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Abstract

:

Extreme precipitation events induced by tropical cyclones have increased frequency and intensity, significantly impacting human socioeconomic activities and ecological environments. This study systematically examines the spatiotemporal characteristics of these events across Hainan Island and their influencing factors using GsMAP satellite precipitation data and tropical cyclone track data. The results indicate that while the frequency of typhoon events in Hainan decreased by 0.3 events decade−1 from 1949 to 2020, extreme precipitation events have increased significantly since 2000, especially in the eastern and central regions. Different typhoon tracks have distinct impacts on the island, with Track 1 (Northeastern track) and Track 2 (Central track) primarily affecting the western and central regions and Track 3 (Southern track) impacting the western region. The impact of typhoon precipitation on extreme events increased over time, being the greatest in the eastern region, followed by the central and western regions. Incorporating typhoon precipitation data shortened the recurrence interval of extreme precipitation in the central and eastern regions. Diurnal peaks occur in the early morning and late evening, primarily affecting coastal areas. Typhoon duration (CC_max = 0.850) and wind speed (CC_max = 0.369) positively correlated with extreme precipitation, while the pressure was negatively correlated. High sea surface temperature areas were closely associated with extreme precipitation events. The atmospheric circulation indices showed a significant negative correlation with extreme precipitation, particularly in the western and central regions. ENSO events, especially sea surface temperature changes in the Niño 1 + 2 region (−0.340 to −0.406), have significantly influenced typhoon precipitation characteristics. These findings can inform region-specific disaster prevention and mitigation strategies for Hainan Island.
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1. Introduction


Typhoon disasters pose a major threat to socioeconomic development and human security, often causing extreme precipitation upon landfall that can lead to secondary disasters such as floods, landslides, and mudslides [1,2,3,4]. The southeastern coastal regions of China are particularly vulnerable to these impacts due to frequent tropical cyclone activities, which are the primary contributors to extreme precipitation events [3,4,5]. Since 2020, Hainan Island has been impacted by several powerful typhoons, including Kompasu (2118), Nasha (2220), Rai (2122), and Lionrock (2117). These storms have brought heavy rainfall and destructive winds, resulting in extreme precipitation and severely affecting sustainable development. The urbanization process on the island increases the surface roughness, which in turn amplifies the strength of typhoon-induced extreme precipitation (TIEP) [3,4,5,6]. This problem is particularly acute in the coastal areas of Hainan where the population and infrastructure are concentrated, further exacerbating the adverse effects of TIEPs [3,4,7]. This situation shows significant challenges to the development of the Hainan Free Trade Port. Therefore, it is essential to systematically investigate the spatial and temporal patterns and formation mechanisms of extreme precipitation events on Hainan Island.



With global warming, there has been a notable increase in the frequency of tropical cyclones over the past three decades [3,4,8]. Simultaneously, the impact of these cyclones on extreme precipitation events in China’s southeastern coastal regions has become more pronounced [3,4,9]. Notably, more than 40 percent of such events are attributable to tropical cyclones [1,3,4,10]. With global warming, both the severity of tropical cyclones and the magnitude of associated extreme precipitation events have consistently risen [1,2,3,4,11]. This trend indicates a complex evolution in the spatiotemporal dynamics of typhoon activities, potentially increasing the risk of extreme precipitation in the future.



In recent years, there has been a significant decrease in the number of tropical cyclones affecting Hainan Island. Paradoxically, the frequency of days with extreme heavy rainfall events influenced by these cyclones, as well as the total precipitation from these events, has increased [3,4,12]. The average annual frequency, precipitation amount, and the proportion of typhoon precipitation to the total annual precipitation on Hainan Island all demonstrate a downward trend. Yet, the maximum precipitation during typhoon events and the maximum daily precipitation present a slight upward trend [3,4,13]. In contrast, another study reports a mild downward trend in maximum daily precipitation across different precipitation intensity levels [3,4,14]. These conflicting findings may result from the limited number of in situ observations, which may not adequately represent conditions across Hainan Island’s complex topography. Additionally, most studies have relied on daily precipitation data, which offers relatively low temporal resolution and fails to capture the detailed spatiotemporal structure of extreme typhoon precipitation. Consequently, there is an urgent need for systematic analysis of the spatiotemporal patterns of extreme precipitation events induced by typhoons on Hainan Island, using high-resolution gridded precipitation data.



Previous studies on extreme precipitation have largely relied on indices from meteorological stations, such as daily precipitation amounts [3,4,15]. These indices often fail to capture the detailed spatiotemporal patterns of extreme typhoon precipitation due to the sparse and uneven distribution of stations on Hainan Island, especially in regions with complex terrain. However, recent advances in satellite remote sensing technology compensate for these shortcomings by providing high-resolution precipitation data with more comprehensive and continuous spatial and temporal coverage [3,4,14,16]. This improvement is crucial in areas like oceans where traditional surface observation coverage is sparse. Global analyses using data from the Global Precipitation Measurement (GPM) satellite have uncovered distinct diurnal peaks in tropical cyclone precipitation, which are typically elusive in station-based observations [17]. Therefore, compared with the station, higher temporal and spatial resolution data can be used to conduct a multi-scale study on the extreme precipitation pattern of the typhoon on Hainan Island.



While previous studies have examined extreme precipitation changes globally, the unique topographic and climatic features of Hainan Island, a typical tropical island, significantly influence the spatial distribution of typhoon-induced extreme precipitation. The factors influencing the intensity and spatial distribution of TIEP include the dynamics of typhoon movement, such as stalling, local terrain, and moisture availability [3,4]. As typhoons make landfall on Hainan Island, their forward motion typically decelerates, extending their duration over the region. This deceleration is especially pronounced in the central and western mountainous terrain, where orographic effects further intensify precipitation. Furthermore, Hainan Island’s maritime environment provides a continuous supply of water vapor, unlike inland regions where typhoons rapidly lose their moisture source after landfall. This sustained moisture availability, combined with the aforementioned factors, contributes to the intensification of typhoon-induced extreme precipitation events on the island. Radar observations and numerical modeling experiments focused on specific cases have corroborated the enhancement of typhoon precipitation in the central and western mountainous areas of Hainan Island [18,19]. In China, the precipitation associated with landfalling typhoons is strongly influenced by the storm’s intensity and translational speed [20,21]. However, the characterization of these relationships for Hainan Island is hindered by the lack of long-term observational data. Concurrently, rising sea surface temperatures (SSTs), associated with global climate change, are expected to increase the likelihood of severe precipitation events related to typhoons. These elevated SSTs significantly influence the occurrence and magnitude of extreme precipitation events [22,23]. Analyses of historical climate data reveal that typhoon activity frequency along the southern coast of Hainan Island is significantly modulated by large-scale climate patterns, particularly the El Niño-Southern Oscillation (ENSO) [24]. Therefore, from a climatological perspective, it is essential to consider the influence of large-scale SST patterns on extreme typhoon precipitation. This approach allows for a more comprehensive assessment of the spatial extent and intensity of extreme typhoon precipitation on Hainan Island, accounting for both local and remote climate drivers.



Recent studies have advanced our understanding of the spatiotemporal characteristics of extreme typhoon-induced precipitation on Hainan Island. However, significant knowledge gaps persist, particularly regarding spatiotemporal resolution, multi-scale analysis, and comprehensive quantification of influencing factors. To address these limitations, this study aims for: (1) Utilize high spatiotemporal resolution satellite-retrieved precipitation data to reveal the fine spatiotemporal pattern of extreme typhoon precipitation on Hainan Island; (2) Explore the distribution patterns and variation characteristics of extreme typhoon precipitation across multiple spatiotemporal scales; (3) Comprehensively analyze the interactions between typhoon characteristics and environmental fields and other factors and quantitatively assess their impacts on extreme typhoon precipitation; and (4) Integrate typhoon track information to examine regional differences in extreme typhoon precipitation across Hainan Island and explore their underlying causes. This study utilizes high-resolution long-term gridded precipitation data in conjunction with optimal typhoon track data to investigate the distribution characteristics of extreme precipitation events associated with typhoons on Hainan Island across multiple scales.




