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Abstract

:

The urban underlying surface may affect the thunderstorm process. However, current research on this phenomenon is still in its infancy. This paper aimed to analyze the influence of the urban underlying surface on the evolution of thunderstorm organization through ground observation and numerical simulation. The results indicated that when the thunderstorm system with strong synoptic conditions passed through the built-up area of Beijing, it exhibited obvious bifurcation and detour. The dynamic field of near-surface cold pools could serve as diagnostic indicators for understanding how the urban underlying surface affects the thunderstorm process. The large-scale compact-rise clusters in the city center could alter the movement direction and path of the cold pool outflow, thereby influencing the thunderstorm organization process. In addition to the spatial configuration of the building complex, the city size might also be an important factor influencing the thunderstorm process. This study might provide a fundamental foundation and technical support for predicting and assessing urban thunderstorm disasters.
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1. Introduction


As cities expand and populations become more concentrated, natural ecological environments such as vegetation and farmland are gradually being replaced by artificial structures. Urban development has a significant impact on the near-surface atmosphere’s thermal–dynamical fields [1,2]. Not only does it alter air temperatures, but it also significantly affects synoptic systems by modifying processes such as surface radiation, turbulence, and material exchange [3,4].



Scholars have long recognized the impact of the urban underlying surface on the thunderstorm process [5,6,7]. The roughness of the urban underlying surface is much greater compared to natural surfaces. Urban buildings strongly affect the horizontal flow field, causing the wind field to converge, rise, and flow around the city in the windward direction [8]. When thunderstorms pass through cities, they may bifurcate and move around the cities [9,10], leading to lightning and rainfall peaking in the periphery of the cities [11,12]. This phenomenon is known as the “urban barrier effect” [5]. Niyogi et al. [13] studied 91 thunderstorm systems in Indianapolis from 2000 to 2009 and found that thunderstorms with large horizontal scales often split over the city and merge downstream of urban areas. Yue et al. [14] conducted a systematic review of research on the impact of the urban underlying surface on strong convection processes and concluded that current research on the barrier effect is not sufficiently in-depth.



The scale of cities and the spatial configuration of building complexes both constitute the morphological characteristics of the urban underlying surface. City size is considered to be an important factor influencing thunderstorm activities. Kingfield et al. [15] used radar echo data to investigate the impact of four cities in the central plains of the United States on thunderstorm frequency and intensity and found that larger cities may increase the occurrence and strength of thunderstorms downwind of the city. Additionally, the spatial configuration of the building complex also tends to modify the thunderstorm process. Stallins and Bentley [11] used geographical information system technology to analyze the distribution characteristics of lightning in Atlanta and discovered that the lightning density was low in high-density building areas. Dai et al. [6] believed that the buildings in the urban area of Shanghai cause the detouring of near-ground airflow, leading to divergence in the upwind direction of the city, which is not conducive to convection, and convergence in the downwind direction, which is beneficial for intensifying convection. Zhang et al. [16] found that buildings have a drag role on the flow field using a three-dimensional model, and airflow clearly detours and weakens when passing through buildings [17]. Overall, research on the mechanisms of how the urban underlying surface impacts thunderstorm processes is still in its exploration stages.



The impact of the urban underlying surface on the thunderstorm process has long been a highly complex and challenging research topic, which provides crucial scientific grounding for more precise local thunderstorm forecasting. In this study, thunderstorm systems that traverse cities of various sizes were selected as representative cases. By utilizing ground-based observations and numerical simulation, we examined the influence of the urban underlying surface on thunderstorm processes. This analysis aimed to gain a deeper understanding of the characteristics and causes of urban thunderstorm activity, ultimately enhancing meteorological disaster preparedness capabilities and elevating the meteorological service level in urban areas.




