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Atmospheric duct is an anomalous atmospheric structure that affects electromagnetic wave propagation. The important characteristics of the atmospheric ducts include duct probability, duct height, duct strength, and the thickness of the trapping layer. To investigate the statistical characteristics of atmospheric ducts over the American mainland, four stations in different regions are chosen. The seasonal and diurnal variation of the characteristics of ducts is presented. The mechanism of the seasonal and variation of ducts is revealed and the relationship between the characteristics is researched. The duct strength correlates positively with the thickness of the trapping layer, and the duct height correlates with them negatively. Moreover, the duct relationship with precipitation over different stations is clarified. It is found that the precipitation correlates positively with the probability of ducts caused by the vertical moisture gradient, and the relation is negative when the ducts are caused by temperature inversion. This work is of great value to the statistical characteristics of atmospheric ducts over the American mainland.
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INTRODUCTION
Electromagnetic wave (EMW) propagation is often affected in the atmosphere. They may be absorbed, reflected, and trapped due to the inhomogeneous atmospheric refractive index. Among these phenomena, the phenomenon that EMW is trapped in a specific layer is very important and is named the atmospheric duct. The phenomenon is caused by the gradient in refractivity with regard to altitude. Many meteorological processes are associated with it, like temperature inversion, moisture inversion, the subsidence of air masses, and the passing of cold air over warm land (Manjula et al., 2016).
The atmospheric duct can be observed frequently over the sea surface and the coastal areas where the humidity decreases rapidly with the altitude. All ducts can be divided into three categories: surface ducts, elevated ducts, and evaporation ducts. There are many different ways to determine the ducts based on their different features. For the evaporation duct, the diagnosis models are employed to evaluate the evaporation duct height. The refractivity from radar clutter (RFC) technique is also used to calculate the ducting profiles (Rogers et al., 2000; Yardim et al., 2008; Karimian et al., 2011). In recent years, there are many research studies which calculated the ducts based on machine learning methods (Yan et al., 2018; Zhu et al., 2018; Han et al., 2021; Zhao et al., 2021). For the surface ducts, the RFC technique also works. However, the RFC accuracy still needs to be improved, and this technique cannot be used in elevated and some surface-based ducts (Karimian et al., 2011). As a result, to determine the two ducts, the most common method is to use Global Positioning System (GPS) radiosondes to measure meteorological parameters and then indirectly calculate the profiles (Ding et al., 2013; Li et al., 2021). Moreover, the use of refractometers to directly measure the atmospheric refractivity at a vertical height is feasible.
Since the atmospheric duct is of great value to radar detection and radio communication, there have been numerous studies on the characteristics and variation of atmospheric ducts (Haack and Burk, 2001; Ding et al., 2013; Mai et al., 2020). Von Engeln. (2004) analyzed the characteristics of global atmospheric ducts using reanalysis data from the European Centre for Medium-Range Weather Forecasts (ECMWF). Sirkova (2015) performed a research on the duct occurrence and the spatial–temporal distribution in the Bulgarian Black Sea shore, and the essential duct parameters for surface and elevated ducts are reported for summer months. Moreover, the GPS radiosondes measuring the meteorological parameters, including temperature, pressure, and humidity, are used to determine the vertical refractivity profiles. Sun et al. (2016) used high-resolution radiosondes to first observe the elevated ducts associated with intermittent turbulence over the Bosten Lake and explained the mechanism well. Li et al. (2021) presented the distribution of clouds and the elevated ducts over the central Western Pacific Ocean using GPS data and Himawari-8 satellite products. It is discovered that the appearance of low clouds can lead to a strong temperature and humidity inversion, which makes the elevated ducts stronger.
This article will study the statistical characteristics of ducts over stations in different regions of America based on the Stratosphere-Troposphere Process and their Role in Climate (SPARC) high-resolution radiosonde data at universal time (UT)00 and UT12 in a day for over 10 years. First, the seasonal and diurnal variation of the relative humidity (RH) and temperature is shown. Second, the seasonal variation of ducting probability, altitude, strength, and ducting thickness of each station are presented and the mechanism is revealed. Next, the diurnal variation of the characteristics is researched and the reason for this variation is proposed. The total precipitation associated with ducting is researched by comparing the ducting conditions with the total precipitation in different regions and seasons.
