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Climatic characteristics of various tracks of tropical cyclones and their impact on rainfall in Qingdao during 1949–2020
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The climatic characteristics of tropical cyclones affecting Qingdao, China, were analyzed from the aspects of frequency, period, and intensity of the tropical cyclones and their impact on rainfall in Qingdao by referring to the Typhoon Yearbook, the tropical cyclone data of China during 1949–2020 as well as surface meteorological observations. The results showed that the frequency of tropical cyclones affecting Qingdao during 1949–2020 took on an overall decreasing trend and mostly exhibited a significant variation period of 2–4 year. Tropical cyclones with the track of turning after landfall and continuing northward after landfall accounted for 47.9%. In July, there were tropical cyclones mainly followed tracks of continuing northward after landfall, and tracks turning after landfall mostly occurred in September. The intensity of the tropical cyclones showed an overall weakening feature with distinct inter-decadal variations, and it did not change much when the northward tropical cyclones close affecting Qingdao. The different track of tropical cyclones had spatially heterogeneous, strong rainfall in Qingdao with the track of continuing northward after landfall brought the highest daily and process rainfall to Qingdao, while the tropical cyclones turning nearshore or advancing offshore before landfall had relatively little rainfall.
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1 Introduction

While the global climate is undergoing a process of change characterized by warming (Ding and Dai, 1994; Chen et al., 1998), the potential destructive power of tropical cyclones is growing much stronger, the proportion of super typhoons is notably increasing (Emanuel, 2005; Webster et al., 2005), and losses due to typhoon activity in the coastal regions are rising (Zhang et al., 2005). The International Workshop on Tropical Cyclones (IWTC) of the World Meteorological Organization (WMO) predicted that the increase in greenhouse gasses would reduce the frequency of global tropical cyclones by 6 to 34%, but increase the proportion of strong typhoons (Knutson et al., 2020).

China is adjacent to the northwestern Pacific Ocean, and tropical cyclones affect China coastal areas from south to north in spring and summer (Yan et al., 2007; Li et al., 2012). The ESCAP/WMO Typhoon Committee believes that the tropical cyclones and typhoons in the northwestern Pacific Ocean have a smaller annual frequency and that the tropical cyclones landing on mainland China show a decreasing frequency, a weakening maximum intensity, but no clear trend in their average intensity (Lee et al., 2001). Lei Xiaotu and Ming (2009) pointed out that the frequency of tropical cyclones affecting and landing in China showed a weak decreasing trend, but the frequency of tropical cyclones with the grade of typhoon landing in China did not change much or increased. Based the data of 1955–2006, Ying et al. (2011) pointed out that tropical cyclones affecting Northeast China are significantly rarer, while the frequency and the distribution of tropical cyclones in other regions of China have not changed significantly. They also found that the frequency of tropical cyclones has dropped significantly in northwestern South China Sea, Guangdong Province and Shandong Peninsula. Typhoons bring the maximum rainfall in the central-eastern part of Taiwan Island and parts of Hainan Island and bring the minimum rainfall to parts of Inner Mongolia, Shanxi and Sichuan Provinces (Wang et al., 2008).

The northward tropical cyclones can move across the 50°N zone after landing in China, and approximately 2.1% of them land in Shandong Province (Li et al., 2004). Tracks turning at mid-latitude, tracks turning at high latitude, and tracks moving directly northward are the main tracks of typhoons that cause strong rainfall and strong winds in northern China (Gao et al., 2017), and typhoons continuing northward after landfall produce heavy rainfall without fail (Gu et al., 1999). Jin et al. (2006), Wang and Jun (2006), and Zhou and Yang (2007) analyzed the intermonthly, interannual, and interdecadal climatic changes in the northward tropical cyclones based on observations from meteorological stations in different periods and summarized the temporal and spatial heterogeneities of the effects of the northward tropical cyclones. In view of the climatic characteristics of tropical cyclones affecting Shandong Province, Cong Chunhua and Wei (2016) pointed out that the typhoons that landed in the Shandong area were mainly distributed in southeastern Shandong and the southern coastal areas of the Shandong Peninsula and that the rainstorms brought by them were mainly concentrated in southeastern Shandong and the southern and eastern Shandong Peninsula. Gao et al. (2018) also shown that in 1949–2015, typhoons moving northward before landfall and typhoons filling after landfall accounted for the largest and smallest proportions of typhoons affecting Shandong, respectively, and that typhoons affecting Shandong exhibited significant cyclical periods of 26-year on the interdecadal scale and 5-year on the interannual scale.

