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On the basis of daily observations data from 1984 to 2020, the spatiotemporal characteristics of extreme precipitation events in the Poyang Lake Basin (China) were analyzed using the intensity–area–duration method. With consideration of spatially distributed data on gross domestic product (GDP), population, and disaster losses related to historical extreme precipitation events, the exposure and vulnerability of the population and GDP of the study area to extreme precipitation events were systematically assessed. The results revealed the following. 1) The intensity and frequency of extreme precipitation, as well as the area affected, showed trends of increase, especially in the northeast of the basin. 2) Population exposure in the basin showed a trend of increase of 2.43 million/a. Change in population exposure was greatest in the most recent 10 years, with an average increase of 6.64 million/a. Change in extreme precipitation was the primary driver of the rapid increase in population exposure. 3) The average annual GDP exposure of the basin was ¥5.43 billion, and economic exposure has increased substantially at an average rate of ¥0.56 billion/a. Unlike population exposure, the increase in economic exposure was driven mainly by rapid economic growth. 4) By constructing vulnerability curves of economic losses in different decades, the trend of economic vulnerability was found to have clearly declined, i.e., economic vulnerability in 2010 was 13.3 (4.1) times lower than that in the 1990s (2000s). Effective disaster prevention and reduction measures should urgently be adopted in the study area to mitigate the effects of increase in extreme precipitation events.
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1 INTRODUCTION
The impact of extreme or non-extreme events is a function of both the nature of physical hazard and the exposure and vulnerability of society to such events (IPCC, 2012). Research has focused on characterizing potential changes in the frequency and the magnitude of physical hazards, whereas possible changes in exposure and vulnerability have received less attention. However, recognition of the importance of this dimension is growing, as evidenced by the treatment of risk, exposure and vulnerability in the Intergovernmental Panel on Climate Change (IPCC) Special Report on Extremes (IPCC, 2012) and IPCC AR5 WGII (IPCC, 2014).
Exposure refers to the inventory of elements (e.g., the population, economy, and fixed assets) of an area in which hazard events may occur (Cardona, 1990; UNISDR, 2009). Hence, if population and economic resources were not located in (exposed to) potentially dangerous settings, no problem of disaster risk would exist (IPCC, 2014). Vulnerability refers to the propensity of exposed elements such as human beings, their livelihoods, and assets to suffer adverse effects when impacted by hazard events (UNISDR, 2009; IPCC, 2012). It is directly related, in the context of climate change, to the susceptibility, sensitivity, and lack of resilience or capacity of the exposed system to cope with and adapt to extremes and non-extremes (Brklacich and Bohle, 2006; IPCC, 2012). Under the same level of exposure, the degree of adverse effects depends on vulnerability.
In developed countries, disaster losses mainly comprise economic losses. In developing countries, however, disasters can lead to both huge economic losses and heavy casualties. During 1970–2008, more than 95% of fatal accidents caused by natural disasters occurred in developing countries. This difference between developed and developing countries is mainly attributable to differences in vulnerability and exposure, rather than to variation in actual hazards (Zheng, 2012).
Extreme precipitation is one of the drivers of the most severe disasters in China, with 37.2% of economic losses and 11.7% of casualties during 1984–2014 related to meteorological disasters (Qin et al., 2015). Poyang Lake Basin, located in the middle and lower reaches of the Yangtze River (China), has a subtropical monsoon climate with high and temporally concentrated annual precipitation. The basin is also among the regions of China with the fastest economic growth, with its annual rate of increase in gross domestic product (GDP) averaging 7.3% during 1990–2020. During 1990–2020, 68% of economic losses and 85% of casualties related to meteorological disasters in the basin were attributable to extreme precipitation and derivative disasters (CMA, 1990–2020). Therefore, understanding the impact of changes in extreme precipitation events on exposure and vulnerability in the Poyang Lake Basin is essential.
