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Sea fog significantly impacts harbor operations, at times even causing navigation to cease. This study examines two harbors in the north of the South China Sea, analyzing the feasibility of increasing each harbor’s sea fog early warning capability to 6 h in advance. Although the harbors are separated by only about 100 km, analysis of their backward trajectories reveals differences in the incoming flow and sea fog types. Concerning the types, at Xuwen harbor, warm advection fog represents 49.56% of the cases, cold advection representing 48.03%. At Zhanjiang harbor, 37.06% are warm advection fog, with 58.33% cold advection fog cases. We propose different monitoring and early warning schemes for the harbors. For Xuwen, we suggest eight visibility lidars located on the north and south sides of Qiongzhou Strait (two on the north, six on the south). Here, such a setup would give warning probabilities of sea fog of 87.50, 66.23, and 49.78% for advance times of 2, 3, and 4 h. For Zhanjiang, we suggest two visibility lidars and four buoys at the east side of the harbor. The corresponding warning probabilities are 83.77, 64.47, and 47.15% for the same advance times. For 5–6 h in advance, the early warning probabilities of both harbors drop quickly. We also suggest a flow chart for the early warning and monitoring scheme at each harbor.
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1 INTRODUCTION
Sea fog has various impacts on human activities, especially for harbor transportation. The fog makes marine transport, coastal traffic, as well as harbor operations much less safe (Wang, 1985; Leipper, 1994; Lewis et al., 2004; Gultepe et al., 2007; Zhang et al., 2009; Koračin et al., 2014; Koračin and Dorman, 2017; Dorman et al., 2019). According to Tremant (1987), 32% of all accidents at sea worldwide occur under a dense fog. Gultepe et al. (2007) pointed out that economic and human losses associated with fog and low visibilities are comparable to the losses from other weather disasters such as tornadoes and typhoons. For example, in China, there were 19 collision accidents caused by poor visibility in 2018, resulting in 30 missing and presumed dead (Maritime Safety Administration of the Ministry of transport of China, 2019).
Sea-fog forecasting remains full of challenges (Lewis et al., 2004; Gultepe et al., 2007; Koračin and Dorman, 2017). Mesoscale numerical modelling has been the primary method of such forecasting ever since Ballard et al. (1991) used a 3-dimensional mesoscale numerical model to forecast the sea fog of Northeast Scotland. Since then, many studies have aimed to improve the ability of sea-fog numerical simulation and prediction for various locations. Such studies include that for the US west coast (Koračin et al., 2001, 2005), the Yellow Sea and the East China Sea (Fu et al., 2006; Gao et al., 2007; Heo and Ha, 2010; Kim and Yum, 2012; Wang et al., 2014; Yang et al., 2019), the South China Sea (Yuan and Huang, 2011; Huang et al., 2016), and the sea fog off the east coast of Canada (Yang et al., 2010; Chen et al., 2020a). Concerning the ability of a long-term operational sea fog model, the model of Huang et al. (2019), with a horizontal resolution of 3 km, gave a 2-years-average equitable threat score (ETS) of 0.20 for 24 h forecasts in the South China Sea. Zhou and Du (2010) used a 10-member multimodel ensemble method, with a horizontal resolution is 15 km, and argued that the ETS score can be improved up to 0.334 for 12- and 36-h forecasts in eastern China and coastal areas.
The South China Sea (SCS) is one of the seven marginal seas with significant sea fog (Dorman et al., 2019). The coast region near Xuwen harbor and Zhanjiang harbor (Figure 1A) has the highest frequency of sea fog in the north part of the SCS (Wang, 1985; Huang et al., 2011, 2015; Zhang and Lewis, 2017; Han et al., 2022). Here, the fog season is usually from January to April. We focus on these two important harbors. Zhanjiang is a deep-water port designed and built by China. It has become one of the 25 major ports along the coast of China and, except for all the fog, has the best navigation conditions in the coastal areas of South China. Xuwen is an important transport port connecting Hainan Province and the Chinese mainland for passenger and freight transport.