2. Data and Methodology


Beijing’s metropolis serves as the political, economic, cultural, and scientific hub of China. With a dense population and rapid urbanization, the built-up areas of Beijing have expanded to over 1500 km2, encompassing most of the southeastern plain regions. The buffer zone (approximately 5000 km2) within the built-up area of Beijing was selected as the study area in this paper (Figure 1a). Thunderstorms in the Beijing metropolis typically originate from the western mountains and propagate towards the northeast and southeast plains [18]. When interacting with southward warm and humid airflows, these thunderstorms often intensify and form squall lines [19,20]. The land use data in Beijing were obtained from the annual China Land Cover Dataset, which is a dynamic dataset of land use released by Wuhan University [21]. Using these data, this paper mapped the land cover within the built-up area of Beijing (Figure 1a). Furthermore, the spatial configuration of the building complex indicated that both compact-rise and open-rise structures were evenly distributed in the study area (Figure 1b). Interestingly, there were large compact-rise clusters (LCCs, marked by black rectangles) in the city center.



The State Grid Lightning Network (SGLNET) is utilized to gather lightning location datasets, which include longitude and latitude, GPS time, peak current, polarity, and other relevant information. In this study, the cloud-to-ground (CG) location data from 2010 to 2017 was obtained by using lightning location data from SGLNET. The automatic weather station (AWS) datasets encompassed near-surface air temperature, wind speed, and wind direction, which were achieved by the China Meteorological Data Service Center to analyze the temporal-spatial pattern of the near-surface thermal-dynamic field in the Beijing megacity. This study also utilized the ERA5 dataset, with its high spatial resolution of 0.25° × 0.25°, which provides comprehensive information on various atmospheric variables, including temperature, wind, and geopotential height. This rich dataset allows us to gain insights into the large-scale atmospheric conditions that precede and influence the development of thunderstorm systems.



Moreover, to investigate the evolution process of thunderstorms, this paper employed the composite reflectivity (CR) product from the S-band Doppler radar at Beijing Nanjiao Observatory. Furthermore, due to its electronic scanning capabilities, the phased array weather radar boasts flexible beam control, enabling it to achieve volume scanning in just 1 min, particularly with multi-beam electronic scanning in the vertical direction of 0~90° [22]. The retrieved three-dimensional wind field is in strong agreement with the observed wind profile radar data [23].



The computational fluid dynamics (CFD) numerical model is applicable to the analysis of the local scale and block scale of the city, enabling exploration of the relationship between the near-surface thermal-dynamic field and the urban underlying surface [24,25,26,27]. Scholars utilized the CFD model to simulate the wind field environment when thunderstorm system transit. Chay et al. [28] adopted the CFD model to simulate downbursts and discussed the variation in the horizontal wind field of storms during various development stages. When thunderstorms pass through cities, the distribution characteristics of near-surface airflow can be influenced by the presence of high-density buildings [11]. This section employed CFD modeling to analyze the impact of the spatial configuration of the building complex on the dynamic field near the ground. To ensure a practical balance between simulation time and accuracy, we have generalized the morphological characteristics of the urban underlying surface. The generalization principle involved removing building patches that occupy a small area and grouping similar large buildings into a single patch. This approach aimed to preserve the general shape and trend of the urban form within the simplified model, accurately replicating the real underlying surface shape of the city. Overall, the generalization model of built-up areas exhibited a high level of consistency with the actual urban morphology.



The setting of boundary conditions, including wind speed and incoming flow, is a crucial aspect of CFD numerical simulation [28]. According to the data recorded by the AWS, when the thunderstorm passed through the built-up area of Beijing on 13 July 2017 at 20:00, the incoming wind direction was northwest wind at 40°, with an average wind speed of 4 m/s. Meanwhile, the background wind direction was a southwest wind, averaging 1 m/s. For this reason, the wind speed mentioned above was utilized as the inflow condition for the CFD simulation in this study. After the establishment of the generalized model, it was necessary to determine the space size of the calculation domain. A suitable computational domain is crucial for accurate CFD simulations. If the domain is too small, it may fail to capture the impact of the underlying surface on the flow field development. Conversely, a large domain can strain computational resources. Drawing from previous research [29,30], the computational domain for the generalized model was set to 50 km × 90 km × 300 m. In combination with the size and scope of the built-up area and thunderstorm cell mentioned above, the incoming flow inlet of thunderstorm was sized at 45 km, while the incoming flow inlet of background wind was set at 20 km.



