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Abstract

:

As two of the most destructive natural disasters, tropical cyclones (TCs) and extratropical cyclones (ETCs) can bring about huge casualties and socioeconomic losses to the major continents. However, little is known about the contributions of TCs and ETCs to global flooding and the spatial-temporal variations both in the magnitude and frequency of cyclone-related floods. We collected, to our knowledge, the most complete global streamflow dataset with at least 25-year complete records between 1979 and 2012. Using this observed streamflow dataset and simulated runoff dataset from ERA5 reanalysis, for the first time at the global scale, our results show that the highest contributions of TCs to annual floods occur in coastal areas of East Asia and Australia (both > 40%), followed by North America (>25%), with a general decrease from coastline to inland, while the highest contributions of ETCs to annual floods occur in Eurasia (>70%) and North America (>60%), followed by South America and South Africa (>50%). Seasonally, TC-induced floods are clustered to occur in boreal (austral) summer and autumn, respectively, in the Northern (Southern) Hemisphere, while there is no significant difference in ETC-induced floods among the four seasons. Additionally, contributions of cyclones to floods in simulations are highly consistent with the observations. Except for East Asia, both the magnitude and frequency of TC-induced floods show increasing trends in South Asia, coastal North America, Mexico, north Australia and southeastern South Africa, which is basically and directly explained by increasing TC tracks, duration and density in these areas. For ETCs, widespread decreasing trends in magnitude and frequency of ETC-induced floods were detected across Eurasia, South America, and most of North America. Changes in large-scale environmental variables also correspond well to cyclone activities, which further confirms the reasonable trends in magnitude and frequency of cyclone floods.
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1. Introduction


Heavy precipitation events triggered by tropical cyclones (TCs) and extratropical cyclones (ETCs) and their concomitants can be an evil in terms of accompanying flooding [1,2,3,4,5,6,7] and other disasters (e.g., strong winds, coastal erosion, and so on) [8], or an angel in terms of mitigating drought in agricultural and arid regions [9,10,11,12,13,14,15]. Strong and landfalling TCs are apt to produce rainstorms, which could cause huge damages to population and socioeconomic developments [15,16,17]. Under a warmer climate, TC-introduced precipitation could increase by 10–20% if global sea surface temperature increases by 2 °C [12,18]. North America witnessed an increasing trend in the intensity of ETC and associated heavy precipitation [8,19]. The possible increases in heavy precipitation driven by TCs and ETCs would lead to an increasing trend in TC- and ETC-induced floods (TC floods and ETC floods, respectively). Floods induced by TCs and/or ETCs are marked as cyclone floods.



Cyclone-derived precipitation, a crucial ingredient for floods, has been extensively investigated at global and regional scales in previous studies [13,20,21,22,23,24]. Globally, and using daily precipitation data derived from the Global Historical Climatology Network, Khouakhi et al. [25] found that the largest TC-induce precipitation total exists in eastern Asia (>400 mm/year), followed by the northeastern Australia (>200 mm/year) and the areas including the southeastern America and the Gulf of Mexico coastline (100–150 mm/year). By using satellite and radar precipitation datasets, Jiang and Zipser [20] pointed out that TCs contribute 11% and 8–9% of the seasonal precipitation in the northwest Pacific and Atlantic domains, respectively. Regionally, in Australia, most areas are fiercely impacted by TCs, and more than 50% of the highest yearly precipitation is related to the occurrence of these storms [13]. For North America, TCs from the North Atlantic contribute to ~20–30% of the annual maximum and peak-over-threshold precipitation extremes in Florida and the east coast of America [26]. There are more than 50% of precipitation extremes induced by TCs in the southeast coast of China, and TC-induced precipitation is increasing in southeast China and decreasing in southern China [15]. Previous studies on ETC-induced precipitation relative to TC-induced ones are limited. For example, Priestley et al. [27] found that more than 70% of the winter precipitation is associated with ETCs over northwest Europe. Catto et al. [28] found that the ETC-track areas witnessed 90% of precipitation associated with ETCs and fronts. In northeastern China, about 71% of the heavy precipitation days are triggered by ETCs in winter [29]. In comparison with studies on the contributions of cyclones to precipitation, research discussing the contributions of cyclones to global floods is limited and scarce.



Although the relationship between cyclones and precipitation can provide a basic perspective on understanding cyclone floods, it is still not explicit enough given that floods are affected by many land-surface processes (e.g., soil moisture storage, surface temperature, latent heating, rising sea level, land use and land cover) [30]. Besides, some large-scale atmosphere-ocean interactions (e.g., El Niño Southern Oscillation) have a significant influence on the dynamics of the TC and climate and weather in many regions across the world [31,32]. Regionally, several studies evaluated the contributions of TCs to riverine flooding by directly linking TCs and flooding [26,33,34]. There are 20–30% of floods induced by TCs over the coast of eastern United States [26]. This percentage of TC floods is even more than 50% over the coast of southeastern China [34,35]. When focusing on the top 10 floods in each station, the percentage of TC floods is even higher over the coast of the United States and China [35,36]. TCs also play a major role in inland flooding, shown by high ratios between magnitudes of TC floods and 10-year floods (i.e., on average occurring once in 10 years) in inland areas [12,23]. In southeastern Australia, Callaghan and Power [37] compared ETC floods with TC floods, and found that ETC contributed more floods than TCs (62% versus 43%) during 1860–2012. In addition to TCs, Hawcroft et al. [19] found that Europe and North America witnessed more than a threefold increase in ETC events at the end of the 21st century, which are associated with heavy precipitation and may play a primary role in floods. Although these studies have analyzed the impacts of cyclones on floods at a regional scale, different length records, methods, and spatiotemporal resolutions in these studies make it hard to compare their results. There is a gap in evaluating long-term changes in cyclone-induced floods from a global viewpoint, possibly due to lacking a uniform and long-term global streamflow dataset.



