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Our knowledge of sea breeze remains poor in the coastal area of East China, due largely to the high terrain heterogeneity. Five–year (2016–2020) consecutive wind observations from a 10-m wind tower and radar wind profiler are used to characterize the sea–land breeze at Qingdao, a coastal city in East China. The sea surface temperatures at the nearby buoy station in the Yellow Sea are further used to elucidate the land–sea thermal contrast. First of all, three types of sea breeze are determined according to the temporal evolution of wind direction, including pure sea breeze (PSB), corkscrew sea breeze (CSB) and backdoor sea breeze (BSB). Statistically, there are 522 days experiencing sea breezes, of which 61 days belong to pure sea breeze, 40 days witness corkscrew sea breeze, and only 2 days see the backdoor sea breeze. The occurrence of sea breeze is found to peak from April to September and the average wind speed lies at 3–5 m s−1. This suggests a salient seasonality of sea breeze at Qingdao, which is likely caused by the seasonal dependence of land–sea thermal contrast. In terms of the diurnal variability, the sea breezes tend to occur more frequently and have more intensity in the afternoon compared with in the morning, irrespective of sea breeze types. Interestingly, the backdoor sea breeze is merely observed in autumn, whereas corkscrew sea breeze and pure sea breeze can be found year round. Among all types of sea breeze, the pure sea breeze has the highest intensity and most frequency throughout the daytime, same in the seasons of spring, summer and autumn. Further analyses are conduced of the atmospheric circulation, lower troposphere stability and bulk Richard number (Ri) for three types of sea breeze. Both pure sea breeze and corkscrew sea breeze in Qingdao are characterized by prevailing westerlies at 500 hPa. In contrast, the backdoor sea breeze is generally accompanied with easterlies at 850 hPa. Meanwhile, the backdoor sea breeze has the lowest lower troposphere stability, in sharp contrast to the highest lower troposphere stability for the pure sea breeze. This indicates that the backdoor sea breeze (pure sea breeze) tends to occur in an unstable (stable) lower troposphere. The findings obtained here highlight the importance of typing sea breeze.
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1 INTRODUCTION
Offshore wind is one of the most important sources of renewable energy. The global offshore wind report 2021 released by the Global Wind Energy Council (GWEC) pointed out that the global offshore wind power installation has maintained a stable growth momentum in the past year. From now to 2050, offshore wind energy will become the focus of global decarbonization. Wind power has been affected by the re-cent drop observed in near–surface wind speed, which is mainly attributed to global warming (Tian et al., 2019). Nevertheless, the efficient utilization of sea–land breeze can to some ex-tent fill up the gap of wind power generation caused by the reduction of surface wind speed. The sea–land breeze circulation is a mesoscale atmospheric circulation phenomenon (Fisher, 1960; Zhu and Lin, 2000; Fujibe and Fumiaki, 1985) at the junction of sea and land in the lower atmosphere due to the land–sea thermal contrast. There are many previous studies devoted to the field of sea–land breeze, which can be summarized into three categories: observational analyses (Ma et al., 2021; Zhao et al., 2022), theoretical calculation (Jeffreys, 1922) and numerical simulation (Pearce, 1955). In the early phase, meteorological balloons and ships were the main instruments used for observational research (Fisher, 1960; Feit, 1969; Simpson et al., 1977; Kozo, 1982; Kraus et al., 1990; Kingsmill, 1995; Laird et al., 1995). Later on, it developed into a complex numerical simulation after the 1950s (Pearce, 1955; Rani et al., 2010; Lin et al., 2019).
As a unique mesoscale and microscale circulation system in coastal areas, sea–land breeze will affect the distribution of local temperature (Pokhrel and Lee, 2011; Naor et al.,. 2017), humidity and wind field (Zhuang et al., 2005; Gao et al., 2013), thus affecting the local climate and ecological environment (Garrett and Zhao, 2006; Garrett et al., 2010; Ryu and Baik, 2013; Ganbat et al., 2015; Yang et al., 2018). In addition, sea–land breeze circulation is recognized to dramatically affect the diffusion and transport of aerosols, which further interact with strong convective clouds, thereby bringing about various meteorological disasters to coastal areas (Guo et al., 2016; Meng and Tang, 2019; Li et al., 2019) and cause damage to people, urban buildings and economy (Phan and Manomaiphiboon, 2012). Huang and Chan (2011, 2012) showed that the interaction between southwest monsoon and East Asian continental sea–land breeze contributes to the formation of morning and afternoon convection in the South China Sea. Sheng et al. (2009) and Huang and Wang (2014) found that the sea–land breeze system can promote the formation of precipitation. As one of the pioneer study, Adams (1997) identified and defined three main types of sea breeze: pure sea breeze (PSB), corkscrew sea breeze (CSB) and backdoor sea breeze (BSB). A brief de-scription is given here, and a detailed explanation will be given in Section 2.3. The PSB has the largest gradient wind component, and the direction is perpendicular to the coast. The arrival of CSB(BSB) indicates that the wind direction gradually deflects counterclockwise (clockwise). In order to reflect the wind energy utilization of different types of sea–land breeze, Xia et al. (2021) analyzed the sea breeze on the northeast coast of the United States. The simulation shows that the power output related to CSB is almost 3 to 4 times that of PSB and BSB. The result highlights the importance of correctly predicting different types of sea breeze for wind energy application. Different types of sea breeze generally show different characteristics, but few previous studies paid attention to this. The analysis of different types of sea–land breeze is conducive to the rational development and utilization of climate resources. Therefore, it is imperative to conduct observational analysis by taking the sea breeze types into account. The results of this paper could provide refined scientific support for the application of wind energy resources and provide a useful reference for understanding the local circulation in Qingdao.