MATERIALS AND METHODS
RRS Radiosonde Data, SRTM15 Elevation Data, and ERA-5 Reanalysis Data
In this work, high-resolution radiosonde data are obtained from the Radiosonde Replacement System (RRS) from NOAA’s National Centers for Environmental Information at 1-s temporal resolution for all stations from 2005 to 2019. The observation time is at 0 and 12 in 1 day and the vertical resolution is about 5–10 m. The maximum height we consider is 5 km because of the conclusion obtained by Kursinski et al. (2000). The radiosondes measure different meteorological parameters, including temperature (T), relative humidity (RH), and pressure (P) at each specific altitude. Then, these parameters are used to calculate the refractivity profiles. There are hundreds of stations over the American mainland, and to be representative, four stations from the northwest, middle, southwest, and southeast of America were chosen to be investigated. They are chosen for they can typically represent different climates of America, which vary in humidity and temperature. Specifically, Albany belongs to the humid continental climate and Dodge City belongs to the semiarid steppe climate. Boise belongs to the alpine climate and Charles belongs to the subtropical monsoon climate. By figuring out the statistics of the ducts over the stations, the overall ducting characteristics of America will be more obvious. The basic information and the number of sondes available in the stations are, respectively, presented in Table 1. The general geographical locations of them are shown in Figure 1.
TABLE 1 | Basic information of the four stations. The station number is in the format from Weather Bureau, Air Force, and Navy (WBAN).
[image: Table 1][image: Figure 1]FIGURE 1 | Locations of the four stations are marked with red hollow circles in American mainland.
Second, the elevation data used in this work are SRTM15 Digital Elevation Model (DEM) from the National Aeronautics and Space Administration (NASA) and the National Bureau of Image and Mapping (NIMA). The horizonal resolution of the data is 450 m, and the coverage area is global land. The data are used because the calculation of the refractivity profiles needs the elevation when the Earth’s curvature is taken into consideration.
Finally, the reanalysis data utilized are from the ERA-5 reanalysis dataset from the European Centre for Medium-Range Weather Forecasts (ECWMF). The spatial resolution of the dataset is 0.25° × 0.25° and the temporal resolution is 1 h. The time range in this work is 2010–2019. Sixteen pressure levels, namely, 500, 550, 600, 650, 700, 750, 775, 800, 825, 850, 875, 900, 925, 950, 975, and 1000 hPa are selected to obtain the vertical variations. To research the meteorological parameters over the four stations, four grids [image: image] are chosen to analyze the differences between their duct characteristics. The variables used here are relative humidity, temperature, and precipitation.
Methods of Calculating Refractivity Profiles and Quality Control
The formula for calculating refractivity was put forward by Smith and Weintraub (1953). It is as follows:
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where [image: image] (K) is the absolute temperature, [image: image] (hPa) is the water vapor pressure, [image: image] (hPa) is the saturated vapor pressure of water, and [image: image] (hPa) is the atmospheric pressure. The formula of [image: image] is as follows (Bolton, 1980):
[image: image]
where [image: image] (°C) is the temperature in centigrade. After taking the Earth’s curvature into consideration, the modified refractivity (M) is defined by the empirical equation (Babin and Rowland, 1992):
[image: image]
where [image: image] (m) is the altitude above the Earth’s surface and [image: image] (m) is the local radius of the Earth. Using the measured temperature, relative humidity, atmospheric pressure at different heights, and the local elevation of the station, the refractivity profiles are calculated.
Before determining atmospheric ducts, the quality control of data is necessary. First, we examine the temperature, relative humidity, and pressure profiles for the abnormal data points in them because of the errors of the radiosondes. The values of the points are replaced by the average of the surrounding points if they are judged to be abnormal. Second, the raw refractivity profiles are gridded to 50 m to remove outliers caused by the random motion of the radiosondes. [image: image] increases with the increase in the height, and when the atmospheric ducts occur, [image: image] decreases with the increase in the height. As a result, the ducts can be determined by
[image: image]
The altitude at which the gradient of [image: image] turns negative is the duct height. The thickness of the trapping layer is defined as the distance between the top of the ducting layer and the height with the maximum value of [image: image] in the ducting layer. The duct strength is defined as the difference between the maximum and the minimum value of [image: image] in the ducting layer. Finally, to identify effective ducting layers, potential ducting layers whose duct strength is greater than 2 M can be regarded as real ducting layers. The above characteristics of the three types of ducts are shown in Figure 2. Combining with the above three procedures, the noise resulting from the measurement is eliminated and the effective ducting layers are obtained. In addition, the characteristics of the ducting layer with the maximum strength in a multiple-layer duct are regarded as the characteristics of the entire duct.
