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Abstract

Based on historical records and crop harvest scores extracted from historical documents, this study reconstructed the spatial-temporal distribution and severities of floods in the Yangtze-Huai River valley in 1823 and 1849. We also summarized the effects of the floods on society and identified government measures taken to cope with the floods in the context of the economic recession in the period of 1801–1850. The 1823 flood, which was caused by the heavy precipitation of the Meiyu period and typhoons, severely affected areas in the lower reaches of the Yangtze River. Meanwhile, the 1849 flood, triggered by long-term, high-intensity Meiyu precipitation in the middle and lower reaches of the Yangtze River, mainly affected areas along the Yangtze River. The 1849 disaster was more serious than the one in 1823. In the lower reaches of the Yangtze River, the 1849 flood caused the worst agricultural failure of the period 1730–1852. To deal with the disasters, the Qing government took relief measures, such as exempting taxes in the affected areas, distributing grain stored in warehouses, and transferring grain to severely afflicted areas. These relief measures were supplemented by auxiliary measures, such as exempting commodity taxes on grain shipped to disaster areas and punishing officials who failed to provide adequate disaster relief. The flood disasters disrupted the water system of the Grand Canal and forced the Qing government to transport Cao rice by sea beginning in 1826. This laid the groundwork for the rise of coastal shipping in modern China. With the economic recession of the 19th century, Chinese society was not as resilient to floods as it was in the 18th century. Compared to droughts, floods are more difficult to deal with and pose greater threats to infrastructure and to normal life and work in the cities.
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1 INTRODUCTION
Floods are highly destructive climate disasters that can cause serious economic losses (Hirabayashi et al., 2013). In 2005, Hurricane Katrina in the US caused 1570 deaths and economic losses of US $50 billion (Kates et al., 2006). The 2010 floods in Pakistan killed nearly 2000 people and caused economic losses of US $40 billion (Webster et al., 2011). Floods can inundate factories, destroy shipping facilities, and paralyze production in cities along rivers. The flood that hit the Mississippi River basin in the 1930s was a typical case (Davenport, 1937). Since the early 20th century, the economic losses caused by floods in some developed countries have shown an upward trend (Munoz et al., 2018).

Affected by monsoons, floods occur frequently in East China. From 1990 to 2005, average losses caused by floods reached more than US $15 billion. In 1991, losses caused by flood disasters accounted for more than 50% of the losses caused by all types of climate disasters (Tao et al., 1997; Xia et al., 2011). In 1998, a flood disaster in the middle and lower reaches of the Yangtze River (MLYR) killed more than 3000 people and caused direct economic losses of more than US $20 billion (Ren et al., 2000; Zhang et al., 2006). Meanwhile, flooding in the Yangtze River basin in 2016 killed 237 people and left 93 missing (Chen et al., 2020).

The extensive historical documents and other Climatic proxy data available in China provide a rich textual basis for reconstructing drought and flood disasters in acient China (Holmes et al., 2009). For example, as recorded in Yu-Xue-Fen-Cun documents, the severe drought of 1876–1878 was the worst drought disaster to have occurred in the middle and lower reaches of the Yellow River since 1736; moreover, floods occurred frequently in the 1790s, 1820s, 1880s, 1910s, 1950s, and 1960s in this region (Hao et al., 2008; Zheng et al., 2018). Using official historical materials and local chronicles of the Qing Dynasty, Hao et al. (2020) reconstructed the response of the Qing social system to the agricultural harvest failure caused by the low temperatures and drought after the eruption of the Mount Tambora volcano in 1815.

Historical records related to climate have been widely used in research on the historical climate in the MLYR in China. For instance, using records in Yu-Xue-Fen-Cun documents, Ge et al. (2008) and Hao et al. (2018) reconstructed the annual amount of Meiyu precipitation in the MLYR from 1736 to 1910, and found that the precipitation of Meiyu in MLYR area in 1849 was 376 mm, which was 166.37% of the average 226 mm during 1736–1911. Meanwhile, Hao et al. (2011) clarified the spatiotemporal distribution of 25 extreme snow events in South China from the last 500 years. Using historical records on spring phenology and relevant tree ring data, Zheng et al. (2015) found that the 1990s and 2000s were the warmest periods since the 1850s. In addition, based on climatic records found in acient diaries, the abnormally cold winter in the Lake Taihu basin from 1308 to 1309 might be taken as a signal of the transition from the Medieval Warm Period (MWP) to the Little Ice Age (LIA) (Chen et al., 2020).

The historical volume Food and Good Annals from History of Qing Dynasty records significant climate-related information. For example, after the great flood of 1823, the volume notes, “So much vitality of the country was consumed that the government can barely support it.” However, during the 1760s–1790s, the text notes that “the country was unprecedentedly rich, and this was the most prosperous period.” From 1853 to 1864, after the severe flood of 1849, the MLYR was in turmoil as a result of the War of the Taiping rebellion War, and the Qing government gradually relaxed its control over the Yangtze River basin. In 1900, 10 provinces in southeast China refused to participate in the war that of Qing government against 11 foreign countries, then the Qing Dynasty ultimately collapsed after the Wuchang Uprising in 1911. It can be seen that the 1801–1850 period was a transition period for the Qing Dynasty, from the peak of strength and prosperity in the 1790s to the great turmoil in the 1850s. The effects of the great flood of 1823 were so far-reaching that some scholars consider it one of the important causes of the 1821–1850 economic depression (Li, 2007).

After the An Lushan rebellion (AD 755–763) during the Tang Dynasty, China’s economic center shifted from the north to the MLYR, especially the Yangtze River Delta (YRD) in the lower reaches of the Yangtze River, which is the richest and most prosperous region. Using historical records related to climate disasters as well as paleoclimate records compiled by modern people in local chronicles, this study reconstructed the flood events of 1823 and 1849 that occurred in the Yangtze-Huai River valley (YHRV). We ascertained the whole processes of rainfall days and waterlogged regions during the two floods, assessed social resilience, and identified the measures taken to cope with the disasters. Finally, this paper summarized the disaster-causing characteristics of floods and discussed the connections between these flood disasters and the recession of the Beijing–Hangzhou Grand Canal economic belt.

2 STUDY AREA AND DATA
2.1 Study area

The YHRV (27°N–34°N, 110°E–123°E) consists of the MLYR and the Huaihe River basin, which, during the Qing Dynasty, was mainly composed of Jiangsu, Zhejiang, Anhui, Jiangxi, Hubei and Hunan Provinces (Figure 1). Affected by the northward moving of the Western North Pacific Subtropical High (WNPSH) in early summer, there is continuous cloudy, rainy weather for an average of 20 days in this area from June 5 to June 14 until the first ten days of July; this rainfall is known as Meiyu (Wang and Lin, 2002; Sun et al., 2020). The Meiyu belt extends eastward from the YHRV to the Korean Peninsula and Japan, triggering local torrential rainfall, the precipitation can reach 150–400 mm in five days and induce flooding (Guan et al., 2020; Yang et al., 2020). Moreover, since typhoons often make landfall along the coastline of the YHRV in summer and autumn, typhoon-induced floods also occur in Zhejiang, Jiangsu, and Anhui Provinces, especially in the YRD area (Wang and Li, 2007).