Then we use a variety of observation data (automatic weather station data, buoy data, wind profile data) to analyze the sea–land breeze in Qingdao and classifies the sea–land breeze. The synoptic chart and several typical thermodynamic variables, including lower tropospheric stability (LTS) and bulk Richard number (Ri), for each type of sea breeze have been analyzed as well in attempt to figure out the favorable atmospheric environment for the occurrence of each specific sea breeze. The rest of this paper proceeds as follows. Data and methodology are presented in Section 2. Section 3 introduces the monthly variation and seasonally variation of sea breeze and land breeze at Qingdao. The diurnal statistical characteristics of the four seasons of the three main sea breeze types and upper air conditions are also introduced. Section 4 illustrates the evolution process of three typical sea breezes. This study ends with summaries and conclusions in Section 5.
2 DATA AND METHODS
2.1 Data
In order to ensure the data quality of surface observational station and reduce the impact of topographic changes on it, we choose the national meteorological station in Qingdao and the altitude of station belongs to the plain altitude range (altitude<200 m). Adopt the principle of proximity, we select a buoy station (Changmenyan buoy station) with high data quality as the sea surface station for calculating the land-sea thermal contrast. The nearby coastline runs from northeast to southwest, and the location of the station is also identified on the map (Figure 1A). Figures 1B, C show the topo-graphic map, showing relatively homogenous terrain surrounding Qingdao weather station. The data used in this study is the surface observation data of Qingdao national meteorological station (Station number: 54,857, 120.33°E, 36.07°N) of 2016–2020 which comes from the observation of China Meteorological Administration (CMA), including surface wind (hourly data of 2-min average wind direction and speed) and temperature, with a time resolution of 1 h. Sea surface temperature data from Changmenyan buoy station (Station number: 54,859, 120.22°E, 36.18°N), with a time resolution of 1 h. The radar data comes from the product data file on the real–time sampling height of Qingdao wind profile radar station (120.2°E, 36.3°N, at 12 m height), including sampling height, horizontal wind direction, horizontal wind speed, vertical wind speed and other elements. The time in the data format is expressed in universal time with a time resolution of 6 min. The spatial resolution below 840 m height is 60 m and above 840 m the resolution is 120 m. According to the research content of this study and other scholars, the height range is 60–1,560 m in this paper. All these data obtaining from National Meteorological Information Center of CMA were quality controlled and released for operational usage. In order to obtain more reliable and accurate data, the original data will be screened and processed. We also use ERA–5 data to explore the atmospheric environment of sea breezes. The time was chosen from 2016 to 2020 with a time resolution of 1 h and a spatial resolution of 0.25°*0.25°. The calculation data of LTS and Ri only use the grid point of Qingdao station.
[image: Figure 1]FIGURE 1 | (A) Schematic of sea breeze classification, superimposed by the coastline of Qingdao city. The corkscrew sea breeze (CSB) is dominated by counterclockwise wind and shaded by the light red, the backdoor sea breeze (BSB) is dominated by clockwise wind and shaded by the light blue, and the pure sea breeze (PSB) dominated by the wind flowing perpendicular to the coastal line and shaded in light yellow. The red dot represents Qingdao national meteorological station and the star represents Changmenyan buoy station. (B) Topographic map near the station. (C) Photos of instrument monitoring.
Quality control of hourly data of selected station: if the missing data in a day (0000–2,300 local standard time, LST) reaches 7 h or more, it will not participate in the diurnal average statistics. Otherwise, the hours (less than 7) with missing observations are excluded for further analysis except for the remaining hours with valid observations. The number of samples at the station is the total number of remaining hours after eliminating the missing hours. Missing date has been eliminated in this study. Sea-land breeze refers to the breeze blowing from the sea to the land during the daytime in coastal areas. In this paper, the selection of data only includes the period from sunrise to sunset, and the nighttime data is ignored.