The above studies mostly focused on the climatic characteristics of tropical cyclones affecting China, whereas the overall characteristics and regional characteristics of tropical cyclones affecting China are greatly different due to the vast territory of China and the large regional differences in the effects of tropical cyclones. Qingdao is located on the southeastern Shandong Peninsula, surrounded by sea on three sides, so it is affected by northward typhoons. In recent years, studies on tropical cyclones affecting Qingdao have focused on individual cases of weather processes affected by tropical cyclones (Bi et al., 2014; Zhen et al., 2019) and rarely analyzed the climatic characteristic of tropical cyclones in a systematic manner. Moreover, due to the limitations of the time period of statistical data, the conclusions in the above studies have had limited scope. In this paper, we used the tropical cyclone data of 1949–2020 to analyze the characteristics of frequency, track, and intensity of tropical cyclones affecting Qingdao over 72 years and the rainfall brought by them as well as the activity pattern and climatic characteristics of tropical cyclones affecting Qingdao. This study are also expected to provide some information for risk management related to tropical cyclones in Qingdao and a better understanding of the region’s vulnerability to tropical cyclones.



2 Data

The tropical cyclones affecting Qingdao were selected from typhoon events that occurred during 1949–2020 (a total of 72 years) based on the Typhoon Yearbook and the Tropical Cyclone Yearbook compiled by the China Meteorological Administration (1949/2019). The selection criteria were as follows: the cyclone resulted in rainfall above 5 mm at more than five observation stations in Qingdao or caused wind with an average strength of 10.8 m·s−1 or above or wind gusts with strength of 17.2 m·s−1at more than five observation stations in Qingdao. There were 76 tropical cyclones selected and Table 1 shows their information. The tropical cyclones were graded based on the Grade of Tropical Cyclones (GB/T 19201–2006) (Qian et al., 2006) and the intensity of tropical cyclone affecting Qingdao was defined as the strongest grade during the period from the formation of the tropical cyclone to the removal of its numbering from the watch list. Moreover, the grade of a tropical cyclone affecting Qingdao was defined as the strongest grade of the tropical cyclone in the period when it started to cause rainfall and strong wind in Qingdao.



TABLE 1 Information of 76 tropical cyclones affecting Qingdao.
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3 Results


3.1 Frequency characteristics of tropical cyclones

During 1949–2020, a total of 76 tropical cyclones affected Qingdao with an annual average of 1.06. There were 4 tropical cyclones appeared in 1962,which was the year with the most tropical cyclone impacts around the region of Qingdao. There were 23 years without tropical cyclone impacts, accounting for 30.3% of the study years. The period from 1949 to 1973 was a high-frequency period of tropical cyclones affecting Qingdao, and 40 tropical cyclones affected Qingdao over these 25 years with an annual average of 1.6. Particularly, from 1959 to 1963, there were 12 tropical cyclones with an annual average of 2.4. Afterward, the frequency of tropical cyclones began to decrease, even though the influence of tropical cyclones increased slightly in the early 1990s (Figure 1). Since 1995, the impact of tropical cyclones has remained relatively low. There were only 17 tropical cyclones in the 26 years from 1995 to 2020 with the annual average 0.7, which is significantly less than the annual average 1.06 in the 72 years. In general, tropical cyclones had frequent impacts from the 1950s to the early 1970s, and the tropical cyclone impacts from the 1980s to the present decreased significantly. From 1949 to 2020, the frequency of tropical cyclones affecting Qingdao overall decreased, which is evidenced by the 3-year moving average series of the frequency of typhoons. The frequency of tropical cyclones decreased linearly at 1.643 every 10-year. Because only 76 tropical cyclones affected Qingdao over the 72 years and the number of tropical cyclones was relatively small, the trend did not pass the significance test.

[image: Figure 1]

FIGURE 1
 Time series of the numbers of tropical cyclones affecting Qingdao during 1949–2020.


Morlet wavelet power spectrum analysis and cross-wavelet analysis were used to analyze the periodic variation in the number of tropical cyclones affecting Qingdao. Figure 2 indicates that the number of tropical cyclones affecting Qingdao showed significant periodicity of 2–4 year from 1949 to the early 1970s, from the 1980s to the end of the last century, and from the beginning of this century to the present. Due to the boundary effect, the periods of the number of tropical cyclones in the early 1950s and the last 5 years of this century needed to be determined separately.

[image: Figure 2]

FIGURE 2
 Morlet wavelet power spectrum analysis of tropical cyclones affecting Qingdao, Green shadings denote passing the red noise test at the 95% confidence level; the area below the thin yellow arc is the cone of influence at the wavelet head.


