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In this work, a diagnostic scheme for lower atmospheric ducts was established based on the Weather Research and Forecasting (WRF) model. More specifically, a 10-year simulation test was conducted for the China seas to investigate the spatio-temporal characteristics of the lower atmospheric ducts phenomenon. Compared with the sounding data, the long-term simulations showed a high temporal correlation and the root mean square error of the modified atmospheric refractivity remained between 4 M and 7 M. Based on the simulations, significant regional differences in the occurrence probability of lower atmospheric ducts were detected from south to north. Among them, the surface ducts near the sea surface exhibited the highest occurrence probability, with higher probabilities being recorded in autumn and winter, and the probability gradually increased with the decreasing latitude. The spatio-temporal characteristics of duct height, thickness, and strength were generally consistent. In the seas at mid-latitudes, strong ducts mostly occurred in the spring and autumn, with the single-layer ducts being predominant and the first layer duct showing stronger characteristics than the second layer. In the lower latitude regions, the situation was exactly the opposite. The first duct layer, which existed throughout the year, exhibited weaker characteristics with less pronounced seasonal variations. On the other hand, the second duct layer demonstrated stronger features.
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1 Introduction

Atmospheric duct is a special weather phenomenon that can induce a significant impact on the propagation of electromagnetic waves (Battan, 1973; Hao et al., 2022). When the atmospheric duct occurs, electromagnetic waves can be easily trapped within a specific height level due to dramatic changes in atmospheric refractivity, resembling the motion within a duct (Turton et al., 1988; Shi et al., 2023). These atmospheric duct events can induce severe interference during the processes of radio communication and radar detection (Hitney et al., 1985; Craig and Levy, 1991; Anderson, 1995; Yang and Wang, 2022; Wang S. et al., 2023). For instance, atmospheric ducts can lead to widespread interference in mobile signals, extension in radar detection range, and appearance of radar blind areas (Patterson et al., 1994; Babin and Dockery, 2002; Dinc and Akan, 2014; Ma et al., 2022; Kang et al., 2023). In the marine environment, navigation, operations, and communication activities heavily rely on the propagation of electromagnetic waves. However, atmospheric ducts frequently occur over the isotropic ocean surfaces, causing significant disruptions in human lives and operational activities. To this end, a deep understanding of the spatio-temporal variability of maritime atmospheric ducts, as an extreme weather event, would be of practical importance for ship navigation, coastal mobile communication construction, radar antenna design, etc (Frederickson et al., 2008; Sirkova, 2012; Dinc and Akan, 2014; Yang and Wang, 2022).

Generally, lower atmospheric ducts are considered to occur in the lower part of the troposphere. According to the previously reported works in the literature, lower atmospheric ducts in the troposphere are essentially caused by the anomalous vertical distributions of atmospheric refractivity, which is affected by air temperature and humidity (Turton et al., 1988; Babin et al., 1997; Crane, 2003; Mesnard and Sauvageot, 2010). The characteristics of the lower atmospheric ducts can be captured by analyzing the meteorological and hydrological data.

Bean and Dutton (1968) proposed a semi-empirical formula for calculating the atmospheric refractivity index of electromagnetic waves:

 

where N is the atmospheric refractivity (N), T refers to the air temperature (K), P denotes the air pressure (hPa), and e represents the water vapor pressure (hPa). The water vapor pressure can be obtained using the following equation (Rogers, 1979):

 

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

The modified atmospheric refractivity M was proposed by Bean and Dutton (1968). The curvature effect of the earth based on the atmospheric refractivity N is considered and can be calculated using the formula as follows:

 

where M is the modified atmospheric refractivity(M), Re stands for the average radius of the Earth (6371 km), and h denotes the height above sea level (m). The characteristics of the atmospheric ducts can be diagnosed by analyzing the vertical variations profiles of the modified atmospheric refractivity.

Numerous works in the literature have been conducted on examining the spatio-temporal characteristics of lower atmospheric duct phenomena. These works can be categorized into three types: the local analysis based on the sounding data, the regional analysis based on the reanalysis data, as well as the dynamical downscaling simulations based on the utilization of numerical models. As far as the local analysis of sounding data is concerned, long-term sounding observations from multiple stations have been utilized to diagnose the characteristics of lower atmospheric ducts (Babin, 1996; Brooks et al., 1999; Bech et al., 2000, 2002; Mentes and Kaymaz, 2007; Ding et al., 2013; Wang J. et al., 2015). For instance, Craig and Hayton (1995) analyzed the occurrence probabilities of global lower atmospheric ducts based on the sounding data of ten years from 689 stations worldwide. However, due to the low vertical resolution of radiosondes used, the measured occurrence probabilities of ducts in the past were relatively lower than those in the recently published works. Basha et al. (2013) examined the monthly and seasonal variations of the duct characteristics at the tropical station Gadanki (13.5°N, 79.2°E) based on the soundings observations of six years. The authors found that the occurrence probabilities of lower atmospheric ducts were highest in winter and lowest in the monsoon season.

In terms of the regional analysis based on the reanalysis data, the reanalysis datasets were further treated to diagnose the spatio-temporal characteristics of lower atmospheric ducts (von Engeln et al., 2003; Lopez, 2009; Emmanuel et al., 2017). For instance, von Engeln and Teixeira (2004) explored the reanalysis data from the European Centre for Medium Range Weather Forecasts (ECMWF). They found that lower atmospheric ducts along the western coasts of the Americas, Africa, and Australia had a high occurrence probability (almost 100%) under typical stratocumulus cloud conditions. Sirkova (2015) studied the occurrence and spatio-temporal distributions of lower atmospheric ducts along the Bulgarian Black Sea shore using data from the ECMWF T799 model. The authors revealed a high probability of ducts throughout the year in the Varna Bay, particularly in the area close to the coastline. However, lower atmospheric duct phenomena were regarded as mesoscale events and were not able to be fully captured by the untreated reanalysis data due to their coarse vertical resolutions (Stefanova et al., 2012). Taking the ECMWF Reanalysis version 5 (ERA5) data as an example, it includes 37 layers ranging from 1000 hPa to 1 hPa. There are only five layers below the altitude of 1000 m, making it difficult to fully diagnose the characteristics of the lower atmospheric ducts in this vertical resolution.

