region weakened, so the altitude of the SMLT also gradually decreased.




5. HHT of SMLT Altitude over Time


Through the previous analysis, we found that the change of the zonal average SMLT altitude was more obvious with season. In order to have more detailed research on the characteristics of the variation of zonal average SMLT altitude (hereafter abbreviated as "altitude variation"), we used the HHT method. First, we selected the altitude variation of 45° N as the research object. As shown in Figure 5, the SMLT altitude at 45° N was within the altitude range of 6–7.8 km, with an average of about 6.76 km, showing an obvious annual period fluctuation, on which the small but acute fluctuation was superimposed. In order to be able to identify other periodic fluctuations besides annual fluctuations, we performed HHT processing for altitude vibrations at 45° N and obtained the average frequency, average period and average amplitude of IMFs (hereafter abbreviated as "frequency", "period" and "amplitude"). The decomposition results are shown in Figure 6 and Table 4. After EEMD, altitude variation could be divided into 10 IMFs and one residual item. From IMF1 to IMF10, the curve gradually became smooth, the frequency gradually decreased from 0.3106 to 0.0003 Hz, and the period increased from 3 to 3320 days. In the 10 IMF, we focused only on the IMF of the period more than half a year and the period less than 4.5 years (we had only 9 years of data), that is, IMF6, IMF7 and IMF8. The IMF with the largest amplitude was IMF6, its amplitude was 535 m and its corresponding period was 358 days. Next was IMF7, the amplitude was 90 days and the corresponding period was 442 days. The minimum amplitude was IMF8, the amplitude was only 29 m and the average period was 1510 days, which is about four years. In general, at 45° N, the fluctuation of the annual period of the altitude variation was most prominent, but there were still other small amplitude fluctuations.



Each point in the Figure 7 represents an IMF, and the ordinate of each point represents the latitude of the IMF, the abscissa represents the period of the IMF and the color represents the amplitude of the IMF. We could roughly divide the image into four main areas as follows: a, b, c and d. In area a, the points mainly located in the low latitude region, the corresponding period is about half a year and the amplitude is between 50 and 250 m; the amplitude of the IMF in the low latitudes of the southern hemisphere (50–150 m) was larger than that in the low latitudes of the northern hemisphere (100–250 m). In the middle latitudes near 40° S and 40° N, there was basically no IMF with a period of about half a year. The period corresponding to the area b was mainly between 300 d and 400 d, which is about one year. In contrast to area a, the IMFs with the larger amplitude in the area b were mainly located in the middle latitudes, the amplitudes in the mid latitudes in the northern hemisphere were the largest and could reach 550 m, and the amplitudes in the mid latitudes in the southern hemisphere were slightly lower, with the maximum amplitude being 471 m. In the low latitude of area b, the amplitude of IMFs was between 100 and 200 m, and like area a, the amplitude in the southern hemisphere was large. Moreover, the points in area c and area d were sparse, and their corresponding periods were about 3 years and 4 years respectively, with amplitudes between 50–150 m.



From the previous analysis, we could see that for the area a and b, the points in the northern and southern hemispheres were mostly symmetrical; IMFs with a period of approximately half a year and a period of approximately one year could be simultaneously extracted from altitude variation in low latitudes. In the mid-latitude region, only the IMFs with a period of about one year could be extracted and the amplitude was larger. This indicates that the altitude change was affected by the solar radiation, because in the course of the movement of the sun, the mid latitudes could not be radiated directly, and the influence of the sun on the middle latitudes was also changing in a year period, so the SMLT in the middle latitudes will show a fluctuation period of half a year. In the low latitudes between the Tropic of Capricorn and the Tropic of Cancer, the sunlight shines vertically once every half a year in average, so the SMLT in the middle latitudes will be characterized by a half year period. In addition, the amplitude of low latitude modes was larger in the southern hemisphere, while the amplitude of mid latitude modes was larger in the northern hemisphere, reflecting the role of topographic differences between the northern and southern hemispheres in altitude variation. This was consistent with our analysis in the last paragraph of the previous section.




6. Conclusions


This article first proposed the concept of the strongest mixed layer in the troposphere. Based on this, the sounding data was used to analyze the ability of COSMIC data to determine the characteristics of the SMLT. We found that the results obtained by the two sorts of data had good consistency, so we thought that COSMIC data could be used to determine the SMLT altitude value, and to evaluate the basic change trend of thickness and    L T    of the SMLT. Therefore, we then used the COSMIC data to invert the global spatio-temporal distribution of the SMLT from 2007 to 2015, and analyzed the distribution characteristics of SMLT in spring, summer, autumn and winter in 2007. We found that SMLT generally shows the maximum altitude at the low latitudes, a rapid decline at the mid-latitudes and the minimum altitude at the high latitudes, and it was influenced by the large scale topography. At the same time, the altitude of the SMLT varied with the season, especially in the mid-latitudes. This indicates that the variation of SMLT altitude was affected by both the topography and solar radiation.



