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Abstract

:

The impact of tropical cyclones is expected to worsen with continued global warming and socioeconomic development. Quantifying population exposure to strong winds and heavy rainfall induced by tropical cyclones is a core element of tropical cyclone population risk assessment. Based on the demographic dataset of Shared Socioeconomic Pathways and future tropical cyclone data, we first calculate and analyze the changes in impact frequency and population exposure to four tropical cyclone scenarios in the Northwest Pacific over the period 2015–2050. Then, we quantitatively assess the contribution rates of climate change, population change, and their joint change to population exposure change. The results show that East China, South China, and Southeast China are the areas with high exposure change. Additionally, most of the high exposure changes (absolute changes over 400,000 people) are significant, and primarily influenced by the changes in local population growth. Overall, exposure change in the Northwest Pacific is mainly influenced by climate change, followed by population change and joint change.
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1. Introduction


Tropical cyclones have a widespread impact and great destructive power, with strong winds, heavy rainfall, and storm surges seriously threatening people’s lives and properties [1,2,3,4,5]. In recent decades, systematic changes in tropical cyclone activities have occurred regarding trajectory and intensity, which are important for assessing tropical cyclone risks. For example, in the Northwest Pacific, the polar shift of tropical cyclones has resulted an increase in the intensity of tropical cyclones in Eastern Asia [6,7,8,9,10,11]. Moreover, the intensity of landfalling tropical cyclones has increased by 12–15% in recent decades [12]. In the future, the intensity and precipitation of tropical cyclones are projected to increase further, implying the greater risk of intense tropical cyclones [13,14,15,16]. Moreover, with socio-economic development, the risk of exposure of the population and their assets to natural disasters is also rising [4,17,18,19,20,21]. In addition, the global urban land located in low-altitude coastal areas will increase by 230% during the period 2000–2030 [22], which will further enhance the exposed population to tropical cyclone disasters. Risk management and climate change adaptation focus primarily on the mitigation of exposure and vulnerability, as well as improving resilience to the potential adverse impacts of climate extremes [23]. Therefore, it is necessary to explore exposure to disaster and loss in risk assessments [24]. The annual population exposure to tropical cyclone events will increase by 26% (33 million people) for each 1 °C increase in global temperature [4].



Although there are many studies on population exposure to tropical cyclones, obtaining detailed information on tropical cyclone exposure remains an open challenge at present, because the effects of future tropical cyclone rainfall are rarely considered. Ultimately, studies on future tropical cyclone rainfall are still immature. Additionally, few studies have been performed on the contribution of different change factors to exposure changes to tropical cyclones. In this study, the changes in impact frequency and population exposure to four tropical cyclone scenarios in the Northwest Pacific over the period 2015–2050 are calculated based on the Shared Socioeconomic Pathways (SSPs) demographic and economic dataset by Jiang et al. [25]. Future tropical cyclone data are obtained from the High-Resolution Model Intercomparison Project (HighResMIP). Then, the contribution rates of climate change, population change, and joint change to population exposure change are quantified. Based on the change analysis of population exposure and contribution rates, we aim to identify the changing characteristics of future exposed populations to tropical cyclones and to illustrate the significance of climate change and population change.



In this study, we aim to analyze the changes in impact frequency and population exposure in the Northwest Pacific over the period 2015–2050, and quantitatively assess the contribution rates of climate change, population change, and joint change to population exposure change. Although storm surge is a common secondary hazard of tropical cyclones, we only consider strong winds and heavy rainfall in this study, mainly due to data availability.




2. Materials and Methods


2.1. Data and Study Area


Future tropical cyclone data were obtained from the High-Resolution Model Intercomparison Project (HighResMIP), which was obtained via the TRACK algorithm (https://catalogue.ceda.ac.uk, accessed on 31 August 2022). Storm tracks are provided as NetCDF files similar to the Climate Model Output Rewriter, one for each hemisphere during the simulation period of the HighResMIP experiment, with a tracked variable in each file and associated time, latitude, and longitude at six-hour interval coordinates. In this study, we selected the ‘highres-future’ dataset for 2015–2050, which includes 25 models and coupled atmosphere–ocean data using the SSP585 scenario. Future population data are used in the Shared Socioeconomic Pathways (SSPs) demographic dataset by Jiang et al. [25] (https://cstr.cn/31253.11.sciencedb.01683, accessed on 31 August 2022), which provides the global population projections under SSP1 (sustainable pathways), SSP2 (intermediate pathways), SSP3 (local or inconsistent development/regional competition pathways), SSP4 (uneven pathways) and SSP5 (traditional fossil fuel-based pathways) scenarios for 2010–2100 at a spatial resolution of 0.5° × 0.5°. As future tropical cyclone data are only available for the SSP585 scenario, the population under the SSP5 scenario was selected for this study. The study region includes 14 countries in the Northwest Pacific basin (0–60° N, 97–180° E), accounting for >30% of global tropical cyclones. Figure 1 shows the location of countries in the Northwest Pacific and the location of provinces in China.



For comparison and statistical analysis, we would preferably select a base period and comparison periods [26]. In this study, due to the short time series of future tropical cyclone track data and the large difference in the number of historical tropical cyclone records, we can only set the base period at 2015–2020 (T0) and the two comparison periods at 2021–2035 (T1) and 2036–2050 (T2). T1–0, T2–1, and T2–0 represent T1 compared with T0, T2 compared with T2, and T2 compared with T0, respectively.