[image: Figure 1]FIGURE 1 | Overview of stations, instruments, and data. (A) Locations of 1) Xuwen harbor, 2) Zhanjiang harbor, 3) buoy, 4)—5) Selected points to calculate the average heat flux data for Xuwen. 6) Selected point to represent the heat flux data for Zhanjiang. (B) Monitoring instruments. Left: visibility lidar. Right: buoy. Photo courtesy of Xinxin Zhang. (C) Wind vector, surface air temperature (SAT), sea surface temperature (SST), and visibility at Xuwen harbor for the 202101 fog event. The wind vector, SAT and SST from 3 m buoy data and the visibility from Xuwen station. Yellow bands indicate warm advection fog, gray bands indicate cold. The adjacent yellow–gray band at 23 January is classified as abnormal “A” in Table 3. (D) Sensible heat flux (SHF) and latent heat flux (LHF) at Xuwen based on ERA5 data.
Advection fog is the dominant type in SCS (Wang 1985). In general, two kinds of advection fog can occur over sea. One is warm advection fog in which the surface air temperature (SAT) exceeds the sea surface temperature (SST), the other is cold advection fog with SAT below SST (Taylor, 1917; Petterssen, 1938; Pilié et al., 1979; Findlater et al., 1989; Tachibana et al., 2008; Tanimoto et al., 2009; Huang et al., 2015). The warm advection fog and cold advection fog are the same as cold sea fog and warm sea fog in Koračin et al. (2014). Based on 60 fog cases observed at the Marine Meteorological Science Experiment Base (MMSEB) at Bohe, Maoming in 2007–12, Huang et al. (2015) found about 69% to be warm advection fog, 28% cold advection fog, and 3% being other types. The MMSEB is about 100 km from Zhanjiang harbor and about 180 km from Xuwen harbor, with different geographical and climatic characteristics (Compilation group of Guangdong Provincial Meteorological Bureau, 2006). Because different types of advection fog correspond to different synoptic situations, and the synoptic situation is a key factor to be considered in sea fog early warning, one goal of this study is to determine percentages of each fog type at the two harbors.
Both Xuwen and Zhanjiang harbors are seriously affected by sea fog weather during the fog season. For example, constant sea fog occurred from 15 to 25 February 2018 in Zhanjiang, with the minimum visibility less than 200 m, causing the suspension of shipping in Qiongzhou Strait. In this period, two ships collided here, resulting in two fatalities. Furthering the disruption, this period included China’s spring Festival holiday with all of its increased travel and transport demand. For example, it resulted in a large number of passengers stranded. The queue for ferry service was as long as 20 km at the peak, with some people waiting in their car over day. Given such a major disruption, the Maritime Safety Administration later argued for an accurate early warning of sea fog within 6 h to help them to adjust the ferry operations. This urgent demand prompted this study.
What is the best method to predict sea fog within 6 h? Kamangir et al. (2021) predicted fog visibility for an airport by post-processing numerical weather prediction model output and satellite-based sea surface temperature using a 3D-Convolutional Neural Network (3D-CNN). Although they could give 6 h sea-fog forecast results, this method is based on model output, which is limited by the initial field preparation time and the running time of the model. Thus, it may be difficult to release the method’s results 6 h ahead of the fog event. The most effective means for early warning of sea fog is by making direct observations. For example, Xian et al. (2020) suggest using visibility lidar systems.
Since 2019, Hainan Meteorological Bureau has built three visibility lidars to monitor the harbors and channels on both sides of the Qiongzhou Strait. The complementary observation of the lidar, together with satellite cloud images, works well to not only monitor the fog, but also improve the early warning ability (Chen et al., 2020b). However, for early warning of a harbor, further improvements are needed. For example, visibility lidar has a scanning radius of only 15 km. For advection fog, the early warning time is about 1–2 h (for a windspeed of 3 m s−1). Also, satellites do a poor job distinguishing fog from low cloud (Bendix, 1995; Lee et al., 1997; Bendix et al., 2006; Zhang and Yi, 2013; Wilcox, 2017). The retrieval ability of satellite between sea fog and low cloud is particularly poor for warm advection fog as the two types often occur together (Huang et al., 2011, Huang et al., 2015). Hence, in addition to satellite monitoring, direct monitoring may be critical for early warning of sea fog. A feasibility analysis of early warning of sea fog would help determine the best method to reach the goal of a 6-h warning system.
