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Abstract

:

It is well-known that coastal low-level jets (CLLJs) play an essential role in transporting heat, water vapor and pollutants. However, the CLLJ characteristics in the Pearl River Estuary have not been deeply revealed due to the lack of long-term observations. Based on the long-term observations from a wind lidar, we analyze the primary climatic characteristics of the CLLJs in the Pearl River Estuary and investigate their relationships with large-scale and local-scale synoptic systems. The results show that the CLLJs mainly appear during the flood season, with the most occurrence in May. The CLLJ occurrence during the flood season is mainly influenced by the large-scale north–south pressure gradient driven by the western Pacific subtropical high and terrestrial low-pressure systems. The occurrence of the CLLJs exhibits a distinct diurnal cycle with two different peaks in different seasons. One peak appears at nighttime, mainly during non-flood seasons. The other appears in the afternoon, mainly during the flood season. In the non-flood seasons, under the influence of cold air, the inertial oscillations triggered by the land–sea thermal contrast lead to CLLJ onset at nighttime in the Pearl River Estuary. During the flood season, the strong near-surface pressure gradient contributes to CLLJ onset in the afternoon, while the topography (blocking and passing) is more conducive to the occurrence of the CLLJs in the Pearl River Estuary. These findings reveal the formation mechanisms of the CLLJs over the Pearl River Estuary, thus providing a basis for further understanding the precipitation in the Pearl River Estuary and the occurrence of the CLLJs in other coastal areas with complex mountain ranges.
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1. Introduction


In China, carbon neutrality has become a national strategy. In this context, the development of wind energy resources in coastal areas has become more and more common, especially for wind power generation, which is the main way of new energy utilization in coastal areas [1,2]. Understanding the characteristics of wind is an important prerequisite for wind power generation. Wind speeds in the optimum range can carry energy to drive wind turbines, while excessively intense wind speed can easily damage wind turbines. In coastal areas, typhoons and severe convective weather are the main sources of destructive gales. Compared with systemic disaster weather such as typhoons and severe convection, coastal low-level jets (CLLJs) occur more frequently. A thorough understanding of CLLJ characteristics is conducive to analyzing and judging several important engineering issues for wind power generation in coastal areas.



CLLJs are a type of low-level jet (LLJ) that generally occur in the offshore areas of coastal regions [3]. The CLLJs can provide abundant water vapor conditions and unstable energy for precipitation processes to promote heavy rainfall events, thereby affecting the regional water cycle [4,5]. In addition, they may influence regional pollution events [6]. The CLLJs have been widely studied worldwide due to their important role in regional coastal meteorology.



At present, due to the lack of long-term observations on seas, most studies focused on the spatio-temporal distributions of the CLLJs were based on reanalysis data and numerical simulations [7,8,9]. Winant et al. showed that the CLLJs are more prone to occur in mid-latitude eastern Chinese seas due to strong cold ocean currents [10]. Ranjha et al. analyzed the global distribution of the CLLJs based on the European Center for Medium-Range Weather Forecasts (ERA-Interim) reanalysis data, and they found a large number of regions with a high frequency of the CLLJs [3]. Probably due to the strict identification criteria of the CLLJs and low spatio-temporal resolutions of reanalysis data, the CLLJs have not been found in China. Recently, some researchers conducted detailed investigations on the CLLJs in the southeast coast of China, the Bohai Sea, the Yellow Sea and the Beibu Gulf of the South China Sea using numerical models [7,9,11,12]. For example, based on a climate model, Li et al. depicted that the CLLJs in the Bohai Sea and the Yellow Sea have strong interannual, annual and diurnal variabilities [12]. Wei et al. analyzed the variation characteristics of the CLLJs in coastal cities, i.e., Tianjin and Shanghai, based on observation data [13].