As far as the studies using numerical weather models are concerned, the way of dynamical downscaling allows for more detailed simulations of lower atmospheric duct characteristics (Burk and Thompson, 1997; Atkinson et al., 2001; Zhu and Atkinson, 2005; Atkinson and Zhu, 2006; Haack et al., 2010). For instance, Zhu and Atkinson, (2005) employed the atmospheric model Mesoscale Model5 version 5 (MM5) to simulate the lower atmospheric ducts over the Persian Gulf throughout the year 2002. The authors found that the ducts including the surface ducts, surface ducts with base layers, and elevated ducts, were distributed from the northwest to the southeast over the Gulf. They were affected by the growth of the marine boundary layer and the interactions between the land and sea breezes. However, the majority of these previously reported works dealt with short-term simulations and long-term climatological characteristics were not provided. Besides the high computational workload, the long-term integration simulations with weather models probably led to climate drift due to the cumulated errors, and the accumulation rates of the errors vary with the study objects (Pan et al., 1999; von Storch et al., 2000; Miguez-Macho et al., 2004; Brunetti and Vérard, 2018; Paeth et al., 2019).

Along these lines, this work investigated the spatio-temporal characteristics of lower atmospheric ducts focused on the China seas by performing a long-term simulation test. Prior to this, several sensitivity tests were developed to obtain a long-term simulation strategy with minimal cumulative errors for studying lower atmospheric duct phenomena. The Weather Research and Forecasting (WRF) model was adopted to conduct this long-term simulation.

The work is organized as follows: in Section Two, the model, duct diagnostic process, and validation data used in this work were introduced. In Section Three, the experimental design and model configurations for the long-term simulations based on the previously reported works in the literature were described. After a brief evaluation of the long-term simulation, the spatio-temporal characteristics of lower atmospheric ducts were analyzed in Section Four. Finally, in Section Five, the basic conclusions and a brief discussion of the uncertainties were presented.

For convenience, if no specific types of duct are mentioned, the term “duct” referred to hereafter denotes lower atmospheric duct.




2 Model and data description



2.1 WRF model

The WRF model is a mesoscale numerical weather prediction and simulation system designed for carrying out atmospheric research for operational applications. It was initially developed and maintained by the National Center for Atmospheric Research (NCAR) and the National Centers for Environmental Prediction (NCEP) (Skamarock et al., 2008). The WRF model consists of several main programs including the WRF Preprocessing System (WPS), WRF Data Assimilation (WRFDA), dynamic core, and post-processing tools (Wang W. et al., 2015). WRF is currently one of the most widely used atmospheric models, and it has been used by many works in the literature to conduct high-resolution numerical simulations for various applications. The weather simulation ability of the WRF model has been also verified many times and shown good agreement with observations over the China seas (Wang et al., 2016; Lee et al., 2021).




2.2 Diagnosis scheme of the lower atmospheric ducts

Based on their profile characteristics, the lower atmospheric ducts are usually classified into different types (Turton et al., 1988). However, there is still disagreement among previous studies regarding the specific classification. For instance, some researchers divided them into evaporation ducts, surface-based ducts, and elevated ducts (Zhao, 2012; Dinc and Akan, 2014; Xu et al., 2022). On the other hand, other researchers classified lower atmospheric ducts into four types: simple surface ducts, surface S-shaped ducts (or surface-based ducts), elevated ducts, and complex ducts (Zhu and Atkinson, 2005; Cheng et al., 2016). The difference between the two classifications lies in how the attribution of evaporative ducts and ducts with more than two layers is determined. In this study, we considered these two aspects of the disagreements and classified the types of lower atmospheric ducts into five categories: evaporation duct, simple surface duct, surface-based duct, elevated duct, and composite duct.

As shown in Figure 1, the characteristics of each duct category are clearly distinguished. Among them, the evaporation duct (Figure 1A) is a special duct that only occurs above the water surface. Its formation is related to the vertical humidity difference caused by water surface evaporation, and its profile of revised atmospheric refractivity is modeled using a logarithmic function. The simple surface duct (Figure 1B) and surface-based duct (Figure 1C) both belong to surface ducts, and their formation is related to the advection activity of warm and dry air, which can be simulated using a bilinear curve function. The difference between the two lies in the height difference of the trapping layer. If the trapping layer is close to the sea/land surface, it can be considered as a simple surface duct. If the trapping layer is at a certain height above the surface, it is considered as a surface-based duct. Elevated ducts (Figure 1D) typically occur at heights of several hundred meters or more, and their occurrence is usually related to weather activities. Composite ducts (Figure 1E) consist of two or more trapping layers, which may be a combination of surface ducts and elevated ducts, or multiple layers of elevated ducts.




Figure 1 | Lower atmospheric duct types: (A) evaporation duct, (B) simple surface duct, (C) surface-based duct, (D) elevated duct, (E) composite duct. The characteristic parameters of the duct were adapted from Turton et al., 1988.



It is worth noting that the height of the evaporation duct is mostly around 10~20 m, and the height rarely exceeds 40 m. It cannot be well captured by numerical models, so it is not considered in this study. The other four types of lower atmospheric ducts (Figures 1B–E) are adopted in the diagnosis scheme and their duct strength, thickness, and height parameters are diagnosed.

The strength of ducts in Figure 1 is denoted as ΔM, which represents the ability to trap electromagnetic waves and is defined as the difference in modified atmospheric refractivity between the top and bottom heights of the duct layer. The duct thickness is referred to as the height difference between the top and bottom of the duct layer. The top and bottom height of ducts, at which the modified atmospheric refractivity is equal in values, is defined as the maximal and minimal height of the duct layer based on the profile of the modified atmospheric refractivity (Turton et al., 1988). In this study, the duct characteristic parameters refer to the duct height, thickness, and intensity. For convenience, the duct height mentioned later is defined as the average value of the top and bottom heights of the ducts.