This study focuses on the feasibility of advancing the early warning time of sea fog in Xuwen and Zhanjiang harbors to 6 h, and how to effectively arrange the monitoring instruments and equipment. The present paper is organized as follows: Section 2 describes the data and method used in this study. Section 3 analyses the backward trajectory frequency and the proportion of both types of advection fog for the harbors. Section 4 analyses the feasibility of sea fog early warning and provides early warning and monitoring schemes. Section 5 presents the main conclusions and discussion.
2 DATA AND METHOD
2.1 Data
We use five sources of data: observations of meteorological stations, buoy data, climatological sea surface temperature (SST), analyzed products on gridpoints and heat flux data. The observations are operated by the China Meteorological Administration (CMA) and are from a weather station at Xuwen (110.16 oE, 20.24oN) and one at Zhanjiang (110.40oE, 21.20oN) (Figure 1). These two stations are within 3 km of their harbor. The stations provide data at intervals of 5 minutes, including wind direction, windspeed, temperature, air pressure, dew point temperature, precipitation, relative humidity, visibility, radiation, soil temperature, and cloud cover. In 2021, a buoy of diameter 3 m was placed in the middle of Qiongzhou Strait, mainly for sea fog monitoring. The main meteorological elements observed from buoy include wind direction, windspeed, temperature, humidity, air pressure, and sea surface temperature (Figure 1).
As the harbors are separated by only 100 km, fog generally occurs at both at the same time, especially for a continuous sea fog event. A fog event is defined as occurring when the visibility is less than 1 km at both stations with some port activities being suspended for three or more days. For 2013–2021 there were 13 such events with the total port-suspension duration of 57 days. In all events, the port suspension occurred at both harbors on the same days (Table 1).
TABLE 1 | The 13 sea fog events at both harbors in 2013–2021.
[image: Table 1]The climatological SST data comes from the National Oceanic and Atmospheric Administration daily optimum interpolation sea surface temperature (DOISST) Version 2.1 (Huang et al., 2021). This dataset covers from September 1981 to December 2021 and is on a 1/4 degree global grid. The gridded, analyzed data is from the Global Forecast System (GFS), which is a global numerical weather prediction system containing a global computer model and variational analysis run by the U.S. National Weather Service (NWS). The GFS is run four times a day, and produces forecasts for up to 16 days in advance. The forecast component uses the FV3 (finite volume cubed) model with a resolution of ∼13 km. The analyzed data is an archive of concatenated short-term GFS forecast model output having a 1/4 degree latitude–longitude grid on 55 hybrid levels. The data is hourly forecast data and can be downloaded at https://www.ready.noaa.gov/archives.php. Details about GFS are at https://www.emc.ncep.noaa.gov/emc/pages/numerical_forecast_systems/gfs.php.
We use the hourly surface sensible heat flux and surface latent heat flux from the European Centre for Medium-Range Weather Forecasts (ECMWF)’s ERA5 dataset. This dataset is the fifth generation ECMWF reanalysis of global climate and weather for the past 4–7 decades (currently, data is available from 1959). ERA5 combines model data with observations and has a horizontal resolution of 0.25 degree. (Reanalysis does not have the constraint of issuing timely forecasts and accommodates improved versions of the original observations to improve the quality of the product (Hersbach et al., 2020). The download web site is https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=form.)
