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Abstract

:

Elevated duct is an atmospheric structure characterized by abnormal refractive index gradients, which can significantly affect the performance of radar, communication, and other systems by capturing a portion of electromagnetic waves. The South China Sea (SCS) is a high-incidence area for elevated duct, so conducting detection and forecasts of the elevated duct in the SCS holds important scientific significance and practical value. This paper attempts to utilize remote sensing techniques for extracting elevated duct information. Based on GPS sounding data, a lapse rate formula (LRF) model and an empirical formula (EF) model for the estimation of the cloud top height of Stratocumulus were obtained, and then remote sensing retrieval methods of elevated duct were established based on the Moderate Resolution Imaging Spectroradiometer (MODIS) remote sensing data. The results of these two models were compared with results from the elevated duct remote sensing retrieval model developed by the United States Naval Postgraduate School. It is shown that the probability of elevated duct events was 79.1% when the presence of Stratocumulus identified using GPS sounding data, and the trapping layer bottom height of elevated duct well with the cloud top height of Stratocumulus, with a correlation coefficient of 0.79, a mean absolute error of 289 m, and a root mean square error of 598 m. Among the different retrieval models applied to MODIS satellite data, the LRF model emerged as the optimal remote sensing retrieval method for elevated duct in the SCS, showing a correlation coefficient of 0.51, a mean absolute error of 447 m, and a root mean square error of 658 m between the trapping layer bottom height and the cloud top height. Consequently, the encouraging validation results demonstrate that the LRF model proposed in this paper offers a novel method for diagnosing and calculating elevated ducts information over large-scale marine areas from remote sensing data.
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1. Introduction


When electromagnetic waves propagate through the atmosphere, they are influenced by atmospheric refraction, which alters their original propagation path. Under specific meteorological conditions, electromagnetic waves can undergo back-and-forth reflections within a certain atmospheric layer, forming atmospheric duct propagation [1,2]. The atmospheric layer where this propagation phenomenon occurs is called atmospheric duct [3]. The marine environment’s unique conditions, such as ocean surface evaporation and temperature inversions, make it a fertile ground for the frequent occurrence of the duct. It has become an important component of marine environment information that affects the navigation of ships at sea, enabling beyond-the-horizon detection or causing detection blind zones [4,5,6,7,8]. Undoubtedly, accurate detection and prediction of the ducts is pivotal for enhancing the performance of radar, communication systems, and weaponry [9].



Generally, ducts are divided into three types: surface, elevated, and evaporation ducts, and they can be defined by the vertical gradient of the modified refractivity (M), where the negative gradient region of the modified refractivity indicates the trapping layer [10]. Elevated duct is one of the main types of atmospheric duct and generally occurs in a higher altitude within the atmosphere. In the marine atmospheric environment, the formation of elevated duct is mainly due to sharp decreases in humidity with height, temperature inversions, or both occurring simultaneously [11,12]. Due to the influence of the marine atmospheric boundary layer with inversions or sharp humidity reductions, most of the global sea area is often continuously covered by elevated duct [13,14].



Studies have shown that Stratocumulus is an important indicator of the presence of elevated duct. The temperature inversion phenomenon is usually observed at the top of Stratocumulus, and the decrease in humidity with height in the inversion layer is considered the most likely mechanism leading to the formation of elevated duct [15,16,17]. Generally, cloud vertical structure analysis based on GPS sounding data relies mainly on cloud water content. Therefore, atmospheric temperature and humidity obtained from sounding profiles can be used to infer the vertical structure of clouds [18,19]. Currently, the following three methods are commonly used to analyze cloud vertical structure: (1) The Temperature–Dewpoint Difference method, proposed by Poore et al. [20], which determines the vertical information of clouds based on temperature–dewpoint difference profiles using sounding and surface data. However, this method lacks continuity in the vertical structure of clouds. (2) The Relative Humidity Threshold method (also known as WR95 method), initially proposed by Wang et al. [21], which determines cloud layers based on relative humidity profiles. Different temperatures correspond to a single relative humidity, overcoming the limitations of the temperature–dewpoint difference method and providing a continuous cloud layer vertical structure. (3) The Second Derivative method, proposed by Chernykh et al. [22], which utilizes the vertical gradient of atmospheric temperature and humidity to identify cloud layers. The CE method first detects cloud layers using second derivatives and further verifies them using the temperature–dewpoint difference method. Three methods mentioned above have their own advantages and disadvantages. Based on existing research [23,24], most researchers concluded that the Relative Humidity Threshold method was more reasonable since cloud formation primarily occurs when relative humidity tends towards saturation.