2.2 Calculation methodology
Sea-land breeze is mainly a thermal circulation unique to coastal areas, which caused by the thermal contrast between sea and land. We define the land-sea thermal contrast as ∆T, ∆T = Tland–Tsea > 0, which meets the criteria for occurrence of sea-land breeze. The Tland represents the diurnal average temperature of the land surface during the daytime from sunrise to sunset. The Tsea represents the diurnal average temperature of the sea surface during the daytime.
In order to better exhibit the atmospheric environment of sea breezes, the LTS and Ri are given. The data used for the calculation includes the grid points where the station is located. The LTS is calculated by Eq.:
[image: image]
LTS defined by the differences in potential temperature at 700 ([image: image] ) and 1,000 ( [image: image]) hPa, is widely used as an indicator to describe the static stability of the lower troposphere (Guo et al., 2016). Typically, the LTS values are higher, the lower troposphere is more stable (Guo et al., 2021).
Ri is a dimensionless meteorological variable and can be calculated as the ratio of buoyance produced turbulence and shear-induced turbulence. A low Ri value is generally used to indicate weak instability and/or strong vertical shear. The Ri is calculated by Eq.:
[image: image]
Where [image: image] represents the height above the ground, [image: image] represents the surface, [image: image] represents the acceleration of gravity, [image: image] represents the virtual potential temperature, [image: image] and [image: image] represent the wind speed components, and [image: image] represents the surface fric-tion velocity. [image: image] can be neglected here because it is much smaller in magnitude compared to the bulk wind shear term in the denominator (Vogelezang and Holtslag, 1996).
2.3 Determination of sea–land breeze
On the one hand, we select the day when thermal contrast is greater than zero (∆T = Tland–Tsea > 0, Furberg et al., 2002). Tland is 39 sunrise to sunset on the land–surface and Tsea is the diurnal average temperature from sunrise to sunset on the sea–surface. On the other hand, when the wind speed before the onset of sea breeze is less than 1.5 m s−1 and the maximum wind speed during the day is less than 10 m s−1, the day under investigation is deemed as a day with sea breeze. As such, this criterion taken from previous studies (Steyn and Faulkner, 1986;Furberg et al., 2002), to some extent, can eliminate the influence of large–scale synoptic system. Next, we will discuss the sea breeze days in two scenarios.
Scenario 1: sea and land breeze alternate throughout the day. It is specified that 0100–0800 LST is the land breeze period, 0900–1200 LST is the land breeze to sea breeze conversion period, 1,300–2000 LST is the sea breeze period, and 2,100–2,400 LST is the sea breeze to land breeze conversion period (Zhang et al., 2015; Xun et al., 2017).
(1) During the land breeze period in 0100–0800 LST, the land breeze occurs more than 4 times, the sea breeze occurs less than twice;
(2) During the sea breeze period in 1,300–2,000 LST, the sea breeze occurs more than 4 times, the land breeze occurs less than twice;
(3) After sunrise, there are significant changes in wind direction and speed, and the wind direction mutation angle is greater than 30°; when the sea breeze has been established, the wind direction tends to be more stable towards the shore (Wang et al., 2016). The wind speed of sea breeze is greater than or equal to 0.5 m s−1;
(4) If the wind speed is high before the sea breeze starts, it cannot satisfy the limit value of 1.5 m s−1 specified in precondition, but the mutation angle is obvious when the wind direction changes from offshore to onshore (Wang et al., 2018).
Scenario 2: if the whole day is a sea breeze day and the wind speed is significantly increased and lasts for more than or equal to 3 h (Wang et al., 2016).
Criteria for identifying the ending of sea breeze time periods:
(1) At the te time, the wind direction is within the angle range of the sea breeze, while at the te+1 time the wind direction is not, it is decided that the sea breeze ends at the te;
(2) The wind speed at te time is less than te-1 or te+1, or the wind speed at te time is less than or equal to 0.5 m s−1, it is decided that the sea breeze ends at the te.
