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Based on the operational version of the China Meteorological Administration Typhoon Model (CMA-TYM, formerly known as GRAPES_TYM), a series of numerical tests are conducted by optimizing the boundary layer parameterization scheme, vertical resolution, and boundary conditions. Instead of the sea surface temperature (SST) from the Global Forecast System (GFS) model, more accurate daily SST data reflecting the daily SST variation are used as the boundary condition. The new SST dataset is capable of representing the key points in the area, including the low coastal SST related to upwelling, the intrusion of the Yellow Sea (YS) Warm Current, and the ocean front between the YS and the East China Sea. An analysis of the performances of two boundary layer parameterization schemes (the Yonsei University scheme and the Medium-Range Forecast scheme) in characterizing turbulent heat exchange reveals that the former can more accurately reflect offshore turbulence and forecast the fog area. By increasing the number of vertical layers of the model to 68 and reducing the height of the bottom layer to approximately 10 m, the model presents a better performance in simulating the rapid formation and dissipation of sea fog. With the above improvements, the equitable threat score (ETS) for the hindcasting of eleven sea fog cases in the spring of 2018 increases by 61%, mainly due to the increase in the correctly forecasted fog area.
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INTRODUCTION
Sea fog is a phenomenon in which water vapour condenses in the lower atmosphere over the sea (including shores and islands) under the influence of the ocean (Wang, 1983). In recent years, the casualties and property losses caused by sea fog have gradually approached those caused by extreme weather events, such as typhoons and tornadoes (Gultepe et al., 2007). The offshore waters of China are characterized by one of the highest frequencies of sea fog occurrence worldwide; here, this phenomenon arises due to the strong sea temperature gradient and poses serious hazards to the economic development and social security of coastal China. If the occurrence, duration, extent of influence and concentration of sea fog could be accurately predicted by an operational department, early warnings could be provided, and thus, corresponding emergency measures could be taken to reduce and avoid losses.
However, as a weather phenomenon influenced by a weak pressure field, sea fog is difficult to be numerically predicted. The formation and development of sea fog are affected by a series of dynamic and thermodynamic processes, such as synoptic circulations, air-sea heat and water vapour exchanges, boundary layer turbulence and entrainment, and long-wave and shortwave radiation. In particular, one of the most important mechanisms responsible for the formation of sea fog is the condensation caused by the cooling of warm and humid air advecting to the cold sea surface. In some early attempts to numerically simulate sea fog, many scholars employed mesoscale forecasting models (Ballard et al., 1991; Golding, 1993; Nakanishi, 2000; Pagowski et al., 2004; Koračin et al., 2005). Mesoscale models have been used to simulate the formation of sea fog in China since the turn of the century, and the corresponding mechanisms have been investigated (Fu et al., 2004; Fu et al., 2006; Fu et al., 2008; Wang et al., 2012; Cheng et al., 2013; Huang et al., 2015; Huang et al., 2019). Focusing on ten cases of sea fog over the Yellow Sea (YS) in spring, Lu et al. (2014) carried out a sensitivity study on the parameterization schemes of the Weather Research and Forecasting (WRF) model and found that the best combination of the boundary layer scheme and the microphysical scheme comprises the Yonsei University (YSU) scheme and the Purdue Lin scheme, respectively. Based on the simulation of fog over the YS through the WRF model, Yang and Gao (2016) reported that increasing the vertical resolution could significantly improve the ability to forecast the horizontal fog area. In addition, the quality of the initial field is essential for sea fog forecasts and can be improved by assimilating multi-source observation data, which also helps improve the forecasting skill (Gao et al., 2010a; Gao et al., 2010b; Wang and Gao, 2016; Gao and Gao, 2019).
Compared with the rapid development in other research aspects of atmospheric science, the operational application of a numerical prediction technique for sea fog in China is still in its infancy. National Meteorological Center of China and meteorological services in coastal provinces and cities have gradually established a numerical prediction system for sea fog in recent years based on imported regional models such as the WRF and the Regional Atmospheric Modeling System (RAMS) to develop related forecast products, which can provide certain support for operational forecasts (Huang et al., 2014). In the operations of national marine meteorological forecasts, the continuously improving the China Meteorological Administration Typhoon Model (CMA-TYM, formerly known as GRAPES_TYM) has become an important reference for meteorological departments to forecast marine weather (Ma and Chen, 2018, Ma et al., 2018, Zhang et al., 2017). However, CMA-TYM was originally developed for the numerical prediction of tropical cyclones. Sea fog prediction is only its by-product and has not been carefully evaluated. In order to improve its sea fog forecast skill, the description of the marine boundary layer closely related to the formation and evolution of sea fog in CMA-TYM needs to be further refined. Therefore, this study intends to improve the simulation and prediction of sea fog by CMA-TYM to support controllable operational forecasts in China.