[image: Figure 2]FIGURE 2 | Vertical refractivity profiles of surface ducts (A), surface-based ducts (B), and elevated ducts (C), and the characteristics of them.
SEASONAL AND DIURNAL VARIATIONS OF RELATIVE HUMIDITY AND TEMPERATURE
To investigate the characteristics of the ducts over the four stations, the meteorological parameters over them are first presented. The ducts are affected mostly by the moisture and the temperature vertical gradient, the seasonal (Figure 3) and diurnal (Figure 4) variation of the relative humidity (RH), and temperature at different pressure levels. The RH and temperature data are from the ERA-5 reanalysis dataset.
[image: Figure 3]FIGURE 3 | Variation of relative humidity (A–D) (unit: %) and temperature (E–H) (unit: K) with altitude and seasons. (A) (E) Situation in Albany. (B) (F) Situation in Boise. (C) (G) Situation in Charleston. (D) (H) Situation in Dodge City.
[image: Figure 4]FIGURE 4 | Variation of relative humidity (A–D) (unit: %) and temperature (E–H) (unit: K) with altitude and hours in a day. The distribution of figures is the same as that in Figure 3.
As is shown in Figure 3, the seasonal variation of RH varies a lot over the stations, and the variation of the temperature is similar. From Figure 3A, in JJA (June, July, and August) and SON (September, October, and November), a RH low center appears at 500–600 hPa pressure level, while a RH high center appears at 800–900 hPa pressure level. Thus, a large vertical moisture gradient occurs over Albany in JJA and SON, and a relatively small gradient occurs in MAM (March, April, and May). The reason for this seasonal variation over Albany is that Albany belongs to a humid continental climate, and the air in the low layer is humid over the whole year and the precipitation distribution is uniform. In addition, the station is at the windward slope of the Appalachian Mountains, and the moist air from the Atlantic can easily reach Albany. From Figure 3B, a strong RH low center appears at 800–900 hPa pressure level in JJA and the overall RH is low. Hence, a tiny vertical gradient is found over Boise in four seasons. This is mainly because Boise belongs to a semiarid steppe climate, and it shows an obvious continental nature. As a result, the overall humidity is small over Boise. As is shown in Figure 3C, in the upper layer, a RH low center exists in DJF (December, January, and February) and MAM. Moreover, in the low layer, a high center appears in JJA since Charleston belongs to subtropical monsoon climate, and in the summertime, the monsoon from the Atlantic Ocean brings much moisture. Figure 3D gives the distribution of RH over Dodge City. A RH high center appears in DJF and JJA at pressure level 900–1,000 hPa and a low center arises at 500–600 hPa pressure level in JJA and SON. Dodge City also belongs to semiarid steppe climate and the humidity over there is also small. As a result, the moisture gradient in JJA and SON are quite large. With regard to the temperature distribution, as is shown in Figures 3E–H, a warm center appears in summer in the low layer and the cold center appears in the upper layer in DJF and MAM. This can be attributed to the strong solar radiation in summer.
Figure 4 gives a review of the diurnal variation in RH [(a) (b) (c) (d)] and temperature [(e) (f) (g) (h)] over the four stations. For Albany, the RH is high, namely, about 80% in the low layer in UT06-12, and low, that is, approximately 50% in the local daytime. Second, the RH in the upper layer is low in the whole day. As for Boise, the high RH appears at a similar time at the low altitude and the RH is lower in the upper layer. From Figures 4C,D, the high RH center, that is, about 65%, is from UT06-18, and the minimum value of 35% is in the lower layer over Charleston and Dodge City. In the upper layer of the atmosphere, the RH distribution is uniform and the RH over Charleston reaches 50% and the RH over Dodge City reaches lower, that is, approximately 40%. Generally, the moisture gradient over Albany and Boise is bigger than that over Charleston and Dodge City during 1 day. The temperature distribution in a day is similar over the four stations.