The tropical cyclones landed in Shandong mostly from mid-July to late August, and the number of tropical cyclones landing in Shandong was highest in late July, accounting for 40% of the annual tropical cyclones landing in Shandong (Gao et al., 2008). Based on the tropical cyclones data from 1949 to 2020,the tropical cyclones affecting Qingdao occurred earliest in June and latest in October, particularly. The number of tropical cyclones affecting Qingdao was the highest in August, accounting for 45.1% of the total tropical cyclones affecting Qingdao. Since 1949, there are four tropical cyclones, namely Shirley (6007), Mamie (8509), Toraji (0108), and Lekima (1909), have landed in Qingdao. They all occurred in August, and three of the four landed in Qingdao in the first 10 days of August especially.



3.2 Characteristics of tropical cyclone tracks

The track classification of tropical cyclone (TC) is based on three criteria. The first criterion defines a TC that turns westward or northwestward after turning as a “westward bending”TC. The second criterion distinguishes TCs that turn northeastward south of 30°N as “turning” TCs, those between 30°and 35°N turning northeastward as “northward” TCs, and those north of 35°N turning or continuing northwestward as “high-latitude westward proceeding” TCs. The third criterion categorizes TCs that enter the coastal areas of China without making landfall into “nearshore” and “offshore” TCs based on the 125°E meridian (Cong et al., 2016). According to the trajectories of 76 tropical cyclones, the tracks of tropical cyclones affecting Qingdao are divided into eight types, namely turning after landfall (Type I), continuing northward after landfall (Type II), proceeding westward at high latitude (Type III), turning westward in the Yellow Sea (Type IV), turning nearshore before landfall (Type V), proceeding northward nearshore before landfall (Type VI), filling after landfall (Type VII), and proceeding offshore (Type VIII), as shown in Figure 3.

[image: Figure 3]

FIGURE 3
 Schematic diagram of the eight types tracks of tropical cyclone.


Among the tropical cyclones affecting Qingdao, tropical cyclones with Types I and II tracks accounted for the highest proportion of 47.9%. 56% tropical cyclones with Type II tracks occurred in July, and 38% occurred in August. 61% tropical cyclones with Type I tracks occurred in September, and the rest occurred in other months. All tropical cyclones with Type III tracks occurred in July and August. 80% tropical cyclones with Type VI tracks appeared in August. 86% tropical cyclones with Type V tracks appeared in August. Among the four tropical cyclones that landed in Qingdao, Shirley (6007) had the feature of Type I track, Mamie (8509), Toraji (0108), and Lekima (1909) had the feature of Type II track. In summary, the tropical cyclones affecting Qingdao in July mostly had Type II track, the tropical cyclones affecting Qingdao in September mostly had Type I track. Although all types of tropical cyclone tracks might occur in August, Types II, V, and VI tracks were most common in August.



3.3 Intensity characteristics of tropical cyclones

During 1949–2020, 30 tropical cyclones (41.5%) were at the super typhoon level, 13 (13.5%) were at the strong typhoon level, and 19 (26.6%) were at the typhoon level (Figure 4; Table 2). The tropical cyclones affecting Qingdao were mostly at the typhoon level or above. Among them, more than 60% of the tropical cyclones of five track types (Type I, Type II, Type IV, Type VII and Type VIII) were at the level of strong typhoon or above. Among the four tropical cyclones that landed in Qingdao, Shirley (6007) and Lekima (1909) were at the tropical storm level at the time of landfall, Mamie (8509) was at the severe tropical storm level at the time of landfall, and Toraji (0108) weakened to the tropical depression level at the time of landfall. It is difficult for tropical depressions and tropical storms to affect Qingdao regardless of their track types.

[image: Figure 4]

FIGURE 4
 Frequencies for tropical cyclones of eight track types at each intensity level.




TABLE 2 Percentages for tropical cyclones of the eight track types at six intensity level (%).
[image: Table2]

