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Abstract

:

Meteorological activities in the troposphere would affect electron concentrations and distributions in the ionosphere, thereby exciting ionospheric disturbance. To explore the ionospheric anomalies during severe convective weather, the ionospheric phenomenon during the heavy rainfall in Sichuan Province on 9 July 2013 was analyzed based on GNSS data. The Total Electron Content (TEC) are evaluated by carrier phase smoothed pseudoranges. Then, the dTEC (detrend TEC) sequences are obtained by using the cubic smoothing spline. They show obvious N-shaped ionospheric disturbances and have propagation characteristics, with the maximum of 0.4 TECU. Frequency domain analysis using continuous wavelet transform (CWT) also reached similar conclusions—that there are obvious ionospheric disturbances with different frequencies and intensity. Based on the isotropic assumption and feature points method, the horizontal propagation velocity of the disturbances in the ionosphere is estimated to be approximately 150 m/s. Then, Sichuan Province is divided into 1° × 1° grids, and the disturbance trigger source is determined via the grid searching method to be the central of Sichuan Province. Finally, the mechanisms causing ionospheric disturbance are discussed. During the heavy rainfall, the strong convection may excite gravity waves (GWs), which are driven by terrain and background wind fields to propagate upwards to the ionosphere and release energy, causing ionospheric disturbances.
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1. Introduction


The ionosphere is an important component of the geospace environment. Its abnormal disturbances will have important effects on radio technology, spacecrafts, space weather research, and disaster prediction, etc. Irregularities in ionospheric electron density are not only affected by solar activities and geomagnetic changes, but also by meteorological activities in lower atmosphere, such as the troposphere [1,2]. Research has shown that severe weather such as heavy rainfalls, thunderstorms, typhoons, cold waves, tsunamis, tornadoes, etc. have different degrees of influence on the ionosphere, thus leading to ionospheric disturbance [3,4,5]. Therefore, studies on ionospheric disturbances during severe convective weather events are of great significance.



In 1951, Beynon et al. first suggested that the ionospheric E-layer is associated with meteorological activities in lower atmosphere [6]. Bauer found that the critical frequency   f o  F 2    of ionospheric    F 2    layer turned to peak 1–3 h after the typhoon center landed on the coastline [7]. Baker and Davies found that during the severe weather, the    F 2    layer often experienced periodic disturbances and gravity waves (GWs) generated by severe weather could cause ionospheric disturbances [8]. Shrestha found that the   f o  F 2    was greatly changed during the cold wind transits [9]. Shen observed typhoons that passed through Hainan Island more than a dozen times and revealed that the typhoons had a significant impact on the ionospheric F-layer [10]. Xu et al. studied the influence of five rainfalls in Wuhan between 1958 and 1998 on the ionosphere and found that the    f b   E S    and   f o  E S    as well as    h ′  F   and    h P  F   decreased obviously when the rainstorms occurred [11]. Mao et al. analyzed the influence of typhoon “Matsa” on the ionospheric Total Electron Content (TEC) and studied the changes in TEC before and after the typhoon landing [12].



There are many points on the mechanisms of ionospheric disturbances, but currently there are still no systematic explanations for them. Some studies show that meteorological activities in lower atmosphere can excite atmospheric fluctuations such as GWs which can propagate to the ionosphere and affect its state [5,13,14,15,16,17,18,19]. Some studies suggested that thunderstorms may be one cause for ionospheric disturbances [20,21]. There are some other explanations for the ionospheric disturbances. For example, Cang et al. analyzed ionospheric disturbances during severe convective weather, and they proposed that the disturbance was generated by tropospheric vortices and their vertical motion during heavy rainfalls [1]. Liu et al. believed that the uplift of the atmospheric turbulent layer would change the structure of the upper atmosphere, thus affecting the ionosphere [22].



Sichuan province is an area with frequent rainstorms and hidden dangers of geological disasters. Continuous heavy rainfalls often trigger extreme events, endanger the safety of people’s lives and property, and cause serious losses to the national economy. It is of great significance to carry out research on the ionospheric response during heavy rainfalls. Therefore, a heavy rainfall on 9 July 2013 (DOY190) in Sichuan province was selected for analysis to explore the mechanism of ionospheric disturbances occurrence and the influence of troposphere on ionosphere during meteorological activities in lower atmosphere [23]. The rainfall had a wide range and a long duration, according to the statistics, by UT10:00 on 11 July 2013, the cumulative maximum rainfall is 1106.9 mm, causing huge losses [24].