SEASONAL VARIATIONS OF CHARACTERISTICS OF ATMOSPHERIC DUCTS
Duct Frequency
The duct frequency of the four stations in four seasons is presented in Figure 5. The duct frequency is defined as the time of existing ducts divided by twice the size of the number of total days. The ducts are more easily formed in June, July, and August (JJA) and September, October, and November (SON) after taking the overall trend of the four stations into consideration. Among these stations, the occurrence of the atmospheric ducts is the highest in Charleston and the lowest in Boise over the whole year. This phenomenon may result from the differences in the moisture of the two stations based on Figures 3B,C. The RH over Charleston is always high in the lower layer and reaches about 0.75 in JJA for it belongs to subtropical humid climate and much humidity is brought here by the summer monsoon. However, the RH over Boise is continuously low, especially in JJA at the pressure level of 800–900 hPa. This is mainly because Boise belongs to semiarid climate and the moist flow from the Pacific is blocked by the Cordillera Mountains. Thus, the vertical gradient of RH over Charleston is higher than that over Boise.
[image: Figure 5]FIGURE 5 | Seasonal variation of the single-layer duct frequency over the four stations. (A–D) correspond to Albany, Boise, Charleston, and Dodge City, respectively.
For the Albany station, the highest frequency of ducting appears in JJA with a value of over 0.4 and the lowest appears in DJF with a value of less than 0.1. This station is at the windward slope of the Appalachian Mountains, and the wet and warm flow from the Atlantic Ocean can bring a large amount of moisture to Albany when the monsoon comes in summer. With regard to Dodge City, its climate belongs to semiarid steppe climate. It can also be shown in Figure 3D that the vertical gradient of humidity over the station is relatively greater in JJA and SON. This consists with the ducting occurrence distribution in the four seasons.
The multiple-layer duct frequency over the four stations is presented in Figure 6. The regularity of it consists of all kinds of ducts. The duct frequency is biggest in JJA among four seasons, the overall duct frequency is biggest in Charleston with the value of about 0.35 in JJA, and the lowest frequency is nearly zero over Boise. The reason for this phenomenon may also be related to the vertical moisture gradient.
[image: Figure 6]FIGURE 6 | The seasonal variation of the multiple-layer duct frequency over the four stations. (A–D) Albany, Boise, Charleston, and Dodge City.
Duct Height
The seasonal variation of the duct height is plotted in Figure 7. The vertical bars represent the standard error. It can be referred that the duct height over Boise is the highest among these four stations and that over Charleston is the lowest over the whole year. Over Boise and Charleston, the general tendencies of each are similar. The maximum average height over Boise appears in SON with the value of about 2,400 m ([image: image] m) and the minimum average height appears in MAM with a value of about 2,200 m ([image: image] m). For Charleston, the minimum duct height appears in JJA with a value of about 1,400 m ([image: image] m). Over Albany and Dodge City, the variation trend is similar and the maximum heights are both over 2000 m in JJA. This regularity consists with the law of land ducts that the mean height increases during local summer. This is because at the top of the dry convective boundary layer, ducts are easy to form after solar radiation warms the Earth’s surface. This pattern consists with Figures 3A,B,D, where the RH at the pressure level of 500 hPa in JJA is lower than that in other seasons. This can explain the phenomenon that the duct height over Charleston is the lowest over the whole year. The temperature in the lower layer over Charleston is lower and the height of the boundary layer is lower. Thus, the duct height is lower.
[image: Figure 7]FIGURE 7 | Seasonal variation of the duct height over the four stations. (A–D) Albany, Boise, Charleston and Dodge City. The vertical bars are the standard errors.