The above research brought us new discoveries and also brought us many problems. First, the low resolution of the COSMIC data limited the accuracy of    L T    and thickness calculations. Therefore, if we want to carry out further research, we need higher resolution and higher precision detection data. Second, the derivation of the conclusion that the variation of SMLT altitude was affected by the dual effects of topography and solar radiation was relatively rough, the mechanism of their interaction needs further study, and we will improve the research on this aspect in the next work. Third, the fluctuation of the SMLT altitude with a period of about half a year and a period of about one year can be explained by the movement of the subsolar point, but we have not found a reasonable explanation for the fluctuation with a period of 3 years and 4 years, and this will also be a focal point of our future work.
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Figure 1. Anomalies of    L T    (a), altitude (b) and thickness (c) obtained from the two sorts of data respectively. 
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Figure 2. Altitude (a) and    L T    (b) of the strongest mixed layer of the troposphere (SMLT) spatial distribution in Spring 2007. 
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Figure 3. The distribution of SMLT of 2007 with a longitude after meridional averaging. (a), (b), (c) and (d) represent spring, summer, autumn and winter. The vertical thickness of the line represent thickness of SMLT, and the color of the line represent    L T    of SMLT. 
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Figure 4. The distribution of SMLT with a latitude after zonal averaging in 2007. (a), (b), (c) and (d) represent spring, summer, autumn and winter. The vertical thickness of the line represents thickness of SMLT, and the color of the line represents    L T    of SMLT. 
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Figure 5. Altitude variation at 45° N from 2007 to 2015. 
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Figure 6. The result of ensemble empirical mode decomposition (EEMD) of altitude variation at 45° N from 2007 to 2015. 
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Figure 7. The result of HHT of altitude variation of 70° S–70° N from 2007 to 2015. 
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Table 1. Comparison of statistical characteristics of    L T   , altitude and thickness obtained from the two sorts of data.
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	   L T    (m)
	Altitude (km)
	Thickness (m)





	mean value of COSMIC
	468
	7.73
	940



	mean value of balloon
	221
	9.06
	775



	difference of the mean value
	256
	−1.33
	165



	Correlation coefficient
	0.57
	0.56
	0.63
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Table 2. Statistical characteristics of SMLT of 2007 after meridional averaging.
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Altitude (km)

	
Thickness (m)

	
   L T    (m)




	

	
Maximum

	
Minimum

	
Average

	
Maximum

	
Minimum

	
Average

	
Maximum

	
Minimum

	
Average






	
spring

	
7.99

	
7.22

	
7.51

	
867

	
739

	
798

	
426

	
377

	
399




	
summer

	
8.29

	
7.21

	
7.57

	
872

	
754

	
817

	
421

	
382

	
406




	
autumn

	
8.03

	
7.17

	
7.50

	
862

	
736

	
799

	
425

	
375

	
399




	
winter

	
7.94

	
7.22

	
7.45

	
891

	
712

	
800

	
431

	
363

	
399




	
average

	
8.06

	
7.20

	
7.51

	
873

	
735

	
804

	
426

	
374

	
401
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Table 3. Statistical characteristics of SMLT after zonal averaging in 2007.
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Altitude (km)

	
Thickness (m)

	
   L T    (m)




	

	
Maximum

	
Minimum

	
Average

	
Maximum

	
Minimum

	
Average

	
Maximum

	
Minimum

	
Average






	
spring

	
9.59

	
5.57

	
7.52

	
895

	
540

	
789

	
444

	
287

	
394




	
summer

	
9.77

	
5.65

	
7.65

	
882

	
554

	
812

	
436

	
287

	
404




	
autumn

	
9.45

	
5.63

	
7.57

	
884

	
515

	
793

	
439

	
276

	
396




	
winter

	
9.45

	
5.43

	
7.46

	
901

	
541

	
789

	
443

	
284

	
394




	
average

	
9.57

	
5.57

	
7.55

	
891

	
538

	
796

	
440

	
283

	
397
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Table 4. Characteristics of intrinsic mode functions (IMFs) obtained from Hilbert–Huang transform (HHT) of altitude variation at 45° N.
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	IMF
	IMF1
	IMF2
	IMF3
	IMF4
	IMF5
	IMF6
	IMF7
	IMF8
	IMF9
	IMF10





	frequency (Hz)
	0.3105
	0.1393
	0.0658
	0.0286
	0.0116
	0.0028
	0.0024
	0.0007
	0.0004
	0.0003



	period (d)
	3
	7
	15
	35
	86
	358
	422
	1510
	2551
	3320



	amplitude (m)
	11
	8
	10
	20
	75
	535
	90
	29
	38
	1
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