Figure 2 shows the flowchart for diagnosing lower atmospheric ducts. The specific diagnosis steps are listed as follows:




Figure 2 | The flowchart for diagnosing lower atmospheric ducts.



a. Read the simulated temperature, humidity, height, and pressure variables from WRF, and calculate the modified atmospheric refractivity based on Equations (1)–(3).

b. After initialization, the gradient of modified atmospheric refractivity was checked at each layer. Once the gradient is satisfied by (Equation 4):

 

It is believed by Turton et al. (1988) that a trapping refraction phenomenon for electromagnetic waves appears and the atmospheric duct occurs. Then, search upwards for the difference in modified atmospheric refractivity values (ΔM) between the base and top of the duct, which represents the duct strength in Figure 1.

c. Check whether the diagnosed duct strength exceeds the set threshold. If not, it is considered as a minor disturbance and will not be output. If so, it is labeled as the first layer of duct, and then the type of duct is determined based on the profile shape.

d. Check whether the modified atmospheric refractivity at the duct top is less than or equal to the refractivity value at the lowest layer. If it is, it is a surface duct; if not, it is an elevated duct (Figure 1C). Next, check whether the modified atmospheric refractivity at the duct base is greater than the refractivity value at the lowest layer. If it is, it is a surface-based duct with a base layer (Figure 1B); if not, it is a simple surface duct close to the sea surface (Figure 1A).

e. Calculate the duct thickness, which is the height difference between the top and bottom of the duct. The average duct height is the average height value of the duct bottom and top.

f. Check whether the current height of the duct top is the maximum height. If not, enter the loop and continue diagnosing at higher altitudes. If it is, check if the marked number of duct layers is two. If not, the current duct is only a single-layer duct. If it is, the number of duct layers is two, and the second layer is always an elevated duct, labeled as a composite duct (Figure 1D). Since the occurrence of three-layer ducts is very rare, ducts with more than two layers are not displayed.




2.3 Observation data for evaluation

The sounding data used for validation in this work originated from three radiosonde stations at different latitudes. Particularly, the data were obtained from the University of Wyoming’s Global Upper Air Observational Database (http://weather.uwyo.edu/). The sounding balloons were released twice every day with an interval of 12 h. These sounding data provided valuable insights for various observation variables, such as air pressure, geopotential height, temperature, dew point temperature, relative humidity, specific humidity, wind direction, and wind speed. The sounding data at Kowloon station (ID: 45004, in Hong Kong), Baoshan (ID: 58362, in Shanghai) and Dalian (ID: 54662) during the year 2021 was utilized in the following evaluations. The locations of these stations were marked with red dots in Figure 3. In the data processing procedure, quality control was performed on the sounding data, following the standard methods for meteorological observational data processing. The control process included checks for the reasonability and mean values of temperature, humidity, and pressure, by adding conditional statements and flags to identify extreme data. The reasonability check primarily assessed whether each variable fell within the normal range of variation, while the mean value check examined if the values at a particular height deviated significantly from the average. After processing, these data were used to calculate the modified atmospheric refractivity using Equations (1)–(3), and then input into the diagnosis scheme in Section 2.2 to obtain the parameters of the lower atmospheric ducts. In the model validation process, the duct characteristic parameters obtained from sounding data were regarded as a reference for evaluation. Additionally, the ERA5 reanalysis data was used as the driving fields for the WRF model and also participated in some parts of validation works.




Figure 3 | Topographic map over the domain of the WRF model in this work. The four areas framed by black lines are the typical areas chosen for the following statistical analysis. The locations of the sounding stations for validation are marked with red dots.



ERA5 is the fifth generation of reanalysis data of global climate and weather conducted by the ECMWF over the past eight years (https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5). It provides various atmospheric parameters at 37 pressure levels from 1000 hPa (approximately 70 m) to 1 hPa (approximately 48 km) in a temporal resolution of one hour and a horizontal resolution of 0.25° × 0.25°. When compared with the meteorological observations over China, the ERA5 data have demonstrated a high level of accuracy (Jiang et al., 2021; Wang Z. et al., 2023).





3 Experimental design



3.1 Sensitivity analysis prior to the long–term simulation test

Before conducting the formal long-term simulations, two groups of sensitivity tests were conducted to guarantee the reasonability and accuracy of the long-term simulation results. First, to investigate the impacts of the error accumulation on the atmospheric ducts during the continuous simulations, four sensitivity tests (S1, S2, S3, and S4) with different durations of continuous integration simulations were conducted using the WRF model. More specifically, the S1 test represented a continuous integration for one month, the S2 test denoted an integration for 15 days followed by a restart and integration for another 15 days, and the S3 and S4 tests stated the integration durations of 10 days and 5 days, respectively. The simulations lasted for the whole month of August 2021 for all four tests, and the sounding data from the Dalian, Baoshan, and Kowloon stations was used for error evaluations. Table 1 presents the Root Mean Square Errors (RMSEs) of the modified atmospheric refractivity at three stations for the four tests. From our analysis, it was observed that as the time duration in a single continuous integration increased, its error tended to increase correspondingly at all the three stations. This increase in bias indicated a positive correlation between the integration time and the accumulated errors during the simulation processes. The mean bias in the test with integration of one month (S4) increased by 4.46% when compared with the S1 test with a duration of five days.


Table 1 | Mean RMSEs of sensitivity tests for single simulation time duration.



Considering the convenience of practical operations, the following formal long-term simulation tests were conducted with a single simulation duration of 6 days, with the first day used as a spin-up period to reduce errors. It should be noted that the atmospheric duct events are separate events similar to typhoons, and the parameters of ducts are not continuous variables like air temperature. Therefore, this discontinuous way of integration simulation would not have a significant negative impact on the diagnosis of the atmospheric duct events.

Subsequently, to investigate the impact of the different nudging strategies on modeling error bias, eight groups of sensitivity tests (numbered from T1 to T8) on nudging methods were conducted. Essentially, the nudging method is a four-dimensional assimilation approach that regularly constrains the simulated results using the regional and boundary information from the forcing fields. According to the literature, it has been demonstrated that during long-term simulations, the nudging method can effectively reduce modeling errors (Liu et al., 2012; Gómez and Miguez-Macho, 2017; Kruse et al., 2022). In this work, the eight sensitivity tests lasted for one month and were conducted using different nudging strategies over the China seas. Table 2 presents the errors of the modified atmospheric refractivity from the eight tests nudged with different variables at different height levels using two nudging methods (grid nudging and spectral nudging). Overall, the T3 test using the grid nudging method provided the lowest RMSEs at the three stations. Therefore, the subsequent long-term simulations adopted the same nudging way of the T3 test as well.


Table 2 | Mean RMSEs of sensitivity tests with different nudging methods.