In Section 2, we describe the geomagnetic conditions, the data and data processing method. In Section 3, we analyzed the ionospheric dTEC sequences in the time and frequency domain, and the two have reached a consistent conclusion that there are obvious ionospheric disturbances during the rainfall. The disturbance trigger source is determined, then, a detailed discussion of disturbance mechanism is given in Section 4, and main results are summarized in Section 5.




2. Data and Methods


2.1. GNSS Data and Geomagnetic Activity Indices


The GNSS observations from the Crustal Movement Observation Network of China (CMONOC) is selected. There are 23 stations in Sichuan Province. The stations distribution is shown in Figure 1. The research time is from 3 July to 19 July 2013 (DOY184-DOY200), and the time resolution of the GNSS data is 30 s.



Solar activities and geomagnetic activities are two main causes for ionospheric disturbance. Dst, Kp, and F10.7 indexes can be used to evaluate the impacts of these two activities. The variation of the three indexes covering from DOY184 to DOY200 is shown in Figure 2. It can be seen from the figure that, before rainfall occurred, F10.7 was greater than 100 but less than 150 and showed a trend of increasing at the beginning and then decreasing. On DOY188, Dst < −70 nT and Kp > 4, which indicates the solar activities and geomagnetic activities were intense, while in the other days geomagnetic activities were relatively calm. After rainfall, F10.7 was decreasing and gradually turned to stable. On DOY190 (9 July 2013), the solar radiation was steady with 4.5% of its mean value (from DOY190 to DOY200). Dst was at a low level (−10 nT~10 nT) and Kp < 3, which indicated that the geomagnetic activity was weak. When the rainfall occurred, solar activities were less, and the geomagnetic field was relatively calm. Therefore, the ionospheric disturbance caused by solar activities and geomagnetic activities can be ignored, and the influence of heavy rainfall on the ionosphere should be the focus.




2.2. GNSS Data Processing Methods


Dual frequency GNSS receivers can record carrier phase measurements and code pseudo-range. The TEC sequences estimated by carrier phase measurements have a higher accuracy, but the ambiguities in carrier phase measurements are difficult to determine. Code pseudo-range measurements can be used to obtain absolute TEC sequences, with the accuracy of 1–5 TECU due to the high noise and multipath effects. Taking into account the characteristics of equal values and opposite signs of the ionospheric delays for phase measurements and code pseudo-range, the TEC can be estimated by combining the code pseudo-range and phase measurements in a continuous arc, which are called carrier phase smoothed pseudoranges [25].



The original observations of GNSS observations are as follows:


    P i  = ρ + c ( d  t  r c v   − d  t  s a t   ) + T r +  α i  I +  b   P i  , r c v   −  b   P i    s a t   + M +  ε  P i       L i  = ρ + c ( d  t  r c v   − d  t  s a t   ) + T r −  α i  I +  b   L i  , r c v   −  b   L i    s a t   +  λ i   N i  +  λ i  w +  m i  +  ε  L i     



(1)




where,  P  is the GNSS pseudorange measurement;  L  is the GNSS carrier phase measurement;   i = 1 , 2   represents the frequency of observations    f 1    and    f 2   ,    f 1  = 1575.42   MHz ,  f 2  = 1226.60   MHz  ;  ρ  is true distance between the GNSS receiver and satellite;  c  is speed of light in a vacuum;   d  t  r c v     and   d  t  s a t     are clock error of the receiver and the satellite, respectively;   T r   is troposphere delay;    a i  I   is ionosphere delay (   a i    is the ionospheric delay coefficient,    a i  =   40.3    f i 2      10   16    m  d e l a y ( s i g n a l  ϕ   f i    )    );    b   P i  , r c v     and    b   P i    s a t     are the code delays for the satellite and receiver instrument biases, respectively;    b   L i  , r c v     and    b   L i    s a t     are the phase delays for the satellite and receiver instrument biases, respectively;  N  is the ambiguity of the carrier phase,  w  is the antenna Phase Wind-Up;  M  and  m  are the multipath effect of the pseudorange and phase, respectively; and  ε  are the residuals in the GNSS measurements.