The magnitude and frequency of cyclone floods are strongly affected by variations of cyclone tracks, duration, and intensity [1,8]. There are plenty of studies that focus on cyclone changes from a regional scale. For example, west Australia has increased TC frequency, intensity, and longevity, whereas fewer TC events and no significant trends of intensity and longevity were found in the east part of Australia since 1980 [38]. McCabe et al. [39] illustrated that ETC events have increased in high-latitude areas and have decreased in mid-latitude areas, while the cyclone intensity of both high- and mid-latitude areas underwent an increasing trend at 1959–1979. Nevertheless, whether there are consensuses between changes in cyclone features and cyclone-induced floods globally remains unknown. Given predictable cyclone activities, quantifying the change rate of cyclone floods could provide the potential to examine historic variation patterns and therefore predict global cyclone flooding hazards.



In this study, we first collected the most complete and long-term global streamflow dataset, as far as we know. Based on this dataset and simulated runoff, we conducted the first global study to show a consistent evaluation of the contributions of cyclones to global floods and long-term trends of cyclone-induced floods in magnitude and frequency. Therefore, the questions we try to address are listed as follows:




	
What are the fractional contributions of cyclones (including tropical and extratropical cyclones) to global floods?



	
Do the magnitude and frequency of cyclone-induced floods change spatially and temporally?



	
If yes, could these changes in cyclone-induced floods be explained by changes in cyclone features and large-scale environmental variables?









2. Data and Methods


2.1. Data


2.1.1. Observed Streamflow Data


The daily streamflow observations during 1900–2018 from 20,346 stations were collected as part of a previous study [40]. The dataset was compiled from 7 national and international sources: (i) Australian Bureau of Meteorology (http://www.bom.gov.au/waterdata, 7 August 2020); (ii) The HidroWeb portal of the Brazilian Agência Nacional de Águas (http://www.snirh.gov.br/hidroweb, 7 August 2020); (iii) The Canada National Water Data Archive (https://www.canada.ca/en/environment-climate-change, 7 August 2020); (iv) The Chilean Center for Climate and Resilience Research (http://www.cr2.cl/datos-de-caudales/, 15 March 2020); (v) The European Water Archive of the European Flow Regimes from International Experimental and Network Data (http://ne-friend.bafg.de, 7 August 2020); (vi) The Global Runoff Data Centre (http://grdc.bafg.de, 7 August 2020); (vii) The U.S. Geological Survey (http://waterdata.usgs.gov/nwis, 7 August 2020). The above dataset only has a few stations located in China as streamflow data are generally not freely available in China. To obtain as much streamflow data as possible, we therefore collected observed daily streamflow through all available public sources and personal request to water-related agencies in China (Table 1). Finally, daily observed streamflow data in 223 stations that were mainly located in the TC-affected region of China were obtained.



In addition to daily streamflow datasets, a global flood peak dataset (i.e., Global Streamflow Indices and Metadata Archive, GSIM, https://doi.pangaea.de/10.1594/PANGAEA.887477, 3 March 2020) including 30,959 stations and covering 1804–2016 was recently developed by Do et al. [41] and Gudmundsson et al. [42]. The flood peaks in this dataset are defined as annual/seasonal maximum discharge, and were quality-controlled and homogeneity-assessed. The date information corresponding to flood peaks is also provided. The stations with flood peaks in GSIM are very scarce in China, and therefore, flood peaks over 1951–2014 in 58 stations located in Guangdong province, southeastern China, were supplemented into GSIM (Table 1).



To our knowledge, the above streamflow datasets we collected are the most complete global streamflow observations. Based on these streamflow observations, stations with at least 25 complete years (>350 daily observations) during 1979–2012 were selected to conduct the following analyses. The final numbers of stations selected for each dataset are listed in Table 1. More details about the spatial distribution of stations and each record length are shown in Figure 1. The global land areas are well covered by these stations.




2.1.2. Global Cyclone Track Data


The recently released version (version 4) of the International Best Track Archive for Climate Stewardship provides global TC track information over 1842–2018 [46]. This dataset includes locations of storm inner core by every 3 hours for each TC globally and was updated by Knapp et al. in 2018 (https://www.ncdc.noaa.gov/ibtracs/, 13 January 2020). Based on the criterion of the Saffir–Simpson hurricane intensity scale [25,46], TC intensity is classified in 7 scales, namely, tropical depression, tropical storm, and hurricane wind scale 1–5.