2.2 Data sources

2.2.1 Historical data

The historical materials used in this study originated from the Records of Qing Dynasty (Document 1; D1 for short), the Food and Good Annals from History of Qing Dynasty (Document 2; D2 for short), the River Flood Historical Archives in Qing Dynasty (Document 3; D3 for short), and the Chinese Three Thousand Years Meteorological Record Collection (Document 4; D4 for short) (Zhang, 2004).

The D2. It records relief expenditures for some serious climate disasters during the Qing Dynasty covering more than 200 years, also includes the money spent on some large-scale water-conservancy projects, variations in south–north grain transportation channels, and general trends in national economic development. Such data provided us with depictions of social and economic conditions when floods occurred in different years (Table 1).

The historical flood data in D3 were mainly extracted from memorials presented by local government officials to the throne during the Qing Dynasty, which are preserved in imperial palaces for the period 1736–1911. These historical materials cover the rainfall, water regimen, disasters, and water levels of rivers and lakes in the major river basins of East China. They include the exact times and places of flood disasters, the losses caused by flood disasters, interference with the normal operations of society caused by floods, comparisons of flood-disaster severity in different years, and interference with inland navigation caused by floods. For this study, the Yangtze River Flood Historical Archives in Qing Dynasty (D3-1 for short) and Huai River Flood Historical Archives in Qing Dynasty (D3-2 for short) were selected from D3 (Table 1).

D4 refers to written records concerning various meteorological phenomena compiled by the China Meteorological Administration based on excerpts from 7713 local chronicles and 28 biographies from the oracle bone script period to AD 1911. These records describe weather phenomena such as floods, droughts, rain, and snow, as well as the scope and severity of meteorological disasters. Since most of the data were derived from historical county chronicles, the records about counties affected by climate events were detailed (Table 1).

2.2.2 Crop harvest data

Zhang (1996) extracted the crop harvest score records, and developed harvest series for 87 sites. Among these 87 sites, we selected 27 sites located in YHRV (Figure 2a), calculated the mean value of each site to obtain the average grain yield scores of the 27 sites from 1730 to 1910, to represent the harvest condition from 1730 to 1910 (Figure 2b). As shown in Figure 2b, the agricultural harvest reached its peak from the 1770s to the 1790s. This peak is consistent with D2, which describes the middle and late period of the reign of Emperor Qianlong (1760–1790s) as the richest period of the Qing Dynasty. However, the agricultural harvest shows a significant downward trend from the 1800s to the 1850s, which is consistent with the 1821–1850 economic depression described in D2. This period featured the gradual deterioration of national financial conditions, marked by the great floods of 1823 and 1833. In addition, after the 1850s, the rebel army of the Taiping Heavenly Kingdom (recorded as Taiping rebellion in official documents) was active in the MLYR, which also corresponds to the severe social unrest following the steady deterioration of the crop harvest. This period of the continuous decline of the crop harvest from the 1800s to the 1850s (Figure 2b) was the historical backdrop of the agricultural harvest in 1823 and 1849, when the great floods occurred.

3 ENTIRE PROCESS OF 1823 AND 1849 FLOODS
Based on the records in D1, D3, and D4, we clarified the time periods with heavy rainfall that caused the flood disasters of 1823 and 1849, and we compared the number of counties affected by different types of disasters in those two years. On this basis, we created a distribution map showing flood-disaster severity in the affected areas based on the harvest scores of each site in 1823 and 1849 in the 1730–1910 harvest series. Lastly, based on D1 and D2, we identified the relief measures taken by the Qing government to cope with the two floods.

3.1 Spatial-temporal distribution of rain

3.1.1 1823

According to D3-1 and D3-2, heavy rainfall was recorded in the YRD in April and May 1823, closely followed by the Meiyu in summer. In other words, there was no obvious time boundary between the spring rain and the Meiyu. In the MLYR, concentrated rainfall lasted for 29 days from 9 June to 7 July. Rainfall along the MLYR was relatively heavy from 19 June to 2 July, and at least 10 short-term strong convective showers occurred in north Zhejiang from 8 July to 5 August. Zhejiang, Jiangsu, and Anhui Provinces experienced two typhoons during 7–8 August and on 13 August (D3-1). When a typhoon passes over, precipitation is heavy and the wind is strong. Since the northward movement of the two typhoons affected Anhui and north Jiangsu Provinces, the Huaihe River basin also experienced heavy precipitation and strong winds in August. In addition, a typhoon made landfall on the east YHRV on September 3, but the impact was insignificant.

3.1.2 1849

According to D3-1, in 1849, the Meiyu period in the MLYR lasted 39 days, from 11 June to 19 July. The heavy rainfall in Hubei and Hunan Provinces in the middle reaches of the Yangtze River began in Mid-June and lasted until Mid-July. Jiangxi, Anhui, Jiangsu, and Zhejiang Provinces in the lower reaches of the Yangtze River entered the Meiyu period at the same time as the middle reaches of the Yangtze River, on 11 June. By early July, the rain band had not yet been lifted northward and was still stranded in north Jiangxi, Anhui, Jiangsu, and north Zhejiang Provinces along the Yangtze River, bringing continuous heavy precipitation to these areas until 19 July when the rain band moved northward. From late June to mid-July, the flood peaks formed by heavy rainfall in Sichuan, Chongqing, and Guizhou Provinces in the upper reaches of the Yangtze River converged with heavy precipitation from the MLYR in Hubei and Hunan Provinces in the middle reaches of the Yangtze River. This was also the cause of flood disasters in the MLYR.

3.2 Disaster severities

3.2.1 1823

According to D3-1 and D3-2, flooding occurred in the MLYR in 1823, with the severity of the flood disaster in Anhui Province the same as that in 1788 (“(July 3) There was lots of rain in Anhui Province this year, but due to the abundant water coming from the upstream Hubei Province, the severity of the disaster is the same as that in 1788”). However, the typhoon that made landfall along the coast of East China in August brought heavy precipitation and strong winds, which aggravated waterlogging in the lower reaches of the Yangtze River. For example, “[Taizhou City]: On August 8, there was heavy rain, with the depth of ground surface water being 1 m”; “[Jingjiang County]: August 8 witnessed great tide water in the Yangtze River”; “[Songjiang County, Shanghai]: Strong wind and heavy rain on 7 and 13 August broke trees and destroyed houses”; “[Pinghu County, Zhejiang Province]: On 7 August, the strong wind broke trees, and torrential rain poured intensively.” In addition to flooding farmland, the flood also rushed into the city, destroying some infrastructure. For example, “[Anhui Province]: All the city walls and the prison in Quanjiao County were damaged by the flood,” and “[Chaohu City, Anhui Province]: The dikes in the Yangtze River burst.” Under the influence of the northward typhoon, waterlogging occurred in some areas of the Huaihe River basin because of too much rainfall, perhaps because of the superposition of the northward movement of the typhoon and the northward uplift of the main rain band. However, the waterlogging disaster was not as severe as in the MLYR. Several typhoons successively affected the coastal areas of the YHRV and moved northward toward the North China Plain, causing severe flooding in Zhili Province (now Hebei Province). Therefore, the south-to-north movement of typhoon cyclones was also an important factor contributing to flooding in both North and South China in August 1823.