DATA, METHOD AND MODEL DESCRIPTION
Data
The background field uses 3-hourly data with a resolution of 0.5°×0.5° and 26 vertical layers from the Global Forecast System (GFS) produced by the National Centers for Environmental Prediction (NCEP), and multi-source observation data are assimilated for the initial field. Another sea surface temperature (SST) dataset used in the forecast is composed of daily SST data with a resolution of 0.25°×0.25° produced by the North-East Asian Regional Global Ocean Observing System (NEAR-GOOS).
Due to the lack of the routine observations over the sea, satellite images with high spatial and temporal resolution have already been used as an important approach to monitor the process of sea fog evolution (e.g., Wu et al., 2015; Wang et al., 2018). The satellite cloud images employed for the retrieval of sea fog are based on high-resolution infrared brightness temperature and visible albedo data obtained by the Japanese Himawari-8 geostationary satellite, and the SST data used for the retrieval originate from the NCEP reanalysis product. In the paper, we adopt the retrieval method proposed by Wang et al. (2015), which was proved feasible by comparison with observation data in the offshore areas of China, to provide sea fog retrievals to verify model forecasts. For convenience, we refer to such retrieval data as observations below.
CMA-TYM
The model domain utilized in current operational forecasts is shown in Figure 1, which uses an equal-latitude and equal-longitude grid system with a horizontal resolution of 0.09°×0.09° and 50 vertical layers with a height-based terrain-following coordinate. The purpose of this study is to improve the framework of operational forecasts by CMA-TYM. Therefore, although such a large area is not required to forecast sea fog in the offshore waters of China, this domain is used to conduct the numerical experiment in this study. Other specifications of the model parameters are shown in Table 1.
[image: Figure 1]FIGURE 1 | Simulation domain of CMA-TYM.
TABLE 1 | Parameter settings of CMA-TYM.
[image: Table 1]Model Diagnostic Methods of Sea Fog
When visible light travels through the air, it is scattered and blocked by suspended liquid and solid particles. The extinction coefficient can be used to comprehensively reflect the weakening effect of air on light. Assuming that the air near the observation point is homogeneous, the extinction coefficient is constant. According to Koschmieder’s law, the calculation formula for horizontal visibility is as follows:
[image: image]
where [image: image] is the horizontal visibility (unit: km) and [image: image] is the extinction coefficient (unit: km−1) determined by air impurities. For fog over the YS, the influencing factor on horizontal visibility is the content of liquid water particles. Therefore, the Kunkel (1984) method is used to measure the relationship between [image: image] and the liquid water content:
[image: image]
where [image: image] is the mass concentration of liquid water (unit: gm−3). Since the fog area is defined as the region where [image: image] ≤ 1 km, the cloud-water mixing ratio of [image: image] ≥ 0.016 g kg−1 in the fog area can be obtained according to the above formula.
Nevertheless, we cannot determine whether the bottom of sea fog is decoupled from the sea surface (thereby becoming a low-level stratus cloud) since satellite monitoring is employed to determine the fog area at sea regardless of whether a subjective or objective method is used. If the structure of stratus clouds (condensation is present at low altitudes but not at the bottom of the model) can be accurately predicted by the model but stratus clouds are treated as sea fog in satellite observations, the forecasted fog area is seriously underestimated when the liquid water content at the bottom of the model domain is compared with that observed within the fog area. To avoid this error, forecasted low-level stratus clouds are regarded as sea fog, and the height of 500 m is taken as the threshold for the fog-top height since the thickness of advecting fog over the YS generally does not exceed 400 m (Zhou and Du, 2010). Therefore, the forecasted fog area should meet the following criteria simultaneously: first, in model layers where the height ≤500 m, at least one layer is characterized by [image: image] ≥ 0.016 g kg−1; second, the fog-top height ≤500 m.