Most previous related studies have focused on the evolution and the spatiotemporal distribution of extreme precipitation. Extreme precipitation has been found to be increasing both in China nationally and in the Poyang Lake Basin specifically. In southern China, the number of short-term extreme precipitation events and their 50-year return period are expected to increase considerably. In northern China, the number of long-duration extreme precipitation events and their 10-year return period are also expected to increase (Yuan et al., 2015). In the Poyang Lake Basin, extreme precipitation has also increased but with a notable change in rate at around 1990. The increased temporal variability and heterogenous distribution of precipitation in the basin might lead to increased risk of both drought and flooding (Guo et al., 2006; Wang et al., 2009).
In recent years, focus has shifted onto the exposure and the vulnerability components of disasters (Gray & Mueller, 2012; Jongman et al., 2012; Haer et al., 2013; Hirabayashi et al., 2013). Using the intensity–area–duration (IAD) method, Zhai et al. (2017) studied not only the changing characteristics of drought but also the exposure to drought in China. On the basis of socioeconomic data of Jiangsu Province, Wang et al. (2015) analyzed exposure and vulnerability to flood disaster in Jiangsu Province. Using provincial-level data, Jing et al. (2016) calculated the regional exposure of population and GDP to extreme precipitation in China.
Notably, attempting precise basin-level research based on provincial-level data is inappropriate. In this study, using daily precipitation data (1984–2014) from 83 meteorological stations in and around the Poyang Lake Basin, an extreme precipitation event was defined as an event during which the precipitation exceeded the 90th percentile from 1984 to 2020. Using the IAD method, both the intensity and the frequency of extreme precipitation events in the Poyang Lake Basin were calculated, and the area impacted by such events was determined. On the basis of the derived areas of impact and county-level socioeconomic data, the exposure of both the population and the GDP of the basin were analyzed. Then, considering historical disaster loss data, exposure data, and precipitation intensity data, intensity–loss curves were constructed and change in the vulnerability within the basin was investigated.
The conclusions derived from this research constitute a technical reference that could support measures intended for the prevention and mitigation of the effects of extreme precipitation, and provide a scientific basis to ensure sustainable socioeconomic development.
2 DATA AND METHOD
2.1 Study area
The Poyang Lake Basin (28°22′–29°45′N, 115°47′–116°45′E, surface area: 1.62 × 105 km2) is located in the southern part of China, in the middle–lower reaches of the Yangtze River (Figure 1). The basin has a typical temperate and monsoonal climate with four distinct seasons. From 1984 to 2020, annual mean temperature was 18.2 °C and annual mean precipitation was approximately 1,691 mm. The precipitation is concentrated in the flood season (April–July), with 53% of the annual total falling within this period on average. Accordingly, extreme precipitation disasters represent one of the main types of the natural disasters that occur within the basin.
[image: Figure 1]FIGURE 1 | Location of the main cities and distribution of meteorological stations in the Poyang Lake Basin, China.
Nanchang is the capital of Jiangxi Province and the largest city within the basin. In 2020, Nanchang’s GDP was ¥574.551 billion and its permanent population was 6.26 million. Ji’an, Jiujiang, and Fuzhou are among the other 10 main cities (circles) within the basin (Figure 1).
2.2 Data
2.2.1 Meteorological data
This study used quality-controlled daily precipitation data obtained from 83 meteorological observation stations for the period 1 January 1984 to 31 December 2020 (black dots in Figure 1). Prior to further analysis, these data were tested for homogeneity. The quantity of missing data, corresponding to <0.25% of the total, had little or no impact on the research results. On the basis of the observed precipitation data and with consideration of their continuity, anomaly interpolation (New et al., 1999, 2000) was used to create 0.25° × 0.25° grids. This method has been used previously in interpolation of the Climatic Research Unit dataset, and has been found to effectively capture the spatiotemporal distribution of daily precipitation in the Poyang Lake Basin (Xu et al., 2009; Wu and Gao, 2013).