In research involving urban local flow fields, the turbulence models of standard Reynolds-averaged Navier–Stokes (RANS) and large eddy simulation (LES) are frequently selected. LES offers certain advantages in dealing with flow and turbulence in low wind speed areas [31], but the LES method demands significant computational resources and time. Compared to LES, the RANS method generally exhibits superior numerical stability and convergence. This implies that when simulating complex flows, RANS is more likely to produce stable and reasonable solutions [32]. Furthermore, the relatively low computational cost of the RANS method renders it suitable for simulating large-scale flows with high Reynolds numbers [33]. The RANS method remains a commonly used method in urban dynamic field simulation [34,35]. This paper utilized the standard k-ε model in the RANS method to simulate the near-surface flow field in the built-up area:


  k ( z ) =       u   A B L   ∗     2        C   μ       



(1)






  ε ( z ) =       u   A B L   ∗     3     Ƙ ( z +   z   0   )    



(2)







In the above equation, k represents the distribution of turbulent kinetic energy; ε represents the distribution of turbulent dissipation rate; u*ABL is the friction velocity of the atmospheric boundary layer; z0 is the aerodynamic roughness length; z is the height coordinate; Ƙ is the Kármán constant, taken as 0.4; and Cμ is a constant, taken as 0.09.



The variation in air density can be essentially ignored, so this model considered air as an incompressible gas. For the pressure outlet, this paper assumed a free outflow boundary condition, meaning that the flow on the outflow surface has fully developed and returned to normal without any obstructions. At the top and lateral boundaries of the computational domain, symmetrical boundary conditions were applied, and slip-free boundary conditions were set on the ground and all building surfaces.




3. Results


3.1. Spatial Patterns of Lightning Activity in Built-Up Areas


The long-term monitoring of lightning activity can offer insights into the climatic characteristics of lightning activity and serves as a fundamental aspect of lightning disaster research. Figure 2 presents the CG lightning activity detected by SGLNET in Beijing from 2010 to 2017.



The CG number is lowest during winter (from December to February of the following year), as indicated in Figure 2a. This is primarily because of the influence of warm and humid airflow, which has led to an increase in convective activity in the Beijing area since June. The CG number during summer (June to August) accounted for a significant 93.15% of the total CG number throughout the year. However, in September, convective activity in the Beijing area decreases due to northerly winds. Under the influence of northwest airflow, winter in Beijing is characterized by dry and cold conditions, leading to a further reduction in the number of lightning occurrences. Furthermore, Figure 2 also demonstrates that the majority of CG flashes exhibit negative polarity. This is attributed to the fact that negative charges are primarily located in the middle and lower sections of convective clouds, while positive charges are mainly situated in the upper parts of the cloud [36,37]. Consequently, negative CG flashes occur more frequently between the main body of the cloud and the ground.



Lightning positioning and radar echoes can be used for detecting thunderstorms [38,39]. Specifically, a thunderstorm will be deemed to occur if a lightning strike is observed within 10 km and 30 min or the maximum radar reflectivity is greater than 35 dBZ. As Figure 2b reveals, a total of 220 thunderstorm processes occurred in the built-up area of Beijing during the study period. The year with the strongest lightning activity was 2011, with 43 thunderstorm events occurring in the built-up area, and SGLNET recorded approximately 18,000 CG flashes. In contrast, the year with the weakest lightning activity was 2010, with only 13 thunderstorm events in the built-up area and a total of 2400 CG flashes recorded by SGLNET. The frequency of summer CG flashes exhibits a decreasing trend in interannual variation. These findings suggested significant fluctuations in the interannual variation in lightning activity in Beijing, emphasizing the importance of using long-term series lightning location data to study the characteristics of urban lightning activity.



According to Figure 3, the CG number occurring in the built-up area during the daytime was approximately 19,000 fl. Haidian District and Xicheng District have formed regions with the highest CG density, peaking at approximately 3.0 fl/km2. In contrast, the CG density of LCCs in the city center was less than 1 fl/km2. During the nighttime, the CG number in the built-up area was approximately 31,000 fl. Chaoyang District and Dongcheng District have emerged as regions with the highest CG density, reaching a maximum of about 4.2 fl/km2. The LCCs in the city center continued to exhibit low CG density. During the whole day, the lightning activity in the built-up area exhibited similar patterns. The maximum CG density at the edge of the built-up area reached 6.7 fl/km2. The CG density of LCCs in the center of the built-up area was sparse, with a density of less than 1 fl/km2, and even an area devoid of CG flash events was observed. In summary, from 2010 to 2017, the summer CG density in the built-up areas exhibited a spatial pattern characterized by high CG density at the urban edges and low densities in LCCs within urban centers, suggestive of a potential barrier effect.