To evaluate the ERA5 heat fluxes, we selected a sea fog event in 2021 (the 202101 fog event), and compare it with the buoy data. Except for the cases of sea fog on January 22–23, the winds are mainly northeast and east (Figure 1C). Figure 1C also shows the changes of buoy SAT and SST data, indicating that this sea fog event includes both the cold advection fog (SAT ≤ SST) and the warm advection fog (SAT > SST). The overall trend starts from mainly cold advection fog, goes to warm advection fog, and then changes back to cold advection fog again. As pointed out in Huang et al. (2015), the direction of the heat flux of the cold advection fog is generally upward (from sea to air), whereas that of the warm advection fog is the opposite. The ERA5 data in Figure 1D show trends in sensible heat flux and latent heat flux that are consistent with the trends in buoy data. Given the 0.25 degree resolution of the ERA5 data, we use the average value of two over sea points on both sides of Xuwen harbor to represent the value of Xuwen harbor to reduce the influence of land on the over sea data. Similarly, we use the value of over sea on the east side of Zhanjiang harbor to represent the value of Zhanjiang harbor (Figure 1A).
2.2 Method
We use the NOAA hybrid single-particle Lagrangian integrated trajectory (HYSPLIT) model to calculate the backward tracking trajectory of the air mass and find the source of sea fog (Draxler and Hess 1998). This model was originally developed to calculate and analyze the transport and diffusion trajectory of air pollutants. It is often used to determine the origin of air masses and establish source–receptor relationships (Fleming et al., 2012). With continual improvement over 30 years (now latest version is HYSPLIT 5), it has been widely applied in the atmospheric sciences to track the source of air particles backward, determine the source of an air mass, and to help establish a relationship between the source and the affected place (Stein et al., 2015).
To analyze the source of sea fog, we run off-line HYSPLIT backwards for 72 h at the harbor location at six levels (10, 100, 300, 500, 800, and 1,500 m above sealevel). On a given sea-fog day, we ran the model every 3 h, making a total of 456 runs for each harbor. Similar to Dorman et al. (2019), we interpolate the backward trajectory data to a 0.05 degree grid over land and sea. Then we calculate the backward-trajectory frequency of each gridpoint, meaning the fraction (or number) of trajectories that passed over that point for the previous hours (for example, 1, 6, or 72 h). The early warning probability per hour is computed by the sum of gridpoints that can be detected with the sea fog monitoring instruments divided by the total runs (456) when fog approaches. Here, we define each run as one sea fog case. Hence, there are many sea fog cases in every fog event.
We consider here two instruments for monitoring and providing an early warning of sea fog: visibility lidar and offshore buoys. Examples are shown in Figure 1B. At present, the maximum range of visibility lidar is 15 km, though the actual effective detection range may be less. The buoy’s effective observation range is 10 km if it has video monitoring equipment.
The initial cost of an over-sea buoy is about 3–5 times that of the visibility lidar, and due to its location, is difficult to operate and maintain. In comparison, although the monitoring effect of a visibility lidar may be better than that of a buoy, it is usually installed on shore because it requires a long-term stable power supply to achieve effective continuous monitoring.
Although we define warm advection fog and cold advection fog according to the air-sea temperature difference, we do not have buoy observation data for all sea fog events from 2013 to 2021. Also, we found that the air–sea temperature difference from the reanalysis data (such as ERA5 data) was not consistent with the actual observation value for 202101 sea fog event. Hence, we cannot distinguish warm advection fog and cold advection fog directly by the air–sea temperature difference, but through an indirect method, that is, by analyzing the backward trajectory of the air flow at a low altitude of 10 m, and checking the result against the heat flux from the ERA5 data. See Section 3.2 for more details.
3 BACKWARD TRAJECTORY FREQUENCY AND ADVECTION FOG TYPES
3.1 Features of the backward trajectory frequency
The occurrence and development of sea fog is very sensitive to SST. Here we calculate a 40-years (1982–2021) climatological mean of SST during the main fog season from January to March for the northern SCS and surrounding areas. Because of the East Asian monsoon (Tao and Chen, 1987), the prevailing surface wind during the fog season is from the northeast, cooling the sea surface off the southern China coast. The resulting cold water along the coast contributes to the formation of sea fog (Wang, 1985; Huang et al., 2015; Figure 2).
[image: Figure 2]FIGURE 2 | Number of 72 h backward trajectories for each level at Xuwen harbor during all sea fog events in 2013–2021. (A–F) represents 10, 100, 300, 500, 800, and 1500 m of the trajectory above sea level. Scale is number passing over a given gridpoint out of the 456 runs. Contours show the climatological mean of January–March SST for 1982–2021 (°C).