3.2.2 1849

According to D3-1 and D3-2, the serious flood disasters that hit the MLYR in 1849 were triggered by heavy rainfall during the Meiyu period in the MLYR and the water from the upper reaches of the Yangtze River caused by heavy precipitation in Guizhou and Sichuan Provinces. For example, “[Hubei Province]: From 20 June to 19 July, regions to the south of Mianyang were submerged by a broad expanse of water, with the depth of accumulated ground surface water in Wuhan City being 1 m, and 70–80% of the houses were flooded”; “[Jiangxi Province]: Low-lying villages and towns like Yugan, Wannian, Nanchang, Xinjian, and Jinxian suffered from waterlogging, and most of the houses collapsed”; “In Anhui Province, the water in the Yangtze River rose sharply from 20 June to 19 July, and the water level increased rather than decreased after July 19, which was 1 m higher than the highest water level in 1848, with the surface water in Lujiang County being 1.5–1.8 m deep.” According to historical records, the Huaihe River basin to the north of the Yangtze River also experienced flooding after the heavy precipitation, but the disasters were not as severe as those in the MLYR. “There was continuous heavy rainfall in north Anhui Province from August 18 to 24, and stagnant water cannot be vented.”

3.2.3 Comparison of disaster severities between 1823 and 1849

According to D2, “The flood in 1823 greatly damaged national vitality” (D2), indicating the severity of that flood disaster. However, many historical records imply that the flood disaster of 1849 was more serious than the one in 1823. For instance, “The disaster in Zhejiang Province in 1849 was several times more serious than that in 1823.… The flood disaster in 1823 was less serious than that in 1849, with fewer affected places” (D3-1). To illustrate the impacts of the two floods on the social system of the time, we sorted out the affected county-level administrative units that were exempted from taxes and distributed food or silver by the government, as recorded in D1. In other words, these were the disaster sites. In 1823, 150 county-level administrative units were exempted from taxes or relieved by the government (Figure 3a). In 1849, there were 221 such administrative units (Figure 3b). It is worth noting that tax exemption was granted to all the disaster stricken areas, and food or silver relief was given to the hardest hit areas, so the food or silver relieving areas were included in the tax exemption areas. It can be seen that more places were afflicted in 1849. To further compare the severity of flood disasters in the two years, we referred to more detailed records of the disasters in D3 and D4. Based on the five types of records, we calculated the number of counties comparatively affected by the flood disasters. The disasters were divided into the following categories: “dike destroyed by rush of water,” “floods rushed into the city wall,” “cities were filled with so much water that people could row boats on streets,” “government buildings were flooded so that officials could not work,” and “civilians starved to death or drowned because of the floods.” Statistical analysis showed that 52 and 124 sites suffered from the five abovementioned types of disaster in 1823 and 1849, respectively (Figure 4a–f). The disasters in 1849 were more severe than those in 1823, especially in terms of situations in which floods rushed into the cities, cities had so much water that people could row boats, government buildings were flooded such that officials could not work, and civilians starved to death or drowned. It is worth noting that the number of counties with dikes washed away by floods in 1823 and 1849 was quite close—21 and 23, respectively. The reason is that the east part of the YHRV was affected by at least three typhoons in August and September 1823, strong wind also had certain destructive power to the dams. Further, the typhoon in the summer and autumn of 1823 might have laid the groundwork for the flood affecting Hongze Lake at the end of 1824 (this is further examined in the discussion section).

To further explore the differences between regions in terms of disaster conditions, we extracted the agricultural harvest data of 1823 and 1849 in the study area. The crop harvest map shows that Jiangsu and Anhui Provinces and the north of Zhejiang Province had poor harvests in 1823 while Jiangxi Province had a very good harvest, especially in its south and central areas (Figure 5a). The overall harvest in 1849 was significantly worse, especially in lower reach of the Yangtze River, where the crop harvest scores of Shanghai, Suzhou, Nanjing, Hefei, Anqing, and Hangzhou were all less than or equal to 5.5 cheng (Figure 5b). Further, in 1849, the harvest score of the region YRD and south-central Anhui Province represented by six sites was the lowest from 1730 to 1852. In addition, harvest score of this region in 1849 was also the second-lowest harvest value of the 19th century (The MLYR fell into war during 1853–1864, the extremely low value in 1856 might have been caused by the unrest of the War of the Taiping rebellion), which also shows that the flood disaster of 1849 was more serious than the one in 1823. It should be noted that in 1823, 1831, 1833, and 1849—the years with the lowest harvest scores in the first half of the 19th century—the study area was hit by flood disasters, indicating that floods had a stronger impact than droughts on agricultural harvest in this area represented by the six sites: Shanghai, Suzhou, Nanjing, Hefei, Anqing, and Hangzhou (Figure 5c,d).

3.3 Countermeasures taken by the government to cope with the floods

To cope with these disasters, the Qing government adopted some direct disaster-relief measures (e.g., postponing the imposition of taxes, exempting taxes, using stored grain for disaster relief, distributing food from areas with bumper harvests to disaster areas, and allocating taels of silver from the state treasury to disaster areas). To explore potential energy of the social system for relief, the Qing government also issued probusiness policies such as opening up coastal trade and reducing taxes on grain sales. Moreover, to ensure stable grain prices in disaster areas, the government severely cracked down on grain hoarding and punished officials who failed to do their best in the disaster-relief effort.

3.3.1 1823

According to D1, in 1823, among the six provinces affected by flood disasters in the YHRV, 150 counties were exempted from taxes (or taxes were postponed), including 57 counties in Jiangsu Province, 19 in Zhejiang Province, 42 in Anhui Province, 13 in Jiangxi Province, 14 in Hubei Province, and 5 in Hunan Province. To deal with the 1823 flood, the central government used reserves in the national treasury for disaster relief, allocating 540,000 taels of silver to Jiangsu Province, 300,000 to Zhejiang Province, 1.3 million to Anhui Province, 40,000 to Jiangxi Province, and 40,000 to Hubei Province, totaling 2.22 million taels of silver. Altogether 84 county-level administrative units were relieved by allocating food or taels of silver, including 42 counties in Jiangsu Province, 18 in Zhejiang Province, 19 in Anhui Province, 1 in Jiangxi Province, and 4 in Hubei Province. The grain transferred from outside the affected regions mainly came from Sichuan, Fujian, and Taiwan Provinces while the less afflicted Jiangxi, Hubei, and Hunan Provinces within the flood-affected regions also allocated food to relieve the hardest-hit areas (i.e., Jiangsu, Zhejiang, and Anhui Provinces). The Qing government also opened the sea transport of commodities and grain from Taiwan Island to Zhejiang Province and issued tax-free vouchers to grain vendors in Nanjing, Suzhou, and Taicang in Jiangsu Province. In addition, the government supervised the sale of grain to prevent grain vendors from hoarding grain and driving up grain prices in disaster areas. Moreover, the government removed Zhu Hao (a prefecture magistrate) and Zhang Jiashi (a county-level official), who fell short in their disaster-relief efforts.