2.4 Classification of sea breeze
Adams (1997) divided the sea breeze into four categories: PSB, CSB, BSB and synoptic sea breeze (SSB). Miller et al., 2003 only elaborated on the first three types of sea breezes. The PSB occurs under the condition of weak prevailing wind. The sea breeze circulation has the largest gradient wind component, and the direction is perpendicular to the coast. The CSB occurs when the prevailing wind has both coastal and cross shore components. It is assumed that the coastal wind component blows a south wind on the east coast of the continent in the northern hemisphere. According to the baric wind law, the south wind means low pressure on land and high pressure on the sea. There is a low–level divergence area near the coast, and the upper air sinks into the divergence area and assists in the occurrence of sea breeze. The arrival of CSB indicates that the wind gradually turns from southwest to southeast with a counterclockwise rotation. The BSB occurs when the prevailing wind has both coastal and cross shore components. It is assumed that the coastal wind component blows a north wind on the east coast of the continent in the northern hemisphere. According to the baric wind law, it means that there is a high pressure on land and a low pressure on the sea surface. Low level convergence occurs near the coast, which hinders the sinking of upper air and inhibits the movement of sea breeze to land. The arrival of the BSB indicates that the wind gradually turns from northwest to northeast with a clockwise rotation. This paper focuses on the analysis of the first three types of sea breeze.
According to the special coastline of the coastal area where Qingdao station is located and the angle classification method of Lin (2018), the types of sea–land breezes at Qingdao station are classified, and the diurnal variations and case analysis are carried out. Based on the spatial shape of coastline (Figure 1), the prevailing wind blowing from the direction 45°–225° is thought to be sea breeze, whereas those from 0° to 45° and 225°–360° are land breeze. As shown in Figure 1, the PSB starts from the land breeze angle of 292.5°–337.5° which is almost perpendicular to the coastline before the sea breeze starts, and then turns to the sea breeze angle of 112.5°–157.5° which is almost perpendicular to the coastline. The CSB starts from the land breeze angle of 225°–270° before the sea breeze starts, then rotates counterclockwise, and the wind direction turns to the sea breeze angle of 180°–225°. The BSB starts from the land breeze angle of 0°–45° before the sea breeze starts, then rotates clockwise, and the wind direction turns to the sea breeze angle of 45°–90°. If two of the first 3 h after the occurrence of a sea breeze belong to a particular sea breeze, and the subsequent changes meet the criteria for changes in that type of sea breeze, it is defined as that type of sea breeze occurring on that day.
3 TEMPORAL VARIATIONS OF SEA–LAND BREEZE
3.1 Monthly variations of sea-land breeze
According to the identification method of sea breeze days defined by wind and temperature elements in this paper, it is calculated that there are 522 days with sea breeze from 2016 to 2020, which is 28.73% of the total number of days (1,817 days) in the study period.
As shown in Figure 2A, the black solid line is the annual average of the monthly number of sea breeze days in the study period and the red and blue solid lines represent the annual average of the sea breeze and land breeze speed (hourly mean wind speed) in the daytime of the sea breeze day. The results show that the number of days with sea breeze for the period from April to September is more than 11 days. This suggests that this season corresponds to a period of high sea breeze occurrence, and the intensity of sea breeze is greater than that of land breeze. In particular, there are 14.6 days of sea breeze in September, which is the most in the whole year. In winter, there are relatively few from December to the followed January, of which only 1.2 days of sea breeze occurred in December. The highest speed of sea breeze occurs in March which was 3.31 m s−1 and the lowest value occurs in December which was only 1.36 m s−1. The maximum value of land breeze speed in August is 2.75 m s−1 and the minimum value in December is 1.76 m s−1. One of the potential causes leading to temporal difference of sea breeze frequency between September and December is the different land–sea thermal contrast, which is calculated by the Tland minus Tsea. As expected, in September, thermal contrast is more than 0°C (Figure 2C), which is favorable for the dominance of sea breeze. While the thermal contrast in December is negative and well below 0°C, which does not meets the criterion for the determination of one sea breeze event as described in Section 2, so the occurrence frequency is very low.
[image: Figure 2]FIGURE 2 | (A) Monthly variations of annual mean sea breeze days (Days, black solid line), sea breeze speed (Sea breeze, red solid line) and land breeze speed (Land breeze, blue solid line) during 2016–2020. (B) Monthly variations of annual mean sea breeze sea breeze (Sea breeze) and land breeze (Land breeze) hours. (C) Annual mean Tsea, Tland and ∆T during the daytime in September and December (the red solid line is the median, the blue dotted line is the average, and the red dot is the outlier). (D) Cumulative frequency of sea breeze occurring during daytime hours in July and September (the red (black) dotted and dashed lines, respectively indicate the sunrise (sunset) times in July and September).
Figure 2B shows the annual average hours of sea and land breeze during the day-time on the sea breeze day of each month, from which we can see that the hours of sea breeze and land breeze vary greatly, especially in the summer half year. The maximum number of hours experiencing sea breeze is 140.2 in July, as compared with 55.6 h with land breeze occurrence in September. In order to explore the anomaly of sea breeze days and hours in July and September in Figures 2A, B, the cumulative frequency of sea breeze during the daytime in July and September is calculated, respective, which is shown in Figure 2D. The reasons for these seasonal variations could be twofold: 1) the sunrise and sunset time in July are 1 h longer than those in September, resulting in longer daytime; 2) the increase in occurrence frequency of sea breeze during daytime is higher in July than in September.