Figure 2 shows several typical cases regarding the diagnosis of sea fog in the model. In the case shown in Figure 2A, condensed water particles stretch from the first layer [image: image] to layer [image: image] of the model, indicating that the fog is coupled to the sea surface. The fog-top height is diagnosed as the height of the bottom of layer [image: image], which is obviously much lower than 500 m. In the case shown in Figure 2B, condensed water vapour appears in both [image: image] and [image: image], the liquid water contents of which are both greater than 0.016 g kg−1. Although there is no liquid water in [image: image], for a convenient comparison with the retrieved fog area, the bottom of [image: image] is taken as the fog-top height. In the case shown in Figure 2C, condensation occurs in both [image: image] and [image: image], but a large amount of cloud water is also present in [image: image] (above 500 m), indicating that clouds have a higher top than this threshold and are therefore not considered sea fog.
[image: Figure 2]FIGURE 2 | Diagnosis of the fog-top heights corresponding to three kinds of cloud water distributions. (A-C) See text for details.
Evaluation Methods
To quantitatively assess the forecast results, a point-to-point comparison is made based on the gridded sea fog forecasts and the observed fog areas. The numbers of grid points in the observation area and forecasted fog area are set as [image: image] and [image: image], respectively, and the correctly forecasted fog area (where sea fog is found in both the observation and the forecast) is set as [image: image]. Four metrics, including the probability of detection ([image: image]), false alarm rate ([image: image]), bias ([image: image]) and equitable threat score ([image: image]), are calculated as follows:
[image: image]
[image: image]
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where [image: image] is the random hit item and [image: image] is the sum of the numbers of grids in the verification areas. According to the formula, the [image: image] is a measure of the proportion of the correctly forecasted fog area: the larger the correctly forecasted fog area, the higher the [image: image] is. The [image: image] is a measure of the proportion of the falsely forecasted fog area (where fog is found in the observation but not in the forecast): the larger the falsely forecasted fog area, the higher the [image: image] is. Bias is the ratio of the forecasted fog area to the observed fog area. Finally, as a comprehensive score that considers the forecasts, observations and correctly forecasted fog area simultaneously, the [image: image] is the most important criterion for comparing the forecast results.
MODEL IMPROVEMENT SCHEME
Improved Bottom Boundary Condition
Studies have shown that the bottom boundary conditions, especially the SST distribution, are important factors affecting the formation and development of sea fog (Fu et al., 2016). When warm and humid air advects to the cold sea surface, the initial heat exchange originates at the air-sea interface: heat is transferred to the ocean from the air near the sea surface (below a height of 1 m), and the region in which the temperature decreases extends upward under the influence of atmospheric turbulence, which affects the offshore layer (below a height of 10 m) and the boundary layer. Therefore, sea fog is triggered by warm, humid air and a cold sea surface. According to a sensitivity test of large-scale sea fog (figure omitted), when the offshore SST increases by 1 K, the forecasted fog area shrinks by tens of thousands of square kilometres. Furthermore, the SST near the shore may be lower than that of the open sea under the action of coastal upwelling, which creates favourable conditions for the formation of coastal sea fog.
At present, the SST field used in operational forecasts by CMA-TYM is entirely derived from global GFS data, which are updated every 3 h. However, the coarse grid of the GFS product is insufficient for sea fog forecasts. Therefore, daily SST data with a resolution of 0.25°×0.25° from NEAR-GOOS are used in this study; these data have been assimilated with multi-source observation data and are updated daily and thus are suitable for operational forecasts. However, the SST field from NEAR-GOOS is a daily average; hence, the daily variation trend is excluded. Therefore, the NEAR-GOOS SST is considered as the background field. The result of superimposing the NEAR-GOOS SST onto the daily variation trend of the GFS SST is taken as the SST boundary conditions for driving CMA-TYM. Both types of data are interpolated to the grids of CMA-TYM with 0.09°×0.09° horizontal resolution before superimposing. The new SST boundary condition of CMA-TYM is expressed as:
[image: image]
where [image: image] is the SST value at point [image: image] in the model at time [image: image]; [image: image] and [image: image] are the daily SST averages from NEAR-GOOS and GFS, respectively; and [image: image] is the GFS SST at time t. The above formula means that the daily variation trend obtained by removing the daily average from the GFS data is superimposed onto the NEAR-GOOS SST.