3.2 Model configuration and simulation scheme for the long–term simulation test

The China seas with its surrounding areas were chosen as the study domain. Figure 3 illustrates the topography over the domain. The red dots represent the locations of three sounding stations used for model validation. The WRF model was configured with grids of 300×350, in a horizontal resolution of 15 km and 45 vertical layers. The parameterization schemes employed in WRF were the WRF Single Moment 6 class (WSM6) microphysics scheme (Grasso et al., 2014), the Dudhia shortwave radiation scheme (Dudhia, 1989), the Rapid Radiative Transfer Model (RRTM) longwave radiation scheme (Mlawer et al., 1997), the MM5 surface layer scheme (Beljaars, 1995), the Unified Noah land surface model (Chen and Dudhia, 2001), the Yonsei University Scheme (YSU) planetary boundary layer scheme (Hong et al., 2006), and the Grell-Freitas ensemble cumulus convection scheme (Grell and Freitas, 2014). The nudging method was the way of the T3 test, which employed the grid nudging for temperature within the planetary boundary layer and for wind and humidity at all levels.

The WRF model was driven by the ERA5 reanalysis data, and the formal long-term test spanned from 00:00 UTC on December 31, 2010, to 00:00 UTC on January 1, 2022, covering a period of ten years. The model was continuously integrated for six days in each simulation, with the first day serving as a spin-up period and the subsequent five days used for actual analysis.

The ERA5 data was used as the driving data of WRF in this study. Specifically, based on the regional configuration of the WRF model, the pre-processing module (WPS) utilized ERA5 data to create initial and boundary condition files necessary for the WRF model operation. These files provided initial values to the WRF model and constrained the boundaries during model ran, ensuring the continuous operation of WRF. Therefore, the simulation results of WRF were essentially the dynamical downscaling products of ERA5 data, which had higher spatiotemporal resolutions. According to Equations (1)–(3), variables such as temperature, specific humidity, pressure, and height extracted from WRF simulation results were used to calculate the modified atmospheric refractivity and following duct diagnosis.





4 Results



4.1 Evaluation of the model bias at radiosonde stations

The sounding data during the year 2021 from the three radiosonde stations was used for evaluations. To demonstrate the climatological state of the atmosphere, Figure 4 presents the mean profiles of temperature, humidity, pressure, and modified atmospheric refractivity for the month of August 2021 as an illustrative example. As shown in the figure, with increasing altitude, the numerical values of temperature, humidity, and pressure progressively decreased, while the modified atmospheric refractivity gradually increased due to the consideration of altitude. The WRF results closely matched the sounding data, with only slight deviations observed in simulating humidity below 1000 meters and above 6000 meters. Overall, the WRF results exhibited slightly larger bias compared to ERA5 data below 1000 meters, but significantly lower bias above 6000 meters. Additionally, compared to the absolute values of modified atmospheric refractivity, the bias between WRF and observations was rather tiny and hard to be discerned in the figure, indicating a close agreement between the simulated and observed profiles.




Figure 4 | Monthly mean profiles of air temperature at (A) Kowloon Station, (B) Baoshan Station and (C) Dalian Station, relative humidity at (D) Kowloon Station, (E) Baoshan Station and (F) Dalian Station, air pressure at (G) Kowloon Station, (H) Baoshan Station and (I) Dalian Station, and modified atmospheric refractivity at (J) Kowloon Station, (K) Baoshan Station and (L) Dalian Station in August, 2021. The red, blue and black lines are denoted as the WRF results, ERA5 data and sounding observations, respectively.



Figure 5 depicts the vertical profiles of RMSEs and the correlation coefficients for the simulated modified atmospheric refractivity at the locations of three stations. Figures 5A–C illustrate the RMSE profiles at the Kowloon, Baoshan and Dalian stations, respectively. The ERA5 reanalysis data after interpolation also participated in the comparison process. As can be observed in the figure, the RMSE values of WRF (red lines) at the three stations remained within the range of 4 M to 7 M, with the mean values of 5.93 M, 4.8 M, and 4.67 M, respectively. Generally, there were no clear trends with height in the error profiles within the height range of 10000 m, indicating that the performance of WRF remained stable at all the height levels. As for the vertical variations, the RMSE of WRF changed by -0.10 M/km, -0.06 M/km, and -0.05 M/km, respectively. For comparison, the ERA5 data (blue lines) were generally closer to the sounding observations, with mean errors of 2.91 M, 3.38 M, and 2.97 M, respectively. The changing rates of RMSE with height were -0.39 M/km, -0.20 M/km, and -0.09 M/km, respectively, slightly larger than the WRF results.




Figure 5 | Mean Root-Mean-Square Error (RMSE) profiles of the modified atmospheric refractivity from the WRF simulations and ERA5 reanalysis data compared with the local sounding data at (A) Kowloon Station, (B) Baoshan Station and (C) Dalian Station, and the mean Correlation Coefficient (CC) profiles of the modified atmospheric refractivity from the WRF simulations and ERA5 reanalysis data compared with the local sounding data at (D) Kowloon Station, (E) Baoshan Station and (F) Dalian Station. The red lines are denoted as the WRF results and the blue dot lines as the ERA5 reanalysis data.



Figures 5D–F show the profiles of the correlation coefficients between the simulations and the sounding data at the three stations. Generally, the WRF simulations maintained a high level of correlation with the observations, with mean values of 0.96, 0.98 and 0.99, respectively. Similar to Figure 5A, the correlation coefficients at Kowloon station were slightly lower, with a weak decreasing trend as the altitude increased. However, the decreased degrees remained within 0.04 at the altitude of 10000 m. For the other two stations, the correlation coefficients gradually increased with altitude, with the values even exceeding 0.995 at an altitude of 10000 m. The changing rates of the correlation coefficient with height were -0.001/km, 0.003/km, and 0.003/km, respectively. The ERA5 data, as a comparison, were not obviously different from the simulations, with mean correlation coefficients of 0.97, 0.98, and 0.99. Its vertical changing rates were consistent with the WRF results, with values of 0.002/km, 0.003/km, and 0.003/km, respectively.

To enhance the credibility of model performance, three additional stations (including Xisha, Hongjia, and Baengnyeongdo) were also selected to calculate the RMSE and correlation coefficient of the WRF results. The locations of the stations were marked in Figure 3. The mean RMSE values of the WRF results at these three stations were 7.09 M, 6.39 M, and 6.27 M, respectively, with corresponding correlation coefficients of 0.85, 0.90, and 0.92. This level of error was comparable to that of other models. Haack et al. (2010) compared the performance of different numerical models in simulating modified atmospheric refractivity using profile observation data from the Wallops-2000 field program. The range of bias for all models was within 2.9 M to 15.7 M below 500 meters in height. Although the errors in modified atmospheric refractivity simulations by numerical modeling may have some negative impact on electromagnetic wave propagation simulation, it is not significant. The vertically drastic variation of refractivity or atmospheric duct phenomena are the main factors affecting the trajectory of electromagnetic wave propagation. This view was also demonstrated in the sensitivity analysis conducted by Pastore et al. (2021).