2.2. Tropical Cyclone Simulation


2.2.1. Tropical Cyclone Wind Field Simulation


In this study, the gradient balance velocity    V g    for a stationary storm is calculated using the Holland wind field model [27,28] as follows:


   V g  =     B    P a  −  P c     ρ        R M W  r     B   e  −     R M W / r    B    +       r f  2     2    −    r  f  2  ,  



(1)




where  B  is the air pressure profile parameter, which is set to   B = 1.881 − 0.00557 ∗ R M W − 0.01295 ∗ ϕ   ( ϕ  represents the latitude of the cyclone center) [29];    P a    is the pressure at the periphery, which is set to 1010 hPa [30];    P c    is the pressure at the cyclone center, which can be obtained using the best track dataset;  ρ  is the air density, which is set to 1.15 kg/m3 [31];   R M W   is the radius to maximum wind speed, which is set to   R M W = − 18.18 ln (  P a  −  P c  ) + 112.20   [32];  r  is the distance between the cyclone center and target point; and  f  is the Coriolis parameter, which is set to   f = 2 Ω sin φ  , where  Ω  is the angular rotation rate of the earth (7.272 × 10−5 rad/s) and  φ  is the latitude at the target point [31].



We then calculate the wind speed near the surface. According to Harper et al. [33], the wind speed at the 10 m surface (   V z   ) is as follows:


   V z  =  K m  ∗  V g  ,  



(2)




where    K m    is computed as:


   K m  =        0.81       0.81 − 2.96 ∗   10   − 3   ∗ (  V g  − 6 )       0.77 − 4.31 ∗   10   − 3   ∗ (  V g  − 19.5 )       0.66            V g  < 6   m / s       6 ≤  V g  < 19.5   m / s       19.5 ≤  V g  < 45   m / s        V g  ≥ 45   m / s        ,  



(3)








2.2.2. Tropical Cyclone Rainfall Simulation


Tropical cyclone rainfall is defined as the total rainfall within a certain radius from the cyclone center [34,35], and this radius is usually set to 500 km [36,37]. In this study, a 500 km radius is used to calculate the total rainfall of a tropical cyclone.



The tropical cyclone rainfall is found to have an approximate power–law relation with maximum wind speed and location, indicated by the latitude of the tropical cyclone:


  log ( T C P ) = α + β ∗ log ( l a t ) + γ ∗ log ( v ) ,  



(4)




where   T C P   is tropical cyclone rainfall in millimeters (mm),   l a t   is the latitude in degrees (°),  v  is the maximum wind speed in knots,  e  is the natural constant, and parameters  α ,  β , and  γ  are the empirical constants determined from historical tropical cyclone rainfall and the corresponding maximum wind speed and latitude. In the Northwest Pacific, the values for parameters  α ,  β , and  γ  are 6.35, −0.14, and 0.58, respectively (see the attached document for details). The total amount of the future tropical cyclone rainfall is estimated by Equation (4), and its spatial distribution can be assigned weight based on its historical spatial distribution; then, the spatial distribution of the future tropical cyclone rainfall is simulated (see Appendix A for details).





2.3. Analysis Methods


2.3.1. Tropical Cyclone Impact Frequency


Tropical cyclone influences mainly include strong wind and heavy rainfall. In this study, we examine four scenarios for the impact of hazard factors, namely, tropical cyclone hazard scenarios I (tropical cyclone strong winds), II (tropical cyclone heavy rainfall), III (simultaneous tropical cyclone strong winds and heavy rainfall), and IV (strong winds or heavy rainfall affected by tropical cyclone). Here, the thresholds for strong winds and heavy rainfall are 30 knots (10 min average) and 25 mm day−1, respectively [21]. We then calculate the annual impact frequency for the four hazard impact scenarios for each 0.25° × 0.25° grid in each future tropical cyclone track model. In general, the multi-model ensemble is widely used due to its better performance [38,39]. Therefore, the mean of the single annual impact frequency of the 25 models is computed for the annual impact frequency of the four tropical cyclone hazard scenarios for each grid.




2.3.2. Population Exposure to Tropical Cyclone


The population exposed to tropical cyclones is defined as the amount of people located in tropical cyclone-prone areas [40]. The population exposure to tropical cyclones can be calculated by multiplying the population and the tropical cyclone impact frequency for each raster. In this study, the spatial resolution of the future population data is 0.5° × 0.5°, so it is necessary to resample the future tropical cyclone impact frequency to 0.5° × 0.5° (unit: person per year).




2.3.3. Change in Tropical Cyclone Impact Frequency, Population and Population Exposure


The impact area of tropical cyclones varies from year to year; thus, the trend line of tropical cyclone impact frequency over the period 2015–2050 in each grid was fitted with a linear regression model. Adapted from Kossin [41], the change in tropical cyclone impact frequency in each grid is defined as the difference between fitted values for 2050 and 2015. The calculation of changes in population and population exposure is the same as that of changes in tropical cyclone impact frequency. A significant change is based on the p-value of the fitted trend line for each grid, and if the p-value is less than 0.05, then it is considered to be a significant change.




2.3.4. Contribution Rate to Population Exposure Change


According to Jones et al. [42] and Liu et al. [43], impact on changes in population exposure can be divided into three components: climate change, population change, and their joint change [42,43]. According to Liao et al. [24], the contribution rate of each factor is calculated as follows:


    C  R  c l i   =      P i  × Δ C        P i  × Δ C   +   Δ P ×  C i    +   Δ P × Δ C     × 100 %     C  R  p o p   =     Δ P ×  C i         P i  × Δ C   +   Δ P ×  C i    +   Δ P × Δ C     × 100 % ,     C  R  j o i   =     Δ P × Δ C        P i  × Δ C   +   Δ P ×  C i    +   Δ P × Δ C     × 100 %    



(5)




where   C  R  c l i    ,   C  R  p o p    , and   C  R  j o i     represent the contribution rates of climate change, population change, and joint change, respectively.    P i    and    C i    represent the population and climate in period  i , respectively.   Δ P   and   Δ C   represent the changes in population and climate, respectively.