Duct Strength
The duct strength is the crucial factor for electromagnetic wave propagation. The mean duct strength of the four seasons over four stations is shown in Figure 8. Comparing the four figures with each other, it is found that the duct strength over Charleston reaches the maximum and the strength over Boise is the minimum among the four stations generally. First, over Albany, the strength is lower in DJF and MAM [5 M ([image: image] M)] than in JJA and SON [7 M ([image: image] M)]. For Boise, the seasonal variation of the strength is not obvious. The mean strength is about 5 M throughout the year. For Charleston and Dodge City, the maximum strength over the year appears in MAM and the value is 11 M ([image: image] M) and 9 M ([image: image] M), respectively. To explain the mechanism of the variation, the moisture inversion and temperature inversion are taken into consideration on account of Eq. 1. First, from the aspect of the vertical moisture gradient, over Albany, Charleston, and Dodge City, the vertical gradient is bigger than that of Boise. Second, from the view of the temperature inversion, the vertical temperature gradient is big over the four stations. As a result, it can be concluded that the humidity is the dominant factor in the duct strength. Although Boise and Dodge City are away from the ocean, the moisture from the Pacific Ocean is harder to reach Boise than that from the Atlantic Ocean reaching Dodge City for the difference between the terrain.
[image: Figure 8]FIGURE 8 | Seasonal variation of the duct strength over the four stations. (A–D) Albany, Boise, Charleston and Dodge City. The vertical bars are the standard errors.
Thickness of the Trapping Layer
The impact of the duct on the electromagnetic wave propagation depends on the thickness of the trapping layer. From Figure 9, the seasonal variation of the duct thickness over four stations is presented. Among the four stations, Charleston shows the biggest thickness, that is, over 80 m, and Boise shows the smallest, that is, over 50 m. For Boise, Charleston, and Dodge City, in MAM, the value of the thickness of the trapping layer is, respectively, 60 m ([image: image] m), 80 m ([image: image] m), and 80 m ([image: image] m), which is the greatest in four seasons. However, for Albany, the greatest value occurs in SON with the value of about 70 m ([image: image] m).
[image: Figure 9]FIGURE 9 | Seasonal variation of the thickness of the trapping layer over the four stations. (A–D) Albany, Boise, Charleston and Dodge City. The vertical bars are the standard errors.
Combining with Figures 7–9, it seems that the variation of the duct strength correlates positively with that of the thickness of the trapping layer. In addition, the two parameters seem to show negative correlations with the duct height. This may be because the warmth of the surface can result in the low vertical moisture gradient. However, this can promote dry convection which makes the top of the boundary layer higher. Furthermore, this makes the duct height higher. Figure 10 shows the characteristics of the duct occurring over the four stations. After performing the Pearson correlation analysis between the three characteristics, it is found that the correlation between the strength and thickness is 0.41, which is relatively high. This can also be proved in Figure 8 where the seasonal variations of the two parameters are similar. Furthermore, the duct height correlations with the duct strength and the thickness of the trapping layer are negative, that is, -0.13 and -0.11, which also consists with the conclusion deduced from the seasonal variation of them.
[image: Figure 10]FIGURE 10 | Characteristics of ducts, respectively, duct strength, duct height, and the thickness of the trapping layer occurring over the four stations during the observation time.
The Relationship Between the Characteristics of the Ducts and Precipitation
The relationship of weather condition with the occurrence of ducts is investigated in this section. The precipitation data are from the ERA-5 dataset. The seasonal total precipitation of the four stations is as shown in Figure 11. In all, the total precipitation in Albany and Charleston is the highest over the four stations, and that in Boise is the lowest. From the aspect of the climate, this is because Boise belongs to temperate continental climate with low moisture in the atmosphere. Albany and Charleston are located by the sea, and the wet flow from the Atlantic brings the two stations much moisture and then more precipitation over them. With regard to the precipitation relationship with the probability of duct, it is revealed that the precipitation may be correlated with the duct probability positively over Albany, Charleston, and Dodge City, and the relationship may be negative over Boise. This is because over the first three stations, the vertical moisture gradient is the main factor contributing to the duct formation. However, for Boise, the temperature inversion caused by radiative cooling is the main factor. On the other hand, the vertical moisture gradient plays an important role in the rainfall.
[image: Figure 11]FIGURE 11 | Seasonal variation of the total precipitation over the four stations. (A–D) Albany, Boise, Charleston and Dodge City.