In brief, the WRF model demonstrated excellent performance in simulating the modified atmospheric refractivity and could be utilized for subsequent duct diagnostics.

As referred above, the RMSEs and correlation coefficients of WRF were slightly lower than those of ERA5 data in terms of modified atmospheric refractivity. However, the focus of this study is not modified atmospheric refractivity but the parameter characteristics of lower atmospheric ducts, which are based on further diagnostic data derived from modified atmospheric refractivity. The duct diagnostic ability of the WRF model was evaluated using the observations from the three radiosonde stations. Table 3 presents three technical indices of the diagnosed ducts including the hit rate, FAR (false alarm ratio) and CSI (critical success index) (Roebber, 2009). As shown in the table, the hit rates of ducts simulated by WRF remained at approximately 40~70% across three sounding stations, while the FARs were at the highest at only around 25%. These values were comparable to the benchmark performance of the MetUM (Met Office Unified Model) reported by Haack et al. (2010), and were higher than those of the MM5 and GEM (Global Environmental Multiscale) models. In contrast, all three indices of ERA5 data were considerably lower, and most atmospheric duct phenomena could not be diagnosed using ERA5 data. Generally, Table 3 indicated that WRF’s simulations had a high reliability in duct diagnosis, while it was hard for the ERA5 data to obtain sufficiently accurate results due to their limited vertical layers if without further treatments on the data.


Table 3 | Hit rate, FAR and CSI of ducts diagnosed from WRF and ERA5 data at sounding stations.






4.2 Spatial distributions of the lower atmospheric ducts’ characteristics

Based on the ten-year simulations using the WRF model, the spatial distributions of the lower atmospheric ducts over China seas were represented as follows. Figure 6 presents the spatial distributions of the occurrence rates of the four types of lower atmospheric ducts mentioned in Figure 1. Overall, all four types of ducts showed obvious regional characteristics. Among them, the simple surface ducts near the sea surface had the highest occurrence rates, with a mean occurrence rate of 41.97% over the domain. The composite ducts with two or more layers had a mean occurrence rate of 10.82%. The surface-based and elevated ducts were only detected in certain areas, with mean occurrence rates of 4.74% and 8.47%, respectively.




Figure 6 | The spatial distributions of the diagnosed ducts’ occurrence rate of the (A) simple surface duct, (B) surface-based duct, (C) elevated duct, and (D) composite duct.



More specifically, Figure 6A presents the distribution of the occurrence rates of simple surface ducts. The trapping layers of this duct type lie above the sea surface, with the atmospheric refractivity index at the top of the duct layer being smaller than that at the sea surface. Its formation is related to the nocturnal radiative inversion of the temperature or the advection of dry and warm air in the lower atmosphere. The occurrence rates of this duct type were generally higher in low-latitude regions compared to mid-latitude regions. Additionally, the entire domain was further divided into four sea areas (Bohai Sea, Yellow Sea, East China Sea, and South China Sea) for separate local analysis, as framed by the black rectangular boxes in Figure 3. The highest occurrence rate was observed in the East China Sea (22°~32°N, 117°~128°E) with 52.87%, followed by the South China Sea (2°~22°N, 105°~119°E) with 50.88%. The lowest occurrence rate was found in the Yellow Sea (32°~39°N, 121°~126°E) with 29.88%, and the Bohai Sea (37°~41°N, 117.3°~121°E) had an occurrence rate of 34.23%.

Figure 6B displays the distribution of surface-based ducts with a base layer. These ducts are composed of a trapping layer overlaying on a sea-level base layer with a low gradient of refractivity index. In contrast to Figure 6A, the ducts of this type mostly occurred in mid-latitude regions including the Bohai Sea and Yellow Sea, with occurrence rates of 10.8% and 7.41%, respectively. They seldom occurred in the East China Sea and South China Sea, with occurrence rates of only 0.63% and 0.13%, respectively. Interestingly, the spatial distributions of the surface ducts of these two types showed certain complementary characteristics. When combining the distributions of Figures 6A, B, the occurrence rate of the total surface ducts in the Bohai Sea was 45.02%, which was not significantly different from that in the South China Sea with 51.01%. In addition, their spatial differences were reduced to some extent. Figure 6C shows the occurrence rates of single-layer elevated ducts, which are composed of a trapping layer overlaid on a base layer. The modified atmospheric refractivity at the top of the duct layers for elevated ducts was greater than that at the surface. Their formation is closely related to the weather activities. The occurrence rates of elevated ducts did not show any significant regional differences, with rates of 8.96%, 11.39%, 5.79%, and 7.72% for the Bohai Sea, Yellow Sea, East China Sea and South China Sea, respectively. As for the composite ducts shown in Figure 6D, their distributions of occurrence rate showed a decreasing pattern from south to north, similar to that in Figure 6A. Among the seas, the South China Sea with the lowest latitude had the highest probability of 21.79%. The occurrence rates in the Bohai Sea, Yellow Sea, and East China Sea were 3.34%, 5.33%, and 12.82%, respectively.

Furthermore, the occurrence distributions in Figure 6 appeared to be very similar to the distributions of the sea surface temperature (SST). When examining the spatial correlation coefficients between the occurrence rates of ducts and SST in the domain, it was found that the spatial correlation coefficient between the occurrence of simple surface ducts (Figure 6A) and SST reached up to 0.95, indicating that SST might play an important role in the local surface duct formation process. The correlation coefficient between the distribution of surface-based ducts and SST was only 0.24, suggesting a weaker relationship with SST for the surface-based ducts that were far from the sea surface. The elevated ducts and composite ducts, which were closely related to weather activities, also exhibited high correlations with SST, with the coefficients reaching 0.78 and 0.83, respectively.