Figure 3 plots the SST distributions at 1200 UTC on April 18, 2018, before and after the inclusion of the NEAR-GOOS SST. The bottom boundary conditions before and after the addition of NEAR-GOOS SST data are roughly the same in the subtropical western Pacific. Specifically, in the Bohai Sea, the improved SST is approximately 0.5°C higher. In the central YS, the improved SST appears as a strong warm ridge. The low temperatures of the coastal waters on both sides of this warm ridge strengthen the temperature gradients, whereas the distribution of the GFS SST alone is smoother. The improved SST better reflects the tributaries of the Kuroshio Extension in the offshore waters of China, making it easier for the model to predict the occurrence of sea fog near the Shandong Peninsula, the coast of Jiangsu, and the Korean Peninsula, while sea fog is more difficult to forecast over the central YS due to the higher SST there. This result is basically consistent with the real situation; that is, sea fog in this area often appears over the eastern and western YS, while the central YS exhibits clear or cloudy skies. Moreover, a large number of ship observations have reported a strong sea temperature gradient (called an ocean front) at the junction between the YS and East China Sea (near 124°E, 30°N) in spring, which is accurately depicted by the improved SST.
[image: Figure 3]FIGURE 3 | SST distributions (°C) at 1200 UTC on April 18, 2018. The left panel shows the GFS data, while the right panel shows the weighted average of the GFS and NEAR-GOOS data.
Improved Boundary Layer Scheme
The Medium-Range Forecast (MRF) boundary layer scheme, which has been thoroughly verified in forecasting the intensity and paths of typhoons, is used in operational forecasts by CMA-TYM. However, the MRF scheme may underestimate the turbulent mixing process when considering the entrainment process and the internal processes of the boundary layer together. Although this underestimation has little effect on severe weather processes such as typhoons and extratropical cyclones, the effect is unfavourable for sea fog forecasts. Numerical experiments on sea fog cases in the spring seasons of 2005–2011 show that the forecast results of the YSU scheme are better than those of the quasi-normal scale elimination, Mellor–Yamada and Mellor–Yamada–Nakanishi–Niino-2.5/3 models. However, no studies have compared the advantages and disadvantages of the YSU scheme with those of the MRF scheme. Therefore, comparative experiments for these two schemes are carried out in this study.
Taking an offshore sea fog case from April 19 to April 20, 2018, as an example, the MRF scheme and the YSU scheme are separately set as the boundary scheme, and the experiments are correspondingly denoted Exp-MRF and Exp-YSU, respectively. The forecast initial time is set to 1200 UTC on April 19. Figure 4 presents a comparison between the forecast results and observations. This sea fog was produced by southerly wind behind a high-pressure system; the fog began to form over the offshore sea surface and gradually developed upward due to the low SST of the coastal waters. During the day on April 20, the land cyclone system moved eastward, and the southwesterly wind strengthened; the sea fog stretched to the northeast and then weakened and disappeared due to solar radiation. Sea fog did not appear within 12 h in the Exp-MRF forecasts until a small area of sea fog appeared at 0300 UTC on April 20, which then quickly dissipated. In the Exp-YSU forecasts, a large area of fog formed on the night of April 19, and the forecast results were relatively close to the observations until 0300 UTC on April 20. Although Exp-YSU does not capture the dissipation well in the later stage of the forecasts, its forecast results are significantly better than those of Exp-MRF in general.
[image: Figure 4]FIGURE 4 | Comparison between the forecasted fog-top height and retrieved fog-top height from 1800 UTC on April 19 to 0600 UTC on April 20, 2018, from the (A–F) retrieval, (G–L) Exp-MRF and (M–R) Exp-YSU.
Table 2 shows the comprehensive scores of the two tests. For the MRF scheme, the [image: image], [image: image] and [image: image] are all less than 0.2, and the correctly forecasted fog area is less than 20% of the observed fog area because a considerable amount of the actual fog area is missing. In contrast, for the YSU scheme, the [image: image] is improved by 264%, and the [image: image] is improved by 96%. Although the [image: image] also increases, the overall [image: image] reaches 0.338, which is almost thrice that for the Exp-MRF scheme.