3.2. Evolution Characteristics of the Thunderstorm Passing over the Built-Up Area of Beijing


Utilizing existing research [5,11], it has been noted that when thunderstorm systems traverse urban built-up areas, they exhibit a bifurcation and deflection pattern due to the barrier effect. This section has segregated the individual thunderstorm occurrences that traversed Beijing’s built-up areas from 2010 to 2017 into two distinct categories: those exhibiting significant barrier effects, designated as BT, and those classified as ordinary thunderstorms, labeled as OT.



In this section, the interannual activity characteristics of bifurcated thunderstorms (BT) and ordinary thunderstorms (OT) within the built-up area are summarized. As shown in Figure 4, the year with the highest number of thunderstorm events was 2011, with a total of 44 thunderstorm processes occurring in the built-up area, including eight BT events and 36 OT events. With only 13 processes, comprising two BT events and 11 OT events, 2010 had the fewest number of thunderstorm events. Although BT events accounted for only 19.5% of the total number of thunderstorms, the average flash rate of BT events was 290.6 fl/h, more than three times higher than that of OT events. Additionally, the average duration of BT events (2.07 h) was 1.5 times longer than that of OT events (1.38 h). Therefore, despite the limited number of thunderstorms exhibiting barrier effects, their longer duration and higher flash rate make their contribution to CG activities in the built-up area significant and unignorable.



To further investigate this impact, a specific thunderstorm case that passed through the built-up area on 13 July 2017 (“0713” case) was selected for analysis. This case allowed us to explore how the urban underlying surface affected the thunderstorm process.



When the “0713” case occurred, the Beijing area was located in front of a trough at 500 hPa (Figure 5a,b), with a specific humidity of approximately 3.5 g/kg. At 850 hPa (Figure 5c,d), there was a southwest airflow continuously transporting towards Beijing, with a specific humidity exceeding 12 g/kg. The southerly airflow in front of the low-pressure trough created a synoptic-scale upward movement, and there was an obvious wind shear, which promoted the occurrence and development of the thunderstorm system. As the northwest airflow moved southward behind the trough, the dry and cold air enhanced convective instability and provided favorable environmental conditions for the triggering of thunderstorms. Therefore, the “0713” case was a thunderstorm system controlled by a strong synoptic background.



The CR product detected by the Beijing Nanjiao Observatory was utilized to analyze the evolution characteristics of the thunderstorm passing over the built-up area. Figure 6a shows the development trajectory when the “0713” case moved through the built-up area. At 21:00 (Figure 6b), the “0713” case moved to the border between the mountains and the plain. The area of the strong echo region above 40 dBZ expanded further, and the intensity of the echo center exceeded 50 dBZ. It was worth noting that, during its propagation, the thunderstorm system gradually split into larger thunderstorm cell I and smaller thunderstorm cell II, exhibiting a significant barrier effect [5]. In Figure 6c, the broken thunderstorm cells moved in different directions. Thunderstorm cell I had an overall structure that was close to a north–south trend, which moved faster and exited the built-up area. Thunderstorm cell II continued to spread into the built-up area. At 23:00 (Figure 6d), thunderstorm cell II moved closely around LCCs and steadily developed, eventually forming a typical supercell thunderstorm [40]. After that, the supercell gradually moved out, and the stratiform cloud covering the western part of the built-up area dissipated.



During the development process of the “0713” case passing through the built-up area, there were three stages: the stage of the whole thunderstorm enhancement, the stage of the thunderstorm bifurcated, and the stage of split thunderstorm enhancement (Figure 7). At 21:00, the area of strong echo increased to 1276 km2, and the CG flashes reached 417. Subsequently, the thunderstorm began to bifurcate, leading to a decrease in CG flashes and the size of the strong echo area. At 22:18, the area of strong echo decreased to 140 km2, with CG flashes reduced to 23. When the thunderstorm cell entered the built-up area, a strong temperature gradient and convergent uplift movement occurred near the outflow boundary of the cold pool (gust front), leading to the rapid development of the thunderstorm cell. It was worth noting that during the thunderstorm bifurcation process at 21:06, there was a decrease in the strong echo area but an increase in CG lightning numbers (indicated by the green circle in Figure 7). These findings suggested that while the urban heat island can be beneficial for the regeneration and enhancement of partial thunderstorm systems [41,42], bifurcation caused by a rough urban underlying surface is not favorable for the organization of the entire thunderstorm system.