The ionospheric delays can be obtained through dual-frequency observations:


    P 4  =  P 1  −  P 2  = ( 1 −    f 1 2     f 2 2    )  I 1  + c ( D C  B r  + D C  B s  )     L 4  =  L 1  −  L 2  = − ( 1 −    f 1 2     f 2 2    )  I 1  + c (  b r  +  b s  ) + (  λ 1   N 1  −  λ 2   N 2  )   



(2)




where,    P 4    and    L 4    are the geometry-free combination observations of the pseudorange and phase observations, respectively;   D C  B r  =  b   P 1  , r c v   −  b   P 2  , r c v     and   D C  B s  =  b   P 1    s a t   −  b   P 2    s a t     are differential code biases (DCB) of the receivers and satellites, respectively.



The ionospheric delay at L1 frequency can be expressed as:


   I 1  =   40.3    f 1 2    S T E C  



(3)







Combining the above equations, the slant total electron content (STEC) can be estimated with high accuracy [26,27].


  S T E  C N  =  α 0   P  4 , s m   +  α 0  c ( D C  B r  + D C  B s  )  



(4)




where,    α 0  =    f 1 2   f 2 2    40.3 (  f 1 2  −  f 2 2  )    ,    P  4 , s m   = (  L 1  −  L 2  ) +  1 N    ∑  n = 1  N   [ (  P 2  −  P 1  ) − (  L 1  −  L 2  ) ]    ,  N  is the number of epochs in a continuous arc.



The details of the DCB estimation can be found in Jin et al. [28].




2.3. Time-Frequency Analysis Methods


According to the carrier phase smoothing code pseudo-range method, the STEC sequences can be obtained. The STEC series contain information such as background field information, disturbance signals and random noises, therefore, further processing is needed to extract the disturbance signals [29]. In our work, the noise in the data is removed using cubic smoothing spline method. A cubic spline is formed by using third-order polynomials which pass through a set of sample points. At the endpoints, the second derivative of each polynomial is set to zero.



The cubic smoothing spline estimate    f S    of the function  f  is defined to be the minimizer of [30]:


    ∑  i = 1  n   {  Y i    −  f S  (  x i  )  } 2  + η    ∫ p q    f S  ″   ( x ) d x     



(5)




where    Y i  = f ( x ) +  ε i    is the   i th   set of  n  observations in [p, q];    ε i    are independent zero mean random variables; and  η  are the trade-off between data and smoothing.



When the differences between the STEC sequences and the smoothing sequences are less than the threshold, the final results are obtained. The method can detect the ionospheric disturbances clearly and get more continuous information with a high accuracy and stability [31,32].



In addition, the ionosphere is essentially a complex nonlinear system, which is manifested as multi-scale fluctuations and multi-frequency vibrations in time and space. Therefore, in this study, frequency domain analysis is also performed to obtain more effective signal information. With regard to studied ionosphere anomaly signals, we used the continuous wavelet transform (CWT) to effectively detect the instantaneous, singular and mutation components of non-stationary signal [33,34]. The outputs of the CWT provide both time and frequency information. The CWT is primarily defined as the inner products of a set of wavelets    Ψ  u , s   ( t )   with the analyzed equation   f ( t )  :


  W ( u , s ) =  1   s       ∫  − ∞   + ∞    f ( t )  Ψ *     (   t − u  s  ) d u  



(6)




where,    Ψ  u , s   ( t )   is a continuous function in both the time and the frequency domain called mother wavelet,    Ψ *    is the complex conjugate of    Ψ  u , s   ( t )  ;  S  and  u  represent the dilation and translation parameters, respectively. In this work, the Morlet wavelet is used.





3. Results and Analysis


3.1. Time-Frequency Analysis of dTEC Sequences


To easily describe TEC variations, it is assumed that most of the ionospheric electrons are concentrated on an infinitely thin spherical shell at a certain height from the ground. This height is usually chosen to be 200–400 km, then an ionosphere monolayer model (Single Layer Model, SLM) can be established. When the positions of the GNSS stations and the satellites are determined, the points of intersection for the GNSS signal with the single ionosphere sphere are the Ionospheric Pierce Points (IPPs). Due to the non-periodic variation of the satellite orbit and the small variation of the Earth’s rotation speed, the IPP trajectory is almost the same every day. Therefore, ionospheric disturbances can be studied by calculating the trajectory of the IPPs over the research area and comparing the STEC variations in a period of time before and after the rainfall. Figure 3 shows some IPP trajectories corresponding to the stations (the IPP trajectories and orientation of all the 23 satellites corresponding to each station are calculated, due to limited space, Figure 3 only lists some IPP trajectories).