Figure 5 shows how the intensity levels of tropical cyclones affecting Qingdao varied during 1949–2020. Figure 5A shows the strongest intensity levels of the 76 tropical cyclones from their formation in the source region to the time when they affected Qingdao, while Figure 5B shows the strongest intensity levels of the 76 tropical cyclones when they were causing rainfall and strong winds actually in Qingdao. Although multiple tropical cyclones affected Qingdao in some years, this paper only counted the one with the strongest intensity level among them in each year. The overall intensity of the tropical cyclones affecting Qingdao decreased at 0.117 levels per decade after their formation in the source area (Figure 5A); they showed distinct interdecadal variation characteristics, namely, increasing trends of tropical cyclone intensity in the 1950s, 1990s, and 2000s and decreasing trends of tropical cyclone intensity in 1960s, 1970s, 1980s, and 2010s. Figure 5B shows that the average intensity of tropical cyclones when they were affecting Qingdao was approximately with the level of 3, which was significantly weaker than the average intensity of level 5 shown in Figure 5A. This is related to the facts that the intensity of tropical cyclones usually weakens due to their interaction with mid-latitude atmosphere and the drag and cooling effect of the underlying surface during the northward propagation of tropical cyclones. During the past 72 years, the intensity of northward tropical cyclones when they were affecting Qingdao did not show an obvious interannual trend (Figure 5B), but their interdecadal characteristics took on a weakening of intensity in the 1980s and the 2010s and a rise in intensity in the other decades.

[image: Figure 5]

FIGURE 5
 (A). The strongest intensity levels of the tropical cyclones that affected Qingdao. (B) The strongest levels of the tropical cyclones when they were affecting Qingdao during 1949–2020.




3.4 Characteristics of tropical cyclone rainfall

Since the rainfall data of Qingdao from 1961 to 2020 was complete and reliable, the maximum process rainfall at a single station in Qingdao affected by 52 tropical cyclones from 1961 to 2020 was analyzed. The maximum process rainfall at a single station varied greatly, from 5.6 mm to 481.8 mm. In particular, tropical cyclones with Type II tracks took high maximum process rainfall with an average of 182.5 mm, while tropical cyclones with Type V tracks took low maximum rainfall to a single station with an average of 18.5 mm (Figure 6A). The levels of the maximum process rainfall at a single station brought by the tropical cyclones of the eight track types are analyzed and found that 60% of the maximum process rainfall at a single station in Qingdao reached the level of torrential rainfall or above. In particular, more than half of the maximum process rainfall brought by tropical cyclones of five track types (Type II, Type I, Type V, Type III and Type IV) at a single station in Qingdao exceeded the level of torrential rain (Figure 6B). Tropical cyclones with Type II tracks brought the heaviest rainfall; specifically, rainfall above the level of torrential rain accounted for 92.9% of the maximum process rainfall brought by these tropical cyclones, and rainfall above the level of downpour accounted for 71.4%. Tropical cyclones with Types V and VIII tracks brought relatively little rainfall, and the maximum process rainfall brought by these tropical cyclones at a single station was below the level of heavy rainfall.

[image: Figure 6]

FIGURE 6
 Maximum process rainfall at a single weather station in Qingdao (A) and the corresponding rainfall level (B).


The daily rainfall analysis in Table 3 show that tropical cyclones with Type II tracks had the greatest impact on the entire city and the urban area of Qingdao, followed by tropical cyclones with Type I tracks and Type VII tracks, while those with Types V and VIII tracks had relatively little impact. There were an average of 6.7 days for the daily rainfall exceeding 50 mm brought by the tropical cyclones with Type II tracks in each process in the entire city, including 3.1 days for the daily rainfall exceeding 100 mm. The tropical cyclones with Type I tracks resulted in an average of 1.6 days of daily rainfall exceeding 50 mm in each process in the entire city, including 0.5 day of daily rainfall exceeding 100 mm. Tropical cyclones with Type II tracks had a more significant impact on the daily rainfall than tropical cyclones with other track types. Moreover, tropical cyclones with type II tracks also had the greatest impact on the process rainfall in the entire city and the urban area of Qingdao, followed by tropical cyclones with Type VII tracks and tropical cyclones with Type I tracks.



TABLE 3 The maximum and average rainfall corresponding to the eight types of tropical cyclone tracks (unit:mm).
[image: Table3]

Qingdao has jurisdiction over seven municipal districts named as Shinan, Shibei, Licang, Laoshan, Huangdao, Chengyang and Jimo, and three county-level cities with Jiaozhou, Pingdu and Laixi. Among them, the main urban area (Shinan, Shibei, Licang), Laoshan District, and Huangdao District are located in the southern coastal area; Chengyang District, Jimo District, and Jiaozhou City are located in the central of Qingdao with plain and hilly underlying surface types; and Pingdu City and Laixi City are located in the northern inland area of Qingdao. Under the influence of tropical cyclones with Type II track, the greatest process rainfall occurred in the site of Jimo, Huangdao, and Jiaozhou, then followed by Laoshan, Laixi, Shinan, and Pingdu. The process rainfall at every station all exceeded 100 mm. Tropical cyclones with Type I track brought plentiful rainfall to the site of Qingdao and Huangdao. Tropical cyclones with Type VII track brought the most rainfall to Laoshan and Jimo. Tropical cyclones with Type VI track brought the most rainfall to Jimo. Tropical cyclones with Type III track had a greater impact on Huangdao, and those with Type IV track had a greater impact on Laixi and Pingdu. In summary, when a tropical cyclone affects Qingdao, coastal areas (such as Jimo, Huangdao, Laoshan, and Shinan) have higher process rainfall and higher daily rainfall than inland areas.