3. Results


3.1. Changes in Tropical Cyclone Influences and Population


Figure 2 shows the spatial distribution of the changes in tropical cyclone impact frequency in the Northwest Pacific for the period 2015–2050 for four tropical cyclone hazard scenarios, as well as the spatial distribution of the significant changes (p-value < 0.05). The overall trend for the tropical cyclone hazard scenarios is that the change in the frequency of impact increases at higher latitudes and decreases at lower latitudes during the period 2015–2050, but there are few areas of significant change. The areas with decreasing changes in the frequency of tropical cyclone hazard scenario I are concentrated south of 20° N and to the north-east of the Northwest Pacific (Figure 2a), while on land, only a few small areas to the north experience significant increasing changes (Figure 2b). The north–south variation in the changes in the frequency of storm impacts of tropical cyclone hazard scenario II is more pronounced than that of tropical cyclone hazard scenario I (Figure 2c), but on land, there are only a few small areas where there is a significant increasing change (Figure 2d). The spatial distribution of the impact frequency change in tropical cyclone hazard scenario III is similar to that of tropical cyclone hazard scenario II (Figure 2e,f), while the spatial distribution of the impact frequency change in tropical cyclone hazard scenario IV is similar to that of tropical cyclone hazard scenario I (Figure 2g,h).



Then, we plot the spatial distribution of the change in population in the Northwest Pacific for the period 2015–2050 and the spatial distribution of significant changes (p-value < 0.05) in Figure 3. It is clear that among the Southeast Asian countries in the Northwest Pacific, with the exception of Cambodia (Myanmar is not in the Northwest Pacific), there has been a significant increase in population. In Northeast Asia, the populations of Japan and North Korea are significantly declining, and the population of South Korea is significantly increasing. In China, the population of the southeastern coastal provinces (except Taiwan and Jiangsu) has increased significantly. The populations of Beijing, Tianjin, Ningxia, Qinghai, and Tibet are also significantly increasing, while the populations of Jiangsu, Yunnan, and Guizhou are insignificantly increasing; otherwise, the populations of regions in China are significantly decreasing.




3.2. Spatial and Temporal Changes in Population Exposure to Tropical Cyclones


Figure 4 depicts the spatial distribution of exposed population change for the four tropical cyclone hazard scenarios over the period 2015–2050, and the spatial distribution of significant changes (p-value < 0.05). Overall, the spatial distribution of exposure changes affected by tropical cyclone hazard scenario I is similar to that affected by tropical cyclone hazard scenario III (Figure 4a,e), while the spatial distribution of exposure changes affected by tropical cyclone hazard scenario II is similar to that affected by tropical cyclone hazard scenario IV (Figure 4c,g).



In terms of the spatial distribution of exposure changes affected by tropical cyclone hazard scenario I, the areas with a large increase in exposure change (>+400,000 people) are mainly located in East China (e.g., Zhejiang) and South China (e.g., Guangdong). The areas with a medium increase in exposure change (+200,000~+400,000 people) are mainly located in Northern China (e.g., Beijing, Tianjin, and Shandong). The areas with a low increase in exposure change (<+200,000 people) are mainly located in Northern China (e.g., Hebei, Shanxi, and Inner Mongolia), Southwest China (e.g., Guangxi and Guizhou), Southeastern Russia, and the Northern Philippines. The areas with a large decrease in exposure change (<−400,000 people) are mainly located in Southeast China (e.g., Taiwan). The areas with a medium decrease in exposure change (−200,000~−400,000 people) are mainly located in the western and southern parts of Korea. The areas with a low decrease in exposure change (>−200,000 people) are mainly located in Central China (e.g., Hubei, Anhui), Japan, Southeast Asia, and the Korean Peninsula. Only a few regions showed significant changes in exposure. For example, significant increases were found in Northern, Eastern and Southern China, and significant decreases were found in Southeastern China (including Taiwan island) and Southern Korea.



In terms of the spatial distribution of exposure changes affected by tropical cyclone hazard scenario II, the areas with a large increase in exposure change (>+400,000 people) are mainly located in East China (e.g., Zhejiang), South China (e.g., Guangdong), Northern China (e.g., Beijing, Tianjin), and the North–Central Philippines. The areas with a medium increase in exposure change (+200,000~+400,000 people) are mainly located in Central and Southwestern China (e.g., Hunan and Guangxi). The areas with a low increase in exposure change (<+200,000 people) are mainly located in Northern China (e.g., Hebei, Shanxi, and Inner Mongolia), Southwest China (e.g., Yunnan and Guizhou), Southeastern Russia, Northern Japan, North Vietnam, Malaysia and the Philippines. The areas with a high decrease in exposure change (<−400,000 people) are mainly located in Southeast China (e.g., Taiwan island), Southwest China (e.g., Sichuan and Chongqing), and Eastern Japan. The areas with a medium decrease in exposure change (−200,000~−400,000 people) are mainly located in Central China (Anhui). The areas with a low decrease in exposure change (>−200,000 people) are mainly located in South Japan, the Korean Peninsula, and Southeast Asia, excluding the Philippines, Malaysia and North Vietnam. Only a few regions showed significant changes in exposure, for example, East and South China and the Philippines showed significant increases, while Southeast China (including Taiwan Island), Eastern Japan, Southeast Thailand and Cambodia showed significant decreases in exposure.