2. Materials and Methods


2.1. Overview of the Study Area


Hainan Island, China’s second-largest island (≈34,000 km2), is located in the northwestern South China Sea (18°10′–20°10′ N, 108°37′–111°03′ E). The island’s topography exhibits a distinctive annular structure, with the central highlands, notably Wuzhishan (1840 m a.s.l.) and Yinggeling (1812 m a.s.l.), descending to the surrounding lowlands (Figure 1a). Its tropical monsoon climate has average annual temperatures of 22.5–25.6 °C and precipitation of 1500–2500 mm, with distinct dry and wet seasons [25].



Rainfall distribution across Hainan Island is heterogeneous, governed by the tropical monsoon circulation. The rainy season, spanning from April to October, contributes over 70% of the annual precipitation. Hainan’s location makes it highly typhoon-prone, with tropical cyclones from the northwestern Pacific typically affecting the island from May through November.



Figure 1b shows the multi-year average typhoon-induced precipitation (TIP), affecting virtually all of Hainan Island. TIP varies spatially, averaging 250–450 mm annually. Western and central mountainous regions receive the highest rainfall (>350 mm/year), while precipitation decreases towards coastal areas. The northeastern region (such as Wenchang) experiences the lowest TIP (<300 mm/year), while western parts (such as Dongfang and Ledong) receive the highest (>400 mm/year).



Combining Figure 1a and Figure 1b reveal that high TIP areas encompass the entire mountainous region and western plains. Exceptions include certain mountainous areas around Baoting and Sanya, which do not exhibit elevated precipitation values. This pattern is likely due to the orographic effects in central and western Hainan Island, where the forced ascent of moist air associated with typhoons enhances rainfall, making these regions more vulnerable to direct impacts from typhoons.




2.2. Datasets


This study uses historical tropical cyclone track data (1949–2020) from the Shanghai Typhoon Institute of the China Meteorological Administration. The dataset includes tropical cyclone metrics such as center coordinates, 2-min average maximum wind speeds (m s−1), and minimum central pressure (hPa). Data from 2000–2020 were selected to examine the recent distribution of TIP over Hainan Island.



Precipitation data is from the Global Satellite Mapping of Precipitation (GsMAP) Reanalysis product by the Japan Aerospace Exploration Agency (JAXA). The GsMAP Reanalysis dataset features a fine spatial resolution of 0.1° and a temporal resolution of 1 h. It spans the period from April 2000 to December 2020 and provides extensive geographic coverage from 60° N to 60° S. Previous research validates its reliability for Hainan Island, showing correlations up to 0.870 on a monthly scale, with slight overestimation [26].



Sea surface temperature (SST) data is sourced from the National Centers for Environmental Information (NCEI) NOAA Optimum Interpolation Sea Surface Temperature (OISST) platform. This dataset combines satellite, ship, and buoy observations, using optimal interpolation at 0.25° × 0.25° resolution from 1981 to 2024. This study utilizes essential atmospheric circulation indices, such as the Niño SST (available at https://www.cpc.ncep.noaa.gov/data/indices/sstoi.indices, last accessed on 1 May 2024) and the Northern Hemisphere Subtropical High Area Index, among others. The latter indices are obtained from the National Climate Center of the China Meteorological Administration (available at https://cmdp.ncc-cma.net/Monitoring/cn_index_130.php, last accessed on 1 May 2024). The monthly averages of these indices are used to investigate their correlations with tropical cyclone activity. Comprehensive results are in Appendix A, while the main text focuses on significantly correlated indices.




2.3. Methodology


Statistical analyses of return period events commonly assume that extreme events follow the generalized extreme value (GEV) distribution [27]. This assumption is based on the premise that typhoon-induced extreme precipitation is independent and identically distributed (i.i.d.), providing a foundation for applying the GEV model with these datasets. The GEV probability density function (PDF) is [28]:


    H   i   (   x   μ , σ , ξ ) =    1   σ      [ 1 + ξ (    x − μ   σ    ) ]   − ( 1 +    1   ξ    )   e x p ( − [ 1 +   ξ (    x − μ   σ    ) ]   −    1   ξ      ) ,  








where   μ   is the location parameter,   σ   is the scale parameter, and   ξ   is the shape parameter. In Section 3.3 we use data from different time scales to calculate recurrence intervals for 25, 50, 100, 200, and 300-year return period events.



For trend analysis, the Theil–Sen regression method was used due to its robustness to outliers [29]. Data were smoothed using a three-point average method. Pearson correlation coefficients assessed relationships between typhoon extreme precipitation characteristics and total precipitation amounts.




2.4. Definition of Typhoon Precipitation and Typhoon-Induced Precipitation Extremes


Typhoon-induced precipitation (TIP) was defined as the precipitation occurring within an area covered by a 2.5° influence radius (≈260–277 km on Hainan Island) centered on the typhoon’s track [26]. Typhoons directly impacting Hainan (2000–2020) were identified using best track data and GsMAP precipitation data. GsMAP data (0.1° spatial, 1-h temporal resolution) were clipped to Hainan’s terrestrial boundaries using an official map [Map Approval Number: GS(2019)1822]. Extreme precipitation events were identified using 95th and 99th percentile values (C95 and C99) of non-typhoon precipitation as thresholds, calculated on a monthly scale for multiple temporal scales (1 h, 3 h, 6 h, 12 h and 24 h). Section 3.4 uses the 99th percentile for spatial distribution analysis.



Based on typhoon precipitation data, the K-means clustering algorithm was used to partition Hainan Island into three distinct regions (Figure 2): 1. Eastern region: plains with uniform typhoon precipitation due to minimal topographic variation. 2. Central region: Mountainous with heterogeneous precipitation due to orographic effects. 3. Western region: Northwestern and southwestern plains with lower precipitation intensities.




2.5. Typhoon-Induced Extreme Precipitation’s Regionalization and the Typhoon Track Cluster


This study uses the K-means clustering algorithm to objectively delineate the Hainan Island’s terrestrial regions. Based on multi-year average typhoon precipitation relative to total precipitation (Figure 2a), three distinct regions were identified on Hainan Island: the eastern region, central region, and western region (Figure 2b).



The eastern region, situated on the island’s eastern side, primarily comprises plains with relatively flat terrain. This area experiences weaker typhoon precipitation intensity due to minimal topographic variation, which does not favor orographic lifting. Consequently, the spatial distribution of typhoon precipitation in this region is notably uniform, exhibiting minimal local variability. Conversely, the central region, located in the center of Hainan Island, features a rugged and varied landscape dominated by mountains. This region harbors the island’s principal mountain ranges with high elevations that enhance orographic lifting on the windward slopes, frequently resulting in intense precipitation events. The complex topography introduces significant spatial heterogeneity in typhoon precipitation, with pronounced disparities in rainfall between mountainous and valley areas. The western region, encompassing the northwestern and southwestern plains, is positioned on the leeward side of the monsoonal currents and exhibits less topographic relief. While typhoons impact this region, the absence of substantial orographic lift leads to comparatively lower precipitation intensities during such events. This regional classification provides a framework for analyzing typhoon-induced precipitation patterns across Hainan Island’s diverse topography.
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Figure 2. (a) Multi-year average typhoon precipitation ratio; (b) Spatial distribution zones of typhoon-induced extreme precipitation (TIEP). 