The formation mechanisms of the LLJs have been discussed in many previous studies, and two main theories have been summarized. One is the inertial oscillation theory, i.e., the weakening of the turbulence mixing effect at night leads to an imbalance between the Coriolis force and the pressure-gradient force, thereby resulting in the inertial oscillation of low-level wind and, thus, the LLJs [14]. The other is the baroclinic theory of sloping terrain, which emphasizes the effect of heating and cooling of sloping terrain on the diurnal variation in boundary-layer wind field [15]. Actually, most recent studies have pointed out that the formation and development of the LLJs are influenced by multiple mechanisms [7,16]. Compared with the LLJs at night, the CLLJs differ in their formation and development mechanisms, which are influenced by more factors. The inertial oscillation caused by the land–sea thermal difference is an important factor affecting the CLLJs [3,17,18]. In addition to inertial oscillations triggered by land–sea thermal differences, coastal terrain is also an essential factor influencing the CLLJs [19,20], as coastal terrain may alter the direction of airflows or accelerate airflows [21,22]. For example, Du et al. analyzed the characteristics of the CLLJs in the Taiwan Strait using high-resolution model data, and they found that the main factor affecting the CLLJs is the land–sea thermal difference, while terrain effects also play a secondary role in CLLJ development [7]. Zhang et al. used high-resolution model data to study a CLLJ along the Bohai Sea coast, and the results indicated that the inertial oscillation caused by the land–sea thermal difference led to the formation of a nocturnal CLLJ in the Bohai Sea [9].



Although significant progress has been made in the field of the CLLJs, there is still a lack of research based on long-term observations, which is undoubtedly detrimental to a more comprehensive understanding of CLLJ issues. Since the LLJs frequently occur in coastal areas and are critical to both wind energy exploitation and disaster prevention, it is necessary to conduct systematic research on the CLLJs based on long-term observation data. Fortunately, the abundant resources of meteorological observation equipment in the Pearl River Estuary area make it possible to achieve this goal [23].



The Pearl River Delta is located in the low latitudes in the south of China’s mainland, whose southeast is adjacent to the ocean. The topography of the Pearl River Delta is high in the north and low in the south, with various mountains, hills and a winding coastline. Furthermore, the Pearl River Delta has been one of the most active areas of economic development and industrial production in China’s mainland since the reform and opening up, and it can be considered one of the fastest-growing regions in the process of global urbanization in the past 40 years [24]. Currently, it has formed a huge urban agglomeration with a total population of over 70 million. Due to the complex topography, sea–land differences and monsoons, the Pearl River Delta is highly susceptible to gales and regional pollution, which can cause major losses to economic construction and people’s lives and properties. Limited studies have shown that the LLJs occasionally occur in the Pearl River Delta [25,26], affecting not only regional precipitation [27,28], but also regional pollution [6]. There are relatively few systematic observational studies on the CLLJs due to the limitation of observation data on ocean surfaces. Therefore, based on the data from the wind lidar located on the coastal Xiya Island, we investigate the climatic characteristics and the formation and development mechanisms of the CLLJs in the Pearl River Delta in this study, which is of great significance to the local navigation and port services, aviation safety and urban disaster prevention.



The remainder of this paper is organized as follows. The data and methods are provided in Section 2. Section 3 describes the general characteristics and formation mechanisms of the CLLJs. Finally, the conclusions are presented in Section 4.




2. Data and Methods


In this study, the wind lidar (113.81° E, 22.55° N) on Xiya Island (2 km from the shore) along the coast of Shenzhen was used to analyze the CLLJ characteristics, as shown in Figure 1. The wind lidar is produced by Shenzhen Darsunlaser Tech Co., Ltd. (Shenzhen, China) (Table 1). For wind speed and direction, the instrument has a detection height range of 30–1200 m and a vertical resolution of 15 m. The data used in the study cover the period from 1 January to 31 December 2021, with a temporal resolution of 60 s.



In order to ensure the reliability of observations, the wind speed measurements were examined overall for every two consecutive levels per day, and the wind speed measurements that deviate by more than two standard deviations from the mean were rejected. For wind profiles, if the missing data exceeded 20% below 500 m, the entire profile was excluded. Then, a linear interpolation method was used to estimate discontinuous or missing values.



Because of the differences in height, range, wind intensity and horizontal and vertical shear of the LLJs, there is no uniform standard for defining the LLJs as yet. The criterion used by Blackadar is ΔV = Vmax − Vmin ≥ 2.6 m s−1, where Vmax indicates the maximum wind speed appearing on the profile, and Vmin denotes the minimum wind speed immediately above Vmax [14]. Bonner defined the LLJs according to the following four criteria [29]: (1) Vmax ≥ 10 m s−1 and ΔV ≥ 2.6 m s−1, (2) Vmax ≥ 12 m s−1 and ΔV ≥ 6 m s−1, (3) Vmax ≥ 16 m s−1 and ΔV ≥ 8 m s−1 and (4) Vmax ≥ 20 m s−1 and ΔV ≥ 10 m s−1. Referring to the above criteria, we define the CLLJs in this study according to the criteria, i.e., the maximum of wind speed occurs below 500 m, Vmax ≥ 8 m s−1 and ΔV = Vmax − Vmin ≥ 2.6 m s−1, where Vmin denotes the minimum wind speed in the vertical profile above the height of Vmax. Based on the above criteria, we selected the CLLJs from observations in a year and then performed a statistical analysis. Specifically, we calculated the vertical profile for each minute, and if the above conditions were satisfied for more than 10 min, it was counted as one CLLJ event. If the time interval between two CLLJs was within 30 min, they were counted as the same CLLJ.