In terms of the spatial distribution of exposure changes affected by tropical cyclone hazard scenario III, the areas can be referred to as the spatial distribution of exposure changes affected by tropical cyclone hazard scenario I. In terms of the spatial distribution of exposure changes affected by tropical cyclone hazard scenario IV, the areas can be referred to as the spatial distribution of exposure changes affected by tropical cyclone hazard scenario II.




3.3. Contributions to Population Exposure to Tropical Cyclones


Figure 5 shows the contribution rate of each factor in each scenario. Overall, climate change has the greatest impact on exposure change, followed by population change and joint change. In T2-0, the scenario of tropical cyclone hazard scenario I has the largest climate change effect of 82.1%, while tropical cyclone hazard scenario III has the largest population change effect of 32.7%. For T1-0 and T2-1, the climate change effects of tropical cyclone hazard scenarios I and III show decreased trends from 60.7% to 50.1% and from 54.8% to 44.7%, respectively; the climate change effects of tropical cyclone hazard scenarios II and IV show increased trends from 27.4% to 59.2% and from 41.3% to 65.3%, respectively.



To further investigate the structural aspects of exposure change, we break down exposure change in the eight regions of interest in different periods into climate change effects, population change effects and joint change effects, where the eight regions of interest are identified based on the spatial distribution of significant changes in Figure 4 (Figure 6). Then, we plotted the contribution rates of climate change, population change and joint change for the tropical cyclone hazard scenario I (Figure 7) and tropical cyclone hazard scenario II (Figure 8) in these eight regions of interest.



For tropical cyclone hazard scenario I, the contribution rates of factors in different regions are not consistent. In regions A and G, population exposure is decreasing; meanwhile climate change impact is the dominant factor in each period, and shows a slight increasing trend (Figure 7a,g). The decline in tropical cyclone strong wind impact frequency should be the main reason for the decrease in population exposure in regions A and G. In regions D and E, population exposure is increasing; however, population change impact is the dominant factor in each period and shows a slight decreasing trend (Figure 7d,e). Population growth should be the main reason for the increase in population exposure in regions D and E. In region B, the population exposure is decreasing; meanwhile, population change impact is the dominant factor in T2-0, while climate change impact is as important as population change impact in T1-0 and T2-1 (Figure 7b). The negative population growth and decline in tropical cyclone strong wind impact frequency should be the main reasons for the decrease in population exposure in region B. In region C, the population exposure is decreasing; meanwhile, population change impact is the dominant factor in T2-0, and climate change impact is the dominant factor in T1-0, while population change impact is as important as climate change impact in T2-1 (Figure 7c). Overall, negative population growth is the main reason for the decrease in population exposure in region C. In region F, population exposure is decreasing; meanwhile, population change impact and climate change effect are the dominant factors in T2-0, climate change effect is the dominant factor in T1-0, and population change effect becomes the dominant factor in T2-1 (Figure 7f). Overall, negative population growth is the main reason for the decrease in population exposure in region F. In region H, the population exposure is increasing; meanwhile, population change impact is the dominant factor in T2-0 and T1-0, but is evenly matched by climate change effect in T2-1 (Figure 7h). Although the decline in tropical cyclone strong wind impact frequency and population growth both occur in region H, population growth is the main reason for the increase in population exposure.



For the tropical cyclone hazard scenario II, the contribution rates of factors in different regions are not consistent. In regions A and B, population exposure is decreasing; climate change impact is the dominant factor in each period and shows a slightly increasing trend (Figure 8a,b). The decline in tropical cyclone heavy rainfall impact frequency should be the main reason for the decrease in population exposure in regions A and B. In region C, population exposure is decreasing; the impacts of climate change and population change are the dominant factors in T2-0, and climate change impact is the dominant factor in T1-0, while population change impact becomes as important as climate change impact in T2-1 (Figure 8c). Overall, negative population growth and the decline in tropical cyclone heavy rainfall impact frequency are the main reasons for the decrease in population exposure in region C. In region D, population exposure is increasing; the impacts of climate change and population change are the dominant factors in each period (Figure 8d). Population growth and the increase in tropical cyclone heavy rainfall impact frequency should be the main reasons for the increase in population exposure in region D. In regions E and H, population exposure is increasing, and population change impact is the dominant factor in each period (Figure 8e,h). Although the decline in tropical cyclone heavy rainfall impact frequency and population growth both occur in regions E and H, population growth is the main reason for the increase in population exposure. In region F, population exposure is decreasing; population change impact and climate change effect are the dominant factors in T2-0, and the impact of climate change is slightly bigger than the population change in T2-0. Climate change is the dominant factor in T1-0, while population change is the dominant factor in T2-1 (Figure 8f). Overall, negative population growth and the decline in tropical cyclone heavy rainfall impact frequency are the main reasons for the decrease in population exposure in region F. In region G, population exposure is decreasing; the population change impact is the dominant factor in T2-0 and T2-1, but is evenly matched by climate change effect in T1-0 (Figure 8g). Overall, the decline in tropical cyclone heavy rainfall impact frequency is the main reason for the decrease in population exposure in region G.





4. Conclusions and Discussion


In this study, we depict the changes in impact frequency and exposed population for four tropical cyclone hazard scenarios over the period 2015–2050 in the Northwest Pacific, and then analyze the contribution rates of three effect factors on population exposure for the tropical cyclone hazard scenarios I and II. The main findings are outlined below.