Using the data processing method in Section 2, the detrend TEC (dTEC) sequences were obtained. Taking the results observed by PRN5 as the example, and the dTEC sequences on DOY190 as shown in Figure 4 (each y grid denotes 0.5 TECU), it can be seen that, from UT14:00 to UT17:00, the dTEC sequences of each station showed obvious disturbances. Before the fluctuation occurred, the sequences were stable and fluctuated around 0 TECU. Then, the dTEC values began to increase, and the maximum reached to 0.4 TECU; after that, the values began to decline until to the lowest value, which is about −0.4 TECU. At the end of the fluctuation process, the dTEC sequences slowly turned to steady states. In the whole process, the TEC disturbances were similar to N-shaped waves. It can be clearly seen that there were time differences between disturbances arriving at each station, which indicated that the time of the disturbances arriving at each station was inconsistent and proved that there is a propagation processes of disturbances in the ionosphere.



Figure 5 shows the dTEC sequences of PRN5 observed at four random stations under the same period for 3 days. As the rainfall lasted for a long time, the dTEC sequences before and after the rainfall are selected (DOY185, DOY194 and DOY190). It can be seen that dTEC sequences on DOY190 had obvious disturbances between UT13:30 and UT17:00, up to the maximum of 0.4 TECU, while those on DOY185 and DOY194 fluctuated relatively calm in the same period, basically around 0 TECU, and without obvious disturbances.



Meanwhile, in order to analyze the dTEC sequences in the frequency domain, CWT is used to process the dTEC sequences and generate spectrograms to detect ionospheric disturbances and identify the disturbance time. Figure 6 gives the CWT results of dTEC sequences observed by PRN5. Several groups of representative spectrograms and their corresponding disturbance sequences are selected for analysis. The dark red part is the center frequency of the disturbances. It can be seen that, the wavelet energy density spectrums of ionospheric disturbance sequences have significant enhancements, and several anomalous spectrums of different frequencies can be seen during the studied period, which are basically in the range of 0.5–3 mHz [33].



For SCNN station, significant narrowband power around 0.5–1.5 mHz can be seen during UT15:30–16:30; For SCBZ station, there are two significant narrowband powers which are 1.2–1.7 mHz and 2–3 mHz, and corresponding start times of UT14:30 and UT14:50, respectively; For SCSM station, there are three significant narrowband powers which are 1–1.5 mHz, 1.5–2 mHz, and 0.5–0.8 mHz, which also corresponded to different abnormal start times; For the SCDF station, although the spectrogram is similar to the SCNN station, the intensity is not as strong as that of the SCNN station. Its narrowband power is about 1–1.5 mHz. From the dTEC sequence, it can be seen that the disturbance is the superposition of several signals with different amplitudes and periods, but these signal frequencies are relatively similar, the spectrogram cannot distinguish clearly.



The spectrum analysis indicate that the disturbance signal has different frequencies and intensity. Although some spectrum values are weak, they can still reflect ionospheric disturbance information. The analysis in frequency domain reached the same conclusion with the dTEC sequence in time domain: The dTEC sequences have obvious disturbances, and the time when the disturbance signals appear is inconsistent, showing the propagation characteristics of the disturbances in the atmosphere.




3.2. Searching the Trigger Source of Disturbances


The propagation directions of disturbances in the ionosphere are not unique, but in all directions. The triangulation process of feature points (IPPs) with three-station is applied to calculate propagation horizontal phase velocity and direction of the disturbances in the ionosphere [35]. The diagram illustrating the triangulation technique is shown in Figure 7. Because the coordinates and the time that disturbances reach the IPPs are estimated by processing GNSS observations, the coordinates and time difference that disturbances reach the feature points can be obtained. Then, a station (A) is selected as the origin to establish a coordinate system. D and E are the intersections of the perpendiculars from B and C to the direction of the disturbance propagation direction, respectively. Through the geometric relationship between the points, the horizontal propagation velocity and directions of the ionospheric disturbances can be calculated.



Similarly, every three stations can be used to get a horizontal velocity and propagation direction. Take the triangles formed by SCJU-SCXC-SCMN (the SCJU is the coordinate origin), SCMX-SCSN-SCGY (the SCMX is the coordinate origin) and SCLH-SCSM-SCSN (the SCLH is the coordinate origin) as the examples for the research. The distribution of the stations is shown in the Figure 8, and the propagation velocity information is shown in Figure 9. It can be seen that, for the three triangles, the average of horizontal phase velocity is about 143 m/s, 145 m/s, and 156 m/s, respectively, and average propagation azimuth is about −70°, 34°, and −85° respectively. Through the statistics of multiple combinations of the three-station triangles, the average of horizontal propagation phase velocity is about 150 m/s. Meanwhile, the extension lines of the three propagation directions intersect in an area, which is represented by a red triangle.