3. Results and Discussion


3.1. General Characteristics


3.1.1. Occurrence Frequency and Vertical Structure


The data for the whole year of 2021 were processed according to the method mentioned in Section 2. There were a total of 47,304 samples, and each sample lasted 10 min. A total of 806 CLLJ events were identified during the year. The statistical characteristics of the CLLJs are presented in Figure 2a.



As shown in Figure 2a, the CLLJs in Shenzhen exhibit obvious seasonal variations and can occur in any month of the year. The occurrence frequency is the highest in May, with 27 days and a total of 26.5 h, followed by June. The lowest frequency is in November, with 10 days and a total of 3.2 h, that is, the average duration of each CLLJ is 0.3 h. The wind speed at the centers of the CLLJs varies between 8 m s−1 and 25 m s−1, with an average of 16.4 m s−1. The wind speed at the centers of most of the CLLJs is below 14 m s−1 (accounting for 95%). The wind direction at the centers of the CLLJs shows a double-peak distribution, with the first peak mainly from the southerly direction (accounting for 45%) and the second peak from the easterly–southeasterly direction (accounting for 29%). The CLLJs also occur in other wind directions, but the frequency is low. Regarding the duration of the CLLJs, more than half of all 806 CLLJ events during the year lasted less than one hour. Overall, the proportion of the CLLJs with a longer duration is smaller, and this trend is consistent in all months and all seasons.



Although the maximum wind speed at the CLLJ centers may appear at any height, it is prone to appear at a specific height range (Figure 2c). In this study, the peak of the maximum wind speed shows a double-peak distribution, and the two peaks are mainly in 150–250 m and 300–400 m, accounting for 41% and 31%. Further analysis of the wind speed and height of CLLJ centers revealed that large-value regions of the wind speed at jet centers tend to occur between 250 m and 400 m. According to local news reports, there are 158 skyscrapers with a height of more than 200 m in Shenzhen as of October 2021, ranking the first worldwide in terms of the number. Therefore, the CLLJs not only pose a threat to wind power generation in coastal areas, but are also critical to the safety of the wind environment associated with urban buildings.




3.1.2. Seasonal and Diurnal Variations


Shenzhen is located in the subtropical monsoon climate zone of South China, and the climatic characteristics of the four seasons are not obvious. According to the standards of the local meteorological departments, the year is generally divided into dry (non-flood) and wet (flood) seasons, i.e., April–September is classified as the wet season, and January–March and October–December are regarded as the dry seasons. During the wet season, the CLLJs occur almost every 1.3 days on average, with 141 days (99 h) in total. During the dry seasons, the CLLJs have a relatively low frequency, totaling 80 days.



The diurnal variation in the occurrence frequency of the CLLJs is further investigated. As shown in Figure 3, the diurnal variations in the CLLJ occurrence frequency in the wet and dry seasons are clearly different. Specifically, the CLLJ frequency in the wet season is the highest during 12:00–22:00 LST, while the diurnal variation in the CLLJs during the dry seasons shows a “U”-shaped distribution, with the highest frequency in the early morning and at midnight. Moreover, the wind direction at the CLLJ centers is dominated by a southerly wind during the wet season, while this is an easterly wind during the dry seasons. The different diurnal variation characteristics of the CLLJs in different seasons indicate that the CLLJs in Shenzhen are not only related to the diurnal variation in the boundary layer, but also linked to specific weather systems in different seasons, such as cold air and western Pacific subtropical high (WPSH).





3.2. Formation Mechanisms


In order to further explore the relationship between CLLJ formation and synoptic systems in Shenzhen, a statistical analysis of the synoptic systems on days with CLLJs was performed. The results show that there were 221 days with the CLLJs in Shenzhen during 2020, of which there were 152 days with the CLLJs related to the WPSH and 69 days with the CLLJs associated with cold air. The CLLJs influenced by cold air occur mainly during October–December and January–March, while the CLLJs associated with the WPSH appear mainly during April–September.