2.2.2 Disaster data
Information on disaster losses prior to 2000 was obtained from the China Meteorological Disaster Canon (Wen, 2008). Data for the period after 2000 were obtained mainly from the China Meteorological Disaster Yearbooks (CMA, 2001–2020).
2.2.3 Socioeconomic data
Annual population and GDP data for the Poyang Lake Basin were derived from the Jiangxi Province Statistical Yearbooks and comprise county-level statistical data (Figure 2). The population has grown from 34.6 million in 1984 to 45.2 million in 2020, at an average rate of growth of 0.29 million (Jiangxi Provincial Bureau of Statistics, 1984–2020).
[image: Figure 2]FIGURE 2 | Yearly (A) population and (B) GDP (¥) of the Poyang Lake Basin (1984–2020).
Without considering inflation, the GDP of the Poyang Lake Basin has increased from ¥16.9 billion (1984) to ¥2569.2 billion (2020) at an average rate of increase of ¥65.0 billion/a. Here, considering changes in the consumer price index, the GDP data were normalized to 2014. Following this adjustment, GDP was found to have increased from ¥71.6 billion (1984) to ¥2569.2 billion (2020) at an average rate of increase of ¥66.6 billion/a. The population and GDP data for the Poyang Lake Basin were interpolated to a 0.25° × 0.25° grid (Figure 3) using the grid weight calculation method (Zhan M. J. et al., 2019).
[image: Figure 3]FIGURE 3 | Annual average rate of increase in (A) population and (B) GDP in the Poyang Lake Basin (1984–2020).
2.3 Method
2.3.1 Intensity–area–duration (IAD) method
Intensity–Area–Duration Method This study adopted the IAD method that linked three important features of extreme events: intensity, impact area, and duration (Andreadis et al., 2005; Sheffield et al., 2009). Contiguous grid points with daily precipitation≥50 mm over a given time scale and a continuous area were selected as an extreme event. The mean precipitation of the extreme event was selected as the intensity in this method. The IAD method can be used to both study the simultaneous changes in intensity and impact area over a given duration, and analyze the most severe regional extreme precipitation events by plotting an envelope curve (Figure 4). This method has been successfully applied to analyses of heat waves, drought, and extreme precipitation events in China (Huang et al., 2017; Zhai et al., 2017; Zhan L. F. et al., 2019).
[image: Figure 4]FIGURE 4 | Construction of intensity-area-duration (I-A-D) curve. ((A–E): Determination of the range ofextreme events; (E): The extreme events in Poyang Lake Basin; (F): The IAD curve of all the events.) (Zhan M. J. et al., 2019).
2.3.2 Definition of exposure and analysis of contribution rate
The number of people exposed to an extreme event was defined as the population exposure (Fouillet et al., 2006). Exposure to extreme precipitation events is affected by the frequency of occurrence of such precipitation and the size of the population. Consequently, population exposure is affected by the combined effects of climatic factors (change in frequency of extreme precipitation with constant population size), population factors (constant frequency of extreme precipitation with change in population size), and climatic–population factors (changes in both frequency of the precipitation and population size). The change in population exposure to extreme precipitation events can be expressed as follow (Huang et al., 2016; Zhan L. F. et al., 2019)
[image: image]
where F is the frequency of extreme precipitation, ΔF is the change in the frequency of extreme precipitation, P is the population size, and ΔP is the change in the population size.
For ease of comprehension, it is assumed that the contribution rate of increased population exposure is positive, and that the contribution rate of different influencing factors in the change of population exposure to extreme precipitation is as follows:
Rate of contribution of climatic factors:
[image: image]
Rate of contribution of population factors:
[image: image]
Rate of contribution of combined climatic-population factors:
[image: image]
where F and P represent the frequency of extreme precipitation events and the size of the population, respectively, F × ΔP is the influence of population factors, P × ΔF is the influence of climatic factors, and ΔF × ΔP is the combined influence of climatic–population factors.
The exposure and contribution rate of GDP could be analyzed in a manner similar to that adopted for the population.