Figure 2. (a) Multi-year average typhoon precipitation ratio; (b) Spatial distribution zones of typhoon-induced extreme precipitation (TIEP).
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To identify extreme precipitation events induced by specific typhoons, K-means clustering analysis was used to categorize the typhoon trajectories affecting Hainan Island from 2000 to 2020. Typhoon metrics including the typhoon center positions, typhoon movement speeds, and typhoon intensities were examined to classify them into three distinct groups (Figure 3). Subsequent analyses of these categorized typhoons were based on these classifications.



The cluster analysis yielded three typhoon track groups (Figure 3): Typhoons in the first group (Track 1) primarily originated from the southeast of Hainan Island, traversing the central region of the island from east to west, characterized by relatively high movement speeds and moderate intensities.



The second group (Track 2) predominantly arose from the southern sea area of Hainan Island, progressing from south to north across the island’s southern tip, with rapid movement speeds but lesser intensities compared to Track 1.



The third group (Track 3) exhibited more varied trajectories, including typhoons forming near Hainan Island and moving northward, and those passing east to west over the northern part. Slowest speeds but generally stronger intensities, are associated with higher frequency of extreme precipitation events. Detailed characteristics of each track group, including average speeds, intensities, and associated precipitation patterns, are presented in Appendix A, Table A2.



Following the classification of these typhoon tracks, this study examined the differences in extreme precipitation characteristics events triggered by each typhoon category. Typhoon-induced precipitation data were correlated with their respective track categories, to quantify the frequency and average intensity of extreme precipitation events across various temporal scales (e.g., 1 h, 6 h, and 12 h durations).





3. Results


3.1. Spatiotemporal Analysis


3.1.1. Change in Typhoon Frequency


Figure 4 presents the number of typhoons affecting Hainan Island from 1949 to 2020. Over this period, typhoon frequency shows a statistically significant declining trend of 0.3 events decade−1 (p = 0.00) with notable inter-decadal variability. Specifically, the mid-1950s and mid-1960s experienced higher frequencies of typhoon events, averaging around 6 events year−1, with some years reaching up to ten events. The years from 1949 to 1959 were marked by a significant increase in typhoon activity, culminating in 1960 with 11 events, the highest annual count observed in the past seventy years. From 1960 to 1989, although the overall number of typhoons began to decline, the rate of decrease slowed, with most years recording fewer than four events per year. The period from the 1990s to the early 2010s witnessed larger fluctuations, with typhoon counts in some years approaching eight, indicating a pattern of initial increase followed by a decrease. Over the last two decades (2000–2020), typhoon events affecting Hainan have fluctuated between three to six events annually. This analysis aligns with Wu’s findings, indicating a significant reduction in typhoon frequency impacting Hainan Island from 1962 to 2005 [12].




3.1.2. Change in the Frequency of Extreme Precipitation


Figure 5 shows the temporal variability of extreme precipitation events associated with typhoons affecting Hainan Island from 2000 to 2020. These events were identified using GsMAP precipitation data, employing the 95th and 99th percentile as hourly thresholds. The results reveal an upward trend in the frequency of these extreme events at both thresholds: a 1.5 events decade−1 increase at the 95th percentile threshold and a 1.8 events decade−1 increase at the 99th percentile threshold. The higher rate of increase at the 99th percentile threshold suggests an intensification in the severity of extreme precipitation events. This trend indicates that the more extreme rainfall events are escalating more substantially compared to less extreme ones.




3.1.3. Change in Extreme Precipitation and Contribution


Figure 6 shows the time series of the total extreme precipitation associated with typhoons affecting Hainan Island from 2000 to 2020, based on GsMAP data at the 95th and 99th percentile thresholds on an hourly scale. Excluding 2004, which had no typhoon impacts, the data shows significant interannual variability in extreme precipitation. The years 2001, 2011, 2016, and 2018 experienced notably higher levels of extreme precipitation. 2001 recorded exceptionally high values, with 686 mm at the 95th percentile and 378 mm at the 99th percentile in the western region. The total extreme precipitation (TEP) across the regions of Hainan Island shows a gradient from the western region (most severe impacts), to the central and eastern regions, respectively.



Trend analysis of typhoon-associated extreme precipitation in Hainan Island reveals an increasing pattern across the sub-regions. Extreme precipitation events at both the 95th and 99th percentile thresholds show a consistent upward trend in the central and eastern regions.



At the 95th percentile threshold, the eastern region shows the most pronounced upward trend, with an increase of 77.1 mm decade−1 in extreme precipitation. This trend suggests an escalating frequency and intensity of extreme rainfall during typhoon events in this area. Extreme precipitation in the central region shows marked increases at both percentile thresholds: 73.3 mm decade−1 (95th percentile) and 58.6 mm decade−1 (99th percentile). This consistent rise suggests a uniform intensification of extreme rainfall events during typhoons across different intensity levels. In contrast, the western region demonstrates a more modest change, with a slight upward trend of 27.3 mm decade−1 observed only at the 99th percentile threshold, indicating that only the most extreme events are intensifying in this area.



Figure 7 presents a time series of the ratio between extreme precipitation and total typhoon-induced precipitation (TIP) over Hainan Island from 2000 to 2020. The analysis uses the 95th and 99th percentiles as hourly thresholds, based on GsMAP satellite-retrieved precipitation data. The extreme precipitation proportion exhibits significant inter-annual variability, influenced by tropical depressions and monsoon systems. Years 2003, 2005, 2012, 2014, and 2018 recorded higher ratios, exceeding 80% at the 95th percentile threshold. 2014 marked the peak contribution with extreme precipitation comprising 96.9% (95th percentile threshold) and 88.1% (99th percentile threshold) of the typhoon-induced precipitation.



The trend analysis indicates a general increase in the proportion of extreme precipitation relative to the total typhoon precipitation across Hainan Island. The eastern region shows a pronounced increase of 14.2% decade−1 at the 95th percentile, suggesting a rising frequency of extreme precipitation events. The central region exhibits an increase of 12.1% decade−1 and 11.3% decade−1 at the 95th and 99th percentiles, respectively. The western region displays a more moderate growth, with trends of 6.9% decade−1 and 5.0% decade−1 at these thresholds.




3.1.4. Intra-Day Changes in Extreme Precipitation


Figure 8 depicts the diurnal cycle of extreme precipitation across three sub-regions. The data shows a bimodal distribution, with maxima during the early morning hours (0200–0700 h at UTC) and late afternoon to evening (1800–2000 h at UTC), and minima around 0000 and 1200 h UTC. Hainan Island’s tropical monsoon climate is characterized by intense solar radiation, which enhances surface heating and promotes convective activity. This convective peak in the late afternoon often triggers significant precipitation events. Conversely, by the early morning, surface cooling increases atmospheric stability, promoting water vapor condensation and precipitation formation. The eastern region experiences the highest frequency of extreme precipitation, with over 50 occurrences at the 99th percentile during several hours. The western region records these events less frequently. These findings align with research by Manuel F. Rios Gaona [17], who reported that the highest rainfall during typhoon events typically occurs at 0200, 0500, 1400, and 1800 h UTC [3].




3.1.5. Spatial Distribution of the Maximum Precipitation


Figure 9 illustrates the intensity patterns of the maximum hourly and daily precipitation from typhoons following different trajectories. The analysis reveals significant spatial variability, highlighting the critical role of the typhoon paths in shaping precipitation distribution. For Track 1 high hourly precipitation rates in Baisha, Danzhou, and Qionghai, while other areas experience more moderate precipitation. Track 2 is associated with lower hourly precipitation, peaking in Qionghai and Wenchang. Track 3 produces the most intense typhoon-induced precipitation (TIP), especially in the western and central regions, with Sanya recording an extreme hourly maximum of 91 mm/h.