Most of the high increases/decreases in exposure change are significant. The high increase in exposure change is mainly located in regions D and E for all hazard scenarios, where the population growth should be the main reason for the increase in population exposure to the tropical cyclone hazard scenarios I and II. The high decrease in exposure change is mainly located in region F for all tropical cyclone hazard scenarios, where negative population growth is the main reason for the decrease in population exposure in tropical cyclone hazard scenario I, while negative population growth and the decline in tropical cyclone heavy rainfall impact frequency together cause a large decline in population exposure in tropical cyclone hazard scenario II. A high decrease in exposure change also occurs in region C in tropical cyclone hazard scenarios II and IV; negative population growth and the decline in tropical cyclone heavy rainfall impact frequency are the main reasons for the decrease in population exposure. Overall, change in local population growth is the primary cause of high exposure change. The distributions of medium increases/decreases in exposure change are not consistent across the four tropical cyclone hazard scenarios, so they are not discussed here. The distribution of low increases/decreases in exposure change is the largest in the fourth tropical cyclone hazard scenario. It is noteworthy that some places with a low increase in exposure change have negative population growth, which is due to the increase in tropical cyclone impact frequency.



The exposure change in the Northwest Pacific is driven primarily by climate change, followed by the population change, and lastly by joint change. In the eight regions of interest, population change is the primary influence on tropical cyclone hazard scenario I, while climate change is the primary influence on tropical cyclone hazard scenario II. Joint change is the least important for all tropical cyclone hazard scenarios.



Our results call for more attention to be given to population exposure in relation to future tropical cyclone activities. In particular, the impact of future population changes and changes in the frequency of tropical cyclones, as well as the often-overlooked changes in population exposure due to tropical cyclone rainfall, should receive more attention. It is also worth noting that population exposure changes have a regional dimension. For example, some regions are more influenced by climate change factors, others by population change factors, and some regions by a combination of these two factors. This suggests that governments in different regions will need to develop different precautionary measures in the future based on different tropical cyclone hazard scenarios.
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Appendix A


Appendix A.1. Tropical Cyclone Rainfall Simulation


Appendix A.1.1. Data Sources


The best track dataset for tropical cyclones was acquired from the International Best Track Archive for Climate Stewardship (IBTrACS) v04 dataset [44], which includes the position, minimum sea-level pressure, and the maximum sustained wind speed of tropical cyclones from 1980 to 2020. The IBTrACS dataset contains various wind-averaged periods for tropical cyclone conditions from different agencies. Here, the 1 min and 3 min mean wind speeds are converted into 10 min mean wind speeds [45].



Tropical cyclone rainfall was obtained from Multi-Source Weighted-Ensemble Precipitation (MSWEP). MSWEP is a global precipitation product with a resolution of 0.1° for 3-hourly periods, available from 1979 to the present. The MSWEP dataset takes advantage of the complementary strengths of measurement-, satellite-, and reanalysis-based data to provide a reliable estimation of precipitation on a global scale. It also tends to exhibit better performance than other precipitation products in both densely gauged and ungauged regions [46,47].




Appendix A.1.2. Analysis Method of Tropical Cyclone Rainfall Simulation


A detailed basis is lacking for a causal model relating the intensity and location of tropical cyclones and rainfall. Here, we plot a scatter between global tropical cyclone rainfall, maximum wind speed, and latitude of tropical cyclones in Figure A1, and list their statistics in Table A1. It is clear that there is a general power–law relationship between tropical cyclone rainfall and maximum wind speed (Table A1 and Figure A1a), and a linear relationship between tropical cyclone rainfall and latitude (Table A1, Figure A1b,c). Herein, we conjecture that the combination of maximum wind speed and location affects the magnitude of tropical cyclone rainfall and assume a relationship of the following form:


  T C P =  e α  ∗ l a  t β  ∗  v γ  ,  



(A1)




where   T C P   is tropical cyclone rainfall in millimeters (mm),   l a t   is the absolute value of latitude in degrees (°),  v  is the maximum wind speed in knots,  e  is the natural constant, and parameters  α ,  β , and  γ  are empirical constants determined from historical tropical cyclone rainfall and the corresponding maximum wind speed and latitude. Traditionally, nonlinear regression analysis is performed by transformation to achieve linear, homoscedastic or constant variance [48]. Log-log transformation is the most commonly used transformation:


  log ( T C P ) = α + β ∗ log ( l a t ) + γ ∗ log ( v ) ,  



(A2)







This study rounded the maximum wind speed and latitude according to the rounding method. Because the large amount of data with latitude at   l a t   and maximum wind speed at  v  correspond to multiple values of tropical cyclone rainfall, we construct   ( l a t , v , T C  P  l a t , v   )   by averaging the tropical cyclone rainfall corresponding to exact   l a t   and  v .
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Figure A1. The scatter of tropical cyclone rainfall and tropical cyclone characteristics and their linear trends. (a) Maximum wind speed. (b) Latitude in Northern Hemisphere and (c) Southern Hemisphere. 






Figure A1. The scatter of tropical cyclone rainfall and tropical cyclone characteristics and their linear trends. (a) Maximum wind speed. (b) Latitude in Northern Hemisphere and (c) Southern Hemisphere.
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Table A1. Statistical significance of the relationship between tropical cyclone rainfall and main factors.






Table A1. Statistical significance of the relationship between tropical cyclone rainfall and main factors.
