With the comparison between fifteen sets of cyclone tracks that were detected by different methods based on European Centre for Medium-Range Weather Forecasts (ECMWF) Interim Re-Analysis (ERA-Interim) dataset, the project of Intercomparison of Mid-latitude Storm Diagnostics (IMILAST) threw light on significant differences in midlatitude cyclones (https://proclim.scnat.ch/en/activities/project_imilast, 17 April 2021) [47]. As suggested by Neu et al. [47], we chose the ETC track data based on M09 method (see Neu et al. [47] for more details on the advantages of this method) to analyze the impacts of ETCs on floods. This dataset during 1979–2012 includes locations and sea level pressure minima of cyclone inner core by 6 hours for each ETCs.




2.1.3. Reanalysis Data


Hourly data for simulated runoff is used to compare results from the observations. Surface runoff dataset is obtained from European Centre for Medium-Range Weather Forecasts (ECMWF) 5 Re-Analysis (ERA5) dataset (https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5, 11 June 2021). Monthly data for large-scale environmental variables, i.e., vertical integral of northward/eastward water vapor flux, convective available potential energy (CAPE), and surface soil moisture (SSM) data are obtained from ERA5 dataset. This dataset has a 0.25° × 0.25° spatial resolution and covers from 1950 to the present date. More details about these datasets are inserted in Table 2.





2.2. Methodologies


2.2.1. Sampling Floods and Identifying Cyclone-Induced Floods


Both block maximum (BM) and peak-over-threshold (POT) methods are used to sample floods [26]. Annual and seasonal maximum discharge is sampled by BM method and taken as BM floods. There are four seasons, i.e., March–May (MAM), June–August (JJA), September–November (SON), December–February (DJF). In POT sampling (i.e., POT floods), annual/seasonal floods are obtained from the discharge above a threshold which is set as the 99th/95th of the whole annual/seasonal daily streamflow [13,25,48]. The 99th/95th of the whole annual/seasonal daily streamflow is taken as the threshold can ensure 3–4 floods in each year/season on average. Annual/seasonal numbers of POT floods are the numbers of days in which the discharge is above the threshold. A flood is taken as a cyclone-induced flood if it occurred between the prior-2 days and posterior-7 days of a cyclone’s lifetime and its station is located within a 500-km radius from centers of this cyclone. This identification method and the selected period (i.e., prior-2 days and posterior-7 days) and distance (500-km radius) are widely employed in previous studies [36,49,50,51,52]. In the future, it is important for us as well to explore whether there is a coincidence or a lag between TC activities and flood events by using event coincidence analysis, thereby producing a reliable projection of the statistics of extreme flood events [53,54].




2.2.2. Regression Models


We employed the simple linear and Poisson regression models to quantificationally identify the trend of BM cyclone flood magnitude and cyclone intensity, and POT cyclone flood frequency, cyclone tracks, and duration, respectively. We used the simple linear regression method to explore the long-term trend of continuous variables [55,56,57]:


  y =  β 0  +  β 1  x  



(1)




where  y  is the explanatory variable (i.e., BM cyclone flood magnitude and cyclone intensity in this study),  x  represents the independent variable (e.g., years). Where    β 0   ,    β 1    indicate intercept and slope coefficients, respectively.



Here, we briefly introduce Poisson regression models, and more details can refer to Khouakhi et al. [48]. The long-term trend of annual numbers of events is quantified by Poisson regression [23,48]:


    P (  N i  |  λ i  ) =    e  −  λ i     λ i k    k !     k = 0 , 1 , 2 …    



(2)




where    N i    is annual numbers of discrete variable (i.e., cyclone flood frequency, cyclone tracks, and duration in this study);    λ i    represents the occurrence rate and is a non-negative variable modeled by the following equation [48]:


     λ i  = exp    β 0  +  β 1  x    



(3)




where    β 0   ,    β 1   , and  x  indicate the same meanings as those shown in Equation (1). If the p value of slope coefficients in simple linear (Poisson) regression is less than 0.05, the long-term trend is significant. The station with TC (ETC)-induced floods in at least five (fifteen) years is chosen to fit the simple linear and Poisson models.




2.2.3. Integrated Vapor Transport Calculation


Cyclone flood activities are tied with integrated vapor transport (IVT, units: kg m−1 s−1) [58]. Based on ERA5 reanalysis data, this variable is calculated as [59]:


  I V T =       I V  T  e a s t w a r d      2  +     I V  T  n o r t h w a r d      2     



(4)




where   I V  T  e a s t w a r d     and   I V  T  n o r t h w a r d     denote vertical integral of eastward/northward water vapor flux (units: kg m−1 s−1) from the surface to the top atmosphere, respectively.






3. Results


3.1. Contributions of Cyclones to Global Flooding


The contributions of cyclones to global floods for observations and simulations sampled by BM and POT methods for 1979–2012 are shown in Figure 2, Figure 3, Figure 4, Figure 5 and Figure 6. A flood event is a TC-induced one if this event is linked to TCs; a flood event is an ETC-induced one if this event is only linked to ETCs; and a flood event is a cyclone-induced one if this event is linked to TCs or ETCs.