Multipoint observations can be used to detect the disturbances trigger source, so the trigger source on the earth surface can be determined by the grid searching method [19,36,37]. The principle is to divide the research area (Sichuan Province with longitude of 97°–109° and the latitude of 26°–35°) into 1° × 1° grids, and then search the locations that may excite the disturbances on a grid-by-grid basis.



Since the disturbances spread around in the atmosphere, the propagation routes are not fixed, but there are longest and shortest propagation distances. The longest distance is that the disturbances propagate vertically from the trigger source to the ionosphere, then propagate horizontally to the IPPs. The shortest distance is that the disturbances propagate radially in the atmosphere, and reach the IPPs directly. In this section, these two routes are discussed, which are shown as Route 1 and Route 2 in Figure 10.



Let the trigger source (the origin) coordinates be (X0, Y0) and the trigger time be    T 0   . P is the projection of the trigger source on the ionosphere single layer and its coordinates are (X, Y). P1, P2, P3 and P4 are IPPs, and their coordinates are (X1, Y1), (X2, Y2), (X3, Y3) and (X4, Y4) respectively, which can be calculated using GNSS observations.



For Route 1, the disturbances travel vertically to the ionosphere single layer at a propagation velocity of    v 1   .The disturbances horizontal propagation velocity in the ionosphere is    v 2  = 150   m / s  . Then, the trigger source is obtained through the searching process, and the area that minimizes the time residual is regarded as the approximate location of the trigger source. The time residual is calculated as follows:


  t 1 = T − (  D 1  /  v 1  +  D 2  /  v 2  ) −  T 0   



(7)




where,    D 1    is the vertical distance from the trigger source to the ionosphere single layer and is taken as 350 km in this paper.    D 2    is the distance from P to IPPs which can be calculated according to the coordinates of two points.  T  is the time when the disturbances reach the ionosphere.



For Route 2, the disturbances travel radially to the ionosphere IPPs at a radial propagation velocity    v 3   . The time residual is calculated as follows:


  t 2 = T −  D 3  /  v 3  −  T 0   



(8)




where,    D 3    is the straight-line distance from the trigger source to the IPPs, and    D 3  =    D 1 2  +  D 2 2     .



When the absolute residual is at its minimum, it is considered to be the searching result, which is the trigger source of the disturbances. Figure 11 shows the distribution of the time residuals for the two routes. Both results are relatively consistent. The locations with the minimum absolute time residuals are in the central part of Sichuan Province, where there is the junction of the Sichuan Basin and the Qinghai-Tibet Plateau. The terrain here is undulating and height difference is large.





4. Discussion


Black Body Temperature (TBB) is usually referred to “cloud top brightness temperature”, which is a good indicator of the intensity of convective activity development [38]. In the cloud area, the lower the TBB value, the higher the cloud top and the stronger the convection. When TBB is < −20 °C (253.15 K), it indicates that strong convective activity is likely to occur. Figure 12 gives the TBB observations by FY-2E at UT12:00. At the trigger source (shown as the red circle), the TBB was about 250 K. And the TBB value in the western part of Sichuan Province was generally small, basically below 220 K, indicating that there was a strong convective activity. Moreover, it can be seen from Figure 4 that, the ionospheric disturbances had significant N-shaped waveform and propagation characteristic. Therefore, the ionospheric disturbances in this work are considered to be triggered by GWs under the effect of strong convective activities during the heavy rainfall. Due to the rapid dissipation of momentum and viscous interactions, strong convection is most likely to excite the GWs with various frequencies in the atmosphere [39].



GWs propagate in all directions in the atmosphere, and their propagation processes can transfer energy and momentum from the source region to another region, which leads to coupling between different layers of the atmosphere and causes atmospheric density disturbances [40,41,42]. Under proper atmospheric conditions (appropriate pressure and temperature, et al.), GWs can propagate up to the ionosphere and release energy there, thereby affecting the state of the ionosphere and causing ionospheric disturbances.