On the days when the land–sea thermal contrast is greater than zero, sea breeze occurs more frequently. While the days when the land–sea thermal contrast is less than zero, the sea breeze only appears in a few days. This situation is consistent with the description of sea breezes on Sardinia by Furberg et al., 2002. Meanwhile, it seems that there exists the largest land–sea thermal contrast in September in our study area, leading to most frequently occurring sea breeze in this month (Figure 2C). By comparison, the largest land–sea thermal contrast was found in May over the region of Sardinia (Furberg et al., 2002). Interestingly, Jiangsu province (Huang et al., 2016), located in the eastern coastal region of China, witnessed the most frequent sea breeze events in summer except for a few in autumn and winter. This could be because summer monsoon that frequently appeared as on-shore wind tended to favor the formation of sea breeze. Likewise, over Hainan Island in southern China, Zhang et al. (2014) revealed the maximum frequency of sea breeze in summer (49%) and the minimum frequency in autumn (29%). All these results indicate that the occurrence of sea breeze exhibits strong seasonal and spatial dependence.
3.2 Seasonal variations of sea–land breeze
Figure 3 shows the percentage of wind speed in each section of sea breeze, with the highest percentage of moderate wind speed section of 3–4 and 4–5 m s−1, a slightly lower percentage of wind speed section of 2–3 m s−1, followed by the 5–6 m s−1. Wind speed below 2 m s−1 rarely occurs. The sea breeze direction is mainly concentrated in east–southeast to south wind. The south wind component in spring is the largest and exceeds 40%. The wind in the other three seasons accounts for about 30%. The results of land breeze (Figure S1) show that the largest fraction of the wind speed is 1–4 m s−1 and the wind direction is mainly concentrated in northwest to northeast. The northwest wind component in spring accounts for the largest 30%. The comparison of the two figures shows that the sea breeze is stronger than the land breeze.
[image: Figure 3]FIGURE 3 | Wind rose plots for the seasonal (A–D) and annual (E) averaged sea breeze observed for the period 2016 to 2020 in Qingdao, China (the axis label of the wind rose diagram indicate the wind direction and the legend label indicate the wind speed range).
3.3 Seasonal variations of three types of sea breeze
Simple statistical analysis show that the number of PSB, CSB and BSB days is 61, 40, and 2, respectively. PSB occurs more frequently from April to September for more than 5 days per month. The CSB occurs in May, June, and September for 5 days or more per month. As shown in Figures 4, 5, it shows the occurrence frequency and speed of the sea breeze from sunrise to sunset in different seasons (only the sea breeze is considered, and the land breeze is not included in the statistics). In spring, PSB and CSB appear continuously in the daytime. The two types of sea breeze occur at the same time and the frequency increase gradually reaching the maximum frequency at 1,500 LST. PSB occurs more frequently than CSB. In summer, only PSB and CSB occur frequently. The frequency in the morning is low and gradually increases afterwards. At 1,500 LST, the frequency of the two sea breezes reach the maximum which is the highest in the whole year. The frequency of the PSB is close to 5.0%, which is nearly twice of the CSB. In autumn, three types of sea breeze occur simultaneously, and PSB and BSB have a breakpoint at 0700 LST. The PSB and CSB have obvious growth trend, while the BSB has almost no change. The frequency of PSB is the highest among the three. In winter, the frequency of PSB and CSB is low, and the maximum frequency is below 2.5%. The change is not obvious. The PSB is still slightly higher than CSB. The PSB in winter occurs 2 h later than the CSB. The change of sea breeze speed in the four seasons is similar to the trend of frequency. The wind speed in the morning is low and in the afternoon increases gradually. There are significant variations in spring, summer and autumn. The maximum speed of sea breeze occurs in summer and varies only slightly in winter. The PSB reaches the maximum speed at 1,500 LST in spring, at 1,400 LST in summer, at 1,600 LST in autumn and at 1,700 LST in winter. The CSB reaches the maximum speed at 1,400 LST in spring, at 1,700 LST in summer, at 1,600 LST in autumn and at 1,600 LST in winter. The speed of PSB is stronger than that of CSB, and the time to reaches the maximum wind speed is earlier than CSB. The BSB is rarely observed and the speed is low.
[image: Figure 4]FIGURE 4 | Hourly variations of the occurrence frequency of three types of sea breeze: PSB (in black), CSB (in red) and BSB (in blue) during the daytime for fours seasons: (A) spring (MAM), (B) summer (JJA), (C) autumn (SON) and (D) winter (DJF) during the period 2016 to 2020 in Qingdao, China.