Daily precipitation patterns also vary by track. Track 1 typhoons bring increased daily precipitation to eastern regions (Haikou and Wenchang) and western areas, with lower amounts in central mountainous regions. Track 2 typhoons show prominent daily precipitation maxima in central and eastern regions, especially near Sanya and Lingshui, decreasing westward and northward. This pattern suggests weakening typhoon intensity or moisture content as systems move inland. Track 3 typhoons consistently generate higher daily precipitation rates across western and central regions, reaching a maximum of 354 mm day−1, indicating severe impacts.





3.2. Typhoon Contributions to Extreme Precipitation


3.2.1. Spatial Distribution of the Contribution Rates


With hourly precipitation data from 2000 to 2020, this study applies the 95th and 99th percentile values as thresholds to define typhoon-induced extreme precipitation (TIEP) events. We quantify the contribution of typhoons to extreme precipitation at various temporal scales (1 h, 3 h, 6 h, 12 h, and 1 day), denoted as C95 and C99 (Figure 10 and Figure 11). Results reveal that as the thresholds increase, typhoon contribution to extreme precipitation events decreases, with the C95 values exceeding those of C99. This suggests that typhoons exert a more substantial influence on the lower tail of the extreme precipitation distribution.



Distinct spatial and temporal variations in contribution rates are observed across different typhoon tracks. For Track 1, the highest C95 values are recorded in the western, central, and eastern regions, especially around Haikou, with a noticeable decline from coastal to inland areas. C99 values show variations across different temporal scales, with higher rates progressively shifting from southeast to northwest as the temporal scale increases. For Track 2, elevated C95 values are primarily noted in the western and central regions, exhibiting a gradient decrease from southwest to northeast. C99 values similarly affect these areas, but the peak values gradually shift toward the northern sectors of the central and western regions as the temporal scale extends. Track 3 demonstrates a significant west-to-east decreasing trend in both C95 and C99 distribution, with the western regions identified as zones of high extreme precipitation contribution rates.




3.2.2. Intra-Annual Change in the Contribution Rate


This study delineates variations in the contribution rates of typhoon precipitation to Hainan Island across different tracks on a monthly scale (Figure 12). Results reveal an increasing trend in the overall typhoon contribution rates over expansion time scales, with C95 consistently exceeding C99.



There are notable differences in the temporal contribution rates among the typhoons following different tracks. Track 1 typhoons exhibit peak contribution rates between June and August, significantly impacting the terrestrial regions of Hainan Island during this period. High contribution rates are also observed in October, but gradually decline with increasing time scales, indicating that typhoons in October generally exert a relatively brief and weaker impact before swiftly relocating. Track 2 typhoons display varied seasonal patterns. At an hourly scale, a notable peak occurs from September to November. As time scales increase, contribution rates significantly amplify from June to August, albeit with a decline in the 1-day scale contribution rates during these months. This pattern indicates a broader temporal impact of these typhoons on Hainan Island, with extreme precipitation events primarily concentrated between September and November. Track 3 typhoons show a more consistent pattern, affecting Hainan Island from June to November. However, the impacts are comparatively moderate in July and October, potentially linked to the specific climatic dynamics inherent to this track.





3.3. Statistical Analysis of Extreme Values


This study employs the GEV distribution model to estimate and simulate the return levels of precipitation under varying return periods (P) on Hainan Island (Figure 13). Percentiles are categorized into three groups: “TC” for typhoon periods, “nTC” for non-typhoon periods, and “Mix” for both periods combined. The analysis reveals distinct spatial variations in these percentiles across different regions and time scales.



For any given return period, the eastern region of Hainan Island experiences a higher percentile for nTC compared to Mix, suggesting a dominant influence of non-typhoon precipitation. Conversely, in the central and western regions, Mix percentiles are higher than those for nTC, indicating that the inclusion of typhoon data significantly alters the statistical characteristics of extreme precipitation events, potentially shortening their return periods.



On shorter return periods, both the western and eastern regions exhibit a higher Mix percentile compared to nTC. However, this relationship reverses in favor of nTC on longer return periods (12 h or 1 day). Additionally, the percentiles for TC initially increase and subsequently decrease, a pattern that likely reflects the short-duration impacts of typhoons, which typically affect the island for 2 to 3 days and may not persist throughout an entire day. The transient nature of typhoon-induced precipitation is critical for accurate statistical analysis. When examining longer time periods, these brief but intense rainfall events can lead to underestimation of percentiles if not properly accounted for. This potential bias highlights the importance of careful methodology in resampling and statistical assessments of extreme precipitation events.




3.4. Factors Influencing the TIEP


3.4.1. Extreme Precipitation in Relation to Air Pressure, Wind Speed, and Precipitation


This study examines the determinants of extreme precipitation events by analyzing the relationships between typhoon characteristics (duration, pressure, and wind speed) and the precipitation amounts across different regions of Hainan Island from 2000 to 2020 (Table 1).



The analysis reveals a consistent positive correlation between the duration of typhoon activities and total island extreme precipitation (TIEP) across Hainan Island. This suggests that longer-lasting typhoons tend to produce a greater amount of TIEP. In contrast, atmospheric pressure and precipitation are generally negatively correlated, except for the Track 1 region; lower pressure and increased precipitation during typhoons. Wind speed exhibits a positive correlation with precipitation intensity, likely due to enhanced moisture transport from maritime sources to land and facilitated vertical convective transport of heat and moisture.



The Track 1 region on Hainan Island displays unique extreme precipitation characteristics. In this region, extreme precipitation is positively correlated with atmospheric pressure and negatively correlated with wind speed. This atypical relationship may be attributed to the low-pressure systems prevalent in Track 1, which are often accompanied by substantial moisture accumulation and robust convective activity conducive to extreme precipitation events. In these low-pressure environments, the ascending motion facilitates moisture condensation, thereby enhancing precipitation intensity. Moreover, an elevated pressure gradient can amplify the transport of moisture, further intensifying the precipitation dynamics. However, strong winds in this region might hinder the effective transport of moisture and disrupt convective processes, leading to a distinct impact pattern from typhoons that follow other trajectories.




3.4.2. Relationship between the Extreme Precipitation and the SST


To elucidate the relationship between extreme precipitation events and the SST, we calculated the correlation coefficients (CCs) for 2000–2020 between extreme precipitation amounts in various Hainan Island regions and SST variations in the surrounding marine areas (Figure 14). Regions traversed by typhoon centers exhibit notably higher CCs. This robust coupling between SST variations and the extreme precipitation events occurrence may be attributed to the typhoons’ transport of substantial moisture over these warmer sea areas. Typhoon path and intensity are critical determinants of local precipitation patterns. Furthermore, warmer SSTs in proximity to typhoon centers provide a rich source of heat and moisture, significantly enhancing the precipitation capacity of the typhoons.




3.4.3. Extreme Precipitation in Relation to the Atmospheric Circulation and ENSO


This study examines the relationship between the TIEP and atmospheric circulation indices (Table 2). The analysis reveals a significant negative correlation between the extreme precipitation and atmospheric circulation indices, particularly strong in the western (CCs ranging from −0.303 to −0.385) and central (CCs ranging from −0.277 to −0.368) regions of Hainan Island. The correlation is comparatively weaker in the eastern region (CCs ranging from −0.172 to −0.260).



Intensification and expansion of the northern hemisphere’s polar vortex are observed to inhibit typhoon development and restrict their northward movement, consequently diminishing the precipitation associated with these systems. Furthermore, SST changes in the Niño 1 + 2 region (CCs ranging from −0.340 to −0.406) exert a significant influence on the activity of typhoon systems in the Northwest Pacific. These factors critically modulate typhoon-associated precipitation in Hainan Island. Notably, when the Western Pacific Subtropical High is elevated, a corresponding increase in extreme precipitation in Hainan is typically observed.