Topography also plays an important role in the propagation and development of the GWs. The topography of Sichuan Province is shown in Figure 13. Notably, the trigger source is located at the junction of the Sichuan Basin and the Qinghai-Tibet Plateau. There is a large difference in altitude, up to about 2000 m. Previous research has shown that the Qinghai-Tibet Plateau is an area usually with vigorous convection activities [43,44]. When strong convective weather occurs here, it is easy to excite the GWs. Mountains can also promote the upward propagation of GWs due to the blocking and reflecting effect. Moreover, the ground wind data provided by ECMWF ERA Interim on 9 July was used for analysis, as indicated by the blue arrows in Figure 13. It can be seen that, the ground wind in the trigger source was southeastward and it blew from the Sichuan Basin to the mountains. At the junction of the Sichuan basin and mountains, the wind turned to weak. Based on the energy conservation law, the horizontal wind there was considered to change into vertical wind, which promoted the upward propagation of the GWs.



The background wind field is also an important factor affecting the propagation of GWs. The background wind field has a filtering mechanism for GWs, which can reduce or increase the momentum flux carried by the waves, thereby affecting the propagation process. When the background wind field is going in the same direction as the GWs, it will reduce their momentum flux and slow down the motion of GWs. On the contrary, it will promote the propagation of GWs [45,46]. The relationship between the vertical wave number of the GWs and the vertical shear of the horizontal wind field given by the ray theory is shown in the following equation:


  d  k z  ( z ) / d t = −  k x  d  u 0  ( z ) / d z  



(9)




where,    k x    and    k z    are the horizontal and vertical wave numbers of GWs, respectively,    u 0    is the background wind speed,  t  is time, and  z  is height.



When the GWs propagate upward,    k z  < 0  . When   d  u 0  ( z ) / d z > 0  , the vertical wave numbers of GWs decrease as the time increase, thus the vertical wavelength of the GWs is compressed; otherwise, when   d  u 0  ( z ) / d z < 0  , the vertical wavelength of GWs will be stretched.



To explore the influences of background wind field on the GWs, the profile of zonal wind and meridional wind at the center of trigger source (104° E, 30° N) provided by ECMWF ERA Interim are shown in Figure 14. It can be seen that, the lower stratosphere was dominated by easterly wind, and the zonal wind produced a wind shear at 200 hPa. There was a strong westerly airflow in the stratosphere, with a maximum westerly wind speed of 45 m/s. While the meridional wind was northward from the near surface to the troposphere, and the lower stratosphere was a weaker southerly wind. The zonal wind velocity increased with height significantly larger than the meridional wind velocity. In addition, there were multiple wind shears in the zonal wind field, which would also affect the GWs. The intensity of the GWs is proportional to the vertical shear of the wind velocity, and increases as the vertical shear increases [47]. Therefore, the background wind field promotes propagation upward of GWs.



According to the law of conservation of energy, particle amplitude will continue to expand as atmospheric density decreases with height. However, GWs cannot continuously propagate upward in the vertical direction, and the maximum height is affected by the background wind field. When the GWs propagate above a certain height, strong dissipation occurs. The vertical wave number    m  d i s s     with the maximum momentum flux of GWs is shown as follows [42]:


   m  d i s s   =   (    k H   N B    2  H ρ  v   )  m  d i s s    2 5    −  K H 2  −  1  4  H ρ 2       



(10)




where,    k H    is the horizontal wave number,    N B    is the Brunt frequency,  v  is the molecular viscosity coefficient, and    H ρ    is the scale height.



We assume that GWs are induced at a height near the top of the troposphere (about 12 km), and the horizontal wavelength at the height of the stratosphere (40 km) is 2π/200 km, then according to above formula, it can be calculated that the dissipative height of GWs is about 400 km. It shows that the GWs excited during the rainfall can propagate to the height of the F2 layer of the ionosphere.



During the rainfall, GWs may be excited in lower atmosphere. When GWs propagate upwards, their amplitude and wave flux increase rapidly as the altitude increase when there is no attenuation. Otherwise, the GWs diverge their momentum into the airflow and form a coupling effect between the bottom atmosphere and the upper atmosphere. After the GWs reach the ionosphere, the energy released by the breaking of GWs will cause disturbances in the background wind field and atmospheric temperature, which will directly affect the collision rate of neutral particles and ions in the ionosphere [48]. When ions oscillate in the direction of the magnetic field line, the electrons will also oscillate, thereby generating a disturbance of the electron density in the ionosphere. In addition, the process of GWs dissipating in the ionosphere would cause temperature changes, which affect the efficiency of the chemical reactions of electrons, thereby changing the distribution of electrons and causing disturbances in the ionosphere.