For all sea fog cases in 2013–2021, the 72-h backward trajectories from Xuwen at each level show different features. At the 10 m level (Figure 2A), the main direction of the backward trajectory is northeast along the coast. Along this direction, the gridpoint with the largest number has the value 48. East and south trajectories are also common. With the height rising from 100 to 500 m, the primary direction of the backward track flow changes from northeast to east (Figures 2B–D). At 800 m, although the easterly flow is still primary, the southerly and westerly flows become more common (Figure 2E). At 1,500 m, the main flow from the backward trajectory has turned to the west (Figure 2F). In general, with the height changing from low to high, the inflow direction changes clockwise from northeast to west.
The analogous backward trajectories from Zhanjiang harbor are similar to those from Xuwen (Figure 3). However, at the 10 and 100 m levels, the main backward trajectory flow direction is more northerly than that from Xuwen and closer to the coastline (Figures 3A,B). At the 10 m level, the maximum number is approximately 35, smaller than that of Xuwen, a relation that holds at all levels, suggesting that the source direction of sea fog is more complex and elusive (Figures 3C–F).
[image: Figure 3]FIGURE 3 | Same as Figure 2, but for Zhanjiang harbor.
To make a more detailed comparison between Xuwen and Zhanjiang harbor, we calculated the frequency difference between their backward trajectories. Results in Figure 4 show that at the 10 and 100 m levels, Zhanjiang harbor has more trajectories from the north (N), northeast (NE), and east–northeast (ENE). Conversely, Xuwen harbor has more incoming flow from the east (E), southeast (SE) and south (S). At the 300 and 500 m levels, both harbors show incoming flow from the SE and S. At 800 m, the flow is more southwest and west. Similarly, both harbors have more from the west at the 1,500 m level. The largest difference in the incoming flow is in the lower layer. The difference in the lower layer determines the difference in the underlying sea surface through which the air flows, which may affect the sea fog formation.
[image: Figure 4]FIGURE 4 | Difference in frequency of backward trajectories between Xuwen and Zhanjiang harbors. (A–F) represents 10, 100, 300, 500, 800 and 1500 m of the trajectory above sea level. Contours are the same as in Figure 2.
3.2 Proportion of advection fog types
In general, the cold advection fog type occurs when the low-level flow comes from a colder SST area (Huang et al., 2015). For these harbors, this direction is NE, ENE, and E. Conversely, the low-level flow for warm advection fog mainly comes from a warmer SST area. However, a change between the cold and the warm advection fog types can occur during a single sea fog event in the North SCS.
For such changes between the two fog types, we recognize that two main types can occur. One type is that which occurs in the same sea fog process. For example, when a warm type fog forms, but then the air cools due to fog-top longwave cooling from the fog top, producing a cold type fog (Findlater et al., 1989; Yang et al., 2018). However, we did not have sufficient data to check for this possibility and instead relied upon the second type of change below.
This second type involves a change of near surface incoming flow caused by a change in the synoptic situation. For example, it can be seen in Figure 1C that the occurrence of an abnormal northwest wind is the reason that the cold advection fog changed from a warm type during January 22–23. Furthermore, compared with the cold advection fog on January 24, the warm advection fog on January 25–26 has little difference in the wind near the ground (Figure 1C). Therefore, it is necessary to distinguish whether warm advection fog or cold advection fog should occur based on the near surface backward incoming flow.
Here, we use a method similar to that in Huang et al. (2015) to distinguish cold-from warm-advection fog over the sea. In this method, the direction of the lowest backward trajectory is critical: if the 10 m flow comes from a cold SST area on the coast (e.g., NE, ENE, or E directions), we assume it will form cold advection fog. Otherwise, if the 10 m flow comes from the warm SST area (e.g., E, SE, and S directions), we assume it will form warm advection fog. There remain some complex paths that are hard to categorize that we label as abnormal paths (Figure 5). In addition, we use the ERA5 heat flux data to help distinguish the cold from the warm advection fog according to the direction of heat flux (i.e., upward indicating the cold type). After using the two methods at both harbors, we found that about 70% of the sea fog cases have consistent evolution characteristics as described by the two methods. When there are inconsistencies, we take the 10 m flow method as the standard.