TABLE 2 | Scores of the fog area (the number in brackets is the percentage by which the forecast results using the YSU scheme are improved compared with those using the MRF scheme).
[image: Table 2]Figure 5 shows that due to the weak turbulent mixing in the MRF scheme, the low-temperature air mass below 13°C always accumulates near the offshore surface (below a height of 50 m). However, in the YSU scheme, higher air masses are affected by the cooling of the offshore surface, and the region with a temperature below 13°C extends up to a height of 100 m. This intense cooling process in Exp-YSU facilitates the condensation of water vapour, and thus, the simulated fog area is larger than that in Exp-MRF.
[image: Figure 5]FIGURE 5 | Temporal variation in the forecast results of (A–D) Exp-MRF and (E–H) Exp-YSU on the meridional vertical section along 121.5°E. The shading represents the temperature (unit: °C), and the contours represent the cloud-water mixing ratio (unit: g kg−1).
Improved Vertical Resolution
The vertical resolution determines the model accuracy in depicting vertical motions within the atmosphere and energy exchange and material exchange processes. For sea fog forecasting, a finer vertical resolution means more model layers in the boundary layer, which is conducive to the turbulent transfer of heat between layers. However, increasing the number of layers also means reducing the height of the bottom layer ([image: image]) in the model. The previous version of CMA-TYM uses 50 vertical layers, and the height of [image: image] is approximately 20 m. Increasing the number of layers to 68, the height of [image: image] is reduced to approximately 10 m. Layer [image: image] is a bridge that connects the ocean and the atmospheric boundary layer. When the bottom boundary of the model has a different temperature than the external atmosphere, it changes the temperature in [image: image] through the sensible heat flux and further affects the overlying atmosphere. The variation trend of the temperature in [image: image] can be expressed as follows:
[image: image]
where [image: image] is the sensible heat flux. The lower the height of [image: image], the smaller the specific heat capacity of [image: image] is and the more sensitive the layer is to temperature changes at the bottom boundary. Therefore, lowering the height of [image: image] accelerates the formation of sea fog.
To compare the forecasts of the two schemes for the sea fog case during April 19–20, the experiments adopt two vertical resolutions of 50 layers and 68 layers, and the experiments are correspondingly denoted Exp-50 and Exp-68, respectively. The forecast initial time is set to 1200 UTC on April 19.
Figure 6 presents a comparison between the forecasts and observations. The increasing vertical resolution increases the fog area around the 12-h forecast. The improved trend is similar to that in the YSU scheme but weaker (Figure 4). It is worth noting that in the late forecast period, the fog dissipates faster in Exp-68 than in Exp-50. At 0600 UTC on April 20, the fog area forecasted in Exp-68 is much larger than that in Exp-50. After only 3 h, the fog area in Exp-68 is almost as large as that in Exp-50 since the lower height of [image: image] is more sensitive to the changes in the upper-level air temperature. When shortwave radiation raises the temperature of the fog top, turbulence transmits the temperature change downward, and the lower [image: image] responds quickly to this temperature change, causing the fog area to dissipate. In short, the increased vertical resolution causes fog to both form and dissipate more quickly, which is consistent with observations.
[image: Figure 6]FIGURE 6 | Comparison between the forecasted fog-top height and retrieved fog-top height from 1800 UTC on April 19 to 0600 UTC on April 20, 2018, from the (A–F) retrieval, (G–L) Exp-50 and (M–R) Exp-68.
Table 3 further shows the comprehensive scores of the two experiments. Compared with those of Exp-50, the [image: image], [image: image] and [image: image] of Exp-68 are improved by 61%, 18% and 30%, respectively. The overall [image: image] reaches 0.180, with an improvement of 55%.
TABLE 3 | Scores of the fog area (the number in brackets is the percentage by which the results of EXP-68 are improved compared to those of EXP-50).
[image: Table 3]The meridional cross-section along 121°E is plotted in Figure 7. In Exp-68, the temperature drops significantly below a height of 300 m, while the upper bound of the region with a temperature below 13°C increases in height. After the fog area (cloud water content greater than 0.016 g kg−1) is formed, the long-wave radiation of liquid water particles causes rapid cooling inside the fog area. At 0300 UTC on April 20, the surface air temperature in Exp-68 at 36°N is approximately 2°C lower than that in Exp-50.