Detecting elevated duct using satellite weather maps, cloud images, etc., is an economical and convenient remote sensing method. This method involves analyzing the evolving patterns of weather maps, satellite cloud images, and other meteorological systems to detect the refractive conditions in the relevant marine areas and extract characteristic information about atmospheric duct. In the early 1970s, the United States Navy proposed a plan called the “Refraction Impact Guide”, aiming to detect atmospheric refraction based on weather features. However, the final results were unsatisfactory. In 1990, studies conducted preliminary explorations on the inversion of elevated duct using weather satellite images [25,26]. In 1994, the refractive structure was associated with weather, mesoscale, and satellite data parameters by the Naval Air Warfare Center Weapons Division. They discovered that trapping layer was closely associated with anticyclones and pointed out that the trend in both cloud and inversion characteristics correlated well with the occurrence, height, and intensity of elevated ducts, as observed from a large number of radio soundings, which were conducted from the eastern and central north Pacific Ocean [27]. By statistically analyzing the profile refractive data from radio soundings on global coasts, islands, and ships, it was also found that the diurnal climate variation of elevated duct is related to the diurnal variation of marine Stratocumulus cover. Based on this theory, the United States Navy proposed the Satellite Marine-layer/Elevated Duct Height (SMDH) technique, which emphasizes the importance of cloud top temperature and sea surface temperature in determining the height of elevated duct on the West Coast of the United States [28,29]. The United States, based on the quantitative relationship between elevated duct and clouds, developed an expert system guide for assessing elevated duct in the northeastern Pacific using weather maps and satellite cloud images. In 2000, based on 24 datasets, Jordan [30] confirmed and validated the inversion heights of elevated duct using the SMDH technique and the Naval Postgraduate School (NPS) physical model. It was concluded that valid information about elevated duct could be extracted from satellite remote sensing data, and the NPS physical model had advantages over the statistical model.



In China, research on the inversion of elevated duct using satellite cloud images started relatively late. Hao et al. [31] conducted a case study along the Chinese coast using cloud classification and cloud top temperature from FY-2G satellite and analyzed the feasibility of using satellite remote sensing to invert elevated duct. It emphasized that compared to cloud top temperature data from the FY-2G satellite, using the higher-resolution MODIS data can better capture the elevated duct information. Based on GPS sounding and satellite observations, Li et al. [32] summarized the relationship between various types of low clouds and the occurrence of elevated duct in the western Pacific. They found significant differences in observations between islands and oceans, and generally, the heights of elevated duct were lower than the heights of clouds, but a quantitative relationship between duct parameters and various low cloud heights was not provided.



According to the above studies, the satellite remote sensing inversion method for elevated duct is a feasible approach. By utilizing meteorological satellite data to obtain various meteorological information in the presence of Stratocumulus, it is possible to indirectly obtain information about elevated duct. Thus, two new models, including the lapse rate formula (LRF) model and the empirical formula (EF) model, for estimating the cloud top height of Stratocumulus based on ship-based GPS sounding data, are introduced. Furthermore, the accuracy and precision of satellite remote sensing inversion for elevated duct need to be further investigated. Therefore, these models are validated against the established duct remote sensing retrieval models that are applicable to other regions.



Until now, there are few reports on the satellite remote sensing inversion method for elevated duct, and it remains uncertain whether this method is applicable to the South China Sea (SCS), which is a high-incidence area of atmospheric duct due to the unique geographical location and complex air–sea interactions. This paper takes the SCS as the research area and attempts to explore the models of remote sensing inversion for elevated duct based on satellite data. This exploration enhances the capability to detect elevated ducts in the SCS, filling a gap in existing research and providing a foundation for further studies in other high-incidence ocean regions.




2. Data and Methods


2.1. Data


2.1.1. GPS Sounding Data


There are two sources of high-resolution ship-based GPS sounding data, including data from the “Kexue 1” and “Shiyan 3” research vessels collected during the 1998 SCS Monsoon Experiment, as well as data from the NSFC Open Voyage collected between 2006 and 2012. The main sensors used in these measurements are Vaisala and China Changfeng. Detailed data for each cruise can be found in [1]. The observed parameters include altitude, atmospheric temperature, atmospheric pressure, dew point temperature, relative humidity, wind speed, etc. Observations were typically conducted at 00:00, 06:00, 12:00, and 18:00 UTC daily, with a sampling interval along the profiles of either 1 or 2 s.



Since GPS sounding profile data may contain errors or inaccuracies due to various factors, such as weather conditions, human errors, and instrument limitations, therefore, quality control procedures are applied to eliminate unreasonable or erroneous data. The main steps are as follows:




	(1)

	
Removal of unrealistic values in the vertical profiles. The measured atmospheric temperature must be within the range of −80 °C to 45 °C.




	(2)

	
The atmospheric temperature must be higher than the dew point temperature.




	(3)

	
Under normal circumstances, the altitude should increase with time. Therefore, data with decreasing or constant altitude values over time should be removed.









After applying these quality control procedures, a total of 1081 profile data points were obtained, as shown in Table 1. The distribution of observation stations can be seen in Figure 1.