2.3.3 Intensity–loss rate curve
The relationship between precipitation intensity and loss rate can be fitted using the Napierian Logarithm (ln) function as follows:
[image: image]
where r is the ratio between losses and GDP for the exposed area, a is the slope, and I is quantified by the maximum areal precipitation during an extreme precipitation event (Jiang et al., 2020).
In this study, the intensity–loss rate curves for the period 1990–2020 were built and used to estimate the losses associated with extreme precipitation events in future scenarios.
3 RESULTS
3.1 Changes in impact area, frequency and intensity of extreme precipitation events
Figure 5 shows that the area of the Poyang Lake Basin affected by extreme precipitation has increased continuously at a mean rate of 6.0 × 103 km2/a. From the interdecadal perspective, the area impacted by extreme precipitation events was highest in the 1990s (1991–2000) and 2010s (2011–2020), with an annual average of approximately 5 × 105 km2 in both cases. In the past decade, the impacted area has increased more notably, with a growth rate of 2.4 × 104 km2/a (significance at 95%).
[image: Figure 5]FIGURE 5 | Area impacted by extreme precipitation events in the Poyang Lake Basin (1984–2020).
The frequency of extreme precipitation events reflects the number of events affecting the region, with higher frequency usually meaning greater impact. Figure 6 reveals that the number of extreme precipitation events in the 1990s (1991–2000) and 2010s (2011–2020) reached an average of three per year. These were the decades during the study period in which extreme heavy rainfall occurred most frequently. According to the spatial distribution of the annual frequency of extreme precipitation during 1984–2020 (Figure 7), various regions of the basin were affected differently by extreme precipitation events. The high-value centers (annual occurrence frequency: ≥2.8) were located mainly in the eastern and western border mountain areas and in the central mountains, consistent with the distribution of high-elevation terrain (Figure 1). The low-value areas were distributed in northern and southern parts of the basin. Thus, topography evidently affects the distribution of the frequency of occurrence of extreme precipitation in the Poyang Lake Basin.
[image: Figure 6]FIGURE 6 | Frequency of occurrence of extreme precipitation events in the Poyang Lake Basin (1984–2020).
[image: Figure 7]FIGURE 7 | Spatial distribution of the annual frequency of occurrence of extreme precipitation events in the Poyang Lake Basin (1984–2020).
Over the period 1984–2020, the average intensity of extreme precipitation events in the Poyang Lake Basin was 73.3 mm/d. Figure 8 illustrates the change in precipitation intensity. Overall, annual intensity showed a trend of increase with a mean rate of 0.22 mm/d/a (significance at 90%). From the interdecadal perspective, the annual intensity of precipitation in the 2010s was also the highest, i.e., 76.5 mm/d (Figure 8).
[image: Figure 8]FIGURE 8 | Intensity of extreme precipitation events in the Poyang Lake Basin (1984–2020).
The spatial distribution of the annual intensity of extreme precipitation events during 1984–2020 exhibited an obvious regional characteristic of weakening from the northeast toward the south west (Figure 9). The maximum-value center was located in the northeast of the basin, with intensity of >75 mm/d (and some areas with intensity of 85 mm/d). The low-value areas with intensity of <65 mm/d were distributed in the southwest of the basin. The northeast of the basin was also the area with high values in terms of frequency of occurrence of extreme precipitation vents. This finding is largely consistent with that of Wu and Zhan, 2020. Consequently, authorities in the northeast of the basin should attach much importance to the management and mitigation of the possible impacts of extreme precipitation events.
[image: Figure 9]FIGURE 9 | The spatial distribution of annual mean intensity of extreme precipitation events in Poyang Lake Basin from 1984 to 2020.