Due to space limitations, a detailed analysis of the characteristic parameters for all four types of ducts cannot be provided here. Therefore, as described in Section 2.2, the lower atmospheric ducts were divided into two levels according to their level positions. For the first layer of ducts, they were still composed of four types of ducts, with the same proportions as the previous results. In contrast, all ducts in the second layer were derived from the composite duct type in the second layer. Figure 7 presents the spatial distributions of three parameters—duct height, thickness, and strength—for the lower ducts. The duct height is denoted as the medium value between the bottom and top heights of the ducts layer. In this work, the distributions of the parameters for ducts in the first and second layers were provided. According to Figure 7, it was evident that the duct characteristics showed significant variations in the meridional direction. As shown by the distribution of the first-layer duct features in Figures 7A–C, the ducts in northern mid-latitude areas of the domain showed higher heights, thicker layers, and greater strengths when compared to those in the lower latitudes. The distributions of second-layer ducts shown in Figures 7D–F showed the opposite situations. The ducts in the South China Sea had significantly higher heights, thicknesses, and strengths when compared to the ducts in other seas. Considering the occurrence rates of ducts in Figure 6, it could be inferred that the ducts with single layers occupied a larger proportion of the total ducts in the northern mid-latitude seas, and the characteristics of the first-layer ducts are stronger. On the other hand, the ducts with multiple layers relied on strong vertical atmospheric activities and occurred only in specific seasons or weather conditions in the mid-latitude region. They were relatively scarce and weaker in strength compared to the ducts in low-latitude warm seas.




Figure 7 | The spatial distributions of the diagnosed ducts’ characteristics of (A) mean ducts’ height at level 1, (B) mean ducts’ thickness at level 1, (C) mean ducts’ strength at level 1, (D) mean ducts’ height at level 2, (E) mean ducts’ thickness at level 2 and (F) mean ducts’ strength at level 2.



For each duct parameter, Figures 7A, D show the distributions of the mean heights for the ducts of two layers. The mean height of ducts at the first layer ducts was 8.12 m, with the highest value observed in the Bohai Sea and the lowest value in the South China Sea. The ducts at the second layer had a mean height of 97.78 m, showing significant spatial variations compared to the height of the first layer. The highest value of 223.91 m was observed in the South China Sea, while the lowest value was only 20.88 m in the Bohai Sea. Figures 7B, E illustrate the distributions of duct thickness for the ducts of two layers, which resembled the patterns in Figures 7A, D. The mean thickness over the entire domain was approximately 10.99 m and 18.36 m for the ducts at the first and second layers, respectively. A positive correlation between the duct height and thickness was observed. Figures 7C, F depict the distributions of duct strength. The mean strength of ducts at the first layer was 1.6 M over the domain, with the highest values concentrated in the Bohai Sea, reaching up to 58.44 M. The mean strength at the second layer was 0.87 M over the domain because of the low strength in the seas to the north of the South China Sea. The highest value was found in the northern part of the South China Sea, reaching up to 58.23 M. The existence of higher duct strengths indicated that a wider spectrum of electromagnetic waves could be trapped, resulting in more significant impacts on radio communication. Therefore, atmospheric ducts should be given greater attention, in terms of their influence on wireless communication in the Bohai Sea and northern areas of the South China Sea.




4.3 Seasonal variations of the lower atmospheric ducts’ characteristics

In addition to the above-mentioned climatological analysis, the seasonal variations of lower duct characteristics at different seas were also investigated. The duct parameters averaged over the four sea areas will be presented to illustrate the monthly variations.

Figure 8 illustrates the monthly variations of the occurrence rates of the ducts of four types in the four sea areas. For convenience, the occurrence rates of ducts of the four types were accumulated using different colors on the same column. As shown in Figure 8, the duct occurrence rates in all seas presented a seasonal distribution with two peak values, and the seasons of peak occurrences differed with latitudes. For the Bohai Sea and Yellow Sea in the mid-latitudes, the first peak of high occurrences appeared in spring, when the ducts of four types occurred with similar occurrence rates. The second peak occurred in autumn, with higher values than that in spring and most of them being simple surface ducts near the sea surface. For the South China Sea in the low-latitudes, the two peaks occurred in early summer and early winter, about two months later than those in the Bohai Sea and Yellow Sea. The monthly distributions of duct occurrence in the Yellow Sea were very similar to the conclusions of Tang et al. (2008) based on the sounding data. During April and May, the transition period of monsoons, the water vapor content at lower levels increased with the temperature rising, resulting in an increase in duct occurrence and the formation of the first peak. In July and August, owing to the northward movements of the subtropical high pressure system, the vertical humidity gradient decreased, which was not favorable for duct formation, and therefore the duct occurrence rates decreased. In autumn, the Yellow Sea was controlled by weaker cold high pressures, with sufficient water vapor at lower levels. The atmosphere at upper levels was controlled by the westerly belt with lower humidity, and large humidity gradients were formed with frequent inversions in temperature, which resulted in the highest rates of duct occurrence in a year. Later, as the cold high-pressure system further strengthened in winter and the temperature and water vapor decreased, the duct occurrence also correspondingly decreased.




Figure 8 | Monthly variations of the diagnosed ducts’ occurrence rate over the (A) Bohai Sea, (B) Yellow Sea, (C) East China Sea, and (D) South China Sea. The red columns indicate the rates of simple surface ducts; the blue columns indicate the rates of surface-based ducts; the green columns indicate the rates of elevated ducts and the black columns indicate the rates of composite ducts.



The seasonal distributions of ducts in the East China Sea were like the transition from the South China Sea to the Yellow Sea, with comparable proportions of duct types as those in the South China Sea. However, the seasonal differences are more similar to the duct characteristics in the Yellow Sea. For the seasonal differences, the seasons when most ducts occurred were not summer and winter, which were controlled by prevailing warm and cold air masses. Although local convection and tropical cyclone activities were more active in summer, they appeared not to be the main causes of duct formation, which was consistent with the findings of Basha et al. (2013) based on observational statistics. According to the seasonal distributions depicted in Figure 7, duct occurred more frequently during the transition seasons between winter and summer monsoon seasons, which took place in spring and autumn. Therefore, the dominant factors influencing the frequency of duct occurrences were likely the combined effects of sea surface temperature changes and the convergence of large-scale warm and cold air masses associated with the monsoon process. It is also worth noting that the seasonal variations of ducts in the East China Sea and the South China Sea were found highly related to the occurrence frequency of cold air processes, according to the statistics by Zhu et al. (2022) over this area. Due to the space limits in this work, the relationships between the intense cold air activities and temporal variations of atmospheric ducts will be further investigated in future research, as Figure 8 contains many interesting climate-related topics worthy of further exploration.