2.1.2. ERA5 Reanalysis Data


ERA5 reanalysis data are the latest generation of the global reanalysis dataset produced by the European Centre for Medium-Range Weather Forecasts (ECMWF), which combine observations with simulated data through data assimilation. This dataset provides global data from January 1940 to the present, including primary data on atmospheric, land, and ocean climate variables. The ERA5 data used in this paper have a spatial resolution of 0.25° × 0.25° for 24 h per day from 1998 to 2012. The data parameters include sea surface temperature, atmospheric temperature, specific humidity, and others. Since the GPS sounding data are released at least 5 m above the sea surface on the deck of the ship, and the lowest position of GPS detection is susceptible to ship heat contamination, this paper selected the sea surface temperature from ERA5 reanalysis data after bilinear interpolation as the sea surface temperature at the location of the GPS sounding data.




2.1.3. MODIS Data


MODIS sensor is a new generation optical instrument developed by National Aeronautics and Space Administration (NASA). It is carried on two sun-synchronous polar-orbiting satellites, namely, the Terra (morning) and Aqua (afternoon) satellites. These satellites complement each other in updating frequency and provide data with high temporal and spatial resolutions, as well as multispectral capabilities [33]. In this paper, MODIS data were selected as the basic data for the remote sensing inversion of elevated duct. The data are processed by NASA to generate standardized products, including MOD/MYD03 and MOD/MYD06. MOD/MYD03 is a geolocation file containing geographical information for MOD/MYD06 products. MOD/MYD06 is cloud product data, which mainly include cloud top pressure, cloud top height, cloud top temperature, cloud optical thickness, and other cloud parameters, with a spatial resolution of 1 km.



Since the MODIS MOD/MYD06 products only contain information on single-layer clouds and lack cloud type parameters, this paper considers using the cloud classification scheme from the International Satellite Cloud Climatology Project (ISCCP) to classify the MOD/MYD06 products. The ISCCP classifies clouds based on cloud top pressure and cloud optical thickness, as shown in Figure 2.



According to the ascent time of MODIS, the GPS sounding data from 2006 to 2012 were selected to match it. This is considering that the existing GPS sounding data are launched at four different times: 00:00, 06:00, 12:00, and 18:00 UTC, and the Terra and Aqua satellites carrying MODIS would pass over the China region at around 10:30 a.m. and 1:30 p.m. Beijing time, respectively. Therefore, for the spatiotemporal matching between MODIS and GPS sounding data, the GPS sounding data were used as the reference. MODIS data points within 1 h and within a distance of 0.125° (approximately 13.88 km) from a GPS sounding data were selected. If multiple MODIS data points were matched with individual sounding data, their values were averaged.





2.2. Methodology


2.2.1. Principle of GPS Sounding Data Inversion of Elevated Duct


Duct is usually described using a modified refractivity M (in M units) profile. Once the modified refractivity profile is determined, the height of the duct can be calculated. We modelled GPS sounding data using a multi-parameter elevated duct equation, and this equation is adopted from [35], in which the propagation of electromagnetic waves in the atmosphere is corrected by the Earth curvature. The expression for M is as follows:


  M =   77.6  / T    p +   4810 e  / T    + 0.157 h  



(1)




where T denotes the atmosphere temperature in Kelvin (K), p represents the atmospheric pressure in hectopascals (hPa), e denotes the water vapor pressure in hectopascals (hPa), and h represents the altitude in meters (m). All these parameters are available from the GPS sounding profile data. According to the definition of M in Equation (1), the sharp vertical decrease in temperature inversion is conductive to the formation of elevated ducts. The trapping layer is the layer with     d M  /  d z   < 0  , as shown the blue area in Figure 3. This figure illustrates the vertical distribution of the modified refractivity of an ideal elevated duct in relation to temperature and dew point temperature. The upper and lower boundaries are the trapping layer top height and trapping layer bottom height, respectively.




2.2.2. Principle of GPS Sounding Data Inversion of Clouds Structure


As mentioned in the introduction, the Relative Humidity Threshold method is a more reasonable method for inverting the vertical structure of clouds. This paper adopts this method to invert the vertical cloud structure using GPS sounding data. The specific determination method is as follows: (1) Determination of Stratocumulus base height (from the bottom to the top of the profile): When the relative humidity (RH) at a certain layer is ≥84%, regardless of whether the humidity is in the near-surface layer or non-near-surface layer, the height of that layer is considered as the base height of the first cloud layer. For the second and subsequent cloud layers, the corresponding height is determined within the humidity layer with RH ≥84%. (2) Determination of Stratocumulus top height (from the top of the profile to the bottom): If the relative humidity (RH) at a certain layer is ≥84%, the height of that humidity layer is considered as the cloud top height. (3) Determination of Stratocumulus layers: If no cloud top height information is found (unless the cloud top height exceeds the top of the profile) or the maximum relative humidity of the cloud layer is <87%, the humidity layer should not be considered as a cloud layer.