3.2.1. Cold Air


The height-time cross-sections of the wind velocity (Figure 4) indicate that the CLLJs last from midnight to early morning at the height of 400 m AGL. During the daytime, the CLLJs disappear as the planetary boundary layer (PBL) rises. By late afternoon, the CLLJs redevelop as the PBL height decreases. These diurnal variations in the CLLJs and PBL are consistent with the theory proposed by Blackadar, i.e., the formation and dissipation of the CLLJs are regulated by the diurnal variation in the PBL [14]. The East Asian major trough deepens noticeably and becomes stable, accompanied by a remarkable weakening of the WPSH and an intense cold-air outbreak on the ground. At this time, Shenzhen is under the control of a strong cold high-pressure ridge. In this context, there is a strong pressure gradient from the northeast to the southwest of the Pearl River Delta, resulting in large-scale northerly wind reaching Shenzhen (Figure 5). Previous studies have shown that the land–sea thermal contrast can lead to thermodynamic circulations along the coast [11,30]. As presented in Figure 6, due to the heating of the land in Shenzhen by solar radiation, the temperature difference between the land and the ocean increases in the afternoon. A thermodynamic circulation (there are downdrafts over the land with a low-level horizontal wind blowing toward the land) is triggered around noon and then intensified due to the continuous heating by solar radiation over land until sunset. Due to inertial oscillations, the ageostrophic wind rotates clockwise. At midnight, the southerly wind enhances the background wind in Shenzhen (Figure 4). Hence, this inertial oscillation mechanism explains the occurrence of the CLLJs at night during the non-flood seasons [14], similar to the diurnal variations in the CLLJs in the Taiwan Strait and the Bohai Sea [7,9].




3.2.2. Western Pacific Subtropical High


The diurnal variation in the CLLJs during the flood season differs considerably from that during the non-flood seasons. Therefore, the CLLJs during the flood season cannot be briefly explained by the land–sea thermal contrast and inertial oscillations. Zhang et al. investigated the formation mechanisms of the afternoon CLLJs in the Liaodong Bay of the Bohai Sea, and they found that the influence of topography makes an important contribution to the formation of the CLLJs [9]. This research provides a meaningful reference for the cases in this study. Figure 7 presents a typical case associated with the WPSH. Obviously, the CLLJ case shows an obvious diurnal variation on May 20, mainly occurring during 12:00–18:00 LST. On that day, the WPSH was located in the northern South China Sea, and a low-pressure system exists in the north of Shenzhen, resulting in the Pearl River Estuary being located at the northern edge of the WPSH and an obvious north–south pressure gradient over it (Figure 8). As shown in Figure 1, a large number of hilly mountains exist on the periphery of the Pearl River Estuary, and the mountains are mostly below 500 m. In terms of solar radiation, sloping topography can change the horizontal distribution of radiation heating rates on the surface [31]. The sloping mountain surface can receive more solar radiation in the afternoon and, thus, the atmospheric baroclinity below the mountain height is further enhanced by the heating effect. Corresponding to the thermal wind mechanism, the geostrophic wind in the afternoon decreases from the surface to the upper levels. Since vertical wind shear is one of the important criteria for judging the CLLJs, this vertical distribution of the geostrophic wind favors the occurrence of CLLJ events. In the perspective of hydromechanics, the windward terrain can act as a barrier, and it is difficult for airflow below a certain height to cross the mountain tops. Thus, the airflows blowing landward from the southwestern sea surface below a certain height are primarily blocked by the mountains on the eastern coast of the Pearl River Estuary, which favors the formation of a shallow high-pressure region near the lower layers of the mountains, resulting in an imbalance of the horizontal pressure gradient force with the Coriolis force and frictional force in lower levels [32]. In this case, the geostrophic wind starts to accelerate under the effect of the geostrophic adjustment. Through this process, the wind within the Pearl River Estuary is deflected and eventually aligned with the mountains. The near-surface coastal wind parallel to the coast favors the development of the CLLJs [3]. Consequently, a “blocking jet” is generated in the lower levels of the mountains.