To delineate temporal relationships between extreme precipitation events and climatic indices, this study analyzes a time series of extreme precipitation data from Hainan Island alongside representative indices (Figure 15). The analysis demonstrates a discernible negative correlation between the TIEP and both the Northern Hemisphere Polar Vortex Area Index and the Niño 1 + 2 SST Index. Lower values of these indices are frequently associated with heightened occurrences of intense extreme precipitation.



A reduced Northern Hemisphere Polar Vortex Area Index correlates with increased frequency and intensity of polar cold air descending toward lower latitudes, instigating atmospheric circulation anomalies that precipitate heavy rainfall events. Concurrently, a lower Niño 1 + 2 SST Index, indicative of a cooler SST in the equatorial Eastern Pacific, influences global atmospheric circulation patterns. This alteration amplifies the strength and alters the position of the subtropical high, thereby elevating the potential for TIEP.



Conversely, there is a positive correlation between extreme precipitation and the Pacific Subtropical High Ridge Position Index. When the subtropical high is positioned at higher latitudes, it often results in the formation of a robust convergence zone on its southern flank. This convergence, coupled with ascending moist air, fosters conditions conducive to heavy precipitation. The intensity of the TIEP is notably enhanced under these circumstances.






4. Discussion


Typhoon intensity exhibited significant interannual variability, with 2001, 2016, and 2018 experiencing particularly elevated levels of extreme precipitation. This variability underscores the influence of natural climatic oscillations on TC-associated extreme precipitation events. Large-scale climate phenomena, including ENSO, significantly modulate typhoon frequency and intensity [10,23]. During El Niño years, studies show a substantial decrease in the passage rate and extreme wind speeds of tropical cyclones along China’s southeastern coast [30,31,32], corroborating our findings. The correlation coefficients between the Niño 1 + 2 SST Index and typhoon activity on Hainan Island range from −0.340 to −0.406, indicating a negative relationship that supports the broader impacts of Pacific Ocean SST variations on typhoon dynamics.



Global TC precipitation rates are projected to increase due to enhanced tropical water vapor from anthropogenic warming, with a median increase of 14% [1]. This projection suggests more frequent extreme typhoon-related precipitation events in the future. Studies have shown an increase in both the number of days with extreme heavy precipitation and the total precipitation volume associated with TCs [12]. These findings align with trends observed on Hainan Island, where a general increase in extreme precipitation has been noted. In the central region, extreme precipitation (95th percentile threshold) has risen by 77.1 mm decade−1, likely corresponding with increases in TC intensity and duration at landfall in recent decades [33]. Additionally, the continuous rise in global temperatures since 1960 [34] has led to higher temperatures and evaporation rates, thereby increasing the atmospheric water vapor content. This change requires more energy for water vapor condensation, resulting in prolonged energy accumulation in cloud formations before precipitation events. Consequently, the intensification of extreme precipitation acts as a significant indicator of increased heavy rainfall events [35]. Moreover, a study by Zhao, N. [36] indicates divergent trends in the maximum daily rainfall (TMDR) from tropical cyclones on Hainan Island. The frequencies for TMDR reaching thresholds of 50 mm, 100 mm, and 250 mm show a trend of decreasing by 0.7 decade−1, a slight decrease of 0.2 decade−1, and a slight increase of 0.1 decade−1, respectively. At higher thresholds, these trends suggest that extreme precipitation events are becoming more frequent, with typhoons having an increasingly severe impact on extreme precipitation patterns on Hainan Island.



Spatial analyses reveal significant variability in how different typhoon tracks contribute to extreme precipitation events on Hainan Island (Figure 10 and Figure 11). Notably, Tracks 1 and 3 significantly influence precipitation primarily in the western regions and at the northern end of the eastern regions. These observations support earlier studies [14,37,38], which show that the typical paths of these typhoons pass just north of Wuzhishan Mountain. As these typhoons approach this area, the northwesterly wind flow on the southwest flank of the typhoon center experiences orographic lifting and blocking by Wuzhishan Mountain, leading to substantial increases in precipitation. This interaction between typhoon trajectories and orographic features explains why the northwestern region of Hainan Island is particularly prone to intense rainfall. Furthermore, typhoon centers tend to slow down on the windward slopes of Wuzhishan Mountain, extending their duration in the area. Simultaneously, a weaker Western Pacific Subtropical High may diminish the steering currents at 500 hPa, further slowing typhoon movement [36]. These dynamics contribute to an increased rate of extreme precipitation in this area.



Recent studies have established a robust correlation between the inter-annual frequency of extreme summer precipitation events and SST variations [39]. Our research supports these findings, demonstrating a strong linkage between SST fluctuations and the occurrence of extreme precipitation events. Elevated SSTs provide critical thermal energy and moisture, which significantly enhance both typhoon development and precipitation capabilities, thereby directly contributing to extreme precipitation events. Additionally, increased SSTs in regions frequented by typhoon centers can intensify moisture convergence and precipitation processes through the positive feedback mechanisms of local atmospheric circulations.




5. Conclusions


This study analyzes the spatiotemporal distribution and contributing factors of typhoon-induced extreme precipitation events on Hainan Island using GsMAP satellite-retrieved precipitation data and best track data from the China Meteorological Administration. The main findings are as follows:




	(1)

	
From 1949 to 2020, typhoon events affecting Hainan decreased by 0.3 events decade−1 (p < 0.01). However, extreme precipitation events increased by 1.5 and 1.8 events decade−1 at the 95th and 99th percentiles, respectively, from 2000 to 2020. Extreme precipitation surged by 77.1 mm decade−1 in the eastern region, 73.3 mm decade−1 in the central region, and 58.6 mm decade−1 in the western region, respectively.




	(2)

	
Typhoon paths significantly influence the spatial distribution of extreme precipitation events, with Track 1 and 2 affecting the western and central regions. While Track 3 primarily impacts the western region. The contribution rates of typhoons to extreme precipitation vary spatiotemporally and seasonally.




	(3)

	
Incorporating typhoon precipitation data reduces the return period of extreme precipitation events in the central and eastern regions but extends it in the eastern region.




	(4)

	
Typhoon duration, wind speed, and SST positively correlate with extreme precipitation volumes, while atmospheric pressure and circulation indices show negative correlations. ENSO events, particularly SST variations in the Niño 1 + 2 region (correlation coefficients ranging from −0.340 to −0.406), notably impact typhoon activity.
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Table A1. Correlation coefficients between the TIEP and typhoon features in different sub-regions with different typhoon track paths.






Table A1. Correlation coefficients between the TIEP and typhoon features in different sub-regions with different typhoon track paths.