According to the research, the Stratocumulus base height in the SCS is below 2.5 km, and the cloud top height ranges from 0.5 to 4.5 km. Therefore, this paper incorporated relevant theories of the marine atmospheric boundary layer and the spatial resolution of GPS sounding profiles in the SCS to add the following restraint conditions for determining Stratocumulus cloud top height: (1) The cloud base height is less than 2.5 km. If the base height of a cloud layer is greater than 2.5 km, it is discarded. (2) The cloud top height is between 0.5 and 4.5 km. If the top height of a cloud layer is less than 0.5 km, it is discarded. (3) If the top height of a cloud layer is greater than 4.5 km and the cloud base height is less than 2.5 km, the cloud top height is considered as 4.5 km.




2.2.3. Establishment of Remote Sensing Inversion Models


As illustrated the Figure 3, it can be observed that there is a good correspondence between the trapping layer bottom height of the elevated duct and the cloud top height of Stratocumulus over the ocean, providing a better theoretical basis for the satellite remote sensing inversion of elevated duct. In terms of horizontal distribution, the coverage range of Stratocumulus is the same as the range of elevated duct, and the movement, generation, or disappearance of Stratocumulus can reflect the variations in elevated duct. Additionally, in the vertical domain, the inversion and sharp decrease in humidity at the top of Stratocumulus are also the main causes of duct formation, establishing a close relationship between Stratocumulus and elevated duct in three-dimensional space. Therefore, by utilizing meteorological information during the presence of Stratocumulus obtained from GPS sounding profile meteorological data, it is possible to indirectly retrieve the elevated duct.



The U.S. Navy has pointed out that cloud top temperature and sea surface temperature are important factors for determining the height of the elevated duct, which is commonly observed on the west coast of the United States. Research conducted by the Naval Postgraduate School in California has validated the applicability of the SMDH technique and the NPS physical model for this region. In the following work, these two inversion models are also selected to validate the application over the SCS region; further, two inversion models are developed based on the GPS sounding data as we mentioned in Section 2.1.1. Four models are introduced as below:




	(1)

	
SMDH technique









The SMDH empirical relation between cloud top height and temperature difference was derived using a best-fit curve based on research cruise data from the eastern Pacific from 1949 to 1952. It should be emphasized that data did not include sea surface temperature, so monthly sea-surface temperature climatology was used [30]. The relationship is as follows:


  Δ T =  T  C l o u d T o p   −  T  S e a S u r f a c e    



(2)






   Z  C l o u d T o p   = − 75.43 × Δ T + 2.105 ×   ( Δ T )  2   



(3)




where ΔT represents the temperature difference between the cloud top and the sea surface, measured in degrees Celsius (°C), and ZCloudTop represents the cloud top height in meters (m). This method can only be used when ΔT < 0. If ΔT > 0, a scalar value of 50–100 m will be empirically assigned for the cloud top height.



	(2)

	
NPS physical model







NPS physical model estimates cloud top height based on estimates of cloud-base height and vertical cloud fraction (percent), as shown in Figure 4. In a well-mixed marine Stratocumulus boundary layer, if the temperature difference between the cloud-top temperature (TCloudTop) and sea-surface temperature (TSeaSurface) is small, the observed temperature difference (∆T) between cloud top and sea surface, along with the cloud top height (ZCloudTop), can be used to estimate the total boundary layer lapse rate, Γ = ∆T/ZCloudTop. In a well-mixed boundary layer without clouds, the temperature difference divided by the boundary layer depth approximates the dry adiabatic lapse rate. If the cloud layer covers the entire depth of the boundary layer, the lapse rate approximately equal to the moist adiabatic lapse rate. In most marine Stratocumulus boundary layers, the cloud does not fill the entire depth, and there is non-cloudy air beneath the cloud layer. Therefore, it is expected that the observed lapse rate falls between the dry and moist adiabatic lapse rates. The specific steps of the NPS model are described in the research conducted by Jordan et al. [30].



	(3)

	
Empirical Formula (EF) model







Inspired by the formula of SMDH technology, an empirical formula fitting between the cloud top height and temperature difference based on GPS sounding data over the SCS is proposed. The formula is as follows:


   Z  C l o u d T o p   = 2.11 ×   ( Δ T )  2  − 125.16 × Δ T − 0.11  



(4)




where ΔT represents the temperature difference between the cloud top height and the sea surface, measured in degrees Celsius (°C), and ZCloudTop represents the cloud top height in meters (m). If the calculated cloud top height is less than 0, it is considered as 0. EF (short for empirical formula) is introduced for conveniently describing the empirical formula model.



	(4)

	
Lapse Rate Formula (LRF) model







Utilizing the sea surface temperature, cloud top height, and cloud top temperature from the GPS sounding data over the SCS, the effective lapse rate ( Γ ) is estimated and the value is −7.1 °C/km. According to the expression form of the NPS physical model, this value is substituted into the following formula to solve for the cloud top height.


   Z  C l o u d T o p   =      T  C l o u d T o p   −  T  S e a S u r f a c e      / Γ   



(5)




where TSeaSurface represents the sea surface temperature in degrees Celsius (°C), TCloudTop represents the cloud top temperature in degrees Celsius (°C), and ZCloudTop represents the cloud top height in meters (m). In the same way, LRF (short for lapse rate formula) is introduced for conveniently describing the lapse rate formula model.