The AWS data were further utilized to investigate the evolution of the near-surface thermal–dynamic field. At 20:00 BJT (Figure 8a), the “0713” case originated in Taihang Mountain and began to enter the northwest edge of the built-up area, resulting in the formation of a cold pool on the ground. The maximum wind speed at the front of the cold pool exceeded 7.1 m/s, and the convergence zones triggered strong vertical upward movement, leading to 337 CG events. At 21:00 BJT (Figure 8b), as the thunderstorm system developed and moved eastward, the area of the cold pool expanded significantly. The maximum wind speed at the front of this cold pool reached a velocity of 10.4 m/s, and 417 CG flashes were observed in areas of temperature gradients. By 22:00 BJT (Figure 8c), the bifurcation angle of the cold pool continued to expand, and two distinct cold tongues formed around LCCs, creating a notable barrier effect. Subsequently, the thunderstorm cell continued to propagate into the built-up area (Figure 8d). Therefore, the evolution of the dynamic field of near-surface cold pools could serve as a valuable diagnostic indicator in understanding how the underlying urban surface impacted the thunderstorm process.




3.3. Numerical Simulation of the Influence of the Spatial Configuration of the Building Complex on the Evolution of Dynamic Field


With the continuous urbanization, the built-up area of Beijing has now exceeded 1400 km2, encompassing approximately 2.173 million individual buildings. The concentration of these buildings is primarily in Dongcheng, Xicheng, Chaoyang, Haidian, Fengtai, and Shijingshan districts, where numerous residential areas and commercial zones are clustered. The permanent population in the central urban area exceeds 10 million. According to the generalized model of the built-up area, besides the high-density building clusters covering an area of approximately 100 km2 in the downtown, there are also uniformly distributed building clusters of various sizes in other regions. Figure 9a revealed that the southeastern region of the built-up area exhibited blue coloring, indicating relatively low wind speeds of approximately 0–1.5 m/s. Notably, there were calm wind zones in some areas, with the highest wind speeds primarily concentrated in the western side of the built-up area, which was the incoming flow direction influenced by the thunderstorm system. Additionally, distinct green strips of higher wind speeds, surpassing 2.5 m/s, were visible in the center and southwest of the built-up area. These regions corresponded to the bifurcated airflow near the ground as the thunderstorm passes through the built-up area.



In the following, this paper will provide a detailed analysis of the movement of bifurcated airflow within the built-up area. The average air velocity experiences a significant reduction with increasing building density [43]. Once the bifurcated airflow entered the built-up area, the speed of the near-surface airflow gradually diminished. The rough urban underlying surface and dense buildings impede the movement of mesoscale weather systems [9,44]. As the near-surface airflow traversed LCCs (Figure 9a), its speed diminished to 3.3 m/s, and its direction exhibited a clear detour (indicated by the red arrow). The simulated detour path was basically consistent with the observed results, indicating that the CFD model was well-suited for detailed local climate simulations. The proportion of high-volume ratio buildings within LCCs exceeded 90%. The significant barrier effect of LCCs directly altered the movement direction of the bifurcated airflow. Consequently, the detour of near-surface airflow might be related to the presence of LCCs. Figure 9b presents a sensitivity test of the near-surface flow field. In this simulation, the LCCs in the city center were replaced with bare land. As can be seen, when the bifurcated airflow entered the built-up area, in the absence of LCCs, the near-surface airflow exhibited a movement speed of approximately 4 m/s, and its direction remained unchanged, passing directly through the city center without detour. This observation suggested that the large-scale, dense buildings in the city center could alter the outflow direction and path of cold pools, thereby influencing the thunderstorm organization process.