3.3.2 1849

According to the records in D1, 221 county-level administrative units were exempted from taxes (or taxes were postponed) in 1849, including 65 counties in Jiangsu Province, 45 in Zhejiang Province, 42 in Anhui Province, 21 in Jiangxi Province, 32 in Hubei Province, and 16 in Hunan Province. In terms of disaster relief, the central government of the Qing Dynasty only provided the affected areas with one million taels of silver. 134 county-level administrative units were relieved with silver and crops, including 45 in Jiangsu Province, 24 in Zhejiang Province, 18 in Anhui Province, 14 in Jiangxi Province, 24 in Hubei Province, and 9 in Hunan Province. Regarding disaster relief for the seriously affected areas of Jiangsu, Anhui, and Zhejiang Provinces, they were exempted from the Cao rice they were originally supposed to submit to the central government (The grain transported to the capital was called Cao rice). For instance, Jiangsu Province was exempted 1.4 million dans of Cao rice (1 dan = 72.52–83.5 kg in the Qing Dynasty; Cao rice: the grain transported by water to the capital in feudal times, was an important grain tax) while Anhui and Zhejiang Provinces were exempted almost one million dans of Cao rice in total (D2). The disaster in south Jiangxi Province was also mild in 1849, so Jiangxi donated grain to Hubei Province. Food relief from regions outside the affected areas was mainly in the form of rice from Sichuan and Fujian Provinces, as well as imported rice from Guangdong Province. The central government also exempted all taxes on rice sold by Sichuan Province to disaster-stricken Hubei Province while grain merchants from Fujian Province were allowed to ship other goods back without having to pay taxes after selling rice in Jiangsu Province. As recorded in D1, in 1849, a number of county-level officials were punished for failing to make sufficient efforts toward disaster relief, including Shi Yanchen (magistrate of Zhenze County, Jiangsu Province), Huang Wenhan (magistrate of Jingxi County, Jiangsu Province), Shi Jun (magistrate of Xianning County, Hubei Province), Jin Chongcheng (magistrate of Huangmei County, Hubei Province), and Fu Chang’a (magistrate of Chongyang County, Hubei Province).

3.3.3 Comparison of disaster-relief efforts between 1823 and 1849

Based on the records in D1, taxes were either postponed or exempted for 150 and 221 counties in 1823 and 1849, respectively. Further, 84 and 134 counties were relieved with grain in 1823 and 1849, respectively. In 1849, the central government allocated one million taels of silver for disaster relief, which was only 40% of the amount (2.22 million) in 1823. It can be seen that although flood disasters were more serious in 1849, affecting a greater number of counties, fewer taels of silver from the central government were allocated for disaster relief in 1849 than in 1823, each county only received an average of 7462.68 taels of silver in 1849, which was only 28.49% of the amount (26190.48) in 1823. Given the extent of the areas affected by flood disasters, the grain transferred from other provinces might not have been sufficient for disaster relief. Therefore, the central government exempted Jiangsu Province and other affected provinces from providing 3.4 million dans of Cao rice. In addition, the central government relieved the affected areas with rice imported from Guangdong Province in 1849, which was different from the case in 1823.

4 DISCUSSION
4.1 Consequences of the flood in 1823: dike burst in Hongze Lake in 1824

The Beijing–Hangzhou Grand Canal, built in the 7th century, connected the northern and southern parts of China. During the Ming and Qing Dynasties, the Grand Canal was used to transport rice from the south to the capital Beijing (Figure 6a). However, such an unnaturally formed waterway was bound to be seriously disturbed by the natural system. For example, from 1805 to 1810, the maintenance fee for the Grand Canal in the Jiangsu section alone was as high as 40.99 million taels of silver (D2).

The Huaihe River basin was hit by continuous floods from 1823 to 1824 (D1, D3 and Institute of China Meteorological Sciences, Central Meteorological Administration, 1981). In 1823, stricken by two or three typhoons, some dams in Hongze Lake faced the risk of collapse, but there is no record of strengthening these dams in the historical data after 1823 flood. This was probably because the 1823 flood affected a large area from south to north, and the government was therefore busy with disaster relief. Meanwhile, it ignored the hidden dangers typhoons posed for certain dams. In the autumn and winter of 1824, the water level of Hongze Lake was high. Finally, on December 31, the Gaojiayan weir collapsed, and water overflowed from Hongze Lake, submerging nine surrounding counties (Figure 6b), then the water in Hongze lake was drained. From February to May 1825, Hongze Lake was too dry to transfer water to the Beijing–Hangzhou Grand Canal, and shipping via the Grand Canal from Gaoyou to Qingjiangpu was cut off because of the low water level (D3-2). Since the most important south–north waterway traffic of China was cut off (Figure 6c), rice from the south could not be transported to the north, and Beijing faced a food supply crisis in 1825.

After a failed attempt to restore canal shipping at a cost of 1.2 million taels of silver, the Qing government used monetary incentives to attract merchants to transport Cao rice by sea. From March to June 1826, 1.6 million dans of Cao rice were successfully shipped by merchants. Compared to canal transportation, sea transportation not only saved time and guaranteed the rice fresh but also cost less. After that time, when canal transportation was blocked, the Qing government would transport Cao rice by sea route (Figure 7). By 1847, all Cao rice from Suzhou in Jiangsu Province and Songjiang in Shanghai was shipped to the capital by sea. After 1850, Cao rice from Zhejiang Province and Taicang in Jiangsu Province was also transported north by sea (D2).

From 1853 to 1864, the insurgents of the Taiping rebellion took control of cities along the Beijing–Hangzhou Grand Canal in the MLYR (e.g., Yangzhou and Zhenjiang). In 1860, the Nian rebellion Army captured Huai’an (Qingjiangpu), an important hub of the Grand Canal (D1), which cut off canal transportation from the MLYR to the north. Meanwhile, when the Tongwachang dike on the Yellow River burst in 1855, the Yellow River flowed into the sea from northwest Shandong Province, and the route of the Beijing–Hangzhou Grand Canal became blocked by sedimental sands (D2). The dual effects of wars and natural disasters increased the transport costs of the Beijing–Hangzhou Grand Canal. After 1860, all Cao rice from the south was transported to the north by sea (D2).