3. Validation and Analysis


3.1. Evaluation Indicators


This paper evaluated the relationship between the elevated duct and Stratocumulus using Pearson correlation coefficient, mean absolute error, and root mean square error. Pearson correlation coefficient (R) measures the degree of correlation between the parameter x and y, and is calculated as follows:


  R =      ∑  i = 1  n      x i  −  x ¯       y i  −  y ¯            ∑  i = 1  n        x i  −  x ¯     2          ∑  i = 1  n        y i  −  y ¯     2          



(6)







Mean absolute error (MAE) represents the magnitude of errors of the parameter y with respect to parameter x, and it is calculated using the following formula:


  M A E =      ∑  i = 1  n      x i  −  y i       n    



(7)







Root mean square error (RMSE) represents the deviation between the parameter x and y. It is calculated using the following formula:


  R M S E =        ∑  i = 1  n        x i  −  y i     2     n      



(8)







Specifically in this paper, x represents the detected values based on the GPS sounding data, which represents the value of the cloud top height of Stratocumulus or the trapping layer bottom height. y represents the detected values or the inversion values of the cloud top height of Stratocumulus. n represents the sample size, and i represents the i-th sample.     x  ¯   ,     y  ¯    represents the average value of x and y, respectively.




3.2. Statistical Analysis for Detected Stratocumulus and Elevated Duct


Based on the methods for determining Stratocumulus cloud height and the elevated duct using GPS sounding data, statistical analysis was performed, as shown in Table 2.



As shown in Table 2, the probability of duct occurrence in the GPS sounding data was 73% (790 out of 1081 observations), with 425 occurrences of Stratocumulus identified. The probability of Stratocumulus cloud occurrence was 39.3% (425/1081), and among these, the percentage of Stratocumulus associated with duct events was 79.1% (336/425). This can effectively demonstrate that there was a high probability of duct events occurring in the presence of Stratocumulus.



Based on the results from Table 2, an analysis was conducted on the GPS sounding data that exhibited both duct events and the presence of Stratocumulus. The comparison only focused on the relationship between the duct and the top height of Stratocumulus, considering that the height of the Stratocumulus from MODIS satellite data using in the following work represents the highest height of the Stratocumulus. The results are shown in Figure 5. As shown in this figure, the scatters were well distributed, and the dispersion was relatively limited. The R of the trapping layer bottom height of elevated duct and the cloud top height of Stratocumulus was 0.79, and MAE and RMSE were 289 m and 598 m, respectively.



By randomly selecting a data point that is located on the 1:1 line, an analysis and comparison were conducted between the relative humidity profile indicating the presence of Stratocumulus and the modified atmospheric refractivity profile indicating ducted waves, as shown in Figure 6. It represents the vertical profiles of relative humidity and modified atmospheric refractivity at 6:00 on 16 June 1998. It can be observed that the cloud top height (the green line) was slightly higher than the trapping layer bottom height (the gray line), but both were around 600 m. This indicates a strong correlation between the trapping layer bottom height and the cloud top height of Stratocumulus, which is consistent with the fundamental theory proposed by Helvey et al. [17] regarding duct remote sensing inversion.




3.3. Validation of the Remote Sensing Inversion Models


Comparisons between the cloud top heights calculated using the four inversion methods described in Section 2.2.3 and the measured actual cloud top heights and trap bottom heights are also presented in Table 3 and Table 4.



From Table 3, it can be observed that all four inversion methods showed good correlation with the measured cloud top heights in terms of correlation coefficients. In terms of MAE and RMSE, the EF model exhibited the smallest error, with a MAE of 195 m and a RMSE of 248 m. The next best method was the LRF model, with a MAE of 237 m and a RMSE of 316 m. The SMDH technique and NPS physical model followed, with the SMDH technique showing larger errors compared to EF and LRF methods but still within an acceptable range. The NPS physical model, on the other hand, exhibited a RMSE of approximately 1000 m in cloud top height calculations.



As can be seen from Table 4, it can be observed that all four inversion methods showed good correlation with the measured trapping layer bottom height in terms of correlation coefficients. The row “Measured cloud top height” in Table 4 represents the correlation between the measured cloud top heights and trapping layer bottom height, with a correlation coefficient of 0.79, a MAE of 289 m, and a RMSE of 598 m. The correlation coefficients R of the EF model and the LRF model fitted to the SCS were both 0.75, which were only 0.04 lower than the R with measured cloud top height. In terms of MAE, the EF model showed an error that was approximately 100 m higher than the measured cloud top heights, while the LRF model showed a bigger error than the result compared with the EF model. However, the SMDH technique and NPS physical model exhibited higher errors in both MAE and RMSE, especially the NPS physical model, which showed a MAE of 819 m and a RMSE of 1045 m.



Taking into consideration both Table 3 and Table 4, it can be concluded that the optimal model was the EF model, followed by the LRF model, with the SMDH technique ranking third, and the NPS physical model performing the poorest.