[image: Figure 5]FIGURE 5 | Hourly variations of the intensity of three types of sea breeze: PSB (in black), CSB (in red) and BSB (in blue) during the daytime for fours seasons: (A) spring (MAM), (B) summer (JJA), (C) autumn (SON) and (D) winter (DJF) during the period 2016 to 2020 in Qingdao, China.
It can be seen that the sea breeze occurs within 2 h after sunrise and the peak of the sea breeze development is from 1,200 LST to 1,600 LST. In winter, the sea breeze is less frequent, discontinuous, low in intensity, and the wind speed fluctuation is not obvious. In spring, summer and autumn, the frequency of sea breeze increases with good consistency and the speed increases obviously, especially the PSB. The frequency and speed in summer are the highest in the whole year and the PSB intensity is the strongest among the three. In conclusion, the sea breeze from afternoon to night in Qingdao is in a good condition, especially at 1,300–1,700 LST, which is more conducive to wind turbine power generation. In addition, the sea breeze lasts for a long time and the effective utilization period increased.
3.4 Favorable atmospheric environment for three types of sea breeze
As BSB only appeared in autumn, the atmospheric circulation of three types of sea breeze in autumn is plotted using ERA–5 data (Figure 6). The geopotential height of the three types of sea breeze has no obvious trough and ridge, and the large–scale circulation background was stable, which is consistent with the conditions for the occurrence of sea breeze. However, the BSB is the least stable of the three due to the uneven distribution of contours at middle and low latitudes and the presence of multiple synoptic systems at low altitudes that causes vertical and horizontal movements of air masses, which is also verified later in Figure 7 using LTS and Ri. The wind convergence line of PSB is around 35°N and a high pressure appears in southeastern part of Shandong and 40°N sea surface. A weak wind shear line exists coastal waters. The wind convergence line of CSB is also around 35°N and a high pressure appears in the southwestern part of Shandong. A wind shear line exists in the far sea area. Qingdao station is in the eastern periphery of the high pressure at 850 hPa when the two types of sea breeze occur. In this case, west wind prevail at Qingdao Station. Compared to the PSB, the synoptic system of the CSB is further away from the coastline. It is different from PSB and CSB that the convergence line of BSB appears inland and Qingdao station is dominated by northeast wind with convergence of cold advection. The convergence area of PSB and CSB is the convergence of warm and humid air on the sea surface.
[image: Figure 6]FIGURE 6 | 500 hPa geopotential height field (black contour line) superimposed on the 850 hPa wind field (in colored streamline, red streamline for west wind and blue streamline for east wind) for three types of sea breeze: (A) PSB, (B) CSB and (C) BSB in the autumn of 2016–2020. The brown solid line represents the shear line, the brown dotted line represents the convergence line and the blue H (red L) represents the 850 hPa high (low) pressure center.
[image: Figure 7]FIGURE 7 | (A) Probability density distribution of lower tropospheric stability (LTS) for three types of sea breeze (PSB, CSB and BSB), where the error bar denotes one standard deviation. (B) Probability density distribution of bulk Richard number (Ri) for three types of sea breeze (PSB, CSB and BSB) in the autumn of 2016–2020 and (C) the profiles Ri of BSB starting from ground level up to 1 km altitude.
After that, the static stability of lower troposphere for the three types of sea breeze has been discussed in depth. Mean LTS and Ri for the daytime of three types of sea breezes are calculated using ERA–5 data for the autumn of 2016–2020. It can be seen from Figure 7A that the LTS of PSB reaches the largest whereas the BSB is the smallest. Typically, the LTS values are higher, the lower troposphere is more stable. This indicates that the atmosphere is the most stable when the PSB occurs, while the lower troposphere is the least stable when the BSB occurs. Ri is a dimensionless meteorological variable and can be calculated as the ratio of buoyance produced turbulence and shear-induced turbulence. A low Ri value is generally used to indicate weak instability and/or strong vertical shear. Figure 7B shows the probability density distributions of Ri for the three types of sea breeze. Noticeable is that the BSB has the lowest Ri, suggesting a strong vertical wind shear for the occurrence of BSB. Figure 7C presents the vertical variation of Ri starting from the ground up to 1 km above ground level (AGL). Ri is less than 1 in the lower range (below 600 m), indicating that the atmospheric stability is in a weak stable state. This is generally consistent with Miller et al., 2003 that the BSB had a sur-face–layer convergence area near the coast and needed a stronger thermal contrast.