3.2 Exposure of population and GDP
In developing countries, exposure is an important determinant of disaster losses (Zheng, 2012). The average total cumulative population exposure annually to extreme precipitation in the Poyang Lake Basin was 110.84 million during 1984–2020. Population exposure showed a trend of increase at an average rate of 2.43 million/a (Figure 10). In decadal terms, the annual population exposure increased significantly in the 2010s, being 22.36 million higher than that in the 2000s. In the most recent 10 years, the population exposure increased by 6.64 million/a on average, i.e., at a rate greater than the average increase over the entire study period.
[image: Figure 10]FIGURE 10 | Population exposure in the Poyang Lake Basin (1984–2020).
During 1984–2020, the average total cumulative GDP exposure to extreme precipitation in the Poyang Lake Basin annually was ¥5.43 billion (Figure 11). GDP exposure showed a trend of rapid increase at a rate of 0.56 billion/a. Annual GDP exposure in the 2010s was 86 times higher than that in the 1980s. The rapid growth in GDP exposure was attributable to both the increase in the frequency of occurrence of extreme precipitation events and, more importantly, the rapid regional economic development.
[image: Figure 11]FIGURE 11 | GDP exposure in the Poyang Lake Basin (1984–2020).
Figure 12 shows that the average annual change in population exposure and GDP exposure in northern, central, western, and southern parts of Poyang Lake Basin were relatively high, reaching 0.5 million and ¥50 million, respectively. The frequency of occurrence of extreme precipitation events in Nanchang was not the highest, but owing to its relatively well-developed economy and concentrated population, Nanchang has become the center of greatest population and economic exposure. The distributions of population and GDP exposure were broadly consistent with the distributions of population and GDP (Figure 3), which in turn were consistent with the distribution of the major cities in the Poyang Lake Basin. It can be seen that the distributions of population and GDP exposure were affected not only by the distribution of extreme precipitation but also by the distribution of population and GDP.
[image: Figure 12]FIGURE 12 | Spatial distribution of average annual change in (A) population exposure and (B) GDP exposure to extreme precipitation events in the Poyang Lake Basin (1984–2020).
Changes in population (GDP) exposure to extreme precipitation events depend on changes in the spatial distributions of climate and population (GDP) (Zhan M. J. et al., 2019). Table 1 lists the rate of contribution of each factor that influences population exposure, where a negative rate of contribution indicates that the contribution was opposite to the trend of population exposure, and where the absolute value indicates the rate of that contribution. Changes in population exposure to extreme precipitation events across the Poyang Lake Basin have been dominated by climatic factors, although the rate of contribution decreased gradually and changed from a negative contribution (−244.6% for the 2000s in comparison with the 1990s) to a positive contribution (76.6% for the 2010s in comparison with the 2000s) during 1984–2020. During 2011–2020, in comparison with 2001–2010, the population influenced by climatic factors increased by up to 17.13 million (76.6%) because of the sharp increase in the frequency of occurrence of extreme precipitation events. The period in which population factors were most influential was during the 2000s, which is when the influence of the population increased by 2.39 million (167.4%) in comparison with the 1990s. Subsequently, the population influenced by population factors gradually decreased. Generally, interaction between climatic and population factors had less impact on population exposure than that of either climatic factors or population factors alone. Climatic factors had the greatest impact on population exposure, whereas the effect of population factors exhibited a trend of decline. This can be explained by the substantial increase in extreme precipitation in recent years, during which the basin has experienced slow population growth.
TABLE 1 | Analysis of factors influencing change in population exposure to extreme precipitation events across the Poyang Lake Basin.
[image: Table 1]Table 2 lists the rate of contribution of each factor that influences GDP exposure. Changes in population exposure to extreme precipitation events across the Poyang Lake Basin have been dominated by GDP factors. The contribution of the GDP factor was always positive. Additionally, the absolute value was also greater than that of both the climate factors and the combined factors. GDP factors had the greatest impact on GDP exposure, whereas the effect of GDP factors exhibited trends of increase. This can be attributed to the rapid economic growth within the Poyang Lake Basin.
TABLE 2 | Analysis of factors influencing change in GDP exposure change to extreme precipitation events across the Poyang Lake Basin.