Since the temperature difference between the atmospheric temperature and sea surface temperature is a common factor associated with the above four inversion methods, the relationship between the inversion methods and the measured data can be visualized by plotting the temperature difference versus the cloud top height, as shown in Figure 7.



As can be seen from Figure 7, the higher the temperature difference, the higher the cloud top height. Due to the limitation of Stratocumulus height, the cloud top height was mainly concentrated within 0.5~3 km. From the figure, it can be seen that within this height range, the temperature difference generally fell between −15 °C and −5 °C. The figure also includes linear plots for the four inversion methods, and it can be observed that the EF model (black) showed the best correlation with the measured data, primarily concentrated on both sides of the line. The LRF model (magenta) followed, where it tended to overestimate cloud top heights at lower temperatures and heights, while underestimating cloud top heights at higher temperatures and heights. The turning point for the temperature difference was approximately −15 °C. The SMDH technique (green) consistently underestimated the Stratocumulus cloud top heights over the SCS. According to the SMDH technique description, it is only applicable within the range of −15 °C to 0 °C. It was also found that within this range, although the SMDH technique underestimated the cloud top height over the SCS, the underestimation was relatively small, not exceeding 1000 m. Additionally, as the temperature difference decreased, the underestimation also decreased. However, when the temperature difference was less than −15 °C, the underestimation gradually became larger. The NPS physical model (red) performed the poorest among the four methods, consistently underestimating the Stratocumulus cloud top height over the SCS. Moreover, as the temperature difference increased, the underestimation became progressively larger.





4. Application and Comparative Analysis of Remote Sensing Inversion Models


There was a good correlation between the trapping layer bottom height of elevated duct and the cloud top height of Stratocumulus, so the way in which to obtain the relevant information of clouds became the key for inversing elevated duct. Currently, satellite remote sensing technology plays an increasingly important role in cloud detection due to its wide observation range and long duration. In this section, the accuracy of the four inversion models is evaluated using MODIS satellite remote sensing data.



There were 74 matched points after matching MODIS Stratocumulus data with sounding data, and the probability of elevated duct occurrence was 91.9% (68/74). The data points that corresponded to both duct events and Stratocumulus were picked for the following analysis. Due to the fact that MODIS data only had cloud top height products, the relationship between MODIS Stratocumulus cloud top height products and elevated duct trapping layer bottom height is discussed firstly, as shown in Figure 8.



From Figure 8, it can be observed that although the points were distributed on both sides of the 1:1 line, their distribution range was relatively scattered. When both cloud top height and trapping layer bottom height were below 1 km, the cloud top height was slightly lower than the trapping bottom height, and the data points were mostly close to the 1:1 line. However, when the height exceeded 1 km, the error between them increased. Moreover, as the height increased, the data points became more diffuse, resulting in larger errors. This led to a moderate correlation between the trapping layer bottom height of elevated duct and the cloud top height of MODIS products, with a correlation coefficient of 0.44, a MAE of 573 m, and a RMSE of 752 m.



Figure 9 illustrates the relationship between MODIS Stratocumulus cloud top height calculated using the four inversion models and the trapping layer bottom height of elevated duct. From Figure 9a, it can be observed that when both cloud top height and trapping layer bottom height were below 1000 m, although the cloud top height was slightly lower, the two heights were generally consistent, indicating a good correlation. However, when the height exceeded 1000 m, the cloud top height calculated by the SMDH technique was significantly underestimated, and the discrepancy between the two increased with the trapping layer bottom height of the elevated duct. Figure 9b shows that the cloud top height calculated by the NPS model had a poor correlation with the trapping layer bottom height of the elevated duct. Overall, the cloud top height was consistently lower than the trapping layer bottom height, and since the NPS calculation typically does not exceed 1000 m, the discrepancy between the two increased with higher trapping layer bottom height. Figure 9c depicts the relationship based on the EF model, and it can be observed that the data points were distributed on both sides of the 1:1 line. Figure 9d represents the relationship using a lapse rate of −7.1 °C/km between the cloud top height and the trapping layer bottom height. The data points were also distributed on both sides of the 1:1 line, similar to Figure 9c. When the height was below 2000 m, the cloud top height calculated by the LRF model was slightly higher than the trapping layer bottom height, while it was lower for height above 2000 m. From this subfigure, it can be noted that the cloud top height calculated by the EF model was slightly higher than that calculated by the LRF model.



In order to accurately describe the relationship between the cloud top height of MODIS Stratocumulus calculated by different inversion models and the trapping layer bottom height of elevated duct, comparative analysis was conducted using evaluation metrics, as shown in Table 5.



According to Table 5, in terms of correlation coefficients, the four inversion models showed higher correlation with the trapping bottom height of the elevated duct compared to the cloud top height of MODIS products. Among them, the NPS physical model performed the best. Considering the MAE and RMSE, the LRF model yielded the best results, with the smallest MAE of 447 m and RMSE of 658 m. The EF model followed, with error values of 483 m and 726 m. The SMDH technique and MODIS products had larger errors, while the NPS physical model exhibited the largest errors. Overall, among these four inversion methods, the LRF model performed the best, followed by the EF model and the SMDH technique, with the NPS physical model being the least accurate.




