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Abstract

:

On the basis of 12 years of the European Centre for Mesoscale Weather Forecasts (ECMWF) reanalysis dataset, we statistically analyzed the spatiotemporal distribution of lower atmospheric ducts over the seas around China, and we investigated the possible generation mechanisms. The results show that the ducts’ occurrence had obvious seasonal and regional variations. Ducting events were more likely to occur in spring and summer, and the maximum occurrence rate reached 45.6%, which was closely related to the East Asian monsoon. The ducts’ altitude in continental coastal areas was lower than that far from the coast due to the dominance of surface ducts. The ducts’ thickness varied between 50 m and 450 m, and the thicker ducts were mainly concentrated in the South China Sea and the Pacific Ocean on the east side of the East China Sea near the Philippines and Taiwan. Except for a few areas, the ducts’ intensity was less than 10 M-units (an M-unit is the unit of atmospheric modified refractivity) and the diurnal variations were less pronounced. The duct formation in the lower atmosphere was related to factors such as monsoons, tropical cyclones, ocean currents, radiative cooling, and sea–land breezes.
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1. Introduction


When the atmospheric layer meets certain conditions, radio waves are trapped and propagated in an approximately horizontal duct, which is called an atmospheric duct. Atmospheric ducts are generally divided into three types: evaporation ducts, surface ducts, and elevated ducts [1,2]. Different physical mechanisms are associated with the formation of different duct types [2,3]. Evaporation ducts are induced by strong humidity and temperature gradients caused by intensive evaporation at the air–sea interface, and their altitude is generally less than 40 m [2,4]. Surface ducts are typically generated by advection when warm dryland air passes over a cooler sea [3]. The warm air over cold water forms a surface-based inversion, with moisture decreasing rapidly with height, resulting in a substantial negative M gradient in the lowest levels. Nocturnal radiation cooling over land can also produce strong temperature inversions and surface ducts [3]. Elevated ducts can be caused by temperature inversions aloft, generated by the sinking or subsidence of air masses [5]. Moreover, elevated ducts can be also induced by strong daytime surface heating when strong turbulence eddies are capped by a higher inversion [6]. Surface ducts and elevated ducts are called lower atmospheric ducts.



Atmospheric ducts frequently occur at the marine boundary layer, and they significantly affect radar systems, communication systems, and navigation systems by changing the propagation path and attenuation characteristics of electromagnetic waves through, for example, propagation loss, transmission fading, reductions/increases in the detection range, and shortening/expansion of radio horizons [7,8]. The influence of atmospheric ducts on radio waves is closely related to the ducts’ parameters [9]. Studying the spatiotemporal distribution of atmospheric ducts is helpful for the design and development of radio communication systems to provide environmental analysis information and auxiliary decision-making tools.



In recent years, ducting events have been extensively studied around the world by using different datasets. Patterson [10] reported on duct climatology around the world based on 6-year radiosonde data. Babin [3] statistically analyzed the seasonal variations in surface ducts over the Atlantic Ocean near Wallops Island, Virginia, using low-altitude refractive data measured by helicopters. The results showed that during spring and autumn, the surface ducts’ occurrence rate was higher and the average duct altitude was the largest. Brooks [11] presented the spatial variations in the boundary layer structure and duct intensity over the Persian Gulf by using the observation data of ships and aircraft in 1996. Mentes et al. [12] made a statistical analysis of seasonal and local variations in surface ducts over Istanbul, Turkey, by using 2-year radiosonde data. They believed that the ducts’ occurrence strongly depended on the prevailing weather and meteorological conditions in the local region. Ghouse Basha [13] used 5 years of high-resolution GPS radiosonde observation data to analyze the parameters of ducts over Gadanki, indicating that the ducts’ occurrence had obvious diurnal and seasonal variations, and the ducts’ altitude in a stable state was higher than that in the unstable state. Zhao [14] and Cheng [15] conducted similar research on lower atmospheric ducts over the South China Sea and the eastern Indian Ocean by using sounding observation data taken during cruises.