4. Discussion


Phased array radar can provide high-resolution meteorological element fields. Located in the southeast of Anhui Province, Wuhu has a built-up area spanning 182 km2, approximately one-eighth the size of Beijing. Wuhu is a typical small–medium city. For this section, a thunderstorm event (“0717” case) that passed through the Wuhu urban area on 17 July 2022 has been selected. The phased array radar has been utilized to provide refined three-dimensional wind field structure observation data for studying the impact of small–medium cities on the evolution process of thunderstorms.



As shown in Figure 10, when the “0717” case occurred, there was a low trough moving eastward and southward at 500 hPa, and the northwest airflow behind the trough affected Wuhu from north to south. At 850 hPa, there was a noticeable warm and humid airflow on the south side of the shear line. The cold air moving south from North China intersected with warm and humid airflow near the Yangtze River Basin, providing water vapor and dynamic conditions. Before the “0717” case passed through Wuhu, there was southwest wind near the surface and northwest wind at the upper levels. There was a warm advection below 500 hPa and a cold advection above 500 hPa. The CAPE value reached 1733.6, and the K index was 40.1, indicating that the synoptic background at this time was favorable for the occurrence and development of thunderstorms. After the “0717” case occurred, the cold air in the near-surface layer moved southward, resulting in poorer water vapor conditions in the upper layers and a decrease in unstable energy. Therefore, the “0717” case was controlled by a strong synoptic background.



Figure 11 displays the distribution of CG activity in the built-up area of Wuhu during the thunderstorm process of the “0717” case. As can be seen, the thunderstorm system directly passed through the built-up area, resulting in the recording of 103 CG events. Unlike the “0713” case in the built-up area of Beijing, the CG flashes of the “0717” case primarily concentrated in the center of the built-up area. Subsequently, the evolution process of the thermal dynamic structure of the thunderstorm system was analyzed using phased array data. Figure 12a,b exhibited the low-level wind field (700 m and 1500 m) when the thunderstorm system passed through the built-up area. It was evident that the low-level wind field in the north of Wuhu presented distinct cyclonic convergence characteristics, indicating upward movement development. Additionally, at the bottom (red circle) of the strong echo center at 1500 m altitude, there was a certain degree of wind convergence along the direction of echo movement from west to east. Figure 12c,d illustrates the mid-level wind field (3000 m and 5000 m) when the thunderstorm system passes through the built-up area. There was a certain degree of wind convergence at the bottom (red circle) of the strong echo in the east of Wuhu at 3000 m altitude, which transformed into an obvious anticyclone divergence feature at 5000 m altitude.



The analysis of wind fields at varying heights revealed that when the thunderstorm system passed through the built-up area, the vertical structure of the convective cloud was a typical pattern of low-level convergence and high-level divergence, indicating the occurrence and development of convective weather. Figure 13 illustrates that from 16:58 to 17:04, it was evident on radar echo imagery that convective cells were newly forming over the city and rapidly intensifying. On the vertical section (Figure 13b–d), the columnar structure became densely packed at middle and low altitudes, with a strong center attaining a maximum reflectivity factor of 55 dBZ. These cells merged with other convective cells downstream, resulting in a notable enhancement of the columnar strong echo range and its gradual movement towards the northeastern part of Wuhu. The maximum echo top height during this process was approximately 10 km. In terms of vertical structure, there was a visible updraft (black area) present within the middle and lower levels of the strong echo in the east of Wuhu, which continued to intensify, indicating that vertical airflow was further developed as the thunderstorm system passed through the built-up area. Through analyzing the refined three-dimensional wind field during thunderstorm organization, it became evident that, unlike a large-scale city, a thunderstorm with a strong synoptic background did not exhibit significant bifurcation or detour when passing the underlying surface of a small-medium city. The impact of city size on the thunderstorm process cannot be overlooked [15].