[image: Figure 5]FIGURE 5 | Trajectories for the fog types. Left side: Xuwen harbor. Right side: Zhanjiang harbor. Top row (A,B): Typical trajectory for cold advection fog. Middle row (C,D): warm advection fog. Bottom row (E,F): abnormal paths.
The case with easterly flow to Xuwen harbor sometimes is difficult to judge by the 10 m flow method. In this direction, although the nearby sea is relatively cool, distant sea has a warm SST (Figure 5). In this case, we argue that warm advection fog occurs when the easterly incoming flow exceeds 400 km (i.e., about 37 h for a 3 m s−1 windspeed). In such a case, sufficient heat- and water-vapor exchange between the sea and the air has occurred. Otherwise, we consider that cold advection fog forms.
Applying the above methods to the 456 backward trajectory runs, we find for Xuwen 49.56% warm advection fog cases and 48.03% cold advection fog cases. For Zhanjiang, the results are 37.06% warm advection fog cases and 58.33% cold advection fog cases (Table 2). Hence, Xuwen harbor has 12.5% more warm advection fog cases and 10.3% fewer cold advection fog cases than that in Zhanjiang harbor. The result arises from the difference of backward trajectories for the two harbors; specifically, the Xuwen harbor has more southeast and southward incoming flows in the low level, resulting more warm advection fog cases (Figure 4A).
TABLE 2 | Main characteristics of advection fog cases for 2013–2021.
[image: Table 2]In our analysis of the backward trajectories of these sea fog cases, we also find that the type of fog often changes during the fog event. That is, relatively few events include only one advection fog type, with most cases changing during the event (Table 3). The changes are assumed to arise from changes in the weather system and pressure field that leads to changes in near surface air flow. That is, the trajectories near the surface change frequently. Therefore, it is necessary to further analyze the incoming flow near the surface. We rely upon this analysis for the sea fog early warning.
TABLE 3 | Characteristics of advection fog process at both harbors for 2013–2021.
[image: Table 3]4 FEASIBILITY OF SEA FOG MONITORING AND EARLY WARNING
4.1 Hourly backward trajectory distribution
Here, we use the incoming flow near the surface (10 m level) to calculate the hourly backward-trajectory frequency distribution. For both harbors, as time goes back, the high-frequency region moves from the port to the east (Figures 6–8). However, 3 h before the sea fog formed (t = −3), a clear and complete high-frequency center affects Xuwen port, but the high-frequency centers affecting Zhanjiang port are dispersed (Figure 6).
[image: Figure 6]FIGURE 6 | Superimposed hourly backward trajectory frequency distribution from 1 h before the onset of sea fog (t = −1) to 6 h before (t = −6). (A) Xuwen harbor. (B) Zhanjiang harbor. Shaded parts show the hourly frequency overlaid (but not accumulated) of each grid from t = −1 to t = −6. Contours are the isoline for frequency of at least five per hour at times t = −1 (pink), t = −2 (yellow), t = −3 (green), t = −4 (white), and t = −5 (red). For t = −6 the max frequency is less than 5. Numbers −1 to −5 are put at the geometric center of each isoline.
In general, as time goes back, the high-frequency region of the backward trajectory becomes more and more scattered. Graphically, within 4 h of the fog event, the high-frequency regional center of the two ports is still relatively obvious, and thus the single point monitoring method may be used for effective early warning of sea fog (Figures 7, 8). However, the results indicate more difficulty in reaching an advance of 5–6 h. In particular, for 6 h prior to the fog (t = −6), the central area of the high-frequency area is less than 5. Such a low value reflects a largely decentralized state, indicating that at this time, the backward trajectory incoming flow is very dispersed, making it difficult to use the single point monitoring method to for sea fog early warning (Figures 7, 8).