5. Application of the Optimal Model


Previous studies have indicated that the outbreak of the summer monsoon in the SCS has a significant impact on the occurrences of elevated duct. In this section, the LRF model is applied to MODIS data to compare and analyze the elevated duct and Stratocumulus that occurred in the SCS during the period of 27–28 June 2012, corresponding to the summer monsoon period. Figure 10 illustrates the distribution of the trapping layer bottom height of the elevated duct and cloud top height of Stratocumulus over the SCS during the coexistence of ducts and clouds from 27 to 28 June.



From the left panel of Figure 10, it can be observed that on the morning of 27 June, the cloud top height of Stratocumulus in the northern part of the SCS showed a north-to-south decreasing trend. The cloud top height in the northern part was around 1000 m, while the value on the southeast side of Hainan Island was relatively higher, at around 1700 m. The highest cloud top height occurred in the central part of the SCS, at around 2500 m. In the southern part, the cloud top height showed an east-to-west decreasing trend, with height around 1000 m on the western side and around 1500 m on the eastern side. In the afternoon of 27 June, the cloud top height in the northern part of the SCS, particularly near the Leizhou Peninsula, increased to around 1700 m, while the trend in the southern part remained similar to the morning, being slightly higher than the cloud top height. As time went on, on the morning of 28 June, except for a small cover friction of Stratocumulus along the western and southwestern coasts, the eastern side of Hainan Island experienced a larger presence of Stratocumulus, with cloud top height higher than those on 27 June, at approximately 2500 m. In the afternoon of 28 June, only a few Stratocumuli were present in the northern part of the SCS, with cloud top height of most areas around 1000 m. The cloud top height was higher along the northwest coast, reaching around 2500 m.



As indicated in the right panel of Figure 10, the distribution of the trapping layer bottom height of elevated duct showed a south-to-north decreasing trend on the morning of 27 June. The value in the northern part of the SCS was approximately 300 m, and in the central part it reached its highest state in the morning, up to 700 m. In the southern part, the trapping layer bottom height exhibited an east-to-west decreasing trend, with the values around 500 m and 600 m for the western coastal and the eastern coastal area, respectively. In the afternoon of 27 June, the occurrence of elevated ducts decreased, and there was no significant change in the trapping layer bottom height of the northern area. Also, the trapping layer bottom height in the southern part followed the same trend as the morning, but the cloud top height increased to around 600 m. On 28 June, only a few areas over the SCS presented the elevated duct, with a base height of 200 m in the morning, which rose to around 300 m in the afternoon.



By comparing Figure 10, it can be concluded that the distribution trends of the trapping layer bottom height of elevated duct (Figure 10, right) and the cloud top height of Stratocumulus (Figure 10, left) in the SCS were generally consistent. However, there were significant differences in numerical magnitude along the northern coastal region over the SCS. Overall, the cloud top heights calculated using the LRF model were generally overestimated. The result can be attributed to the fact that the atmospheric temperature in the northern coastal region of the SCS was consistently higher than in the southern part, resulting in higher sea–air temperature differences in the northern part. In addition, the ability of MODIS to retrieve very low clouds (such as Stratocumulus) is limited [36].




6. Conclusions


In this paper, the relationship between elevated ducts and Stratocumulus was verified and analyzed by using ship-based GPS sounding data over the SCS area. Referring to the SMDH (Satellite Marine Layer/Ducting Height) technique and NPS physical model, another two remote sensing inversion models, EF (empirical formula) model and LRF (lapse rate formula), for elevated duct were developed using GPS sounding meteorological data. Furthermore, the four inversion models were applied to invert the elevated duct and were validated using MODIS satellite data. The main conclusions drawn from this paper are as follows:




	(1)

	
Based on the GPS sounding data from the SCS, the vertical structure of cloud and the elevated duct were counted. The results show that the probability of identifying duct occurrence associated with Stratocumulus was 79.1%. Moreover, by comparing the relationship between the trapping layer bottom height of elevated duct and the cloud top height of Stratocumulus, a correlation coefficient of 0.79 was found, with a MAE of 289 m and a RMSE of 598 m.




	(2)

	
Four models were used for elevated duct inversion. The error analysis was conducted by comparing the cloud top height calculated by the four inversion models with the trapping layer bottom height calculated by the GPS sounding data. The results show that the EF model performed the best among the four inversion models, with a correlation coefficient of 0.75, a MAE of 407 m, and a RMSE of 640 m. The LRF model was the next best, followed by the SMDH technique, while the NPS physical model performed the worst.




	(3)

	
Based on MODIS satellite data, the four inversion models were compared and analyzed in the application of satellite remote sensing. The error analysis was conducted by comparing the MODIS cloud top height calculated by the inversion models with the trapping layer bottom height of the elevated duct from GPS sounding data. The results show that when Stratocumuli were present, the probability of duct occurrence was 91.9%. The LRF model was the optimal remote sensing inversion model, with a correlation coefficient of 0.51, a MAE of 447 m, and a RMSE of 658 m.