[image: Table 2]3.3 Development of intensity–loss rate curves for the Poyang Lake Basin
For estimation of the direct economic losses caused by extreme precipitation, intensity–loss rate curves were established for the Poyang Lake Basin based on extreme precipitation losses recorded in the yearbooks of meteorological disasters in China for the period 1984–2020 (CMA, 1984–2020; Su et al., 2018). The ratio of the direct economic losses to the GDP in a specific year was regarded as the GDP loss rate. For convenience of comparison between decades, the curves were established from the 1990s.
In Figure 13, extreme precipitation intensity is plotted on the horizontal axis, denoting the averaged intensity of total extreme precipitation events per year as described in Section 3.1, and the loss rate is plotted on the vertical axis, denoting the GDP loss due to extreme precipitation.
[image: Figure 13]FIGURE 13 | Relationship between extreme precipitation intensity and economic losses per unit area for each decade in the Poyang Lake Basin, China.
The slope (a) of an intensity–loss rate curve is an indicator of the adaptation capacity. Provinces with a lower a would usually encounter lower losses than those of provinces with a higher a when subject to extreme precipitation of similar intensity. With socioeconomic development, the adaption capacity of a region to meteorological disasters such as extreme precipitation should increase, and with increase in extreme precipitation intensity, the loss rate should increase. The loss rate of the Poyang Lake Basin was approximately 0%–10% in the 1990s, 0%–3% in the 2000s, and 0%–1% in the 2010s, i.e., the loss rate gradually decreased. The value of a was 6.69 in the 1990s, and it gradually decreased to 2.25 in the 2000s, and then to 0.48 in the 2010s, meaning that the loss rate of the basin has indeed become smaller under the same intensity of extreme precipitation. In other words, the adaption capacity of the basin has increased systematically (Figure 13).
4 DISCUSSION AND CONCLUSION
Warming-induced global changes exacerbate variations in the occurrence of climatic extremes with respect to duration, frequency, intensity, and spatial distribution (IPCC, 2013), and this is especially true in relation to the Poyang Lake Basin in China. Extreme precipitation events in the Poyang Lake Basin can have severe societal, economic, and environmental impacts (Zhan L. F. et al., 2019). Many previous studies have investigated extreme precipitation in this basin, including precipitation on different time scales (i.e., yearly, monthly, daily, and hourly), and it has been established that the frequency and the intensity of extreme heavy precipitation events in the Poyang Lake Basin are increasing (Sun et al., 2014; Wu and Zhan, 2020; Wu et al., 2021). Consideration of socioeconomic factors (e.g., population and GDP) has revealed that the magnitude of both the population and the economic assets exposed to extreme heavy precipitation within the basin has increased rapidly (Zhan L. F. et al., 2019).
This study confirmed the above conclusions and further discussed the reasons for and the contribution rates of the increased population and GDP exposure. Moreover, with consideration of historical disaster data, the extreme precipitation adaptation capacity of the Poyang Lake Basin in different decades was discussed quantitatively.
On the basis of daily observation data from 1961 to 2020, this study determined that the frequency and intensity of extreme precipitation, and the area impacted by such precipitation events, have increased, with the greatest rate of increase in extreme precipitation occurring in the most recent 10 years.
From 1961 to 2020, population and GDP exposure also increased, but the driving factors were not the same. From the perspective of changing population exposure, whether positive or negative, climate has always been the leading influencing factor. From the GDP perspective, the economic development factor has always been the dominating factor, constituting an effect far stronger than that of climatic factors.
Construction of intensity–loss rate curves for economic losses in different decades in the Poyang Lake Basin revealed that economic vulnerability has declined. In the other words, the adaptation capacity of the basin has increased. Thus, under the same intensity of extreme precipitation, the proportion of disaster losses would be substantially reduced.
The outcomes of this study will be useful for better understanding the characteristics variation in both of extreme precipitation and adaptation capacity within the Poyang Lake Basin under the continued effects of climate change.
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