	
	Constant
	95% CI of Constant
	p-Value

(Uncorrected)
	Slope
	95% CI of Slope
	p-Value

(Uncorrected)
	d.f.
	R2





	     log   10   T C P ~ v   
	3.38
	[3.36,

3.41]
	0
	2.73 × 10−3
	[2.37 × 10−3,

3.09 × 10−3]
	2.68 × 10−43
	650
	0.25



	   T C P ~ l a t ( N )   
	3646.27
	[3575.05,

3717.5]
	0
	−26.61
	[−28.46,

−24.76]
	1.97 × 10−115
	661
	0.55



	   T C P ~ l a t ( S )   
	3801.71
	[3683.59,

3919.84]
	6.34 × 10−251
	−35.33
	[−38.82,

−31.85]
	1.69 × 10−66
	537
	0.42







Here, CI is the confidence interval, and d.f. is the degree of freedom.












Appendix A.1.3. Regression Results


According to Equation (A2), we regressed the relationship between tropical cyclone rainfall, maximum wind speed, and latitude in both hemispheres and all ocean basins with a simple linear model. The regression results are listed in Table A2. The parameters  α  are 6.58 and 7.32 in the Northern and Southern Hemispheres, respectively, and range from 5.99 to 8.25 in the ocean basins. The parameter  α  does not differ significantly between the Northern and Southern Hemispheres and individual ocean basins. The slopes of latitude ( β ) are −0.23 and −0.39 in the Northern and Southern Hemispheres, respectively, and range from −0.72 to −0.12 in the ocean basins. The parameter  β  represents the degree of response of tropical cyclone rainfall to latitude. With increasing latitude, tropical cyclone rainfall decreases more in the Southern Hemisphere than in the Northern Hemisphere. The largest decrease in tropical cyclone rainfall with increasing latitude is in the Eastern Pacific Ocean among the various ocean basins. The smallest decrease in tropical cyclone rainfall is in the Northern Atlantic Ocean. The slopes of maximum wind speed ( γ ) are 0.55 and 0.49 in the Northern and Southern Hemispheres, respectively, and range from 0.31 to 0.76 in the ocean basins. The parameter  γ  represents the degree of response of tropical cyclone rainfall to maximum wind speed. As the maximum wind speed increases, tropical cyclone rainfall is greater in the Northern Hemisphere than in the Southern Hemisphere. The largest increase in tropical cyclone rainfall with increasing maximum wind speed among the various ocean basins is in the Eastern Pacific Ocean. The smallest decrease in tropical cyclone rainfall is in the Northern Indian Ocean.
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Table A2. Statistical significance of the relationship between tropical cyclone rainfall and maximum wind speed and latitude.
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	   α   
	   95 %   CI   of   α   
	  p - Value   of   α   (Uncorrected)
	   β   
	   95 %   CI   of   β   
	  p - Value   of   β   (Uncorrected)
	   γ   
	   95 %   CI   of   γ   
	  p - Value   of   γ   (Uncorrected)
	d.f.
	R2





	Northern Hemisphere
	6.58
	[6.47,

6.70]
	0
	−0.23
	[−0.25,

−0.21]
	1.22 × 10−81
	0.55
	[0.53,

0.58]
	0
	3724
	0.43



	Southern Hemisphere
	7.32
	[7.16,

7.49]
	0
	−0.39
	[−0.42,

−0.35]
	1.22 × 10−94
	0.49
	[0.46,

0.52]
	1.00 × 10−175
	2463
	0.38



	Northern Atlantic Ocean
	5.99
	[5.80,

6.18]
	0
	−0.12
	[−0.16,

−0.08]
	1.09 × 10−09
	0.59
	[0.56,

0.62]
	4.50 × 10−262
	2460
	0.41



	Northern Indian Ocean
	7.41
	[7.13,

7.68]
	4.15 × 10−288
	−0.19
	[−0.27,

−0.11]
	3.52 × 10−06
	0.31
	[0.26,

0.37]
	2.51 × 10−26
	963
	0.12



	Eastern Pacific Ocean
	6.76
	[6.46,

7.06]
	5.19 × 10−262
	−0.72
	[−0.78,

−0.66]
	5.00 × 10−94
	0.76
	[0.7,

0.82]
	3.38 × 10−120
	1377
	0.48



	Western North Pacific Ocean
	6.35
	[6.21,

6.49]
	0
	−0.14
	[−0.17,

−0.11]
	1.03 × 10−20
	0.58
	[0.55,

0.61]
	4.17 × 10−289
	2374
	0.44



	Southern Indian Ocean
	7
	[6.83,

7.18]
	0
	−0.33
	[−0.37,

−0.29]
	2.79 × 10−62
	0.5
	[0.47,

0.54]
	7.65 × 10−152
	2237
	0.34



	Southern Pacific Ocean
	8.25
	[8.05,

8.45]
	0
	−0.57
	[−0.62,

−0.53]
	1.90 × 10−122
	0.43
	[0.39,

0.47]
	1.07 × 10−93
	1671
	0.40









Appendix A.1.4. Spatial Distribution of Simulated Total Tropical Cyclone Rainfall


According to Equation (A2) and the parameter estimates in Table A2, the total amount of tropical cyclone rainfall can be estimated from the intensity and location of the tropical cyclone, and its spatial distribution can be assigned weights based on its historical spatial distribution, which in turn simulates the spatial distribution of tropical cyclone rainfall (Figure A2). The scatter plot of the simulated and historical values is shown in Figure A3 on a pixel-by-pixel basis (adjusted R2 = 0.9610, slope = 0.8758).
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Figure A2. Spatial distribution of global mean annual tropical cyclone rainfall from 1980 to 2020. (a): Historical tropical cyclone rainfall. (b): Simulated tropical cyclone rainfall. 
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Figure A3. Correlation between mean historical tropical cyclone rainfall and simulated tropical cyclone rainfall for 1980–2020, where the solid line is the 1:1 line and the dashed line is the slope of the fit. 
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[image: Atmosphere 14 00069 g0a3]