In terms of the duct of each type, simple surface ducts (red bars) accounted for a large proportion of the total occurrence rates, and this proportion reached its maximum in autumn and winter. This effect might result from situations in which the temperature decreased with the gradually stabilized atmospheric stratifications but the temperature at the underlying sea surface still remained warm. In spring and summer, the proportions of simple surface ducts decreased due to the occurrence of ducts of other types. The surface-based ducts (blue bars) mostly occurred in the Bohai Sea and Yellow Sea at mid-latitudes, and their occurrences were concentrated in spring with rare occurrences in other seasons (Figures 8A, B). For this special distribution, it is doubted that it was related to warm air activities over colder water surfaces, which was unusual in other seasons and seas. The single-layer elevated ducts (green bars) were concentrated in spring and summer and accounted for a small proportion of all ducts at all seas. The occurrence rates of multi-layer composite ducts (black bars) in low-latitudes were apparently higher than those in mid-latitudes. In the Bohai Sea, Yellow Sea, and East China Sea, they mostly occurred in July, August, and September, which appeared to be closely related to local convection, cyclones, and other activities. In the South China Sea at low latitudes, high occurrence rates throughout the summer half year (from the spring equinox to the autumn equinox) were detected.

In addition to the occurrence rates of ducts, Figures 9–11 show the monthly variations of three parameters including average height, thickness, and strength of ducts at four seas. The black dashed line represents the duct parameters at the first layer, while the red solid line represents the ones at the second layer.




Figure 9 | Monthly variations of the diagnosed ducts’ heights over the (A) Bohai Sea, (B) Yellow Sea, (C) East China Sea, and (D) South China Sea. The black dashed lines indicate the heights at level 1; the red lines indicate the heights at level 2.






Figure 10 | Monthly variations of the diagnosed ducts’ thickness over the (A) Bohai Sea, (B) Yellow Sea, (C) East China Sea, and (D) South China Sea. The black dashed lines indicate the thickness at level 1; the red lines indicate the thickness at level 2.






Figure 11 | Monthly variations of the diagnosed ducts’ strength over the (A) Bohai Sea, (B) Yellow Sea, (C) East China Sea, and (D) South China Sea. The black dashed lines indicate the strength at level 1; the red lines indicate the strength at level 2.



According to Figures 9–11, there was a strong consistency in the monthly variations of height, thickness, and strength characteristics of the ducts. In the Bohai Sea and Yellow Sea of mid-latitudes, single-layer ducts occupied most proportions of the total ducts. The ducts at the first layer showed higher heights, greater thickness, and stronger strengths compared to those in the lower latitudes. The variations of ducts at the second layer showed the opposite distributions, with a lower occurrence of composite ducts in the Bohai Sea and Yellow Sea (as shown in Figure 6D) and weaker characteristics parameters compared to those in the southern low-latitude seas. As far as the duct height shown in Figure 9 is concerned, the seasonal variations of ducts at the two layers were completely different. In the Bohai Sea and Yellow Sea, the duct height at the first layer reached its peak in spring, while the monthly variations of the duct height at the second layer were consistent with the seasonal variations of composite ducts shown in Figure 8. The peak occurred in autumn, which was also the season with the highest occurrence of composite ducts.

In the East China Sea and South China Sea, the ducts at the first layer were mainly surface ducts that persisted throughout the year, with stable distributions of duct height without significant monthly variations. In the South China Sea at low latitudes, the duct height at the second layer remained relatively high throughout the year except in winter.

Figures 10 and 11 showed similar monthly variations with Figure 9. In the Bohai Sea and Yellow Sea, the peaks of duct thickness and strength at the first-layer duct were significantly higher than those in the South China Sea, with more significant seasonal variations. The duct thickness and strength at the second layer in the Bohai Sea and Yellow Sea region were significantly weaker than those in the South China Sea. As a transitional zone, the duct characteristics at the first layer in the East China Sea were similar to that in the South China Sea, while the seasonal variations at the second layer presented the single-peak pattern in autumn as observed in the Bohai Sea and Yellow Sea.





5 Conclusion and discussion

In this work, a diagnostic model of lower atmospheric ducts was developed based on the WRF model to obtain the characteristics of lower atmospheric ducts of different types. Using this diagnostic model, a strategy for long-term simulations was confirmed based on multiple sensitivity tests conducted earlier. Subsequently, a ten-year simulation test was conducted over the China seas. The ERA5 reanalysis data were utilized as the driving field, and the sounding data served as the benchmark for evaluations. By analyzing the simulated results, the spatiotemporal variations in the characteristics of lower atmospheric ducts were investigated over the China seas. The specific conclusions are presented below.

	(1) Compared with the sounding data from Kowloon, Baoshan, and Dalian stations in the year 2021, the simulated modified atmospheric refractivity dataset generated in this study had a high accuracy. The simulated RMSEs of the modified atmospheric refractivity remained between 4 M and 7 M, and there were no significant changing trends with altitude. The error level was slightly higher than that of ERA5 reanalysis data, which was between 2.91 M and 3.38 M. In addition, the simulated results had a very high temporal correlation with the sounding data, with an average correlation coefficient of over 0.96.

	(2) The characteristics of the lower atmospheric duct obtained based on the diagnostic model in this work also showed high reliability and could provide more accurate atmospheric duct information compared to the diagnosed results using the ERA5 data. The validation results based on the sounding data indicated that the dataset of atmospheric duct characteristics produced in this work slightly underestimated the duct occurrence rates but significantly outperformed the vertically lower-resolution ERA5 data. This underestimation might be attributed to the smoothing of the vertical variations in the model, which was a common issue in numerical models and could not fully reproduce the small-scale instantaneous fluctuations and stochastic oscillations observed in sounding data.

	(3) Based on the analysis of the long-term duct dataset generated in this work, significant regional variations were observed in the duct occurrence rates at China seas. The simple surface ducts near the sea surface showed the highest occurrence rate, followed by the composite ducts with two or more layers. The surface-based ducts with a base layer and elevated ducts only occurred in certain sea areas, with lower occurrence over the whole domain. More specifically, for the duct of each type, simple surface ducts primarily occurred in low-latitude areas, with much higher occurrence rates in the East China Sea and South China Sea than in the Yellow Sea and Bohai Sea. Most surface-based ducts occurred in the Bohai Sea and Yellow Sea. The spatial distributions of these two types of surface ducts showed complementarity, and only by combining the distributions of the two types, the regional differences in the occurrence rates were not significant across from middle latitudes to low latitudes. The occurrence rates of single-layer elevated ducts were relatively low, with slightly higher occurrences in the Bohai Sea and Yellow Sea. The composite ducts occurred most frequently in the South China Sea, with a distribution of occurrence rates that decreased from south to north. Additionally, SST played an important role in the formation of ducts, yielding a high correlation coefficient between its spatial distributions and the occurrence rate distributions of ducts.