(a) Eurasia



East Asia experiences the largest contributions of TCs (generated from the western North Pacific) to floods across the globe. South Japan, Southeast Asia, and south China are the regions in East Asia with more than 40% of TC floods and even more in coastal areas (Figure 2a and Figure 3a,b). As we move inland, the percentage of TC floods decreases gradually from southeast to northwest, and this is particularly the case over China due to the blocking effect of the Khigan-Taihang-Wushan-Xuefeng Mountain [5,15]. The percentage of TCs to produce floods over China is inherently consistent with that in Yang et al. [23], who indicated that TCs contribute to more than 30% of floods over southeastern China and even more than 50% over the coastal areas of southeastern China. The contributions of TCs to floods over South Asia decreased from east to west step by step, with the highest contributions (i.e., 25–35%) occurring in eastern South Asia. The mountains in western South Asia (such as Deccan Plateau) hinder the impact of TCs on floods in this region.



An almost adverse phenomena shows that ETC floods increase gradually from south to north, and that the areas with high contribution values are away from the low-latitude region (Figure 2c,d and Figure 3c,d). The percentage of ETC floods reach up to 70–90% over the mid–high latitude areas of Eurasia, with the highest contributions being in northwest China and northeast Asia (100%) and Europe (more than 80%). The contributions of ETCs to floods over parts of Europe are consistent with that found in Hawcroft et al. [19], who showed that more than 70% of precipitation could be triggered by ETCs. Overall, more than 90% of floods over Eurasia are tied to cyclones (Figure 2e,f and Figure 3e,f). Note that no cyclone-induced floods in the Qinghai–Tibet Plateau are owing to the high altitude in this region.



(b) North America



In North America, the largest contributions of TCs mainly occur in Mexico, followed by Florida in the United States, and the percentages of TC floods are more than 30% and 20%, respectively (Figure 2a,b and Figure 3a,b). The highest percentage in the two regions can be more than 85% (Michoacán state of Mexico). The flood peak distributions are mixed in the east shore of the United States due to their multiple flood-generating mechanisms, and besides TCs, the organized warm-season convective systems are mainly responsible for floods in these areas [36]. The percentage of TC floods over the eastern United States is in line with that identified in Aryal et al. [26], who also used BM and POT to sample floods and identified 10–20% of TC floods in this region.



In comparison with TCs, ETCs play a dominant role in the floods in North America, especially for the mid–high latitude region, where ETCs contribute 60–90% of floods (Figure 2c,d and Figure 3c,d). A similar result can be found from Hawcroft et al. [19], with over 70% of precipitation resulting from ETCs in North America. For the eastern United States, which TCs majorly assault, the contributions of ETCs to floods in this region are much higher (from 20% to 90% as the areas from south to north). Low impacts of ETCs (less than 20% of contributions) on floods are observed in southwestern United States (Figure 2e,f and Figure 3e,f), because the floods in this region are majorly attributed to atmospheric rivers which bring abundant moisture from the tropical Pacific [58,60,61].



(c) Oceania



Floods occurring in northern Australia are mainly associated with TCs, and the percentages of TC floods in these areas are more than 40%, increasing even up to 70% (Figure 2e,f and Figure 3e,f). In central Australia, contributions of TCs to floods rapidly decrease by 20–30% and then quickly drop into zero, due to the desert and plateau in mid-west Australia. The contributions of TCs to floods are higher than that to annual precipitation maxima (i.e., ~30–50%) [23] in northern Australia. The percentage of TC-induced annual maximum daily precipitation exceeding 100 mm is much greater than that exceeding 25 mm [13], suggesting that TC floods are more likely to develop into local extreme flooding.



When it comes to ETC floods, north Australia, where TCs majorly occur, witnesses 10–30% of floods induced by ETCs, whereas 50–80% of floods could be attributed to ETCs in south Australia and the entirety of New Zealand (Figure 2c,d and Figure 3c,d). Similar results are shown by Dowdy et al. [62,63] in central-east Australia, where about 50–80% of extreme precipitation events are associated with ETCs and therefore have a high probability of producing heavy floods. In addition to precipitation, Pepler et al. [64] indicated that the east coast of Australia witnesses more than 70% of severe floods triggered by ETCs. Generally, Australia and New Zealand are severely attacked by these cyclones, with their contribution accounting for 60 to 90% (Figure 2e,f and Figure 3e,f).



(d) South America and Africa



As for South America and Africa, few floods are linked to TCs, while ETCs dominate flood occurrences with a general contribution reaching up to 50–90% (Figure 2c,d and Figure 3c,d). The contribution of ETCs to floods gradually has increased from the low-latitude to the high-latitude, peaking at 97% in Chile and 100% in Namibia, respectively.



Seasonally, the feature of TC floods in the Northern Hemisphere is opposite to that in the Southern Hemisphere (Figure 4, Figure 5 and Figure 6a,d). Specifically, there are only a few floods (<=10%) that are induced by TCs in boreal winter and spring (i.e., December–February and March–May) in the coastal areas of East Asia and North America. In boreal summer and autumn (i.e., June–August and September–November), not only the contributions but also the mainly affected areas of TC floods rise to more than 50% and expand into the inland areas of East Asia and North America, which is consistent with the features apparent at an annual scale (Figure 2a,b and Figure 3a,b). Besides East Asia and North America, the coastal areas of Europe also experience a few TC floods in boreal summer and autumn (less than 10%). In the Southern Hemisphere, Australia is mainly attacked by TC floods that are generated during austral summer and autumn (i.e., December–February and March–May). Fewer than 10% of floods are induced by TCs in southern Africa during austral summer and autumn.