Although sounding/radiosonde data are commonly used in statistical analyses of atmospheric ducts, they have the limitations of lower coverage and resolution in time and space. ECMWF reanalysis data can make up for the deficiencies in of sounding/radiosonde data. Von Engeln et al. [16] studied the seasonal and temporal variations in the global occurrence, altitude, thickness, and intensity of ducts based on the 6-year ERA-40 reanalysis data of ECMWF, and showed the global duct climatology. Lopez [17] carried out a global duct climatological study based on 5 years of assimilation data from the ECMWF, and they summarized the mainly climatic features of global ducts. Sirkova et al. [18] reported the occurrence and properties of ducts along the Black Sea coast of Bulgaria based on ECMWF model data. Cheng et al. [19] also used ERA-I data to statistically analyze the monthly variations in and climatological features of lower atmospheric ducts over the South China Sea. Their research showed that the distribution of atmospheric ducts was not uniform, with obvious regional and seasonal variations.



In view of the important influence of atmospheric ducts on wireless electronic information systems and the difficulty of obtaining the sounding data of marine atmospheric ducts, we used the ERA-5 hourly data to study the spatiotemporal distribution of lower atmospheric ducts’ parameters over the seas adjacent to China. The main objectives were as follows. Firstly, the parameters of lower atmospheric ducts were counted to establish a lower atmospheric duct environment database in the region and to provide a reference for the design and deployment of radar and communication systems in this region. Secondly, we aimed to study the synoptic conditions and formation mechanisms of the atmospheric ducts to provide a scientific basis for analyzing, forecasting, and utilizing the atmospheric ducts. Finally, the study provided parameter inputs and a reference for establishing a microwave propagation prediction model of this area in our future work.



In the Section 2 of this article, we introduce the statistical methods and data, and in the Section 3, we analyze and discuss the statistical results and the preliminary formation of lower atmospheric ducts. The conclusions are summarized in the Section 4.




2. Data and Statistical Methods


2.1. Data Description


ERA5 data are the latest climate and atmosphere reanalyses produced by the ECMWF. They provide atmospheric parameters with a temporal resolution of 1 h and a horizontal resolution of 0.25° × 0.25° at 37 pressure levels from 1000 hPa (about 70 m) to 1 hPa (about 48 km) [20]. More detailed information about the ERA5 data can be found in the ERA5 Data Documentation Report (https://cds.climate.Copernicus.eu/, accessed on 26 September 2021). In this study, we selected the ERA5 data on the region covering the geographical latitude and longitude swath of 0–42°N and 105–132°E from January 2008 to September 2020 to study the spatiotemporal distribution of lower atmospheric ducts over the seas adjacent to China (a map of the seas adjacent to China is provided in the Supplementary Material). Since most duct events occur below 2 km and the maximum duct altitude is about 5 km [21,22], we selected temperature, specific humidity, pressure, and geopotential parameters at 14 pressure levels from 1000 hPa to 600 hPa (about 4.5 km) for this study.




2.2. Statistical Methods


The occurrence of atmospheric ducts is caused by changes in atmospheric refractivity. The relationship of atmospheric refractivity and temperature, pressure, and water vapor pressure is shown in the following formula [23,24]:


  N =   77.6  T   (  P +   4810 e  T   )   



(1)




where N is the atmospheric refractivity (N-units), P is the atmospheric pressure (hPa), T is the temperature (K), and e is the water vapor pressure (hPa). Among these, the water vapor pressure e can be calculated from the specific atmospheric humidity [18]:


  e =   q P   ε +  (  1 − ε  )  q    



(2)




where q is the specific humidity (g/kg) and  ε  is a constant (0.622).



The modified refractivity M, corrected by the curvature of the Earth, is given by the formula of Bean and Dutton [23]:


  M = N +  h   R e    ×   10  6  = N + 0.157 h  



(3)




where M is the atmospheric modified refractivity (M-units), Re is the average radius of the Earth (6371 km), and h is the altitude above sea level (m).



The atmospheric refraction types are classified as sub-refraction, standard refraction, super-refraction, and trapping (ducting) according to the gradient of refractivity N or the gradient of modified refractivity M [2,17]. A trapping layer or duct occurs when the modified refractivity gradient M is negative [25,26]. The relationship between the N gradient and the M gradient is shown in Table 1.



Because the evaporation ducts’ altitude is usually less than 40 m, the vertical resolution of the ERA5 data is insufficient to capture evaporation ducting events. Therefore, we only investigated the spatiotemporal distribution of the parameters of lower atmospheric ducts over the seas around China. In lower atmospheric ducts, there are not only single surface ducts or elevated ducts, but also combinations of multiple ducts, namely composite ducts [2,27]. In previous duct event research, only the first duct near the ground was considered [5,16,19], while the case of composite ducts was not considered. It is worth mentioning that here, we also conducted a statistical analysis of composite ducts.