The Qing government was defeated in the Opium Wars of 1840 and 1860, which forced Qing government to open the coastal cities. That was one reasons for the rise of coastal cities during the late Qing. The decline in canal shipping caused by floods and wars along the Beijing–Hangzhou Grand Canal also promoted the rise of coastal cities (Figure 7). Specifically, the starting point was when shipping on the Grand Canal was interrupted by the1823–1824 flood disasters in the Huaihe River basin.

4.2 Variations in the Qing government’s resilience to relieve flood disasters

In 1788, Hubei Province and other areas of the Yangtze River basin suffered the strongest flood since 1654 (D3-1), caused by the long-lasting heavy rainfall during the Meiyu period that year. For many years after, the great flood of 1788 served as a reference for subsequent floods. For example, as recorded in D3-1 in 1823, “There was heavy rainfall in Anhui Province this year, the severity of which was the same as the one in 1788.” The main loss brought about by the flood in 1788 was the paralysis of cities along the Yangtze River. For example, the county governments of Jiangling and Changyang in Hubei Province and Xupu in Hunan Province, as well as the examination venue in Wuhan, were submerged. The prefectural city of Jingzhou was typical case that exhibits the social harm caused by the flood. After the Yangtze River flowed over its banks on July 23, 1788, the whole city of Jingzhou was flooded. This sudden flood drowned 1360 people and 1200 horses. The prefectural government, barracks, warehouses, prisons, and folk houses were all submerged; the city walls were almost completely destroyed; and soldiers and civilians had nowhere to hide, except by climbing trees (D3-1). After the disaster, the Qing government took strong relief measures (e.g., allocating 196,000 taels of silver to support the repair of flooded houses in Jingzhou). The central government allocated a total of two million taels of silver for disaster relief in Jingzhou alone, which was 200% of the total silver for disaster relief in 6 provinces in 1849. Given the effectiveness of the disaster-relief effort, there were no riots among people in the affected areas in 1788 (D1). The success of the 1788 disaster relief was inseparable from the good financial condition and adequate grain warehousing of the Qing government at that time. As recorded in D2, China had generally maintained peace since the 1680s, and it became increasingly rich, entering a period of unprecedented prosperity between the 1760s and 1790s. Records in D1 provide further supporting evidence: Since 1741, the state had stored more than 30 million dans of raw grain annually. More than 40 million dans of raw grain were stored in 1773, and a peak of 45 million dans were reached in the 1790s. Figure 2b shows that the two peaks of agricultural harvest in the MLYR from 1730 to 1910 appeared in the 1770s and the 1790s. In the 18th century, with relatively strong social resilience, the Qing government had sufficient financial resources to deal with climate disasters. For instance, the central government allocated five million taels of silver to flood-stricken areas in Jiangsu Province in 1742 and four million taels of silver to areas in Jiangsu Province that were affected by the dike burst of the Beijing–Hangzhou Grand Canal in 1753 (D2).

In the 19th century, the weather turned cold. In the MLYR, the average annual temperature during the 19th century was lower (by 1.18°C) than that from 1951 to 2007. The 19th century was not only the coldest period of the last 300 years (Hao et al., 2012) but it also had the highest frequency of extreme cold winter events in south China in the past 300 years (Hao et al., 2011). The deteriorating climate could be the reason for the gradual decrease of agricultural harvest in the MLYR during 1800–1850s (Figure 2b). Along with the decline in crop harvest, social resilience to climate disasters weakened as well. The great flood of 1823 dealt a heavy blow to national vitality (D2). Except for the YHRV, Zhili Province in north China suffered severe flooding in 1823. Given the extent of the affected areas and the severity of the disasters, it was difficult for the government to give full consideration to all aspects of disaster relief. Four counties in Zhejiang Province did not recover from the 1823 floods and needed to borrow money to conduct various renovation projects (D3-1). In 1849, Guangji and Huangmei Counties in Hubei Province were submerged by the Yangtze River. One reason was that the dam washed away by the river in 1848 was not strengthened in time due to a lack of funds (D3-1). In 1864, after the War of the Taiping rebellion, the central government only had 3.136288 million dans of raw grain in stock, which were only 6.87% of that in the 1790s. Between 1875 and 1908, the average annual income of the Qing government dropped to 1.45 million taels of silver, which was only 5% of the annual revenues of 1790 to 1794—nearly 30 million taels of silver (D2). The substantial reduction in grain warehousing and financial revenues in the 19th century further weakened the state’s ability to cope with disasters. Further, the YHRV, known as the granary of China at that time, also experienced a decline in crop harvest between the 1800s and the 1850s, and there was a constant downturn from the 1850s to the 1890s, which also explains the weakening of social resilience (Figure 2b).

4.3 Comparison of the social effects between floods and droughts

Historically, due to a lack of irrigation facilities in China, droughts occurred in fields with insufficient precipitation, and arid areas were basically those that lacked sufficient precipitation. Since water flows downward, waterlogging-affected areas were often on either side of lower-lying river courses. In other words, droughts affect a vast area while floods often hit a line. Nevertheless, for the plains areas in the MLYR with dense rivers, lakes, and a flat terrain, floods spread widely on plains by the riverside or lakeside, damaging crops more severely than droughts. As shown in Figure 5c,d, in the four years (i.e., 1823, 1831, 1833, and 1849) between 1801 and 1852 that had the poorest crop harvests, the lower reaches of the Yangtze River suffered flood disasters (Institute of China Meteorological Sciences, Central Meteorological Administration, 1981). Thus, it is clear that in this area, the crop failure caused by floods was more serious than that caused by droughts. Shanghai, Suzhou, Nanjing, and Hangzhou were “land(s) of fish and rice” with developed agriculture. Once the agricultural harvest failed, China’s social resilience would be seriously weakened.

Although droughts lasting for years or decades could lead to widespread migration, peasant uprisings, or even dynasty's collapse (Zheng et al., 2014; Xiao et al., 2018)—thus resulting in civilizational decline (Haug et al., 2003; Cook et al., 2010)—droughts that only last 1–2 years will not necessarily cause social unrest if effective relief measures are taken (e.g., the drought in North China in 1743) (Ge, 2011). Drought is a gradual process, and the social system generally has sufficient time to respond. For example, when a drought hit southwest China in the 19th century, the government successfully responded to the subsequent famine by exempting taxes in disaster areas, transferring grain to the affected areas, reducing or exempting customs taxes on grain transported to the affected areas, and cracking down on grain hoarding (Hao et al., 2020). Nonetheless, unlike droughts, in historical China, where there were no weather forecasts, floods often occurred suddenly and inundated humans, animals, and property within days or even hours. For instance, in 1788, Jingzhou was suddenly flooded, killing 1360 people and 1200 horses. At the end of 1824, at least 74 people were drowned in the sudden breach of the Gaojiayan weir in Hongze Lake. In 1849, in Xianning County, Hubei Province, the granary, which was not relocated in time, was suddenly flooded, resulting in a loss of 2000 dans of raw grain (D3-1 and D3-2).