Compared with TC floods, there is no significant seasonal change in ETC floods (Figure 4, Figure 5 and Figure 6e,h). ETCs evidently contribute to the floods of the South Hemisphere throughout the four seasons, whereas the highest proportion of ETCs to floods is shown in North Hemisphere in boreal summer (i.e., June–August). Regionally, there are more floods (60–90%) that are induced by ETCs over Eurasia in boreal spring and summer, and a similar result can be found in North America. Hawcroft et al. [19] also found that ETCs in winter contribute >70% of the precipitation, which means that ETC-induced precipitation events are more likely to produce extreme floods, which is consistent with our results in the same areas (Figure 4, Figure 5 and Figure 6h). Apart from in Eurasia and North America, more than 50% (70%) of floods are induced by ETCs in Australia (South America and South Africa) in austral spring and summer (i.e., September–November and December–February).



Overall, the floods triggered by cyclones in observed streamflow and simulated runoff from ERA5 reanalysis are highly consistent, which means that the cyclone contribution of simulated floods over the regions without observations could be credible. Southeast East Asia, south North America, and north Australia are the areas that suffer severe TC floods in the world, whereas north Japan, the majority of the Eurasian continent, north part of North America, southeastern Australia, southern Africa, and the south part of South America are the areas that suffer severe ETC floods in the world. Previous studies have indicated that the shape parameter of the generalized extreme value distribution is higher in flood peaks inducing TC floods than in that of TC floods over the eastern United States and China [34,36]. Due to this, the shape parameter is widely used to describe the upper tail of flood peaks, and the high contributions of cyclone floods in these areas suggest that cyclones may dominate the upper tail of local flood peak distributions. We also notice that the areas suffering from a lot of cyclone floods in the world are experiencing growing or grown urbanization, such as the Pearl River Delta and the Gulf of Mexico. Zhang et al. [65] indicated that urbanization has amplified the probability of flooding induced by hurricane Harvey by 21 times in Houston, Gulf of Mexico. Given the high contributions of cyclone floods and urbanization, the flood risk jointly induced by cyclones and urbanization in these areas should be given more attention in the future.




3.2. Long-Term Changes in Magnitude and Frequency of Cyclone Floods


For annual BM (POT) floods induced by cyclones, we used the simple linear (Poisson) model to quantify the magnitude (frequency) of cyclone floods. In Equations (1)–(3), the slope coefficient    β 1    is used to measure the trend of flood magnitude (frequency) induced by cyclones (Figure 7 and Figure 8).



(a) Eurasia



The trend directions of floods induced by TCs are almost opposite between South Asia and East Asia (Figure 7a,b and Figure 8a,b). Specifically, negative values of    β 1    among both magnitude and frequency are found in East Asia, suggesting that TC floods in this region tend to be lighter and less frequent, although central-southeast China shows an increasing trend. Lu et al. [66] also found a significant decreasing trend in the magnitude of extreme precipitation and flood peaks induced by TCs in the southeast-coast region of China. On the contrary, the entirety of India experiences the increasing magnitude and frequency of TC-induced floods, indicating a higher disaster risk of TC-induced floods in this region. The result is consistent with Ely et al. [67], who observed an anomalous enhancement both in the frequency and magnitude of extreme TC floods in the Narmada River of India from 1951 to 1991. In terms of floods induced by ETCs, general negative    β 1    values dominate the entirety of Eurasia, not only for flood magnitude, but also for flood frequency, suggesting there are weaker and less frequent floods contributed by ETCs (Figure 7c,d and Figure 8c,d). Regionally, Europe presents a compound distribution both in magnitude and frequency, i.e., increasing trends in central Europe and decreasing trends in west and north Europe.



(b) North America



In North America, there is a significant increasing trend shown in both magnitude and frequency over eastern United States and Mexico, meaning more frequent and extremer floods triggered by TCs (Figure 7a,b and Figure 8a,b). Knight and Davis [68] and Aryal et al. [26] indicated that the magnitude and frequency of TC-induced precipitation witnesses an increasing trend, suggesting a larger probability of more extreme floods. A recent study [22] also shows that the United States experiences an apparent increase in flood magnitude and frequency driven by TCs, which is consistent with our result. Unlike TC floods, and in central North America, there is a significant and positive    β 1    value, suggesting that more frequent and heavier floods are induced by ETCs in this area (Figure 7c,d and Figure 8c,d). Conversely, southern and eastern North America display more stations of negative    β 1    values with p < 0.05, triggering less frequent and lighter floods induced by ETCs.



(c) Oceania



For Australia, TC floods occurring in northern and parts of western Australia show a general increasing trend in magnitude and frequency (Figure 7a,b and Figure 8a,b). However, South Australia and New Zealand witness a complex distribution of magnitude in ETC floods.