Figure 1 shows the types and parameters of classical lower atmospheric ducts [1], including a surface duct (Figure 1a), a surface-based duct (Figure 1b), an elevated duct (Figure 1c), and a composite duct (Figure 1d).



The steps of calculating the duct parameters of each atmospheric refractivity profile were as follows:



	
Calculate the double-weighted average and standard deviation of all the temperature, pressure, and specific humidity profiles, then eliminate the profiles with greater than four standard deviations from the mean [28].



	
Interpolate the temperature, pressure, specific humidity, and geopotential profiles to a 20 m resolution in the vertical by cubic-spline interpolation [29]. It should be noted that the altitude can be obtained by the geopotential of each pressure level. The altitude can be calculated by the following formula:





  h = G / g  



(4)




where G is the geopotential (m2/s2) and g is the gravitational acceleration (m2/s2). Here, g is a constant (9.80665 m/s2). The modified refractivity M profiles were calculated by Formulas (1)–(3). An interpolation result is shown in Figure 2.



	
Use the central difference method to calculate the vertical gradient of the modified refractivity M at each height:





   M ′   ( i )  =   M  (  i + 1  )  − M  (  i − 1  )    0.04    



(5)




where i is the vertical point index of each profile. The total number of M profiles we calculated was (4657 × 24 × (42/0.25 + 1) × (27/0.25 + 1). The number 4657 indicates the days.



	
Judge if a composite duct appears in each M′(i) profile. The method of judging whether a composite duct has occurred involves counting the number of trapping layers in each M′(i) profile. If there are two or more trapping layers in a M′(i) profile, a composite duct has occurred in the observation period.



	
Record the duct parameters in each M′(i) profile individually, then check the value of M′(i) from bottom to top. When M′(i) < 0, the altitude is defined as the bottom of the trapping layer he. When M′(i) begins to change from M′(i) < 0 to M′(i) > 0, the altitude is defined as the top of the trapping layer ht. The trapping layer lies between ht and he. As shown in Figure 1a–c, the duct’s altitude is ht, the duct’s thickness is ht − hm, and the duct’s intensity is am − as.



	
Arrange the duct’s parameter data into grids with a latitude–longitude resolution of 1° × 1°, then calculate the average value of the duct parameters within each grid.



	
Finally, analyze the seasonal variations and monthly features of, and the diurnal variations in the ducts’ parameters. The seasons are divided into spring (March, April, and May), summer (June, July, and August), autumn (September, October, and November), and winter (December, January, and February). The diurnal variations included four local times: LT00, LT06, LT12, and LT18. The formula for calculating local time is given as follows:





  L T = U T C + l o n g /   15  °   








where LT is the local time, UTC is the Coordinated Universal Time, and long is the longitude (deg) of M profiles in the range of −180° to 180°.








3. Statistical Results and Discussion


3.1. Duct Occurrence Rate


The occurrence rate of atmospheric ducts is defined as the number of M profiles where ducts occurred divided by the total number of M profiles in each grid. Figure 3 shows the spatiotemporal distribution of the occurrence rate of lower atmospheric ducts over the seas around China.



The marine areas adjacent to China are extensive, spanning temperate, subtropical, and tropical climate zones. Because of the effect of climate and geography, the occurrence of ducts has obvious seasonal variations and regional distribution characteristics, which can be clearly seen in Figure 3.



In spring, the areas where ducts are prone to occur were mainly concentrated in the northwest of the South China Sea, the eastern coastal areas of China, and the Yellow Sea. The duct occurrence rate in these areas over the East China Sea, the Yellow Sea, and the Bohai Sea increased significantly from May to September, which was consistent with the period when the East Asian summer monsoon prevails (May to September) [30]. April and May are the transition period of the East Asian monsoon from winter circulation to summer circulation. At this time, the North Pacific Subtropical High controls the North Pacific, and the southerly monsoon begins to prevail in the Yellow Sea and the Bohai Sea, with high temperature and humidity [30]. When warm and humid air advection cools water bodies, this causes temperature and humidity inversions, which lead to the formation of ducts in the upper parts of the Marine Atmospheric Boundary Layer (MABL) [3,13]. Unlike the ducts that occurred in the Yellow Sea and the Bohai Sea, the duct coverage areas over the South China Sea decreased sharply in May, which was consistent with Cheng’s [19] results. Between April and July, the duct occurrence rate in the eastern coastal seas of Indo-China Peninsula was always higher, which was related to the downslope subsidence caused by the offshore summer monsoon [19]. Affected by the winter monsoon, the duct occurrence rate in the South China Sea was always lower than 10%.