Figure 7 analyzes the distribution of the average rainfall brought by four tropical cyclones that landed in Qingdao based on the 7 national basic meteorological stations (Qingdao, Laoshan, Jiaonan, Jimo, Jiaozhou, Pingdu, and Laixi). The rainfall at Jiaonan station was highest, reaching 181.9 mm, followed by Pingdu, Jimo, Jiaozhou, Laoshan and Qingdao stations, the rainfall at Laixi station was the lowest. Qingdao, Laoshan and Jiaonan are located in the southern coastal area and so are susceptible to the influence of inverted troughs and low-pressure circulations of typhoons. Pingdu and Laixi in the northern inland area and Jimo and Jiaozhou in the central area are susceptible to the joint influence of inverted troughs of typhoons and westerly troughs. Under the influence of low-pressure circulations of typhoons, the dominant near-surface wind usually blows easterly or northeasterly in the main urban area where the Qingdao station is located, and Jiaonan is located on the downwind side and windward side of the main urban area. In contrast, for the westerly troughs affected by cold air intrusion, the dominant near-surface wind is usually southerly or southwesterly, and Jimo is located in the downwind part and windward side of the main urban area. With the acceleration of urbanization, heavy rainfall becomes concentrated in the mountain-front windward area, the main urban area, and the leeward side of the urban area, and the rainfall in the downwind part of the city is much higher than that in the upwind part (Shepherd et al., 2002; Li and Ma, 2011; Wu and Jiangping, 2011). Urban heat islands maybe the one cause of the heterogeneous distribution of rainfall and might contribute, along with the weather system and topography, to the greater rainfall brought by typhoons that landed in Qingdao at Jiaonan and Jimo stations than that at Qingdao station. Of course, the mechanism underlying the impact of urbanization on rainfall on the background of tropical cyclone circulation still need to be further explored.

[image: Figure 7]

FIGURE 7
 Four landing typhoons average rainfall in Qingdaos (A) and four landing typhoon information (B).





4 Conclusion and discussion

1. During 1949–2020, a total of 76 tropical cyclones affected Qingdao. The frequency and intensity of affecting Qingdao decreased at rate of 1.764 per decade and 0.117 level per decade, respectively. The frequency of tropical cyclones showed significant periodicities of 2–4 year from 1949 to the early 1970s, from the 1980s to the end of the last century, and from the beginning of this century to the present.

2. The tropical cyclones affecting Qingdao mostly occurred in August, accounting for 45.1% of the annual number of tropical cyclones. In August, the tropical cyclones with Types I and II tracks accounted for 47.9% of all tropical cyclones. The tropical cyclones mostly had Type II track in July; Types II, V, and III in August; and Type I track in September.

3. During 1949–2020, 81.6% of the tropical cyclones affecting Qingdao were at the typhoon level or above, and more than 60% of the tropical cyclones of five track types (Type II, Type I, Type VII, Type VIII, and Type IV) were above the strong typhoon level. It was difficult for tropical depressions and tropical storms to affect Qingdao regardless of their track types. The intensity shown a decreasing trend, but the intensity change was not obvious when the northward cyclones were directly affecting Qingdao.

4. During 1949–2020, more than 50% of the maximum process rainfall at a single station in Qingdao because of tropical cyclones with Types II, I, III, VI, and IV tracks exceeded the level of torrential rain. The tropical cyclones with Type II track brought the strongest rainfall in the eight types of tropical cyclone tracks,and the sort of rainfall on the spatial distribution in descend order was Jimo, Huangdao, Jiaozhou, Laoshan, Laixi, Qingdao and Pingdu.

Due to global warming and regional urbanization, the climatic characteristics of the northward tropical cyclones have a certain degree of dependence on spatial variation. In addition, the differences in data source, data acquisition time, monitoring methods, and technical indicators of tropical cyclone intensity cause differences in the statistical results. The climatic characteristics of tropical cyclones affecting Qingdao during 1949–2020, summarized based on the analysis of their frequency, track, period, intensity, and rainfall in this paper, can benefit tropical cyclone forecasting services, though the conclusions obtained still have certain temporal and spatial limitations.
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