5. Conclusions


In this paper, the ionospheric disturbances responding to a heavy rainfall in Sichuan Province is discussed. The STEC can be estimated with high precision from GNSS observations by using carrier phase smoothed pseudoranges method. The STEC is then processed by a cubic smoothing spline to obtain the dTEC sequence. The main conclusions are as follows:




	(1)

	
The time domain and frequency domain analysis of dTEC sequences both show obvious ionospheric disturbances with a maximum amplitude of 0.4 TEC and frequencies between 0.5–3 mHz.




	(2)

	
The horizontal propagation velocity of ionospheric disturbances is about 150 m/s. Then the disturbances trigger source is determined to be the central part of Sichuan Province using the grid searching method.




	(3)

	
It can be seen from the FY-2E TBB that there may be a strong convection at the trigger source. The strong convection during the rainfall excited GWs in the atmosphere. Under the promotion of topography, background wind field, and other factors, the GWs propagated in the atmosphere along the horizontal and vertical directions. When the GWs reached a certain height, they would break and deposit their momentum and energy into the background atmosphere, causing disturbances in the stratosphere and ionosphere.









The GWs play a significant role in the transport of energy and momentum from the lower atmosphere to the ionosphere. After the GWs break, they deposit their momentum and energy into the background atmosphere. This will cause the background wind to accelerate along the wave propagation direction, thereby changing the atmospheric dynamic structure, atmospheric circulation, and atmospheric thermodynamic structure. This mechanism is an important way for lower atmospheric activities to affect the state of the middle and upper atmosphere, which plays an important role in their energy balance. The study confirms that meteorological activities in the lower atmosphere will have an impact on the ionosphere, and provides support for in-depth exploration of the troposphere-ionosphere coupling mechanism.
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Figure 1. The distribution of CMONOC stations in Sichuan Province. 
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Figure 2. Kp, Dst, and F10.7 indexes covering from DOY184 to DOY200. 
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Figure 3. IPP trajectories corresponding to the stations (The distribution of the GNSS stations in is shown with black triangle, and the IPP trajectories are represented by different colors). 
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Figure 4. dTEC sequences of PRN5 from 23 stations on DOY190 (each y grid denotes 0.5 TECU). 
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Figure 5. dTEC sequences of PRN5 at 4 stations on different three day (DOY185, DOY194 and DOY190); (a) SCGZ; (b) SCNC; (c) SCNN; (d) SCYX. 
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Figure 6. The results of CWT for ionospheric dTEC observed by PRN5 on DOY190; (a) SCNN station; (b) SCBZ station; (c) SCSM station; (d) SCDF station. 
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Figure 7. Diagram illustrating the triangulation technique for calculating the horizontal propagation velocity of the ionospheric disturbances. 
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Figure 8. The distribution of the three triangles used in triangulation technique and propagation information (The black five-pointed star represents the location of the stations, and each triangle is connected by a different colored line). 
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Figure 9. The horizontal phase velocity and azimuth of disturbances propagating in the ionosphere by using the SCJU-SCXC-SCMN, SCMX-SCSN-SCGY, and SCLH-SCSM-SCSN, respectively; (a) The horizontal phase velocity by using SCJU-SCXC-SCMN; (b) the azimuth by using SCJU-SCXC-SCMN; (c) The horizontal phase velocity by using SCMX-SCSN-SCGY; (d)the azimuth by using SCMX-SCSN-SCGY; (e) The horizontal phase velocity by using SCLH-SCSM-SCSN; (f) the azimuth by using SCLH-SCSM-SCSN. 
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Figure 10. Two main propagation routes with the longest distance and the shortest distance. 
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Figure 11. The disturbances trigger source obtained by searching method; (a) Route1 results; (b) Route2 results. 
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Figure 12. FY-2E observations of cloud top brightness temperature at UT12:00 on 9 July 2013 (The red circle is the location of the trigger source). 
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Figure 13. The topographic map of Sichuan Province within the wind information at UT12:00 on 9 July (The red circle is the location of the trigger source). 
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Figure 14. Zonal wind (left, east wind is positive) and meridional wind (right, north wind is positive) at different constant-pressure altitudes above the trigger source at UT12:00 on 9 July. 
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