Moreover, droughts do not damage infrastructure such as houses, water conservancy facilities, and ports; nor do they interrupt the normal operation of cities. Floods, however, can destroy houses. For example, in 1823, “[Jiangsu and Anhui Provinces]: Affected by the flood, the victims in prefectures and counties along the Yangtze River became homeless, which was more difficult than the situation when a drought occurred because people at least had places to live (D3-1).” Floods also damage water conservancy facilities. For instance, the Yellow River breached the Lanyang dike in 1752, and the repair costs were as high as 9,453,000 taels of silver (D2). As a result of the wharf being flooded, tax revenue from Jiujiang pass in 1849 was only half that of a usual year (D3-1). In terms of interference with city operations, taking 1849 as an example, floods swept into four provincial capitals—Wuhan, Anqing, Nanjing, and Hangzhou—which postponed the examinations for selecting officials in many south provinces for 1–2 months. Government officials in Tongcheng and Lujiang Counties in Anhui Province were unable to work because the county governments were flooded. There were many rivers in South China where traffic mainly relied on inland shipping, and many large cities had grown up along the rivers. During the Qing Dynasty, provincial capitals such as Wuhan, Anqing, Jiujiang, and Nanjing were all close to the Yangtze River. When encountering continuous heavy precipitation or upstream water, these low-lying areas would be flooded, facing greater risks of being waterlogged than the cities in North China.

5 CONCLUSION
The flood disaster of 1823 was caused by high Meiyu precipitation from 9 June to 7 July and two typhoons that occurred in August. Jiangsu, Zhejiang, and Anhui Provinces in the lower reaches of the Yangtze River were the hardest-hit areas. The 1849 flood disaster, meanwhile, was triggered by continuous Meiyu from 11 June to 19 July, with the worst-hit area being the entire region along the Yangtze River. In terms of the whole YHRV, the disaster in 1849 was more serious than the one in 1823. As a result of these flood disasters, the YRD and central-south Anhui Province in the lower reaches of the Yangtze River experienced severe crop failures. In fact, 1849 saw the poorest crop harvest of the period 1730–1852, before the war of the Taiping rebellion spread to this region.

To cope with these serious disasters, the Qing government adopted some direct disaster-relief measures (e.g., postponing or exempting taxes in disaster areas, using stored grain for disaster relief, distributing food from areas with bumper harvests to disaster areas, and allocating taels of silver from the state treasury to disaster areas). There were also auxiliary measures such as reducing taxes on merchants selling grain to disaster areas, cracking down on grain hoarding, and punishing officials who were ineffective in their disaster-relief efforts. However, with the gradual decline of the Qing Dynasty in the first half of the 19th century, the government’s disaster-relief efforts in 1823 and 1849 were not as strong as those in the 18th century. Although the 1849 disaster was more severe, the relief efforts in 1849 were not as strong as those in 1823.

The flood interrupted the water system of the Beijing–Hangzhou Grand Canal and cut off the water transport of Cao rice via the Grand Canal in 1824. The Qing government was then successful in its effort to transport Cao rice by sea, which prompted the rise of coastal port cities during the late Qing.

Compared to droughts, flood disasters occurred more suddenly in China. This made it difficult for the social system to respond in a timely way, which posed great threats to the water conservancy infrastructure and to urban life and production. In acient times, when there were no weather forecasts, most large cities were close to rivers in South China with dense water networks; thus, the flood disasters posed a great threat to the society. Since society was unable to make significant disaster-relief efforts during the declining period of the Qing Dynasty, flood disasters became even more destructive.

CODE AVAILABILITY

Not applicable.
AVAILABILITY OF DATA AND MATERIAL

The original texts of D1 and D2 are available on the following websites: http://www.cssn.cn/sjxz/xsjdk/zgjd/sb/jsbml/qslqlcsl/ and http://www.quanxue.cn/LS_ZhengShi/QingShi/QingShi120.html, respectively. D3 and D4 are paper books. Crop harvest data is available from the corresponding author upon reasonable request.

AUTHOR CONTRIBUTIONS

Zhixin Hao developed the research method, supervised the research of this study and collected crop harvest data. Danyang Xiong defined the outline of this manuscript, drafted the manuscript, performed the calculations and most of the analysis, and drew the figures. Jingyun Zheng revised crop harvest data. All authors participated in the analysis, provided critical feedback and helped to shape the final manuscript.
COMPETING INTERESTS

The authors declare that they have no conflict of interest.

ACKNOWLEDGEMENTS

This research was supported by grants (to IGSNRR) from the National Natural Science Foundation of China (41831174).
REFERENCES
Chen S, Su Y, Fang X and He J (2020) Climate records in ancient Chinese diaries and their application in historical climate reconstruction—a case study of Yunshan Diary. Climate of the Past 16: 1873–1887. http://doi.org/10.5194/cp-16-1873-2020.

Chen Y, Zhang A, Zhang Y, Cui C, Wan R, Wang B and Fu Y (2020) A heavy precipitation event in the yangtze river basin led by an eastward moving Tibetan Plateau cloud system in the summer of 2016. Journal of Geophysical Research: Atmospheres 125. http://doi.org/10.1029/2020jd032429.

Cook ER, Anchukaitis KJ, Buckley BM, D'Arrigo RD, Jacoby GC and Wright WE (2010) Asian monsoon failure and megadrought during the last millennium. Science 328: 486–489. http://doi.org/10.1126/science.1185188.

Davenport RW (1937) The Ohio-Mississippi floods of 1937. Nature 140: 666–669. http://doi.org/10.1038/140666a0.

Ge Q, Guo X, Zheng J and Hao Z (2008) Meiyu in the middle and lower reaches of the Yangtze River since 1736. Chinese Science Bulletin 53: 107–114. http://doi.org/10.1007/s11434-007-0440-5.

Ge QS (2011) Climate Change in Chinese Dynasties. China Science Press, Beijing, China, pp. 1–40, 606–607. (in Chinese).

Guan P, Chen G, Zeng W and Liu Q (2020) Corridors of Mei-Yu-Season Rainfall over Eastern China. Journal of Climate 33: 2603–2626. http://doi.org/10.1175/jcli-d-19-0649.1.

Hanlin Academy of the Qing government (1911) Records of Qing Dynasty [Cited 2020 June 26]. Available from: http://www.cssn.cn/sjxz/xsjdk/zgjd/sb/jsbml/qslqlcsl/.

Hao Z, Xiong D, Zheng J, Yang LE and Ge Q (2020) Volcanic eruptions, successive poor harvests and social resilience over southwest China during the 18–19th century. Environmental Research Letters 15: 105011. http://doi.org/10.1088/1748-9326/abb159.

Hao Z, Yu Y, Ge Q and Zheng J (2018) Reconstruction of high-resolution climate data over China from rainfall and snowfall records in the Qing Dynasty. WIREs Climate Change 9: e517. http://doi.org/10.1002/wcc.517.