This formation mechanism of the CLLJs due to the background of the WPSH just explains the relatively high frequency of the CLLJs during the pre-flood period and the relatively low frequency of the CLLJs during the post-flood period. During the pre-flood period (April–June), the low-pressure system in northern Japan moves eastward rapidly, and the East Asian major trough also moves eastward. Additionally, the East Asian atmospheric circulation becomes relatively flat, the WPSH is located in the northern South China Sea, and a low-pressure system exists in the north. There is a southerly wind on the surface. In this circulation background, the near-surface coastal wind parallel to the coast favors the development of the CLLJs [3]. During the post-flood period (July–September), the WPSH further strengthens and extends westward, and the Pearl River Delta region is controlled by the WPSH ridge. Moreover, the low-level wind rotates counterclockwise and eventually has a strong component that blows toward the coastline. Since the CLLJs tend to appear when the background wind blows along the coastline, the wind direction during the post-flood period may hinder the development of the CLLJs. As a result, the frequency of the CLLJs decreases during the post-flood period.






4. Conclusions


Based on the long-term observations from the wind lidar, the climatic characteristics and formation mechanisms of the CLLJs in the Pearl River Delta are investigated in this study, and the synoptic situation associated with the CLLJ formation is analyzed and determined. Additionally, the main diurnal variation characteristics of the CLLJs in the Pearl River Delta are clarified. The main conclusions are as follows.



Long-term observations (January 2021 to December 2021) in Shenzhen indicate the characteristics of the occurrence frequency, vertical structure and seasonal and diurnal variations in the CLLJs. The CLLJs occur on more than 60% of the days of the year, and their maximum wind speed appears mainly at the height of 150–250 m.



In terms of seasonal variation, the CLLJs occur mainly during the flood season and have a low frequency during the non-flood seasons, with the most occurrence in May. This seasonal variation in the CLLJ frequency may be related to certain synoptic systems that occur frequently during these specific seasons. The occurrence of the CLLJs during the flood season is influenced by the large-scale horizontal pressure gradient driven by the WPSH and terrestrial low-pressure systems. In this context, the CLLJs tend to occur when the background wind is a strong southerly wind. In contrast, the occurrence of CLLJs during the non-flood seasons is mainly influenced by the large-scale pressure gradient generated by the impact of cold air.



There are differences in the diurnal variations and driving mechanisms of the CLLJs between the flood and non-flood seasons. During the non-flood seasons, the CLLJs occur mainly at nighttime and in the early morning, and the inertial oscillation triggered by the land–sea thermal contrast is the main reason for the diurnal variation in CLLJs. During the flood season, the CLLJs are generated at 12:00 LST and disappear at 21:00 LST. The slope of the Pearl River Delta enhances the solar radiation gradient on the surface and, thus, the atmospheric baroclinity is more pronounced. The strong near-surface pressure gradient contributes to the afternoon CLLJs, while the topography (blocking and passing) is more conducive to the occurrence of the CLLJs in the Pearl River Estuary.
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Figure 1. (a–c) Locations and (d) real pictures of the wind lidar. 
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Figure 2. Statistics of the (a) occurrence frequency, (b) wind speed, (c) height and (d) wind direction of the ultra-low-level jets (CLLJs). 
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Figure 3. Diurnal variations in the CLLJs in the (a) wet season and (b) dry season. 
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Figure 4. Diurnal variations in (a) wind speed and (b) direction observed on Xiya Island on 29 January 2021. 
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Figure 5. Distribution of the 925 hPa geopotential height on 29 January 2021. 
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Figure 6. Vertical temperature cross-sections (a) at 09:00 LST and (b) at 16:00 LST on 29 January 2021 (the data from the ECMWF). 
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Figure 7. Diurnal variations in the (a) wind speed and (b) direction observed on Xiya Island on 20 May 2021. 
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Figure 8. Distributions of the (a) 500 hPa and (b) 925 hPa geopotential height on 20 May 2021. 






Figure 8. Distributions of the (a) 500 hPa and (b) 925 hPa geopotential height on 20 May 2021.



[image: Jmse 11 01128 g008]







[image: Table] 





Table 1. Performance parameters of the wind lidar.
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	Metrics
	Technical Performance Requirements





	Blind zone
	≤30 m



	Distance resolution
	15 m



	Temporal resolution of wind profile
	1 min



	Errors of wind speed measurement (standard deviation)
	≤0.3 m s−1



	Errors of wind direction measurement (root mean squared error)
	≤3°



	Range of radial wind speed measurement
	±37.5 m s−1



	Range of vertical wind speed measurement
	0–60 m s−1



	Range of wind direction measurement
	0°–360°



	Resolution of radial wind speed
	≤0.1 m s−1



	Wind speed resolution
	≤0.1 m s−1



	Wind direction resolution
	≤0.1°
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