In summer, the areas with a higher duct occurrence rate were mainly concentrated in continental coastal waters. The duct occurrence rate gradually decreased as the distance from the coastline increased. The main reason for this phenomenon is that the radiation inversions and local circulation (such as sea–land breezes) were caused by intense solar radiation, which advected dry and warm air from the land to cold and wet seas, forming surface ducts in coastal areas [31]. This is why the ducts’ altitude in the continental coastal areas was generally lower than that over open seas in summer. Von Engeln [16] indicated that the development of fog during the warmer seasons may lead to a higher probability of ducting events on the east coast of Asia. Zhang [32] pointed out that sea fog over the Yellow Sea was prevalent from April to August, which is roughly the same as the period of higher duct occurrence rates in the Yellow Sea.



October and November are the periods when the summer monsoon changes to the winter monsoon; the Mongolian High controls and affects the offshore seas of China, making the sea surface isobar lines show a northeast–southwest trend, and the wind direction is stable and northward [30]. During this time, the seas become gradually controlled by the high pressure caused by continental cold. The atmospheric humidity is relatively lower, which is not conducive to duct formation. Through the effects of the winter monsoon, the duct occurrence rate was less than 10% between October and next March in the Bohai Sea, the Yellow Sea, and the East China Sea (Figure 3). At about the same time, the duct occurrence rate northwest of the Philippines was higher than that in summer, which may be related to frequent tropical cyclone activity. According to Chen [30], the areas from Luzon Island in the Philippines to Hainan Island at 15–20°N have the most frequent tropical cyclone activity. Ziemba [6] and Ding [33] both indicated that ducts occur frequently in areas affected by tropical storms and hurricanes.



Figure 4 shows the monthly variations in the proportion of surface ducts, elevated ducts, and composite ducts within total ducting events. Surface ducts dominated in all months, and had a maximum occurrence rate between June and August and a minimum occurrence rate in March. This also explains the phenomenon of lower duct altitudes over the coastal seas of Mainland China in summer. Elevated ducts appeared most frequently in March. Figure 5 shows the monthly variations in the number of composite ducting events, showing that the largest number of composite ducts occurred in July.



In order to study the daily variations in the ducts’ occurrence, we grouped the ducting events according to the local time (LT00, LT06, LT12, and LT18). The statistical results are shown in Figure 6. In general, the ducts appeared in fixed locations, mainly concentrated in the coastal areas of Mainland China and the northwest of the Philippines. The diurnal variations in the duct occurrence rate were more obvious in the Bohai–Yellow Sea area, the western seas of the Philippines, and the eastern coastal areas of the Indo-China Peninsula. The duct occurrence rate and the ducts’ coverage areas were greater in the evening than during the day. If we take the eastern coastal seas of the Indo-China Peninsula as an example, at LT12, the duct occurrence rate was less than 18%, with a small coverage area. At LT18, the duct occurrence rate increased by 6% and the duct areas covered most of the eastern coastal waters in the Indo-China Peninsula. However, at LT00, sea–land breezes were formed by radiation cooling, and the land breeze brought dry and cold air to the sea surface, forming an inversion layer [13,34], which helped to generate ducts.




3.2. Duct Altitude


The duct altitude usually refers to the altitude of the top of the trapping layer. In Figure 1a–c, ht is the duct altitude. A composite duct’s altitude is ht1 and ht2, as shown in Figure 1d. Duct altitude has an important effect on the propagation of radio waves. Figure 7 shows the seasonal and monthly variations in duct altitude over the seas around China.



The seasonal and monthly variations in duct altitude are obvious in Figure 7. The duct altitude was the highest in autumn and winter, while the lowest occurred in summer. The duct altitude was less than 250 m in the Bohai Sea and the north of the Yellow Sea all year round. Except for minor areas in the north of Taiwan and the South China Sea, the duct altitude was lower than 300 m in the coastal areas, which was obviously lower than that of the far coast. The lower duct altitude was attributed to the dominance of surface ducts in the coastal seas of China, especially in summer.



The areas with a higher duct altitude were mainly distributed in the southwestern waters of the South China Sea and the Pacific Ocean on the east side of the East China Sea, the Philippines, and Taiwan. In autumn and winter, the average duct altitude in the Pacific Ocean was above 900 m, which may be related to the Japanese Current. Cheng [15,19] suggested that the wind field plays a leading role in the distribution of ducts over the South China Sea, and air advection and subsidence may be the reasons for the generation of ducts with a higher altitude.