Numerous factors contribute to the thunderstorm organization process, including synoptic backgrounds, thunderstorm intensity, urban heat island intensity, and other conditions [4,12,41,42]. There is agreement on the enhancing impact of the urban heat island on thunderstorm activities [45,46,47]. However, insufficient attention has been paid to the specific urban environments that contribute to this enhancement effect. Figure 14a clearly demonstrated that, as thunderstorms traversed the small-scale and low-density city, the urban barrier effect restricted the flow field. The horizontal temperature contrast between the cold pool outflow and the urban subsurface gave rise to vertical wind shear [18,48]. This led to an augmentation in vertical airflow speed, causing a forward inclination of the thunderstorm’s core, which sustained the upward airflow [49]. Additionally, the thermal circulation induced by the urban heat island (UHI) facilitated the consistent growth and structuring of the thunderstorm system. Therefore, during the encounter of the thunderstorm system with the small-scale urban area, the urban subsurface primarily amplified the thunderstorm processes through its thermal influence. Consequently, CG lightning activity was primarily observed within the urban area. This paper pointed out the possibility that this enhancement effect might be more prominent in small and medium-sized cities, which had not been previously emphasized.



For large-scale and high-density cities, our observation and simulation indicated that a notable bifurcation occurs when thunderstorms traverse these urban areas. As depicted in Figure 14b, the rugged underlying surface within a large-scale and high-density city significantly attenuated the horizontal dynamic field [8,17]. This altered the movement of the cold pool, resulting in stagnation and accumulation along the periphery of the built-up region. Once the urban area attained a certain size, the cold pool outflow separated, and the convergence line disintegrated. Consequently, the vertical airflow velocity above the urban area was notably reduced, impeding the formation of fresh convective cells. The propagation speed of thunderstorm cells within the urban area was slower compared to that on either side of the city, leading to bifurcation and circulation patterns around the thunderstorm system. Additionally, as the built-up density increased, the barrier effect became more evident. Therefore, during the passage of the thunderstorm system through the large-scale urban area, urban morphologies primarily shaped the organization of the thunderstorm process, resulting in concentrated CG lightning activity on the outskirts of the city. Of course, when thunderstorms pass cities, the urban heat island effect and barrier effect might coexist and compete. The relative contributions of these two effects might be associated with the spatial configuration of buildings and the scale of the urban area. Certainly, apart from urban morphology, the organized process of thunderstorms traversing cities is also potentially related to factors such as heat island intensity, outflow wind speed, and weather conditions [4,12,41,50]. The mechanism proposed in this paper is still in its infancy and requires further exploration. In the future, we plan to expand our analysis by incorporating additional unconventional data sources such as microwave radiometers, lidars, and atmospheric electric field meters. This will enable us to delve deeper into the effects of urbanization on boundary layer structure, water, and heat energy balances, as well as moisture circulation processes and their subsequent influence on lightning activities. We also intend to enrich our simulation schemes by conducting sensitivity tests that vary urban shapes, orientations, and other relevant factors. This comprehensive approach will aid in gaining a more thorough understanding of how urban underlying surfaces impact lightning activity and thunderstorm processes.




5. Conclusions


Under the background of rapid urbanization, exploring the influence mechanism of urban morphologies on CG lightning activity and the thunderstorm process is highly significant and practical. In this paper, the influence of the urban underlying surface on the thunderstorm process was analyzed by means of observation analysis and numerical simulation.



The CG lightning activity of the built-up area in Beijing showed that the flash density in the center of the city was obviously lower than that at the edge of the city, indicating a potential barrier effect. Doppler radar was used to analyze the organization process of a thunderstorm system in a strong synoptic background when it passed through the built-up area of Beijing. It was observed that during its evolution, the system exhibited distinct bifurcation and detour. The dynamic field of near-surface cold pools could serve as diagnostic indicators for studying the influence of urban underlying surfaces on the thunderstorm process. The results of the control and sensitivity experiments based on the CFD model demonstrated that the large compact-rise clusters in the city center had the capacity to modify the movement direction and path of the cold pool outflow, thereby influencing the thunderstorm organization process. Furthermore, an analysis of high spatial–temporal resolution phased array radar revealed that, beyond the spatial configuration of buildings, the city size might also be a factor affecting the thunderstorm organization process. There exists a complex relationship between the urban environment and lightning events, and this paper establishes a relevant conceptual model. During the passage of thunderstorms over cities, the urban heat island effect and barrier effect can coexist and engage in a complex interplay. The relative significance of these two effects is potentially influenced by the spatial arrangement of buildings and the extent of the urban area. The outcomes of this study are expected to serve as significant theoretical foundations and technical support for the potential prediction, imminent warning, and risk assessment of urban lightning events.