Hao Z, Zheng J and Ge Q (2008) Precipitation cycles in the middle and lower reaches of the Yellow River (1736–2000). Journal of Geographical Sciences 18: 17–25. http://doi.org/10.1007/s11442-008-0017-5.

Hao Z, Zheng J, Ge Q and Wang WC (2011) Historical analogues of the 2008 extreme snow event over Central and Southern China. Climate Research 50: 161–170. http://doi.org/10.3354/cr01052.

Hao ZX, Zheng JY, Ge QS and Wang WC (2012) Winter temperature variations over the middle and lower reaches of the Yangtze River since 1736 AD. Climate of the Past 8: 1023–1030. http://doi.org/10.5194/cp-8-1023-2012.

Haug GH (2003) Climate and the collapse of Maya civilization. Science 299: 1731–1735. http://doi.org/10.1126/science.1080444.

Hirabayashi Y, Mahendran R, Koirala S, Konoshima L, Yamazaki D, Watanabe S, Kim H and Kanae S (2013) Global flood risk under climate change. Nature Climate Change 3: 816–821. http://doi.org/10.1038/nclimate1911.

Holmes JA, Cook ER and Yang B (2009) Climate change over the past 2000 years in Western China. Quaternary International 194: 91–107. http://doi.org/10.1016/j.quaint.2007.10.013.

Institute of China Meteorological Sciences (1981) Central Meteorological Administration: Yearly Charts of Dryness/Wetness in China for the Last 500-Year Period. Map Press, Beijing, China, pp. 146.

Kates RW, Colten CE, Laska S and Leatherman SP (2006) Reconstruction of New Orleans after Hurricane Katrina: a research perspective. Proceedings of the National Academy of Sciences of the United States of America 103: 14653–14660. http://doi.org/10.1073/pnas.0605726103.

Li BC (2007) “1821–1850 depression” and “1823 flood”—economic recession, climate change and crisis in the 19th century in Songjiang, Jiangsu Province. Social Sciences 6: 173–178. (in Chinese).

Munoz SE, Giosan L, Therrell MD, Remo, J.W. F., Shen Z, Sullivan RM, Wiman C, O’Donnell M and Donnelly JP (2018) Climatic control of Mississippi River flood hazard amplified by river engineering. Nature 556: 95–98. http://doi.org/10.1038/nature26145.

Perpetual Calendar Editing Group (1994) The Chinese Almanac for Two Thousand Years. Meteorological Press, Beijing, China.

Ren GY, Wu H, Chen ZH (2000) Spatial patterns of change trend in rainfall of China. Quarterly Journal of Applied Meteorology 11: 322–330. (in Chinese).

Research Institute of Water Conservancy History of Water Conservancy and Hydropower Science Research Institute (1988) Huai River Flood Historical Archives in Qing Dynasty. Zhong Hua Book Company, Beijing, China, pp. 574–591, 759–764. (in Chinese).

Research Institute of Water Conservancy History of Water Conservancy and Hydropower Science Research Institute (1991) Yangtze River Flood Historical Archives in Qing Dynasty. Zhong Hua Book Company, Beijing, China, pp. 476–496, 650–669, 876–898. (in Chinese).

Sun Y, Dong X, Cui W, Zhou Z, Fu Z, Zhou L, Deng Y and Cui C (2020) Vertical structures of typical Meiyu precipitation events retrieved from GPM-DPR. Journal of Geophysical Research: Atmospheres 125: e2019JD031466, https://doi.org/10.1029/2019JD031466.

Tan Q (1991) Concise Historical Atlas of China. China Cartographic Publishing House, Beijing, China, pp. 79–80.

Tao SY, Li JS and Wang AS (1997) East Asian monsoon and flood disaster in China. Disaster Reduct China 7: 17–24. (in Chinese).

Wang B and Lin H (2002) Rainy season of the Asian–Pacific summer monsoon. Journal of Climate 15: 386–398. http://doi.org/10.1175/1520-0442(2002)015<0386:rsotap>2.0.co;2.

Wang SW and Li WJ (2007) Climate of China. China Meteorological Press, Beijing, China, pp. 110–112.

Webster PJ, Toma VE and Kim HM (2011) Were the 2010 Pakistan floods predictable? Geophysical Research Letters 38: L04806. http://doi.org/10.1029/2010gl046346.

Xia J, Liu CZ and Ren GY (2011) Opportunity and challenge of the climate change impact on the water resource of China. Advances in Earth Science 26: 1–12. (in Chinese).

Xiao L, Fang X and Zhao W (2018) Famine relief, public order, and revolts: interaction between government and refugees as a result of drought/flood during 1790–1911 in the North China Plain. Regional Environmental Change 18: 1721–1730. http://doi.org/10.1007/s10113-018-1298-6.

Yang J, Zhao K, Chen X, Huang A, Zheng Y and Sun K (2020) Subseasonal and Diurnal Variability in Lightning and Storm Activity over the Yangtze River Delta, China, during Mei-yu Season. Journal of Climate 33: 5013–5033. http://doi.org/10.1175/jcli-d-19-0453.1.

Zhang D (2004) Chinese Three Thousand Years Meteorological Record Collection. Jiangsu Education Press, Jiangsu, China, pp. 2987–3012, 3204–3216. (in Chinese).

Zhang P (1996) Climate Change in China During Historical Times. Shandong Science and Technology Press, Jinan, pp. 1–40. (in Chinese).

Zhang XL, Tao SY and Wei J (2006) An analysis on the basin-wide catastrophic floods in the Yangtze River during the 20th century. Climatic and Environmental Research 11: 669–682. (in Chinese).

Zhao E, Guo Z, Shen Z, Bao X, Fan Z, et al. (1927) Food and Good Annals from History of Qing Dynasty [Cited 2020 July 27]. Available from: http://www.quanxue.cn/LS_ZhengShi/QingShi/QingShi120.html.

Zheng J, Hua Z, Liu Y and Hao Z (2015) Temperature changes derived from phenological and natural evidence in South Central China from 1850 to 2008. Climate of the Past 11: 1553–1561. http://doi.org/10.5194/cp-11-1553-2015.

Zheng J, Xiao L, Fang X, Hao Z, Ge Q and Li B (2014) How climate change impacted the collapse of the Ming dynasty. Climatic Change 127: 169–182. https://dx.doi.org/10.1007/s10584-014-1244-7.

Zheng J, Yu Y, Zhang X and Hao Z (2018) Variation of extreme drought and flood in North China revealed by document-based seasonal precipitation reconstruction for the past 300 years. Climate of the Past 14: 1135–1145. http://doi.org/10.5194/cp-14-1135-2018.
TABLE 1 Examples of categories and contents of the historical records in D1, D2, D3 and D4

	Type of records
	Examples of records in D1

	Time, place and description of the disaster
	(1823) In Jiangsu Province, due to heavy rains from June 9 to July 7, the river level soared and the roads south of the Yangtze River were flooded. 