(d) South America and Africa



Although there is little TC influence on floods, southeast Africa shows a significant increasing trend of floods both in magnitude and frequency, indicating a higher probability of local extreme flood risk. For ETC floods, there is an obvious spatial heterogeneity in showing the slope coefficient    β 1   , that is, general decreasing trends of ETC floods are mapped by a negative    β 1    value in South America (Figure 7c,d and Figure 8c,d). A mixture pattern of ETC floods both in magnitude and frequency is shown in north Africa, whereas South Africa is dominated by a simple increasing trend, suggesting the enhancement of more extreme floods triggered by ETCs.



Generally, trends of cyclone flood magnitude and frequency show a mixture pattern in different regions. For TC floods, North America, north Australia, and southeast Africa witness increasing trends both in magnitude and frequency, while East Asia shows generally negative directions. There are general decreasing trends both in magnitude and frequency of ETC floods in Eurasia, North America, and South America. It is worth noting the increasing direction of cyclone floods both in magnitude and frequency over South Africa. Additionally, compared with the flood magnitude, the frequency of ETC floods shows a significant reduction in most regions.




3.3. Possible Reasons Responsible for Changes in Cyclone-Induced Floods


(a) Eurasia



We first checked the consistency between changes in features of cyclone tracks and cyclone-induced floods. Globally, there is a highly spatial consistency in change patterns among TC tracks, duration, and intensity (Figure 9a–c). For East Asia, we observed a general decrease in the frequency, duration, and intensity of TCs, weakening the magnitude and frequency of TC floods (Figure 7a,b and Figure 8a,b). Zhang et al. [69] detected similar decreasing changes in TC intensity over south China. On the contrary, general increasing trends in TC tracks and duration are consistent with the trends of flood magnitude and frequency triggered by TCs in South Asia. A recent study by Singh et al. [70] examined the changes of landfalling TC activities during 1990–2020, indicating that India witnesses increasing trends both in maximum wind speed and duration. The trends of ETC tracks, duration, and intensity show a mixture pattern over Eurasia. In Europe, general negative    β 1    values are shown in ETC tracks, duration, and intensity, which is unfavorable to convection activities (Figure 9d–f), and hence reduce ETC flood frequency and magnitude. For northeastern Asia, the negative trends of ETC intensity might play a key role in reducing the trend of flood magnitude and frequency induced by ETCs. The study of Zhang et al. [71] showed decreasing trends of ETC intensity in Eurasia, which are partly consistent with our results.



(b) North America



For North America, consistently increasing trends are found in TC tracks, duration and, intensity (Figure 9a–c), suggesting more frequent, longer-lived, and stronger TCs tend to trigger more extreme and frequent TC floods in eastern United States and Mexico (Figure 7a,b and Figure 8a,b). Murakami et al. [72] indicated that there are positive trends among TC tracks, duration, and maximum intensity in the North Atlantic, where we also found highly consistent results in the adjacent and oceans of coastal North America and Mexico. Central North America is dominated by positive    β 1    values in these features of ETCs (Figure 9d–f), which is confirmed by a higher magnitude and more frequent ETC floods in this region (Figure 7c,d and Figure 8c,d).



(c) Oceania



Northern Australia experiences an increasing trend of TC tracks, lifetime, and intensity (Figure 9a–c), suggesting that TCs tend to cause more frequent and severer floods, as shown in Figure 7a,b and Figure 8a,b. In terms of ETCs (Figure 9d–f), southeastern Australia shows negative    β 1    values in ETC tracks, duration, and intensity, indicating that shorter-lived and weakening ETCs pass through this region and then tend to cause fewer ETC floods.



(d) South America and Africa



In addition to Oceania, southeast Africa witnesses significant increasing trends among TC tracks, duration, and intensity (Figure 9a–c), suggesting a higher probability of TC floods. A similar trend for TC tracks is shown by Fitchett and Grab [73], who found an increasing trend of TC tracks passing Madagascar. South America is dominated by negative    β 1    values in ETC tracks (Figure 9d–f), duration, and intensity, reflecting in the homogeneity between the decreasing flood magnitude and the number triggered by ETCs (Figure 7c,d and Figure 8c,d). Compared with South America, the change pattern of ETC floods is compounded in North Africa, with complex features in the changes of ETC floods. South Africa witnesses a slight change among ETC tracks, duration, and intensity, thereby presenting no significant change pattern in ETC floods.



We then investigated changes in large-scale environmental variables that are related to cyclone-induced floods (Figure 10). In this study, CAPE, IVT, and SSM are chosen to indicate convective activities, vapor moisture, and the land surface state, which has been proved to have important impacts on the occurrence processes of cyclone-induced floods [74,75,76, 77,78,79].