	Index
	All Region
	Western Region
	Central Region
	Eastern Region





	Northern Hemisphere Subtropical High Area Index
	0.362 ***
	0.415 ***
	0.403 ***
	0.306 ***



	North African Subtropical High Area Index
	0.342 ***
	0.408 ***
	0.385 ***
	0.282 ***



	North African–North Atlantic–North American Subtropical High Area Index
	0.376 ***
	0.442 ***
	0.422 ***
	0.313 ***



	Indian Subtropical High Area Index
	−0.104
	−0.098
	−0.110
	−0.096



	Western Pacific Subtropical High Area Index
	0.164 *
	0.152 *
	0.171 **
	0.152 *



	Eastern Pacific Subtropical High Area Index
	0.370 ***
	0.415 ***
	0.408 ***
	0.316 ***



	North American Subtropical High Area Index
	0.384 ***
	0.446 ***
	0.430 ***
	0.321 ***



	Atlantic Subtropical High Area Index
	0.392 ***
	0.455 ***
	0.438 ***
	0.329 ***



	South China Sea Subtropical High Area Index
	−0.113
	−0.129 *
	−0.119
	−0.099



	North American–Atlantic Subtropical High Area Index
	0.394 ***
	0.458 ***
	0.441 ***
	0.329 ***



	Pacific Subtropical High Area Index
	0.313 ***
	0.335 ***
	0.340 ***
	0.274 ***



	Northern Hemisphere Subtropical High Intensity Index
	0.381 ***
	0.446 ***
	0.429 ***
	0.317 ***



	North African Subtropical High Intensity Index
	0.357 ***
	0.435 ***
	0.407 ***
	0.291 ***



	North African–North Atlantic–North American Subtropical High Intensity Index
	0.389 ***
	0.468 ***
	0.442 ***
	0.318 ***



	Indian Subtropical High Intensity Index
	−0.101
	−0.093
	−0.105
	−0.095



	Western Pacific Subtropical High Intensity Index
	0.210 ***
	0.189 **
	0.213 ***
	0.199 **



	Eastern Pacific Subtropical High Intensity Index
	0.347 ***
	0.395 ***
	0.388 ***
	0.293 ***



	North American Subtropical High Intensity Index
	0.402 ***
	0.475 ***
	0.455 ***
	0.332 ***



	North Atlantic Subtropical High Intensity Index
	0.401 ***
	0.485 ***
	0.456 ***
	0.327 ***



	South China Sea Subtropical High Intensity Index
	−0.103
	−0.117
	−0.108
	−0.090



	North American–North Atlantic Subtropical High Intensity Index
	0.405 ***
	0.485 ***
	0.460 ***
	0.332 ***



	Pacific Subtropical High Intensity Index
	0.315 ***
	0.332 ***
	0.340 ***
	0.278 ***



	Northern Hemisphere Subtropical High Ridge Position Index
	0.475 ***
	0.486 ***
	0.500 ***
	0.428 ***



	North African Subtropical High Ridge Position Index
	0.439 ***
	0.464 ***
	0.470 ***
	0.389 ***



	Indian Subtropical High Ridge Position Index
	0.432 ***
	0.460 ***
	0.464 ***
	0.382 ***



	Indian Subtropical High Ridge Position Index
	−0.176 **
	−0.127 *
	−0.179 **
	−0.175 **



	Western Pacific Subtropical High Ridge Position Index
	0.489 ***
	0.489 ***
	0.508 ***
	0.447 ***



	Eastern Pacific Subtropical High Ridge Position Index
	0.072
	0.069
	0.074
	0.068



	North American Subtropical High Ridge Position Index
	0.066
	0.066
	0.069
	0.061



	Atlantic Sub Tropical High Ridge Position Index
	0.149*
	0.137 *
	0.151 *
	0.141 *



	South China Sea Subtropical High Ridge Position Index
	−0.030
	0.013
	−0.035
	−0.037



	North American–North Atlantic Subtropical High Ridge Position Index
	0.065
	0.065
	0.068
	0.059



	Pacific Subtropical High Ridge Position Index
	0.487 ***
	0.484 ***
	0.506 ***
	0.446 ***



	Northern Hemisphere Subtropical High Northern Boundary Position Index
	0.111
	0.104
	0.113
	0.104



	North African Subtropical High Northern Boundary Position Index
	0.195 **
	0.191 **
	0.197 **
	0.181 **



	North African–North Atlantic–North American Subtropical High Northern Boundary Position Index
	0.135 *
	0.135 *
	0.138 *
	0.125



	Indian Subtropical High Northern Boundary Position Index
	0.078
	0.079
	0.073
	0.075



	Western Pacific Subtropical High Northern Boundary Position Index
	0.059
	0.044
	0.062
	0.058



	Eastern Pacific Subtropical High Northern Boundary Position Index
	0.310 ***
	0.316 ***
	0.319 ***
	0.284 ***



	North American Subtropical High Northern Boundary Position Index
	0.185 **
	0.178 **
	0.188 **
	0.172 **



	Atlantic Subtropical High Northern Boundary Position Index
	0.252 ***
	0.255 ***
	0.260 ***
	0.230 ***



	South China Sea Subtropical High Northern Boundary Position Index
	−0.035
	−0.041
	−0.026
	−0.035



	North American–Atlantic Subtropical High Northern Boundary Position Index
	0.175 **
	0.170 **
	0.179 **
	0.163 *



	Pacific Subtropical High Northern Boundary Position Index
	0.129 *
	0.121
	0.132 *
	0.121



	Western Pacific Sub Tropical High Western Ridge Point Index
	0.177 **
	0.179 **
	0.183 **
	0.162 *



	Asia Polar Vortex Area Index
	−0.240 ***
	−0.314 ***
	−0.284 ***
	−0.185 **



	Pacific Polar Vortex Area Index
	−0.311 ***
	−0.373 ***
	−0.358 ***
	−0.252 ***



	North American Polar Vortex Area Index
	−0.306 ***
	−0.362 ***
	−0.344 ***
	−0.255 ***



	Atlantic–European Polar Vortex Area Index
	−0.201 **
	−0.227 ***
	−0.230 ***
	−0.167 **



	Northern Hemisphere Polar Vortex Area Index
	−0.320 ***
	−0.385 ***
	−0.368 ***
	−0.260 ***



	Asia Polar Vortex Intensity Index
	−0.287 ***
	−0.351 ***
	−0.327 ***
	−0.232 ***



	Pacific Polar Vortex Intensity Index
	−0.228 ***
	−0.303 ***
	−0.277 ***
	−0.172 **



	North American Polar Vortex Intensity Index
	−0.242 ***
	−0.292 ***
	−0.274 ***
	−0.198 **



	Atlantic–European Polar Vortex Intensity Index
	−0.216 ***
	−0.268 ***
	−0.254 ***
	−0.171 **



	Northern Hemisphere Polar Vortex Intensity Index
	−0.266 ***
	−0.331 ***
	−0.308 ***
	−0.212 ***



	Northern Hemisphere Polar Vortex Central Longitude Index
	−0.118
	−0.128 *
	−0.137 *
	−0.099



	Northern Hemisphere Polar Vortex Central Latitude Index
	0.175 **
	0.167 **
	0.185 **
	0.161 *



	Northern Hemisphere Polar Vortex Central Intensity Index
	0.342 ***
	0.375 ***
	0.371 ***
	0.297 ***



	Eurasian Zonal Circulation Index
	−0.140 *
	−0.223 ***
	−0.188 **
	−0.088



	Eurasian Meridional Circulation Index
	−0.126 *
	−0.125 *
	−0.131 *
	−0.114



	Asian Zonal Circulation Index
	−0.120
	−0.215 ***
	−0.170 **
	−0.066



	Asian Meridional Circulation Index
	−0.106
	−0.116
	−0.113
	−0.093



	East Asian Trough Position Index
	−0.056
	−0.035
	−0.056
	−0.057



	East Asian Trough Intensity Index
	0.399 ***
	0.423 ***
	0.427 ***
	0.354 ***



	Tibet Plateau Region 1 Index
	0.411 ***
	0.406 ***
	0.426 ***
	0.377 ***



	Tibet Plateau Region 2 Index
	0.410 ***
	0.415 ***
	0.428 ***
	0.372 ***



	India–Burma Trough Intensity Index
	−0.203 **
	−0.253 ***
	−0.229 ***
	−0.165 **



	Arctic Oscillation, AO
	−0.027
	−0.016
	−0.017
	−0.032



	Antarctic Oscillation, AAO
	0.007
	−0.033
	−0.019
	0.028



	North Atlantic Oscillation, NAO
	0.002
	−0.013
	0.000
	0.007



	Pacific/ North American Pattern, PNA
	0.094
	0.056
	0.075
	0.106



	East Atlantic Pattern, EA
	0.217 ***
	0.234 ***
	0.242 ***
	0.187 **



	West Pacific Pattern, WP
	−0.108
	−0.087
	−0.107
	−0.106



	North Pacific Pattern, NP
	0.130 *
	0.120
	0.132 *
	0.123



	East Atlantic–West Russia Pattern, EA/WR
	−0.167 **
	−0.156 *
	−0.179 **
	−0.154 *