	Tax exemption towards disaster areas
	(1823) Taxes in 42 prefectures and counties in north and central Anhui Province, such as Wuwei and Tongling, were exempted or delayed for payment.

	Aid to disaster areas
	(1823) Rations enough for one month were given to refugees in 17 counties such as Shangyuan, Jiangning in Jiangsu Province.

	Grain allocation from other areas to disaster areas
	(1823) Silver reserved by Anhui Province was spent to buy 100,000 dans of rice from Sichuang and Guangxi to relieve the disaster

	Preferential policies to encourage merchants to transport grains to disaster areas 
	(1823) Zhejiang suffered from flood this year, but Fujian and Taiwan had a good harvest. Sea bans were lifted for now, and Taiwan merchants were exempted from commercial taxes of selling rice.

	Type of records
	Examples of records in D2

	Expenses of relieving major disasters by the Qing government
	In 1742, Jiangsu and Anhui were hit by flood, and 5.05 million taels of silver were given to the disaster areas. In 1753, 5 million taels of silver were given to Gaoyou and its surrounding areas suffered from canal breaching… In 1831, 1 million taels of silver were given to flood areas in Jiangsu. In 1849, 1 million taels of silver were given to Jiangsu, Anhui, Zhejiang and Hubei.

	Trend of the economic situation of the Qing government
	The 1760s–1790s was the most prosperous period in the Qing Dynasty. However, the government spent a huge sum of money during the 1823 flood, and after the flood, every year plenty of counties needed the government’s help because of crop failures.

	Expenses of large-scale water conservancy projects
	The maintenance fee for the Jiangsu Section of the Great Canal during 1805–1810 was 40.99 million taels of silver…after 1830s, an extra 2.7 million taels of silver were spent every year for this Section. 

	Related records of changing grain transportation from the Great Canal to sea
	In 1824, Gaojia Weir burst, which caused the river road from Gaoyou to Qingjiang cut off…so commercial boats were used to ship Cao rice by sea…after 1852, Cao rice from Zhejiang was also transported to the north by sea instead of river.

	Type of records
	Examples of Records in D3, including Yangtze River Flood Historical Archives in Qing Dynasty (D3-1) and Huai River Flood Historical Archives in Qing Dynasty (D3-2)

	Precipitation time and intensity
	The middle of the Hubei Province suffered from heavy rain from June 20 to July 19, 1849. Anqing in Anhui Province rained continuously from June 20 to July 19. The river level of the Yangtze River was higher than the highest level of last year.

	Loss from the flood
	There was a heavy rain in Xianning of Hubei Province on July 15, 1849, and the warehouse was flooded. Rainstorm followed on July 19, and all the grains in the warehouse were washed away.

	Buildings were flooded, and work were delayed
	Taiping of Anhui Province suffered from flood on July 19, 1849. Water in the government’s headquarter reached 2 meters high, so the local governor was forced to work in the buildings of a neighboring city.

	Comparison with past disasters
	(1823) Anhui saw frequent rainfall this year, added by the water from the upper reaches of the Yangtze River. The flood is similar to the one in 1788. (1849) More than 20 counties in the north of Zhejiang Province have rained for over 20 days since June 6, and the fields were all flooded. It was several times worse the 1823 flood.

	Time of dam collapse, size of flooded areas and transportation situation
	(December 31, 1824) Gaojia Weir collapses for over 100 meters…the flooded areas were large. Until the first half of February 1825, Hongze Lake was almost drained, and the lake bed became a shoal. 

	Section of the Great Canal that was cut off
	(February 14, 1825) The collapsed part of Gaojia Weir has already been blocked. However, the Hongze Lake has already been drained, so there was no water in the Baoying section to maintain shipping.

	Type of records
	Examples of records in D4

	Water regimen in counties
	In the summer of 1823, Nanjing suffered from flood.

	Rain & water regimen and disasters compared with those in other years
	In 1849, Taicang of Jiangsu Province was struck by flood on June 20, and the river level was over 10cm higher than that during the 1823 flood.


[image: image1.png]Legend
Capital

LL Canal

— River

- Lok
Provincial

[ administrative
divisions

DEM(mn)
High: 7000+

-

= Low:0





FIGURE 1 Six provinces along the Yangtze-Huai River valley (areas in red lines, the six provinces are Jiangsu, Zhejiang, Anhui, Jiangxi, Hubei and Hunan). Boundaries of provinces are drawn according to the map of the Qing Dynasty shown on pages 79–80 in Concise Historical Atlas of China (Tan, 1991)
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FIGURE 2 (a) Distribution of 27 sites in this study; (b) average crop harvest scores in the 27 sites from 1730 to 1910
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FIGURE 3 (a) Areas hit by floods in 1823; (b) areas hit by floods in 1849
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FIGURE 4 (a–f) Number of sites affected by various disasters. (a) Dike destroyed by rush of water; (b) floods rushing into a city wall; (c) cities filled with so much water that people could row boats; (d) government buildings flooded such that officials could not work; (e) civilians starved to death or drowned because; (f) total number of sites hit by the five abovementioned disasters. JS is short for Jiangsu Province, ZJ is short for Zhejiang Province, AH is short for Anhui Province, JX is short for Jiangxi Province, HB is short for Hubei Province, HN is short for Hunan Province
[image: image12.png]JYunxian
J

\Yichang:
J
15

Wuhan!

J
Jiangling )

P Nanchang
\Yuanling

8
7.5

Ji'an'

J
9

Chenzhou M Ganzhou

J J
85

Shangr:

)
8.5

a0

Wenzhou!





a
[image: image13.png]°N

35,

30°N

25°N




[image: image14.png]Legend

o Ciy

[ Provincial Boundaries

Good Harvest Poor Harvest
9

4.5




b

[image: image15.png]Harvest score

A 9N o O
S R

W
. | .

T T T T T T T T T
1740 1760 1780 1800 1820 1840 1860 1880 1900
Years





c
[image: image16.png]Harvest score

5.67
542
517
4.42

I I I
1830 1840 1850 1860

Years

I I I
1800 1810 1820




d

FIGURE 5 (a) Crop harvest in each site in 1823; (b) crop harvest each site in 1849; (c) average crop harvest in Shanghai, Suzhou, Nanjing, Hangzhou, Hefei, and Anqing from 1730 to 1910; (d) distribution map with the 1801–1860 of (c)
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FIGURE 6 (a) Schematic diagram of the Beijing–Hangzhou Grand Canal in the Jiangsu section; (b) submerged area caused by dike burst in Hongze Lake at the end of 1824; (c) section of the Beijing–Hangzhou Grand Canal with sailing interrupted by dike burst in Hongze Lake at the end of 1824
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FIGURE 7 Traditional route for south-to-north grain transportation via the Beijing–Hangzhou Grand Canal before the late Qing Dynasty, and the sea route for south-to-north grain transportation during the late Qing Dynasty, the cities with red titles were hub cities of the Beijing–Hangzhou Grand Canal connecting Grand Canal and other rivers, which were captured by the rebels between 1853 and 1860