The local time distributions of duct altitude are given in Figure 8. The altitude was slightly higher during the day than at night. Engeln [16] pointed out that a higher average altitude along the east coast of Asia was generated during the day, which was attributed to solar radiation. Radiation warms the land surface to generate dry convective motions, leading to the growth of the boundary layer. The duct altitude increased markedly over the seas near the Philippines at LT12. At the same time, the duct altitude increased over the coastal seas to the north of Hainan Island and to the west of the Korean Peninsula.




3.3. Duct Thickness


Duct thickness is defined as the difference between a duct’s altitude ht and the bottom altitude hb. In Figure 1a, the duct thickness is also called the duct altitude [11]. A composite duct’s thickness is ht1 − hb1 and ht2 − hb2, as shown in Figure 1d.



Figure 9 shows the monthly and seasonal variations in duct thickness. The duct thickness in most continental coastal areas was less than 150 m, which was lower than that over the open sea. The areas where the thickest duct events occurred aligned with the areas where the most duct events occurred. The thickest ducts were mainly concentrated in the Pacific Ocean on the east side of the East China Sea, the Philippines, and Taiwan, and in the South China Sea. Meanwhile, these areas were also where the duct thickness changed most significantly. The variations in duct thickness between spring and summer were the most prominent in the southwest of the South China Sea. In spring, the duct thickness was more than 400 m, whereas it decreased sharply in summer. The Pacific Ocean on the east side of the East China Sea, the Philippines, and Taiwan was another area where strong variations in duct thickness occurred. In autumn, the areas with a duct thickness greater than 300 m in the Pacific Ocean had a trend of moving north and west, whereas they appeared in the sea south of 20°N in winter.



The distribution of duct thickness across local time variations can be clearly seen in Figure 10. Compared with the distribution of duct altitude, we found that the seas with higher duct altitudes usually have greater duct thickness. The diurnal variation in duct thickness was not obvious, except in minor areas, such as the southwest of the Philippines and the South China Sea. The duct thickness and the coverage range of ducts were larger at LT12 than at other times to the southwest of the Philippines. Furthermore, thicker ducting events occurred in the southwest of the South China Sea at LT18.




3.4. Duct Intensity


Duct intensity refers to the difference in the modified refractivity when the gradient dM/dh < 0; that is, the value of am − as in Figure 1a–c. A composite duct’s intensity is am1 − as1 and am2 − as2. The greater the duct intensity, the greater the influence on electromagnetic wave propagation [1]. The seasonal and monthly variations in the mean duct intensity were statistically obtained, as shown in Figure 11.



It can be observed that duct intensity was lower than 10 M-units in the marine areas adjacent to China. In spring, duct intensity was higher than in other seasons. In May, the areas with a duct intensity greater than 4 M-units began to move northward. During this time, the duct intensity began to increase in the Yellow Sea and Bohai Sea. In summer and autumn, the duct intensity was generally weaker than that in spring. The duct intensity over the seas near the Philippines increased significantly in June and July. In winter, the areas with a duct intensity greater than 4 M-units shifted southward and were mainly concentrated in the seas south of 24°N.



Figure 12 shows the local time distributions of duct intensity. The duct intensity was larger at night than during the day. It was more obvious in the northwestern seas of the Philippines, where the intensity was above 6 M-units at LT00 and LT06, while it weakened at LT12 and LT18. The emergence of stronger ducts was related to temperature and humidity gradients, which were mainly affected by solar radiation and sea–land breezes [9,34].





4. Conclusions


Using the 12-year ERA5 data, we statistically analyzed the spatiotemporal distribution characteristics of lower atmospheric ducts in the seas adjacent to China, and the generation mechanisms of ducting events were discussed in this study. The following conclusions can be drawn.