	(4) The height, thickness, and strength of ducts showed significant longitudinal differences. In the mid-latitude region of northern China, single-layer ducts were dominant, with stronger parameters in duct height, thickness, and strength at the first layer. However, multi-layer ducts mainly occurred in specific seasons and weather conditions, and their occurrence times were relatively less with weaker features. In the South China Sea of low latitudes, the duct characteristics were just the opposite. The ducts with two layers showed a high frequency of occurrence, with significantly stronger features at the second layer than at the first layer. There was generally a positive correlation with each other among the distributions of the duct height, thickness, and strength, which indicates that when a duct had a higher height it tended to be thicker and stronger.

	(5) The seasonal variations of ducts in the four sea areas reveal that the occurrence rates of ducts in all sea areas showed a bimodal distribution, and there were significant differences among the ducts of the different types in different sea areas. More specifically, simple surface ducts accounted for the largest proportion of total occurrences, and they occurred most frequently in autumn and winter. The surface-based ducts mainly occurred in the Bohai Sea and Yellow Sea during spring. The single-layer elevated ducts mostly occurred in the spring and summer, and they accounted for a relatively small proportion of all the ducts in all sea areas. The multi-layer composite ducts exhibited a higher occurrence rate in low-latitude regions, especially in the South China Sea area, where they occurred frequently throughout the summer half-year.

	(6) The seasonal variations of the duct height, thickness, and strength also showed a strong consistency. In the Bohai Sea and Yellow Sea, the ducts at the first layer showed the strongest features during spring, while the peak of the duct parameters at the second layer occurred in autumn, which was roughly in agreement with the seasonal variation of composite ducts. The ducts at the first layer in the East China Sea and South China Sea were mostly simple surface ducts that existed throughout the year, and their seasonal variation amplitudes were rather small. The seasonal variations of the ducts at the second layer in the East China Sea still retained the characteristic of the single-peak shape in autumn as observed in the Yellow and Bohai Sea, while the ducts’ characteristics at the second layer in the South China Sea remain relatively strong in most seasons except in winter.



It should be also noted that there are limitations and uncertainties in the simulation results of this study, which need to be further improved in the future. First, due to the space constraints, only a preliminary analysis of the climatological distributions and multi-year mean monthly variations of duct characteristics was conducted. Diurnal and inter-annual variations were not involved, and deeper mechanism analysis was also not provided. In addition, the spatio-temporal changes in the occurrence rates of ducts of four types were only analyzed and their parameters, such as height, thickness, and strength, for each type of duct were not further examined. In the subsequent work, long-term simulation results will be used to further analyze the parameter changes of each duct type and to conduct statistical and more in-depth mechanism analyses on events, such as the winter and summer monsoons, subtropical high activities, typhoons, etc.

Second, the validation of the proposed model was conducted only at three stations, and the validation results also had some randomness. Although in the main text, the modified atmospheric refractivity was assessed, in fact, the temperature and humidity RMSE at the three stations were also validated. The RMSEs of temperature were 0.86 K at Kowloon, 1.05 K at Baoshan, and 0.96 K at Dalian. The RMSEs of relative humidity were 11.38% at Kowloon, 12.67% at Baoshan, and 11.87% at Dalian. The simulated errors of temperature and humidity remained at low levels. In this study, the selection of the Kowloon, Baoshan, and Dalian stations was based on their representation of different sea areas from south to north and their relatively high station grades, which provide a wealth of data beneficial for ducting diagnostics. However, as these three stations are all located in the marginal areas of the South China Sea, East China Sea, and Yellow Sea. To enhance the credibility of the validation results, three additional stations (Xisha, Hongjia, and Baengnyeongdo) with abundant data were chosen. From the performance of the WRF results at these three stations, it is evident that the RMSE and correlation coefficients did not exhibit significant changes, indicating the WRF model’s ability to maintain stable regional simulation accuracy. Nevertheless, these efforts are not sufficient, in the future, data from more stations will be incorporated to conduct a more comprehensive validation of the simulation results against a wider range of variables.

Third, there are still certain discrepancies between the simulated atmospheric duct results in WRF and the actual conditions. Huang et al. (2022) statistically analyzed the occurrence probability of lower atmospheric ducts based on years of radiosonde data in the Yellow Sea region. According to their statistics, the probability of lower atmospheric ducts’ occurrence at Dalian station was approximately 20%, with a surface duct occurrence probability of about 4% and an elevated duct occurrence probability of about 16%. These results indicated a lower probability of ducts compared to the simulated duct probabilities in our study. There are several main reasons that may contribute to this inconsistency. The first reason is the resolution of the radiosonde data products. In other words, if with more observations below 300 meters, more duct occurrences were believed to be discovered. Also, there is a large height interval sometimes between the lowest one or two layers of the sounding data, which may be related to the initial stage of GPS positioning or signal transmission and reception processes, making it very unfavorable for the diagnosis of simple surface ducts near the surface. The second reason is the timing of the observations. Radiosonde data is only available at 00:00 UTC and 12:00 UTC. There is significant uncertainty as to whether the average probabilities at these two times can represent the daily average. After all, for the Chinese seas, these two observation times miss the most active period of weather in a day. The third reason is the inherent errors in the WRF simulations, and the simulated duct occurrences differ from the radiosonde observations to a certain extent. The fourth reason is that each duct diagnosis algorithm may have some inconsistencies for different studies, such as differences in diagnostic approaches, procedures, and threshold settings, which can lead to differences in results. These reasons collectively contribute to the uncertainties between the results presented in this study and the actual conditions. Finally, the mesoscale weather models use the same local parameterization schemes over the domain. If the domain covers a large area, the same local schemes may lead to error increase in some areas. Some climate models, such as the Regional Climate Model (RegCM), attempt to use different parameterization schemes in different latitudes of the simulation domain. In our future climate simulations using WRF, it is planned to conduct similar studies. Additionally, since the WRF weather model does not consider the dynamic feedback processes of the underlying sea surface, the lack of an ocean model may weaken the impact of oceans when studying the relationship between the maritime atmospheric ducts and climate change. Thus, in the future, coupled atmosphere-ocean models should be used to conduct more comprehensive simulations with more complete physical processes to make the results more objective and comprehensive.
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