3.5 Thermal contrast for three types of sea breeze
From Figure 8, it can be seen that the range of concentration of land-sea thermal contrast of BSB is greater than that of PSB and CSB by about 3°C, while the maximum probability of occurrence of land-sea thermal contrast is about 1.5°C for PSB, and about 1°C for CSB. The median of BSB is also greater than the median of PSB and CSB. It indicates that greater land-sea thermal contrast and thermal pressure gradient are required for the occurrence of BSB. The land-sea thermal contras of PSB and BSB are more inclined to be above 0°C, and the opposite for CSB. The median of land-sea thermal contrast of CSB is smaller than that of PSB, and the data amount is more inclined to be below 0°C. The above two findings are consistent with the conclusions obtained by Adams (1997).
[image: Figure 8]FIGURE 8 | The land-sea thermal contrast during the daytime of three types of sea breeze in 2016–2020, the center white dot represents the median.
4 CASE ANALYSES OF THREE TYPES OF SEA-LAND BREAZE
4.1 A PSB case on 24 August 2019
Figure 9A shows the diurnal variations of wind speed and direction of PSB on 24 August 2019. The region shaded in pink represents the hours with sea breeze. The average sunrise and sunset times for each month are marked in red and black in dotted line. Figure 9B presents the time–height cross–section of wind profile acquired from radar wind profiler in Qingdao on 24 August 2019.
[image: Figure 9]FIGURE 9 | (A) Diurnal variations of wind speed and direction of PSB on 24 August 2019. The region shaded in pink represents sea breeze duration. The average sunrise and sunset times for each month are marked in red and black in dotted line. The wind direction is shown in the upper left corner. (B) Time-height cross-section of wind profile acquired from radar wind profiler in Qingdao on 24 August 2019.
As shown in Figure 9A, the wind direction is stable in the range of 292.5°–337.5° in the land breeze period and transition period before 1,400 LST, and the wind direction is almost vertical to the coastline. At 1,400 LST the wind direction changes to 138°, indicating that the sea breeze begins to develop, and then the wind direction stabilizes in the range of 115.5°–157.5° that is perpendicular to the coastline. According to the angle conversion of land breeze and sea breeze and the conditions mentioned above, it is determined that a PSB event occurs on that day. When the sea breeze occurs, the wind speed is high but there is obvious angular deflection. At 1,600 LST, the maximum sea breeze speed is 3.4 m s−1, which decreases from 2,100 LST, but the sea breeze continued to occur. At 0800–1,300 LST (Figure 9B), the high–altitude wind direction is consistent with the surface wind direction, with southwest wind. At 1,400 LST, the high–altitude wind speed decreases significantly. At 1,700 LST, the wind direction changes. And at 1,800 LST, it is the same as the surface wind direction, blowing southeast wind. The maximum height is about 720 m AGL.
4.2 A CSB case on 28 May 2019
As shown in Figure 10A, the land breeze continues before 1,300 LST. At 1,100 LST, the wind direction is between 225° and 270°, and then it rotates counterclockwise. At 1,300 LST, the wind direction changes to sea breeze and the angle is 217° belonging to 180°–225°. After that, it remains within this range, and the wind direction changes to 266° at 2,000 LST indicating the end of the sea breeze. According to the angle conversion of land and sea breeze on that day, and the conditions mentioned above. It is determined that a CSB event occurs on that day. The sea breeze begins at 1,300 LST and develops to the maximum speed of 4.7 m s−1 at 1,800 LST, and then the wind speed decreases. As of 2,000 LST, the wind direction does not belong to the sea breeze range and the sea breeze ends. Before 1,200 LST (Figure 10B), there is northwest wind in the upper air, which is consistent with the surface wind speed. At 1,200 LST, it deflects counterclockwise and turns to southwest wind, when the surface breeze simultaneously turns to southwest wind. The south wind is maintained until 2,200 LST and could reach as high as 1,560 m AGL.
[image: Figure 10]FIGURE 10 | (A) Diurnal variations of wind speed and direction of CSB on May 28, 2019. The region shaded in pink represents sea breeze duration. The average sunrise and sunset times for each month are marked in red and black in dotted line. The wind direction is shown in the upper left corner. (B) Time-height cross-section of wind profile acquired from radar wind profiler in Qingdao on May 28, 2019.
4.3 A BSB case on 3 September 2019
Figure 11A shows that the land wind continues to blow before 0900 LST and the angle range is in the range of 0°–45°. Then it rotates clockwise. At 0900 LST, the wind direction changes to sea breeze with an angle of 80° belonging to 45°–90° and the sea breeze continues. At 1,900 LST, the wind direction changes to 268°, blowing land breeze, which marks the end of the sea breeze. According to the angle conversion of land and sea breeze on that day and conditions mentioned above, it is determined that the BSB occurs on that day. The sea breeze starts at 0900 LST and develops to the maximum sea breeze wind speed of 4.5 m s−1 at 1,100 LST, and then the wind speed fluctuates greatly. As of 1,900 LST, the wind direction does not belong to the sea breeze angle and thus the sea breeze is deemed ending. The high–altitude wind direction varies on that day and the sea breeze develops to the height of 600 m AGL at 1600 LST (Figure 11B).