[image: Figure 7]FIGURE 7 | Proposed monitoring and early warning setup for Xuwen harbor. All eight visibility lidars, labeled and circled, are on the coast. Shading is the hourly backward-trajectory frequency distribution from (A) t = −2 h to (E) t = −6 h (indicate the advance time in hours) for Xuwen harbor. Pink circles are the effective radius of lidar (15 km). Positions 1–3 are built, positions 4-8 are proposed visibility lidars.
[image: Figure 8]FIGURE 8 | Same as Figure 7, but for Zhanjiang harbor. Numbers 1–6 are station locations: 1) and 2) are visibility lidars, 3) to 6) are buoys. Pink circles are the effective radius of the lidar (15 km), smaller brown circles are those for the buoys (10 km).
4.2 Early warning and monitoring scheme
Before the harbor authorities install a monitoring operation for early warning of impending sea fog, they should know which arrangement of instruments has the more likely chance of success. Here we use the calculated backward trajectory frequency, combined with knowledge of the local geography and monitoring range of the instruments, to propose monitoring and early warning schemes for the two harbors.
For Xuwen harbor, since the high-frequency area of sea fog is mainly in the south and the east side of Qiongzhou Strait, we suggest deploying more lidar along the south and east side of the strait. Here we assume that the effective range of the radar is 15 km. As there are presently three lidars (number 1–3) in this region, we propose adding five more (number 4–8) at the locations shown in Figure 7. Location selection is mainly based on backward trajectory, distance between locations and lidar coverage.
Because a 1 h warning may be too short, we mainly analyze the early warning ability of 2–6 h. According to this scheme, the early warning probabilities of sea fog in Xuwen harbor for 2, 3, and 4 h in advance are 87.50, 66.23, and 49.78% respectively. The probability then quickly drops to 36.40 and 25.22% for 5 and 6 h, respectively (Table 4). However, different locations have different sea fog warning probabilities. For example, for 2–3 h in advance, the probability at positions 4–6 (Figure 7) are the highest, whereas for 4 h in advance, the probability of positions 4, 6, and seven are the highest. As positions 1–3 are visibility lidars already built, it is necessary to build the position 4–8 visibility lidars for more effective early warning (Table 5).
TABLE 4 | Sea-fog detection percentage.
[image: Table 4]TABLE 5 | Sea fog detection percentage for Xuwen harbor.
[image: Table 5]For Zhanjiang harbor, because the main incoming flow comes from the sea on the east side, we suggest a monitoring and early warning scheme with visibility lidars in positions 1-2 and four buoys in positions 3–6 (Figure 8). We assume that the radius represented by each buoy’s observation is 10 km. To determine the lidar locations, we seek to have them spaced as far apart as possible, yet have each one in a region where the fog-producing trajectories pass. The selection of four buoy locations are a little more complicated. First, we select the initial locations by the same criteria as that for the lidar positions. This gives four initial locations. Second, a grid within a 20 km radius of each initial location is used for further statistical discrimination. Third, when several points have the same number of back trajectories, we choose the location with the highest probability at the first 4 hours.
With such an instrument setup, the early warning probabilities of sea fog in Zhanjiang harbor for 2, 3, and 4 h in advance are 83.77, 64.47, and 47.15% respectively. Similar to the Xuwen case, the probability quickly drops to 30.70 and 20.61% for 5 and 6 h, respectively (Table 4). As for the exact probability, for 2 h in advance, the probability of positions 1–3 are highest, whereas for 3–4 h in advance, positions 3–5 have the highest probability (Table 6).
TABLE 6 | Same as Table 5, but for Zhanjiang harbor.
[image: Table 6]Based on the above analysis and our review of previous daily sea fog early warning and prediction methods, we propose an operational sea fog early warning and monitoring scheme for the two harbors. We also argue that effective sea fog early warning and monitoring requires good cooperation between the Meteorological Bureau and the maritime safety administration (Figure 9).
[image: Figure 9]FIGURE 9 | Flow chart of the early warning and monitoring scheme.