For East Asia and Southeast Asia, the IVT shows significantly decreasing trends (Figure 10a). This weakening IVT is not conducive to cyclone developments and provides an insufficient moisture condition for precipitation and then floods [15,58,61]. The CAPE in the two regions also decreases significantly (Figure 10b), indicating that the atmospheric instability is reducing and then strong convective activities are weakening [76]. Meanwhile, the drying soil moisture (see SSM in Figure 10c) is widespread in East Asia and Southeast Asia. Zhang et al. [80] and Liu et al. [15] indicated that drying SSM is unconducive to slowing down the weakening of TCs after landfall. On the other hand, drier SSM results in decreasing latent energy release and then increasing sensible heat flux, which is unfavorable for upward moisture flux to convective processes and then is unfavorable to the enhancement of precipitation [76]. Drying soil moisture also favors more precipitation infiltration and is unconducive to flooding generation [15,81]. These explain the negative responses of cyclone-induced floods in East Asia and Southeast Asia. Similarly, we observed significantly drying soil moisture in Europe, southern North America, and South America. CAPE in southern North America and South America also decreases significantly. This drying soil moisture and weakening convective activities are consistent with the decreasing cyclone-induced flood magnitude and the less frequent cyclone-induced flood frequency in these regions.



We noticed that north-central North America, southern Africa, South Asia, and northern Australia witness an increase in cyclone-induced flood magnitude and frequency. These regions are experiencing enhancing water vapor transport (Figure 10a). Additionally, the increasing trends of CAPE in north-central North America and South Asia strengthen the intensity of convective activity, thereby creating a high probability of extreme precipitation induced by cyclones. Southern Africa and northern Australia are also featured as containing wetting soil moisture. Wetter soil moisture in South Asia and north Australia would reduce the weakening rate of TC, which have a positive influence on the track development of TCs after landfall and further increases the occurrences of TC-induced precipitation and floods. It should be noted that the change patterns of the three large-scale variables can only partly explain the reasons behind the changes in cyclone-induced flood magnitude and frequency.





4. Conclusions


In this study, we collected and compiled long-term global riverine streamflow data during 1979–2012 at more than 30,000 stations. Combining the most complete global streamflow dataset with simulated surface runoff from ERA5 dataset, we quantified the contributions of cyclones to global floods at annual and seasonal scales and investigated the long-term changes in magnitude and frequency of cyclone-induced floods.



We sampled flood events by block maxima (BM) and peak-over-threshold (POT) methods, and then computed the fractional contributions of cyclones to these flood events. Our results show that south China and central Japan are the areas in which most TCs occur, and more than 40% of floods are produced by TCs in these areas. More than 40% of floods in the coastal areas of northern Australia are associated with TCs. For Mexico and Florida in the USA, this percentage is more than 30% and 20%, respectively. In addition to TCs, the percentage of ETC floods reaches up to 70–90% over the main Eurasia. Northern North America experiences the contributions of ETCs, with floods over 60–90%. Cyclones play a minor role in flooding in the western United States, since floods in this area are controlled by atmospheric rivers [58,60,61]. South Australia and New Zealand are strongly affected by ETCs, with the contribution increasing to 50–80%. For South America and South Africa, 50–90% of floods are contributed by ETCs. The contributions of TCs to global floods vary distinctly by seasons, with the highest values occurring in boreal (astral) summer and autumn in the Northern (Southern) Hemisphere. However, there is no significant seasonal change in ETC floods, though the highest proportion of ETCs to floods was observed in the North Hemisphere in boreal summertime.



We used the simple linear (Poisson) model to quantify long-term changes in the magnitude (frequency) of cyclone floods. There are increasing trends in the magnitude and frequency of TC floods over South Asia, eastern United States, Mexico, north Australia, and southeastern South Africa, whereas East Asia is the opposite (i.e., generally decreasing trends). Compared with TCs, ETCs have a more widespread effect over the world. Eurasia, most of North America, and South America witness general downward trends in flood magnitude and frequency triggered by ETCs. Conversely, increasing trends in the ETC flood’s magnitude and frequency are found in central North America and South Africa. South Australia and North Africa indicate a mixed pattern.