[image: Figure 11]FIGURE 11 | (A) Diurnal variations of wind speed and direction of BSB on September 3, 2019. The region shaded in pink represents sea breeze duration. The average sunrise and sunset times for each month are marked in red and black in dotted line. The wind direction is shown in the upper left corner. (B) Time-height cross-section of wind profile acquired from radar wind profiler in Qingdao on September 3, 2019.
5 CONCLUSION AND DISCUSSION
Based on the high-quality controlled surface wind and temperature measurements, along with the wind profile radar observations and ERA–5 reanalysis at Qingdao station from 2016 to 2020, three types of sea breeze in Qingdao have been comprehensively analyzed. To our knowledge, this work is one of the first articles in China to analyze the classification of sea–land breeze from an observational perspective. Overall, there are 522 sea breeze days for the whole study period from 2016 to 2020, which accounts for 28.73% of the total number of days. There are 61 days belonging to PSB, 40 days witnessing CSB, and only 2 days experiencing BSB. This indicated that PSB was predominant in Qingdao. The peak period of sea breeze is from April to September and the wind speed is concentrated at 3–5 m s−1. The strongest sea breeze appears in March, which is 3.31 m s−1 and the lowest appears in December which is only 1.36 m s−1. One of the potential causes for the seasonal difference of sea breeze frequency and sea breeze hours is land–sea thermal contrast, which is calculated as the 2-m air temperature at Qingdao station minus the sea–surface temperature at Changmenyan buoy station. It is shown that positive land-sea thermal contrast is more conducive to the development of sea breezes.
Subsequently, we further compare the synoptic–scale circulation, LTS and Ri for three types of sea breeze. It is found that the contours for the geopotential height at 500 hPa are relatively flat for PSB and CSB, with prevailing westerly wind above Qingdao. In contrast, the BSB has an uneven distribution of geopotential height contours at middle and low altitudes. At this time, Qingdao is dominated by northeast wind, and inland convergence line causes cold advection convergence. The BSB corresponds to the least LTS values, which suggests that BSB tends to occur in the static unstable lower troposphere. By comparison, PSB tends to occur in the most static stable lower tropo-sphere.
Further analysis on the diurnal variation of sea breeze show that the sea breeze occurs most frequently for the period 1,200 to 1,600 LST. In winter, the sea breeze is less frequent, discontinuous and low in intensity. The frequency and wind speed in summer are the highest in the whole year. Among all three types of see breeze, the PSB has the highest intensity and most frequency throughout the daytime, especially in the seasons of spring, summer and autumn. The sea breeze cases show the shift of direction visually and clearly at last. When the PSB occurs, the sea breeze and land breeze were almost perpendicular to the coastline. At 1400 LST, the sea breeze begins to develop and reaches its maximum wind speed of 3.4 m s−1 after 2 h. On the CSB day, it rotates counterclockwise after 1,100 LST and the wind direction changes to sea breeze at 1,300 LST. At 1,800 LST, the maximum speed reaches 4.7 m s−1 LST. On the BSB day, a clockwise rotation occurs before 0900 LST. The maximum speed reaches 4.5 m s−1 at 1,100 LST. The variation patterns of upper air winds for both PSB and CSB are well consistent with the surface, except for the BSB for which the upper air wind is messy and highly variable.
In conclusion we have achieved the following innovative research results. 1) A standardized definitions for classifications of three types of sea breeze was defined and discussed in detail. The disk method is used to visualize the occurrence and transition angles of different types of sea breeze. The findings are more detailed and reliable and can provide refined scientific support for the application of wind energy resources, useful reference for understanding the local circulation in the coastal area of Qingdao, and meaningful for understanding the formation of local weather and pollution. 2) In this paper, a unified data source and unified judgments standard were used to explore the characteristics and influencing factors of occurrence of sea breeze at Qingdao station. It is more beneficial to the compare the basic characteristics of different types of sea breeze and draw reliable conclusions. The vertical structure of sea breeze has not been analyzed and discussed yet. In the future, it is proposed to conduct analysis of vertical data to explore the vertical structure and variation of sea -land breeze. In this paper, only surface wind and temperature data were selected for the determination of sea breeze judgment. In future research we will consider incorporating pressure data, humidity data, cloud amount and precipitation data into the calculation method to design a more accurate sea breeze separation method.
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