	Tropical–Northern Hemisphere Pattern, TNH
	−0.251 ***
	−0.230 ***
	−0.253 ***
	−0.238 ***



	Polar–Eurasia Pattern, POL
	0.066
	0.112
	0.091
	0.039



	Scandinavia Pattern, SCA
	−0.100
	−0.126 *
	−0.108
	−0.083



	Pacific Transition Pattern, PT
	0.311 ***
	0.347 ***
	0.328 ***
	0.273 ***



	30 hPa zonal wind Index
	−0.040
	−0.075
	−0.083
	−0.009



	50 hPa zonal wind Index
	−0.112
	−0.158 *
	−0.162 *
	−0.071



	Mid-Eastern Pacific 200 mb Zonal Wind Index
	−0.352 ***
	−0.350 ***
	−0.366 ***
	−0.323 ***



	West Pacific 850 mb Trade Wind Index
	0.111
	0.096
	0.110
	0.107



	Central Pacific 850 mb Trade Wind Index
	−0.110
	−0.115
	−0.118
	−0.098



	East Pacific 850 mb Trade Wind Index
	−0.051
	−0.031
	−0.049
	−0.054



	Atlantic–European Circulation W Pattern Index
	0.217 ***
	0.235 ***
	0.235 ***
	0.189 **



	Atlantic–European Circulation C Pattern Index
	−0.204 **
	−0.225 ***
	−0.224 ***
	−0.175 **







Notes: *, **, and ***, denote the CC with p < 0.05, p < 0.01 and p < 0.001, respectively.













 





Table A2. Typhoon classification and extreme precipitation caused.






Table A2. Typhoon classification and extreme precipitation caused.