[image: Figure 7]FIGURE 7 | Temporal variation in the forecast results of (A–D) Exp-50 and (E–H) Exp-68 on the meridional vertical section along 121°E. The shading represents the temperature (unit: °C), and the contours represent the cloud-water mixing ratio (unit: g kg−1).
Assessment of the Overall Improvement
With the above results, an improved scheme for the forecasting of sea fog by CMA-TYM is established. The first step is to use the daily NEAR-GOOS SST as the bottom boundary of the model; the second step is to adopt the YSU scheme as the boundary layer scheme; and the third step is to increase the vertical resolution from 50 to 68 layers. To assess the overall improvement effect, simulation-based forecasts are carried out for eleven sea fog cases in the spring of 2018 (Table 4). The forecast initial time is set to 1200 UTC on the day before, and the lead time is 24 h. To compare the difference in the forecast effect before and after the improvement, two groups of experiments are designed. Group-A is a control test that adopts the settings of the operational forecast before the improvement; Group-B applies the abovementioned improved schemes, while the remaining settings are exactly the same as those of Group A. Table 5 shows the specifications.
TABLE 4 | Sea fog cases in the spring of 2018.
[image: Table 4]TABLE 5 | Specifications of the control test and improvement test.
[image: Table 5]Table 6 lists the forecast scores of the eleven sea fog cases in the two groups. The forecasted fog area in Group-A is generally small. The [image: image] s of four cases on March 12, 27 and 29 and May 10 are all less than 0.15, resulting in [image: image] values below 0.1. In particular, the [image: image] on March 27 is zero, indicating that the forecast is completely unsuccessful. The average [image: image] values for the eleven cases in Group-A is 0.162, and the [image: image] is 0.582.
TABLE 6 | Forecast scores (the number in brackets is the percentage of the improvement of Group-B over Group-A).
[image: Table 6]The forecasted fog area in Group-B is higher than that in Group-A due to the improved scheme, and the forecast scores of the former are better (except for the case on March 28). In particular, on May 10, the [image: image] of Group-B is 0.304, which is 30 times that of Group-A. On average, the [image: image], [image: image] and [image: image] of Group-B are improved by 92%, 22% and 3%, respectively, indicating that both correctly and incorrectly forecasted areas have increased. However, the rate of improvement in [image: image] exceeds 60%, implying that the improved scheme can overall improve the forecast effects of CMA-TYM for sea fog.
CONCLUSION AND DISCUSSION
Based on the operational version of CMA-TYM, numerical experiments and improvement studies are carried out on sea fog forecasts regarding three aspects: the boundary layer scheme, the vertical resolution and the bottom boundary conditions. The main conclusions are as follows.
Highly precise and dynamic SST data are adopted as the bottom layer boundary conditions. The use of SST data can better reflect the low offshore SST caused by coastal upwelling, the temperature ridge in the middle of the YS, and the ocean front between the YS and the East China Sea. As the new boundary condition, these SST data are more conducive to improving the forecasting skills for sea fog.
Comparing the accuracies of the YSU scheme and MRF scheme in describing the turbulent heat exchange reveals that the former can more accurately reflect offshore turbulence and forecast the fog area.
A finer vertical resolution facilitates heat transfer simulation. Specifically, the lower bottom layer of the model is highly sensitive to changes in the SST and temperature of the overlying atmosphere, and this sensitivity is conducive to the rapid formation and dissipation of sea fog, thus correcting the current forecast error.
Through the improved scheme, the overall [image: image] of eleven cases in the spring of 2018 is increased by 61% due to the increase in the correctly forecasted fog area.
After implementing these improvements, CMA-TYM is significantly improved in forecasting the extent of sea fog over the offshore water of China and thus can provide an important reference for operational forecasts. However, the current numerical forecast level for sea fog cannot fully satisfy the required accuracy of operational services due to the complexity of the structure and evolution of sea fog. Future models should be further improved by assimilating observational data from additional sources and developing regional air-ocean coupled models. In addition, the development of ensemble forecasts using multiple initial fields will be an important direction to reduce the uncertainties in sea fog forecasts.
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