Appendix A.1.5. Data Availability Statement


The best track dataset for TCs is obtained from the International Best Track Archive for the Climate Stewardship (IBTrACS) dataset: https://www.ncdc.noaa.gov/ibtracs/index.php?name=ibtracs-data (accessed on 31 May 2022). Three hourly precipitation data are obtained from Multi-Source Weighted-Ensemble Precipitation (MSWEP) in http://www.gloh2o.org/ (accessed on 30 June 2022).
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Figure 1. The study region. 
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Figure 2. Spatial distribution of tropical cyclone impact frequency change in the Northwest Pacific. (a,c,e,g): Spatial distribution of the tropical cyclone impact frequency change over the period 2015–2050 for tropical cyclone hazard scenarios I, II, III, and IV, respectively. (b,d,f,h): Regions with significant changes between periods are indicated in red (increased) and blue (decreased) at the 95% confidence level for tropical cyclone hazard scenarios I, II, III, and IV, respectively. 
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Figure 3. Spatial distribution of the population change in the Northwest Pacific. (a): Spatial distribution of the change in population over the period 2015–2050. (b): Regions with significant changes between periods are indicated in red (increased) and blue (decreased) at the 95% confidence level. 
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Figure 4. Spatial distribution of exposed population changes in the Northwest Pacific. (a,c,e,g): Spatial distribution of exposed population changes over the period 2015–2050 for tropical cyclone hazard scenarios I, II, III, and IV, respectively. (b,d,f,h): Regions with significant changes between periods are indicated in red (increased) and blue (decreased) at the 95% confidence level for tropical cyclone hazard scenarios I, II, III, and IV, respectively. 
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Figure 5. Breakdown of the change in population exposure for each scenario in the Northwest Pacific. (a–d): Breakdown of the change in population exposure for tropical cyclone hazard scenarios I, II, III, and IV, respectively. 
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Figure 6. Eight regions of interest in the Northwest Pacific. 
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Figure 7. Breakdown of the changes in population exposure for tropical cyclone hazard scenario I in the Northwest Pacific. (a–h): Breakdown of the change in population exposure for regions A, B, C, D, E, F, G, and H, respectively. 
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Figure 8. Breakdown of the changes in population exposure for tropical cyclone hazard scenario II in the Northwest Pacific. (a–h): Breakdown of the change in population exposure for regions A, B, C, D, E, F, G, and H, respectively. 
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[image: Atmosphere 14 00069 g008]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file8.jpg
100°E.

120°E

140°E

160°E

180°

MNG

"

RUS

(55
L 07
S g

OR .
5 Py o
& BRU: Brunei ;:‘ ;""'
COL: Colombia Ll
IDNIndonesia £ horaana
PN Japan G5/ ncseny
KOR: South Korea S5 o
LA Laos " G Sumgn
'MNG: Mongolia )
MYS: Moaysia 15 Mo
PHL Philppines [ yongory
PR Norh Korea H Horgars,
RUS: Reasion™ 1 i
| THA Thalang _ Hietueel
THA T ey

i
35 Jangsu
. Janga
1N Lsonng
MO Hocso
K Nngrla
G Gingnar
SoxcShaam
52" s
S5 Shandong
S Snanghar
S Shanst
7 Tanin
W Towan

N Imer Mongota. 2 Zhayang

30N

10N

140°E.

160°E

180°





media/file13.png
180° million 180°

people

- -
-50°N ~50°N

~30°N

~30°N

L10°N ~10°N

180°






media/file12.jpg





media/file18.jpg
100°E 120°E 140°E 160°E 180°
SN
30N
i 10N
160°E 180°






media/file9.png
100°E 120°E 140°E 160°E 180°
RUS
50°N- ~50°N
MNG HLJ
JL
IM LN
BJ
Q Hog T4 PRK
QH ‘oo SX SD KOR JPN
SaX HeN JS
AH BRU: Brunei AH: Anhui JL: Jilin
30°N- S¢ ca flil ) g COL: Colombia BJ: Beijing JS: Jiangsu ~30°N
HuN - JX - : CQ: Chongqing JX: Jiangxi
Gz - IDN: Indonesia FJ: Fujian LN: Liaoning
YN . W/ JPN:Japan GD: Guangdong MO: Macao
GD KOR: South Korea GS: Gansu NX: Ningxia
VNM Mo HK / LAO: Laos GX: Guangxi QH: Qinghai
LR @ / MNG:Mongoia [ SiS0H  * S8 ehuan
THA \ I MYS_: Mal_ays'a HeN: Henan SD: Shandong
PHL PHL: Philippines  Hk: Hong Kong SH: Shanghai
COL ) PRK: North Korea HLJ: Heilongjiang  SX: Shanxi
10°N- y RUS: Russian HN: Hainan TJ: Tianjin L10°N
. : HuB: Hubei TW: Taiwan
/ Ubs Tz HuN: Hunan YN: Yunnan
VNM: Viet Nam IM: Iﬁner Mongolia ZJ:.Zhejiang
IDN MYS IDN
| 1 I 1
100°E 120°E 140°E 160°E 180°





media/file14.jpg





media/file20.jpg
Tio Tar T20 T20
l O i i i
Tio Tao Tio Tar Tao
00 f100, wz
g 5 » 7 B s
fo fo i
g il 1 ad
§zn 2 = §zn N
= u s o 3% o " b
To Tar Tao Tio Tar Ta0
90 2 N oo
%) w m 2 .
2w Zw o )
- g“‘ asie il
« w© o
4 I
§zn o £ " s,
< » B » §, 2
Tio Tar T20 Tio Tar T20