5 CONCLUSION AND DISCUSSION
In this study, we focused on the feasibility of a system for sea fog monitoring and early warning at Xuwen and Zhanjiang harbors on the South China Sea. We selected 13 sea fog events that occurred at both harbors that lasted for at least 3 days in the period 2013–2021. First, we ran a multi-layer 72 h backward trajectory analysis. Second, we analyzed the proportion of events that were either cold or warm advection fog cases. Finally, based on our analysis of the 10 m incoming flow, we proposed a measurement system for each harbor that would provide a sea fog early warning as well as a monitor for the sea fog. The main conclusions are as follows:
(1) For both harbors, the direction of incoming flow changed clockwise from northeast to west as the height increased from low to high. The main difference in incoming flow between the harbors was in the lower layer. In this layer, the primary directions to Zhanjiang harbor were from north, northeast and east-northeast, whereas for Xuwen, the directions were from east, southeast, and south.
(2) Based on low-level incoming flow and the heat flux analysis, the fog at Xuwen harbor was 49.56% warm advection fog and 48.03% cold advection fog cases. For Zhanjiang harbor, the cases were 37.06% warm advection fog and 58.33% cold advection fog. Xuwen harbor has 12.5% more warm advection fog cases and 10.3% fewer cold advection fog cases than that in Zhanjiang harbor.
(3) We proposed monitoring and early warning setups for each harbor. For Xuwen, we suggested eight visibility lidars located on the north and south sides of Qiongzhou Strait. This setup gave early warning probabilities of sea fog for 2, 3, and 4 h in advance of 87.50, 66.23, and 49.78% respectively. For Zhanjiang harbor, we suggested two visibility lidars and four buoys at the east side of the harbor. This setup gave early warning probabilities of sea fog for 2, 3, and 4 h in advance of 83.77, 64.47, and 47.15%. For 5–6 h in advance, the early warning probabilities of both harbors drop quickly.
Although the distance between the two harbors is only about 100 km, each has different near surface flow that results in different types of advection fog. We believe that these differences may come from local geographical and climatic characteristics, submarine topography, SST distribution characteristics, and local air–sea and land–air interactions (Koračin et al., 2014; Koračin and Dorman, 2017).
Methods of monitoring and early warning of sea fog need further improvement. First, we should use the direct, observed SAT and SST data (not the present indirect methods via low-level incoming flow and heat flux analysis) to reduce uncertainty in the classification of the two types of advection fog. Second, the selection of monitoring points may be improved, especially the locations at sea. Third, the flow chart of sea fog early warning and monitoring still needs to be improved in practice.
How to further strengthen the monitoring and early warning of sea fog in the future? We believe that the first is to build a unified sea fog monitoring and early warning center in each harbor. The second is to strengthen the complementarity of coastal monitoring, marine monitoring, and satellite monitoring, which will help to improve the accuracy and timeliness of sea fog early warning. In the future, we will strengthen our work in this area.
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"W is warm advection fog, C is cold advection fog, A is abnormal path that cannot classify as warm or cold advection fog.
“NE-SE, means the incoming flow direction changed from northeast to southeast.
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Year S.N.* Periods Fog days Suspension hours Impact”

2013 201301 17-19 January 3 48 Strong
201302 03-06 February 4 9.68 Medium
201303 12-14 March 3 6.38 Light
2014 201401 30 January-02 February 4 44.25 Strong
2015 201501 24-26 Jan 3 1558 Medium
201502 15-17 February 3 9.83 Medium
2016 201601 04-07 March 4 36 Strong
201602 18-20 March 3 33.58 Strong
201603 26-29 April 4 75 Light
2017 201701 17-20 February 4 135 Medium
2018 201801 15-25 February 1 95.21 Strong
2019 201901 03-07 February 5 19.58 Medium
2021 202101 21-26 January 6 78 Strong

*S.N., means the serial number of the sea fog event.
"Impact means the degree of influence of the sea fog case. Strong: harbor suspension time due to sea fog exceeds 24 hs medium: suspension time is 8-24 h; light: suspension time less
than 8 h
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