DIURNAL VARIATIONS OF CHARACTERISTICS OF ATMOSPHERIC DUCTS
The parameters of the ducts at UT00 and UT12 are presented in Figure 12. Since the American mainland belongs to the Western 4th–7th area, the local time (LT) nighttime and morning time correspond to UT00 and UT12, respectively. First, the diurnal variation of the duct frequency is shown in Figure 12A. For all the stations, the frequency is bigger at UT00 than at UT12. This means that the ducts are formed easily at night than at morning. This is because radiative cooling (Von Engeln et al.) makes the air near the surface cooler than the upper air. Consequently, the temperature inversion appears and the trapping layer starts to form.
[image: Figure 12]FIGURE 12 | Diurnal variation of the duct frequency, the duct height, the duct strength, and the thickness of the trapping layer over the four stations (A–D). The first group of bars of each subgraph represents the parameters at UT00 and the second represents the parameters at UT12.
Figure 12B presents the daily cycle of the ducting height over the four stations. It is found that the duct height at UT00 is generally higher than that at UT12. Dodge City shows the highest height and Charleston shows the lowest height at UT00. At UT12, Charleston still shows the lowest height, while Boise has the highest ducting altitude. The reason for this phenomenon is that the land surface is warmed by solar radiation in the daytime, especially in summer, which makes the dry convection. This leads to the growth of the boundary layer, and then the duct height is higher in the daytime than in the nighttime.
Second, from Figure 12C, combining the strengths of the four stations with each other, it is revealed that the strength at UT00 is commonly smaller than that at UT12. Charleston shows the biggest strength and Boise shows the smallest strength both in the day and night. This is mainly because UT00 corresponds to the daytime in America and UT12 corresponds to the nighttime. It is revealed that land events have more strength during the nighttime due to the temperature inversions generated by radiative cooling.
As for the diurnal variation of the thickness of the trapping layer, it is vividly shown in Figure 12D. The thickness shows similar regularity with the duct height. At UT00, Charleston shows the biggest thickness and Boise shows the smallest thickness. The situation is the same at UT12.
CONCLUSION
In this work, GPS radiosonde data from RRS, SRTM15 Elevation data, and ERA-5 reanalysis data are combined to investigate different characteristics of the ducts over the four stations. This work is important for the radio communication since this structure can not only make the propagation path longer but also make up the blind zones.
The research can be divided into two parts: one is the seasonal variation over the four stations and the other is the diurnal variation over the stations. First, from the seasonal aspect, the duct frequency over Charleston is the biggest and the frequency over Boise is the smallest among the four stations generally in the whole year. This results from the differences between the vertical moisture over the stations and between different seasons. In addition, the duct frequency is higher in JJA and SON. Generally speaking, the probability of duct increases with the increase in the vertical moisture gradient. The duct height is the highest over Boise and the lowest over Charleston, and the height tends to increase in JJA and SON for the solar radiation makes the dry air near the surface rise and then makes the top of the dry boundary layer easier to form atmospheric ducts.
The distribution of the duct strength is similar to that of the duct frequency. The overall duct strength over Charleston is the biggest, and the strength over Boise is the smallest. This phenomenon can also be explained with the vertical moisture gradient. Finally, the variation in the thickness of the trapping layer is presented. It is revealed that the thickness is also the biggest over Charleston and the smallest over Boise. In summary, the seasonal variation of the duct frequency, duct strength, and the thickness of the trapping layer is almost the same. Moreover, the duct height shows the inverse tendency. In addition, the total precipitation is related with the duct probability positively over the coastal areas and the relation is negative over the desert and tropical areas.
From the diurnal variation aspect, with regard to the duct frequency, it is bigger at UT00 than at UT12 for radiative cooling. For the duct height, the height at daytime is always higher than that at nighttime since the dry convection from the bottom leads to the growth of the boundary layer. Next, the duct strength tends to be bigger at nighttime than at daytime. This results from the temperature inversion caused by radiative cooling. Finally, the diurnal variation of the thickness of the trapping layer is similar basically over four stations. The probability of a multiple-layer duct is investigated, too. It is found that the law of its seasonal variation consists with the variation of the duct strength and probability.
In all, this work investigates the characteristics of the duct over different parts of America, and the differences between the characteristics are explained. Based on these explanations and conclusions, the regularity of the duct is revealed, and this work can be helpful for EMW propagation over the land. Furthermore, this work can be of value to the research of the characteristics of the ducts in other areas of the world.
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