To explain the long-term changes in cyclone-induced flood magnitude and frequency, we assessed changes in cyclone tracks, duration, and intensity, and large-scale environmental variables. The increasing TC tracks, duration, and intensity over South Asia and North America produce more TC-induced floods in the two regions, while it is the opposite in East Asia. Although there are complex patterns in changes in ETC tracks, duration, and intensity, the decreasing ETC intensity is still identified in southern South America, Europe, and northeastern Asia, where ETC-induced floods show a significant reduction in magnitude and frequency. The change patterns of integrated vapor transport, convective available potential energy, and soil moisture correspond well to these cyclone activities and changes in cyclone-induced floods in some regions, such as East Asia and Southeast Asia.
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Figure 1. Spatial distributions of global streamflow data with record lengths in years during 1979–2012: In (a), flood peaks are available in these stations. In (b), daily streamflow observations are available, and the streamflow stations in South Asia are not shown due to lacking daily streamflow in this region. 
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Figure 2. Contributions (%) of tropical cyclones (TCs), extratropical cyclones (ETCs), and all cyclones to annual floods in observations sampled by block maximum (BM) (a,c,e) and peak-over-threshold (POT) (b,d,f) methods. 
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Figure 3. Contributions (%) of tropical cyclones (TCs), extratropical cyclones (ETCs), and all cyclones to annual floods in simulations sampled by block maximum (BM) (a,c,e) and peak-over-threshold (POT) (b,d,f) methods. 
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Figure 4. Contributions (%) of tropical cyclones (TCs, a–d), extratropical cyclones (ETCs, e–h), and all cyclones (i–l) to seasonal floods in observations sampled by block maximum (BM) method. The four seasons are DJF (December–February), MAM (March–May), JJA (June–August), and SON (September–November). 
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Figure 5. Contributions (%) of tropical cyclones (TCs, a–d), extratropical cyclones (ETCs, e–h), and all cyclones (i–l) to seasonal floods in observations sampled by peak-over-threshold (POT) method. The four seasons are DJF (December–February), MAM (March–May), JJA (June–August), and SON (September–November). 
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Figure 6. Contributions (%) of tropical cyclones (TCs, a–d), extratropical cyclones (ETCs, e–h), and all cyclones (i–l) to seasonal floods in simulations sampled by block maximum (BM) method. The four seasons are DJF (December–February), MAM (March–May), JJA (June–August), and SON (September–November). 
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Figure 7. Long-term changes in the magnitude of TC, ETC, and cyclone-induced floods in observations (a,c,e) and simulations (b,d,f) during 1979–2012. The trend is quantified by the simple linear regression, and the colored points (grids) based on observations (simulations) represent slope coefficient    β 1    in Equation (1). A higher probability of BM floods induced by cyclones with increasing (decreasing) magnitude are detected when    β 1    is more (less) than zero. Moreover, the larger ring-shaped dots indicate the stations with significant change rate. 
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Figure 8. Long-term changes in the frequency of TC, ETC, and cyclone-induced floods in observations (a,c,e) and simulations (b,d,f) during 1979–2012. The trend is quantified by the Poisson regression, and the colored points (grids) based on observations (simulations) represent slope coefficient    β 1    in Equation (3). A higher probability of BM floods induced by cyclones with increasing (decreasing) frequency are detected when    β 1    is more (less) than zero. Moreover, the larger ring-shaped dots indicate the stations with significant change rate. 
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Figure 9. Spatial distributions of long-term changes of annual TC and ETC tracks (a,d), duration (b,e), and intensity (c,f) in 5° × 5° grids during 1979–2012: The trend is quantified by the Poisson (simple linear) regression, and the colored areas represent slope    β 1    in Equations (1) and (3). A higher probability of increasing (decreasing) cyclone tracks and duration (intensity) is detected when    β 1    is more (less) than zero. Moreover, the black dots indicate the grid with significant change rates (i.e., p ≤ 0.05). 
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Figure 10. Spatial distributions of long-term changes of integrated vapor transport (IVT; units: kg m−1 s−1; (a), annual convective available potential energy (CAPE; units: J g−1; (b), and surface soil moisture (SSM; m3 m−3; (c) in 0.25° × 0.25° grids during 1979–2012. The black dots indicate the grid with significant changes (i.e., p ≤ 0.05). 
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Table 1. Details of streamflow datasets collected in this study.
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Dataset/Region

	
Full Name

	
Temporal

Resolution

	
Numbers

	
Length

(Year)

	
Source






	
GSCD

	
Global Streamflow

Characteristics

Dataset

	
Daily

	
20346

	
1900–2018

	
http://www.gloh2o.org/gscd/

(7 August 2020) [40]




	
GSIM

	
Global Streamflow

Indices and

Metadata Archive

	
Annual

flood peaks

	
30959

	
1804–2016

	
https://doi.pangaea.de/10.1594/PANGAEA.887477

(3 March 2020) [41,42]




	
Yangtze river

basin

	
China Streamflow

Dataset

	
Daily

	
68

	
1955–2018

	
http://61.163.88.227:8006/hwsq.aspx

(16 March 2020)




	
Yellow River

basin

	
53

	
1934–2018

	
http://113.57.190.228:8001/web/Report/RiverReport?WxUg5ztDmi=1596375699841

# (16 March 2020)




	
Pearl River

Basin

	
85

	
1915–2009

	
http://slt.gd.gov.cn/

(16 March 2020)




	
Tarim River

basin

	
8

	
1956–2009

	
Hydrological Bureau of the Tarim

River basin [43,44]




	
Poyang Lake

basin

	
9

	
1949–2005

	
http://www.jxssw.gov.cn/

(16 March 2020) [45]




	
Guangdong

province,

southeastern

China

	
China Streamflow

Dataset

	
Annual

flood peaks

	
58

	
1951–2014

	
Hydrological bureau of Guangdong

province [45]
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Table 2. Details of datasets for reanalysis variables used in this study.






Table 2. Details of datasets for reanalysis variables used in this study.





	
Dataset

	
Full Name

	
Variables

	
Temporal

Resolution

	
Spatial

Resolution

	
Level

	
Units

	
Source






	
ERA5 dataset

	
European

Centre for

Medium-Range

Weather Forecasts

(ECMWF) 5 Re-Analysis dataset

	
Surface runoff

	
Hourly

	
0.25° × 0.25°

	
Single

level

	
m

	
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5 (27 September 2021)




	
Vertical integral of

northward water va-

por flux

	
Monthly

	
Kg m−1 s−1




	
Vertical integral of

eastward water va-

por flux

	
Kg m−1 s−1




	
Convective available

potential energy

	
J g−1




	

	
Volumetric soil water

layer 1

	
m3 m−3
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