In the future, we will further explore the influence mechanism of urban underlying surfaces on the thermodynamic structure of thunderstorms and lightning activities through observation and simulation, expecting to provide a fundamental theoretical foundation and technological support for potential forecasting, imminent warnings, and risk assessments related to urban lightning activities.
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	LCCs
	Large compact-rise clusters



	SGLNET
	State Grid Lightning Network



	CG
	Cloud-to-ground



	AWS
	Automatic weather station



	CR
	Composite reflectivity



	CFD
	Computational fluid dynamics



	RANS
	Reynolds-averaged Navier–Stokes



	LES
	Large eddy simulation
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Figure 1. Overview of the study area. Topographic characteristics of Beijing (a). The spatial configuration of the building complex of the built-up area in Beijing (b). 
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Figure 2. Temporal patterns in the CG flashes (fl) number around the built-up area of Beijing from 2010 to 2017. Monthly variation in CG number (a). Interannual variation in thunderstorm and CG number (b). 
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Figure 3. Spatial patterns in the CG flashes around the built-up area of Beijing in the summertime from 2010 to 2017. The distribution of CG density during daytime (a), nighttime (b), and the whole day (c). 
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Figure 4. Interannual variation in bifurcated thunderstorms (BT) and ordinary thunderstorms (OT) in the built-up area of Beijing. The result indicates that thunderstorms with barrier effect typically have longer durations and higher flash rates. 
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Figure 5. Synoptic patterns of 500 hPa (a,b) and 850 hPa (c,d) at 08:00 and 20:00 on 13 July 2017. The black solid lines are geopotential height fields (m); the red dashed lines are isotherms (°C); the shaded areas are specific humidity fields (g/kg); the blue line is the boundary of Beijing. 
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Figure 6. The development trajectory of “0713” thunderstorm (a). The CR product and lightning location of case “0713” passing over the built-up area at (b) 21:00, (c) 22:00, and (d) 23:00 BJT. “I“ and “II” represent the two thunderstorm cells generated after the bifurcation of “0713” thunderstorm. The red boundary represents the built-up area, while the black square signifies the LCCs within the built-up area. 
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Figure 7. Statistics on the CG number and strong echo area of case “0713” passing over the built-up area. At the moment marked by the green circle, the strong echo area decreased, but the number of CG lightning increased. 
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Figure 8. The near-surface thermal-dynamic field of case “0713” passing over the built-up area: 20:00 (a), 21:00 (b), 22:00 (c), and 23:00 (d). The evolution of the near-surface dynamic field can be used to diagnose the characteristics of CG activity. The red boundary represents the built-up area, while the black square signifies the LCCs within the built-up area. 
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Figure 9. The horizontal wind fields simulated by computational fluid dynamics. In the control experiment (a), the path of detouring airflow (marked by a red arrow) was basically consistent with observation. LCCs in the city center were replaced by bare land in the sensitivity experiment (b), and no detouring airflow appeared. 
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Figure 10. Synoptic patterns of 500 hPa (a,b) and 850 hPa (c,d) at 08:00 and 20:00 on 17 July 2022. The black solid lines are geopotential height fields (m); the red dashed lines are isotherms (°C); the shaded areas are specific humidity fields (g/kg); the blue line is the boundary of Wuhu. 
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Figure 11. The spatial pattern of CG activity when the “0717” case passed through the built-up area of Wuhu. The CG flashes were primarily concentrated in the center of the built-up area. The black arrow represents the movement direction of the “0717” thunderstorm. 
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Figure 12. The retrieval results of different heights when the “0717” case passed through the built-up area are (a) 700 m, (b) 1500 m, (c) 3000 m, and (d) 5000 m. The black arrow indicated the horizontal movement direction of the wind field. 
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Figure 13. The retrieval results of the vertical wind field of the “0717” case when passing through a built-up area at 16:58 (a,b) and 17:04 (c,d). 






Figure 13. The retrieval results of the vertical wind field of the “0717” case when passing through a built-up area at 16:58 (a,b) and 17:04 (c,d).



[image: Remotesensing 16 01390 g013]







[image: Remotesensing 16 01390 g014] 





Figure 14. The influence mechanism of the urban underlying surface alters CG activity and the thunderstorm process. 
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