	Start Time
	End Time
	Extreme Precipitation (mm)
	Track





	2000/6/1 6:00
	2000/6/1 12:00
	0.00
	2



	2000/7/15 18:00
	2000/7/17 0:00
	197.98
	1



	2000/7/19 0:00
	2000/7/19 6:00
	0.00
	3



	2000/9/8 12:00
	2000/9/9 18:00
	184.99
	2



	2001/7/1 6:00
	2001/7/2 6:00
	203.01
	1



	2001/7/25 12:00
	2001/7/25 18:00
	0.00
	1



	2001/8/9 18:00
	2001/8/10 12:00
	0.00
	2



	2001/8/28 18:00
	2001/9/11 12:00
	937.60
	3



	2002/8/18 6:00
	2002/8/19 12:00
	114.33
	1



	2002/9/14 6:00
	2002/9/15 12:00
	30.65
	1



	2002/9/24 12:00
	2002/9/27 0:00
	294.46
	3



	2002/9/27 12:00
	2002/9/28 6:00
	0.00
	3



	2003/7/21 0:00
	2003/7/22 0:00
	147.98
	3



	2003/8/24 12:00
	2003/8/25 12:00
	184.52
	3



	2003/11/17 12:00
	2003/11/19 12:00
	210.65
	3



	2005/7/29 0:00
	2005/7/30 18:00
	392.91
	3



	2005/9/17 18:00
	2005/9/18 0:00
	49.44
	2



	2005/9/25 6:00
	2005/9/26 18:00
	435.40
	3



	2006/6/28 0:00
	2006/6/29 0:00
	108.62
	1



	2006/7/3 6:00
	2006/7/4 0:00
	133.55
	3



	2006/8/3 6:00
	2006/8/3 12:00
	21.47
	1



	2006/8/22 6:00
	2006/8/24 18:00
	0.00
	1



	2006/9/13 6:00
	2006/9/13 18:00
	0.00
	1



	2006/9/24 12:00
	2006/9/25 0:00
	63.36
	2



	2006/11/13 18:00
	2006/11/14 18:00
	0.00
	2



	2006/12/13 6:00
	2006/12/14 0:00
	0.00
	2



	2007/7/3 12:00
	2007/7/5 12:00
	196.83
	3



	2007/8/6 6:00
	2007/8/7 6:00
	0.00
	2



	2007/9/24 0:00
	2007/9/25 6:00
	134.11
	3



	2007/10/2 0:00
	2007/10/3 6:00
	78.92
	2



	2008/4/17 18:00
	2008/4/19 0:00
	0.00
	1



	2008/8/6 12:00
	2008/8/7 6:00
	106.45
	3



	2008/9/29 12:00
	2008/9/29 18:00
	0.00
	2



	2008/10/3 0:00
	2008/10/4 12:00
	214.92
	1



	2008/10/13 6:00
	2008/10/14 18:00
	260.86
	3



	2009/7/11 18:00
	2009/7/12 6:00
	59.24
	3



	2009/8/6 12:00
	2009/8/9 6:00
	426.45
	3



	2009/9/10 18:00
	2009/9/11 12:00
	117.02
	3



	2009/10/11 18:00
	2009/10/14 0:00
	275.94
	3



	2009/10/19 6:00
	2009/10/20 12:00
	43.72
	2



	2010/7/15 18:00
	2010/7/17 6:00
	51.34
	2



	2010/7/21 12:00
	2010/7/22 6:00
	58.46
	1



	2010/8/23 18:00
	2010/8/24 0:00
	7.68
	2



	2010/10/4 12:00
	2010/10/10 6:00
	674.45
	3



	2011/6/22 18:00
	2011/6/24 6:00
	189.08
	3



	2011/7/29 0:00
	2011/7/30 0:00
	257.60
	3



	2011/10/3 18:00
	2011/10/5 12:00
	0.00
	2



	2011/11/8 0:00
	2011/11/9 0:00
	142.30
	2



	2012/6/16 6:00
	2012/6/18 0:00
	230.20
	1



	2012/8/17 0:00
	2012/8/17 12:00
	152.55
	3



	2012/10/27 6:00
	2012/10/28 0:00
	229.19
	2



	2012/10/29 0:00
	2012/10/29 12:00
	0.00
	3



	2013/6/22 0:00
	2013/6/23 0:00
	73.55
	3



	2013/7/1 12:00
	2013/7/2 0:00
	66.20
	1



	2013/8/2 0:00
	2013/8/3 0:00
	138.10
	3



	2013/8/6 18:00
	2013/8/7 6:00
	0.00
	2



	2013/8/14 0:00
	2013/8/14 6:00
	20.91
	1



	2013/9/29 12:00
	2013/9/30 6:00
	0.00
	2



	2013/11/4 0:00
	2013/11/4 12:00
	0.00
	2



	2013/11/10 6:00
	2013/11/11 0:00
	120.60
	3



	2014/7/18 0:00
	2014/7/18 18:00
	243.65
	1



	2014/9/7 12:00
	2014/9/8 6:00
	26.80
	1



	2014/9/16 0:00
	2014/9/16 12:00
	213.28
	3



	2015/6/21 12:00
	2015/6/23 18:00
	413.86
	3



	2015/10/3 18:00
	2015/10/4 6:00
	72.06
	1



	2016/5/27 0:00
	2016/5/27 6:00
	0.00
	1



	2016/7/26 6:00
	2016/7/27 6:00
	133.02
	3



	2016/8/17 18:00
	2016/8/19 0:00
	370.73
	3



	2016/10/12 18:00
	2016/10/13 0:00
	38.16
	2



	2016/10/17 12:00
	2016/10/19 6:00
	276.80
	3



	2017/7/15 0:00
	2017/7/16 6:00
	156.10
	2



	2017/7/22 0:00
	2017/7/25 6:00
	59.15
	2



	2017/9/14 12:00
	2017/9/15 0:00
	76.33
	2



	2017/9/24 3:00
	2017/9/25 0:00
	255.08
	3



	2017/10/9 12:00
	2017/10/9 18:00
	45.70
	2



	2017/10/15 12:00
	2017/10/16 6:00
	113.44
	1



	2017/11/12 6:00
	2017/11/13 6:00
	265.96
	2



	2018/6/5 0:00
	2018/6/7 12:00
	412.57
	1



	2018/7/17 15:00
	2018/7/18 6:00
	97.43
	3



	2018/7/21 21:00
	2018/7/23 21:00
	315.96
	3



	2018/8/9 0:00
	2018/8/11 0:00
	581.26
	1



	2018/8/11 15:00
	2018/8/12 15:00
	105.57
	1



	2018/8/14 21:00
	2018/8/16 12:00
	178.04
	3



	2018/9/12 18:00
	2018/9/13 12:00
	122.99
	1



	2019/7/2 6:00
	2019/7/3 12:00
	294.38
	3



	2019/7/31 12:00
	2019/8/2 18:00
	317.07
	3



	2019/8/29 0:00
	2019/8/29 12:00
	95.44
	2



	2019/9/1 18:00
	2019/9/2 12:00
	173.95
	2



	2019/9/3 12:00
	2019/9/6 6:00
	224.51
	2



	2020/7/31 12:00
	2020/8/1 12:00
	58.60
	2



	2020/10/13 0:00
	2020/10/14 0:00
	80.71
	3



	2020/10/24 12:00
	2020/10/25 12:00
	297.82
	2



	2020/11/14 18:00
	2020/11/15 0:00
	20.40
	2
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Figure 1. (a) Topographic map of Hainan Island and spatial distribution of meteorological stations; (b) multi-year average TIP. 
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Figure 3. Spatial patterns of clustered typhoon tracks over Hainan Island. 
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Figure 4. Number of typhoons affecting Hainan Island from 1950 to 2020. Notes: The dashed trend line is derived from Theil–Sen regression after three-point average smoothing. Dotted lines represent segmented regression after breakpoint detection, which is used to analyze the trend changes in different periods. 
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Figure 5. Frequency of extreme precipitation events distinguished with the 95th (a) and 99th (b) percentile threshold, respectively. 
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Figure 6. Typhoon-induced extreme precipitation in three sub-regions of Hainan Island: Analysis using 1-hour precipitation thresholds at the 95th (a) and 99th (b) percentiles. 
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Figure 7. Temporal evolution of the ratio between typhoon-induced extreme precipitation (TIEP) and total typhoon rainfall, based on 1-h 95th (a) and 99th (b) percentile thresholds. 
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Figure 8. Intra-day temporal pattern of extreme precipitation based on 1-h data with 95th percentile (a) and 99th percentile (b) thresholds. 
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Figure 9. The maximum hourly precipitation and maximum daily precipitation in different typhoon tracks. Notes: The subplots of (a–c) are the maximum hourly precipitation in the typhoon Tracks 1–3, respectively, while the subplots of (d–f) show the maximum daily precipitation in the typhoon Tracks 1–3, respectively. 
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Figure 10. Spatial distribution of typhoon-induced extreme precipitation (TIEP) at a threshold of the 95th percentile. 
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Figure 11. Spatial distribution of TIEP at a threshold of the 99th percentile. 






Figure 11. Spatial distribution of TIEP at a threshold of the 99th percentile.



[image: Atmosphere 15 00891 g011]







[image: Atmosphere 15 00891 g012] 





Figure 12. Temporal pattern of typhoon contribution to extreme precipitation for different tracks. 
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Figure 13. TIEP in different return periods and different temporal scales. 
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Figure 14. Spatial distribution of correlations between extreme precipitation and SST in the western, central, and eastern regions, respectively. Notes: (1) Subplots of (a–c) show the correlation coefficients between extreme precipitation and SST in the western, central and eastern regions, respectively. (2) The black lines in the left diagram represent the representative paths of the three typhoon paths. 
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Figure 15. Comparisons between the TIEP and Northern Hemisphere Polar Vortex Area Index (a), Pacific Subtropical High Ridge Position Index (b), and Niño 1 + 2 SST Index (c). 
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Table 1. Correlation coefficients between the TIEP and typhoon features in different sub-regions with different typhoon track paths.
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Region

	
Track

	
Air Pressure

	
Wind Speed

	
Duration






	
All Regions

	
Track 1

	
0.246

	
−0.327

	
0.589 **




	
Track 2

	
−0.052

	
0.134

	
0.292




	
Track 3

	
−0.190

	
0.257

	
0.850 ***




	
Western Region

	
Track 1

	
0.202

	
−0.235

	
0.530 **




	
Track 2

	
0.024

	
0.031

	
−0.036




	
Track 3

	
−0.320 *

	
0.369 *

	
0.674 ***




	
Central Region

	
Track 1

	
0.263

	
−0.279

	
0.539 **




	
Track 2

	
−0.117

	
0.143

	
0.101




	
Track 3

	
−0.287

	
0.336 *

	
0.691 ***




	
Eastern Region

	
Track 1

	
0.272

	
−0.358

	
0.575 **




	
Track 2

	
0.092

	
0.022

	
0.305




	
Track 3

	
−0.064

	
0.109

	
0.612 ***








Notes: *, **, and ***, denote the CC with p < 0.05, p < 0.01 and p < 0.001, respectively.













 





Table 2. Correlation relationships between extreme precipitation and atmospheric circulation indices and SST indices.
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	Index
	All Regions
	Western Region
	Central Region
	Eastern Region





	Asia Polar Vortex Area Index
	−0.240 **
	−0.314 **
	−0.284 **
	−0.185 *



	Pacific Polar Vortex Area Index
	−0.311 **
	−0.373 **
	−0.358 **
	−0.252 **



	North American Polar Vortex Area Index
	−0.306 **
	−0.362 **
	−0.344 **
	−0.255 **



	Northern Hemisphere Polar Vortex Area Index
	−0.320 **
	−0.385 **
	−0.368 **
	−0.260 **



	Asia Polar Vortex Intensity Index
	−0.287 **
	−0.351 **
	−0.327 **
	−0.232 **



	Pacific Polar Vortex Intensity Index
	−0.228 **
	−0.303 **
	−0.277 **
	−0.172 *



	Northern Hemisphere Polar Vortex Intensity Index
	−0.266 **
	−0.331 **
	−0.308 **
	−0.212 **



	Pacific Subtropical High Ridge Position Index
	0.487 **
	0.484 **
	0.506 **
	0.446 **



	Northern Hemisphere Subtropical High Northern Boundary Position Index
	0.420 **
	0.438 **
	0.446 **
	0.375 **



	North African Subtropical High Northern Boundary Position Index
	0.362 **
	0.387 **
	0.386 **
	0.320 **



	Mid-Eastern Pacific 200 mb Zonal Wind Index
	−0.352 **
	−0.350 **
	−0.366 **
	−0.323 **



	Niño 1 + 2 SST
	−0.406 **
	−0.340 **
	−0.398 **
	−0.398 **



	Niño 3 SST
	−0.274 **
	−0.191 *
	−0.252 **
	−0.286 **



	Niño 4 SST
	0.064
	0.117
	0.095
	0.033



	Niño 3.4 SST
	−0.107
	−0.026
	−0.076
	−0.134







Notes: *, and **, denote the CC with p < 0.01 and p < 0.001, respectively.
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