M Climate change effect lPopulation change effect Il Joint change effect





media/file23.png
3400 - b 100 -

E g0 E g0 -

o o

® 60 S 60

5 5

E 40 § 40

£ 20 - £ 20 -

5 5

o0 - O 0 -

€100 9100

4 83.5 o

= 80 = 80

2 )

S 60 - S 60

g 60 47.747 4 g 60 47.047.0

= 40 - = 40

L0 0

E 20 - 220

5 5

o0 o0

2100 : 95.7 96.0 1100 -

< 80 - < g0 -

2 2

© 60 - E 60 -

[

S 4 S 4o

£ 40 £ 40

£ 20 £ 20

5 5

S0 - 30 -

o o

e 8o - g0 -

o o

® 60 - T 60 -

[ =

S S

£ 40 £ 40

2 2

€ 20 - € 20 -

5 5

o 0 - O Q0 -
T1 -0 T2-1 TZ-O T1 -0 T2-1 TZ-O

I Climate change effect [ Population change effect [llMJoint change effect






media/file5.png
ey =D

I I I I 1 I I I I I I
30°E 60°E 90°E 120°E  150°E 180° 150°W  120°W  90°W 60°W 30°W

B 7 I I | [ T [T
1 2 5 10 25 50 100 200 300 400 500

b
60°N
30°N

0°
30°S
60°S

- - =D

30°E 60°E  90°E  120°E  150°E  180°  150°W 120°W 90°W  60°W  30°W
[ I I | | I
1 2 5 10 25 50 100 200 300 400 500






media/file15.png
0° million b 109"5 12(.)"E 14(.)°E 160°E 180°

-~ -
H50°N LsooN

F30°N F30°N

L10°N F10°N

180°

180°

0° million
people

g -
F50°N rSO°N

F30°N 30°N

10°N F10°N

180°

0° million
people

st
F50°N F50°N

30°N F30°N

10°N F10°N

0° million
people

- -~
F50°N FSO°N

F30°N 30°N

L10°N F10°N

180°





media/file19.png
50°N-

30°NH |

10°N 5

100°E 120°E 140°E 160°E 180°
1 1 1 1
- — ﬁ’ -
AN

-50°N

-30°N

B -10°N

SR
:

180°





nav.xhtml


  atmosphere-14-00069


  
    		
      atmosphere-14-00069
    


  




  





media/file11.png





media/file6.jpg
Simulation (mm)

200

400 600
Observation (mm)

800

1000






media/file2.png
TC precipitation (mm)

0 50 100 150
Maximum wind speed (knot)

£70¢

10 20 30 40 50 60 70
Latitude (°N)

0 10 20 30 40 50 60
Latitude (°S)





media/file10.jpg





media/file7.png
Simulation (mm)

1000

800

600

400 -

200 -

200

400 600 800 1000
Observation (mm)






media/file1.jpg
o 50

100 150
Maximum wind spee (nol)

Latitude (*S)





media/file16.jpg
Mmu ol K 3 k
mm.n - t - e

o
o
0

o

o
H
0 Mion

8 g =
s omaunuon






media/file0.png





media/file22.jpg
T T Tio o

-
=
-
=

Tio Tar Tio Tar
& = L 1
Tio Tio Tar
. -
Lo &2
foo o,
“© 29
2
ks = 10
To Tar

L

20

@2

T

-Chmam changu ok -Poyu\a!ian change effect IlJoint change effect





media/file17.png
Q

Contribution rate (%)

(7]

Contribution rate (%)

-
o
o

o
o

(o))
o

-
o
o

00]
o

| I Joint change effect

[l Climate change effect
[ Population change effect

82.1

| [ Joint change effect

[ Climate change effect
[ Population change effect

Contribution rate (%)

[l Climate change effect
[ Population change effect

| I Joint change effect
721

1-0

71.7

[l Climate change effect
[ Population change effect

I Joint change effect

65.3
57.9

78.9






media/file4.jpg
e w0 e e hE iy 1sow oW sow _ew o

Tz s W o®m ® W w W w0

SO
=
e w0 we e b iy wsow mw sow _ew oo
=

T2 s 1w 2 s 0 20 0 40 50





media/file21.png
o
o o o o
©C ® ©o v & ©

2 (%) 8jes uopnquuo)

o _
© 88 § & ©
® (%) @jes uonquyuo

=
o~
T

60.5

ot
o
™

D T T T
S 8 83 F & ©
T (%) 8.l uonnguuo)

70.9

© (%) 8jes uonnguuo)

T2-1

X
T

=
o~
T

100

o O O O o
W O = o
w (%) @)es uonnquuoY

o O O O o
w O = «o
@ (%) @jes uonquuo)

TZ-D

T2- 1

S
T1

58.3

47.547.8

73.0

S o o o o
= ® © ¥ «
£ (%) 8jes uonnquiuo)

0

88.8

m
o
fe] o

o)

™
©
Lt

3.0

10.6

-
7]
@

o
©S 8 8 § & ©
o (%) @jes uonqLuo)

TZ-O

-1

T2

T1-0

T2-1 T2-0

T
1-0
B Climate change effect [ Population change effect [l Joint change effect