	(4)

	
The optimal inversion LRF model was selected, and remote sensing applications were conducted over the SCS during the summer monsoon period from 27 to 28 June 2012. The results show that the trapping layer bottom height of the elevated duct was consistently lower than the inverted value of the cloud top height. Synergistic use of AIRS (Atmospheric Infrared Sounder) and MODIS is expected to provide better cloud top height retrievals than from using either one alone [36,37]. However, in terms of the distribution trend and pattern in both of them, there was a good correlation, with a trend of higher heights on the eastern side and lower heights on the western side.









Overall, the LRF model proposed in this paper provides a stirring validation result in inversing the elevated duct based on MODIS satellite data for the SCS area. However, the application of this model in the other types of ducts (such as surface duct), as well as over the other sea areas, is worthy of further research exploration.
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Figure 1. Distribution of GPS sounding stations. 
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Figure 2. ISCCP cloud classification [34]. 
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Figure 3. Relationship between atmospheric modified refractivity and air/dew point temperature profiles under an ideal elevated duct condition [17]. 
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Figure 4. The NPS physical model. The green line shows the effective lapse rate, and the red line shows the dry adiabatic lapse rate (for cloud-free region) and pseudo-adiabatic lapse rate (for cloud region) [30]. 
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Figure 5. Correlation between cloud top height of Stratocumulus and trapping bottom height of elevated duct. 
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Figure 6. Profiles of relative humidity and atmospheric modified refractivity (the cloud top height was 623 m (green line), and the trapping layer bottom height was 579 m (gray color)). 
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Figure 7. Relationship between cloud top height and temperature difference between the cloud top and the sea surface. 
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Figure 8. Relationship between trapping layer bottom height and cloud top height of MODIS Stratocumulus. 
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Figure 9. Relationship between trapping bottom height of elevated duct and cloud top height of Stratocumulus calculated by four inversion methods. (a) SMDH; (b) NPS; (c) EF; and (d) LRF. 
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Figure 10. Distribution of the cloud top height of MODIS Stratocumulus (left panel) and the trapping layer bottom height (right panel) over the SCS on 27–28 June 2012. 
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Table 1. Detailed information of the GPS sounding observations.
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Observation Sites

	
Observation Time

	
Number






	
Kexue 1

	
2 May–24 June 1998

	
151




	
Shiyan 3

	
6 May–23 June 1998

	
149




	
Marine observations

	
8–28 September 2006

	
41




	
26 November–16 December 2006

	
28




	
15–23 May 2007

	
14




	
2–20 June 2007

	
52




	
13 August–29 September 2007

	
43




	
16–19 March 2008

	
14




	
29 June–13 July 2008

	
29




	
15 August–4 September 2008

	
62




	
14 June–4 July 2009

	
31




	
1–19 September 2009

	
55




	
14 April–27 May 2010

	
53




	
2–20 September 2010

	
57




	
26 October–11 November 2010

	
39




	
2–6 April 2011

	
16




	
10–13 May 2011

	
23




	
17 June–3 July 2012

	
30




	
9 August–30 September 2012

	
133




	
7–26 October 2012

	
61




	
Total

	

	
1081











 





Table 2. Statistical table for elevated duct and Stratocumulus.
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	GPS Sounding Data
	Elevated Duct (Present)
	Elevated Duct

(Absent)
	Total





	Stratocumulus (present)
	336
	89
	425



	Stratocumulus (absent)
	454
	202
	656



	Total
	790
	291
	1081










 





Table 3. Correlation between inversion models and measured cloud top heights.
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	MAE (m)
	RMSE (m)
	R



	Measured cloud top height
	0
	0
	1



	SMDH technique
	503
	612
	0.96



	NPS physical model
	886
	1050
	0.94



	Empirical formula (EF) model
	195
	248
	0.96



	Lapse rate formula (LRF) model
	237
	316
	0.96










 





Table 4. Correlation between inversion models and measured trapping layer bottom heights.
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	MAE (m)
	RMSE (m)
	R



	Measured trapping layer bottom height
	0
	0
	1



	Measured cloud top height
	289
	598
	0.79



	SMDH technique
	545
	732
	0.74



	NPS physical model
	819
	1045
	0.73



	Empirical formula (EF) model
	407
	640
	0.75



	Lapse rate formula (LRF) model
	416
	601
	0.75










 





Table 5. Correlation between cloud top height of Stratocumulus and trapping layer bottom height of elevated duct.
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	MAE (m)
	RMSE (m)
	R



	Measured trapping layer bottom height
	0
	0
	1



	cloud top height (MODIS)
	573
	752
	0.44



	SMDH technique
	554
	741
	0.49



	NPS physical model
	777
	971
	0.52



	Empirical formula (EF) model
	483
	726
	0.49



	Lapse rate formula (LRF) model
	447
	658
	0.51
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