The seasonal and regional distribution features of lower atmospheric ducting events in the seas adjacent to China were obvious, and only minor sea areas had obvious diurnal variations. In May, influenced by the summer monsoon and sea fog, the ducts began to increase in the Yellow Sea and the East China Sea, and gradually shifted to the Bohai Sea. The average duct occurrence rate in these areas was between 20% and 25%; in a few sea areas, it was more than 40%. In June, the duct occurrence rate on the east coast of the Indo-China Peninsula reached the highest value (45.6%) of the whole year. In August, the duct occurrence rate in the Bohai Sea was the maximum for the whole year. However, the duct coverage area in the South China Sea began to decrease sharply in May; especially in autumn, the duct occurrence rate was almost below 10%. The ducts’ altitude in continental coastal seas was obviously lower than that in the open sea. In terms of seasonal variations, duct altitude was the highest in autumn and winter, and lowest in summer. Duct thickness varied between 50 and 450 m, and the areas where the thickest ducts occurred were mainly concentrated in the South China Sea and the Pacific Ocean east of the East China Sea, the Philippines, and Taiwan. Duct intensity was generally lower than 10 M-units, and the areas with a duct intensity greater than 4 M-units began to northward shift in May but shifted south in the winter, and were mainly concentrated in the seas south of 24°N.



Our preliminary statistical results on the climatology of ducts in the seas around China indicate that the variations in the parameters of lower atmospheric ducts were related to factors such as monsoons, tropical cyclones, ocean currents, radiative cooling, sea–land breezes, and other factors. The occurrence of ducts in the Bohai Sea, Yellow Sea, and the East China Sea increased significantly between May and September, which was consistent with the prevalence of summer monsoons. However, between November and March in the following year, due to the influence of winter monsoons, the duct occurrence rate in these areas was sharply reduced. The South China Sea is a tropical ocean with obvious monsoon features and frequent tropical cyclones (typhoons, hurricanes, etc.), which may be the main reason for the seasonal variations in and apparent regional characteristics of the occurrence of ducts in the South China Sea. The ducts’ altitude and thickness in the coastal seas of China were generally lower than those in the open sea, especially in the summer. The higher duct altitude and the greater duct thickness in the Pacific Ocean east of the East China Sea, the Philippines, and Taiwan may be related to the influence of the Japanese Warm Current. We have made only a preliminary investigation into the causes of ducting, and the detailed generation mechanisms need further research.



The local time distribution of the ducts’ parameters in offshore areas of China showed that the diurnal variation in ducts was not obvious, except in minor areas. The main factors of the daily changes in the ducts were roughly divided into the following categories. Firstly, local sea–land breezes had a greater impact on the daily variations in the ducts in coastal seas. Second, strong solar radiation heating led to boundary layer growth and temperature inversions.



Here, we also conducted a statistical analysis of the monthly variations in the number of surface ducts, elevated ducts, and composite ducts. The monthly statistics showed that composite ducting events accounted for less than 1% of the total ducting events, and surface ducts were the main type. The surface ducts had a maximum occurrence rate of 80% and a minimum occurrence rate of 54.6% of all ducting events. Elevated ducts had a maximum occurrence rate of 45.2%. In summer, composite ducts were more likely to appear, especially in July, whereas the number of composite ducting events was lower from October to December.
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Figure 1. Schematic diagram of lower atmospheric duct types and parameters: (a) surface duct; (b) surface-based duct; (c) elevated duct; (d) composite duct. 
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Figure 2. Comparison of the temperature, pressure, specific humidity, and modified refractivity profiles before and after interpolation. Data for the comparison were selected at 14.25°N, 110.50°E on 9 January 2008 at UTC 19:00. 
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Figure 3. Distribution of the duct occurrence rate, with monthly and seasonal variations. 
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Figure 4. Monthly variations in the proportion of surface, elevated, and composite ducts within total ducting events. 
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Figure 5. Monthly variations in the number of composite ducts. 
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Figure 6. Distribution of the duct occurrence rate across different local times. 
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Figure 7. Distribution of duct altitude, with monthly and seasonal variations. 
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Figure 8. Distribution of duct altitude at different local times. 
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Figure 9. Distribution of duct thickness, with monthly and seasonal variations. 
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Figure 10. Distribution of duct thickness at different local times. 
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Figure 11. Distribution of duct intensity, with monthly and seasonal variations. 
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Figure 12. Distribution of the duct intensity at different local times. 
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Table 1. The relationship between N gradient and M gradient in different Refraction types.
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	Refraction Types
	N Gradient (N-Units/km)
	M Gradient (M-Units/km)





	Trapping (ducting)
	dN/dh ≤ −157
	dM/dh ≤ 0



	Super-refractive
	−157 < dN/dh ≤ −79
	0 < dM/dh ≤ 78



	Standard
	−79 < dN/dh ≤ 0
	78 < dM/dh ≤ 157



	Sub-refractive
	dN/dh > 0
	dM/dh > 157
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