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Abstract

:

River flow reconstruction under the background of long-term climate change is of great significance for understanding the regional response to future drought and flood disasters, and the sustainable development of water resources. Investigating the basic characteristics and changing trends of the streamflow of the Ganjiang River is scientifically important to mitigate drought and flood disasters in the future. This study reconstructed drought and flood grade series of five regional stations of the Ganjiang River based on spatially explicit and well-dated local chronicle materials and used a linear regression model of modern drought/flood grades and precipitation to reconstruct historical precipitation for the past 515 years. The relationships between the modern precipitation of five regional stations and streamflow of Waizhou Station, which is the last hydrological station of the Ganjiang River were analyzed through principal component regression. The adjusted R2 is 0.909, with a low relative bias of −1.82%. The variation of streamflow from AD 1500 to AD 2014 was reconstructed using the proposed model. Result shows that high flows occur in nine periods and low flows occur in 11 periods. Extremely low stream flow in 515 years appears during the middle and late 17th century. Cumulative anomaly and Mann-Kendall mutation test results reveal that a transition point from predominantly low to high flows occur in AD 1720. Redfit power spectrum analysis result shows that the variation periods of streamflow are 2–5, 7–8 years, and approximately 32 years, where the most significant period is 2–3 years. Continuous wavelet transform indicates that the corresponding relation occurs between streamflow and El Niño/Southern Oscillation for eight years. Streamflow is affected by temperature and East Asian monsoon that is controlled by solar activities. The flood may be related to strong solar activity, monsoon failure, and vice versa. Hydrological frequency curve analysis shows that the streamflow of the Ganjiang River once in a hundred years may reach up to 1031 × 108 m3 for flood or 485 × 108 m3 for drought and the standard of once in a millennium runoff may reach up to 1188 × 108 m3 for flood or 450 × 108 m3 for drought. These results may provide basic hydrological data for the sustainable development of society and serve as a reference for mitigating the impact of drought and flood disasters in the future.
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1. Introduction


Extreme climate hydrological events have increasingly occurred [1] under the context of global warming for the past 100 years [2,3]. The Fifth Assessment Report of the Intergovernmental Panel on Climate Change consistently indicates that the extent, intensity, and frequency of extreme climate hydrological events have significantly changed [4,5]. Floods account for more than 40% of the world’s annual economic losses [6], and China is a country with frequent floods [7]. The economic losses and casualties caused by floods rank first among all kinds of natural disasters. In 1998, a large-scale flood disaster occurred in Eastern China [8], causing a huge impact on the Ganjiang River basin and economic losses amounting to approximately 15 billion yuan [9]. Considering that most modern precipitation and hydrological observations range from approximately 50 years to 100 years, the relationship between environmental changes and hydrological conditions under the context of global warming should be investigated at a long-time scale. The transition from the Little Ice Age to the Present Warm Period is an important period in the past 500 years. Understanding the relationship between climate change and extreme hydrological events during this period will help humans mitigate and adapt to droughts and floods in the future [10].



As the seventh-largest tributary, the average annual runoff of the Ganjiang River exceeds that of the Yellow River [11], and its water production per unit area ranks first among all the tributaries of the Yangtze River [12]. At the same time, the Ganjiang River is also the main source of the water supply of Poyang Lake, which is the largest freshwater lake in China, and its drainage area accounts for more than 50% of the Poyang Lake watershed [13]. Thus, the streamflow variation of the Ganjiang River has a great influence on the socioeconomic development of the Poyang Lake basin and the middle and lower reaches of the Yangtze River. With the completion and water storage of the Three Gorges Water Conservancy Project, the Poyang Lake frequently supplies the Yangtze River, and its water level remains low [14]. Relevant studies have shown that the dry season of the Poyang Lake has advanced for approximately one month because of river channel erosion, upstream water reduction, and water storage since the operation of the Three Gorges Water Conservancy Project [15]. How will floods and droughts in the Ganjiang River basin evolve at a long time scale? Will there be extreme water levels beyond the 1998 flood? Under the background of climate change, does the flood control standard of the Ganjiang River needs to be improved? Therefore, investigating the basic characteristics and changing trends of the streamflow of the Ganjiang River is scientifically important to achieve regional sustainable development.



The modern hydrological observation of the Ganjiang River dates back to the 1950s, and the time range of most studies on the streamflow of the Ganjiang River is approximately 50 years [16,17]. Numerous studies have shown that the characteristics of streamflow variation cannot be comprehensively reflected using modern instrumental measurement record [18,19,20,21]. Therefore, a long-time scale variation series of streamflow should be reconstructed, and its variation characteristics should be analyzed by utilizing other climatic proxies. In this way, the new streamflow series can provide basic data for basin water resource management and hydraulic project construction. In recent years, many scholars have reconstructed long-term streamflow variation for some parts of China, especially the Northwest China, by utilizing tree rings [22,23,24,25]. However, a suitable tree ring material is scarce in Eastern China, particularly in the Poyang Lake watershed [26].



Eastern China has been prosperous for a long time, and its historical material on drought and flood disasters are abundant. Jiangxi Province is a good example, with the compilation local of chronicles since the Ming Dynasty (AD 1368-AD 1644), and more than 510 local chronicles have been stored [27]. Detailed drought and flood information found in all kinds of meteorological disaster events may be recorded on these historical files because of its important influence on agricultural activities [28]. Drought and flood historical files, which refer to the exact years and the places in the county scale of disasters, have been frequently used by scholars to reconstruct past climate conditions because of their accuracy [29]. Zhang et al. [30] reconstructed variations of climatic dry/wet alternations of Eastern China for the past 1000 years by using drought and flood historical files derived from local chronicles. Xue et al. [31] reconstructed the precipitation serials of Southern China for the past 500 years. However, some shortcomings are found in the current history of drought and flood research. First, studies using historical records to reconstruct streamflow variation are few. Second, the record of a certain site may be missing because of the certain randomness of drought and flood records. The construction of a continuous drought and flood sequence is challenging. Finally, the drought and flood sequences of different sites cannot be directly synthesized when they are integrated, and collinearity should be considered because of the regional consistency of climate hydrological elements in small regions.



A new method must be developed to reconstruct streamflow series from historical materials to understand the long-term variation in the Ganjiang River streamflow and related factors. In this study, we presented a new protocol to reconstruct the Ganjiang River streamflow series for the past 515 years through drought/flood reconstruction using principal component regression to obtain the total Ganjiang River streamflow. The rest of this paper is organized as follows. Section 2 briefly introduces the study area and historical materials, such as local chronicles; and the reconstruction protocol. Section 3 presents the streamflow reconstruction results and uncertainty analysis. Section 4 discusses the variation characteristics of streamflow series and some key implications. Section 5 provides our conclusions.




2. Study Area and Data Analysis


2.1. Study Area


The Ganjiang River originates from the western foot of the Wuyi Mountains, flowing through Ganzhou, Jian, and Nanchang (Figure 1). It enters Poyang Lake after joining the Xiuhe River in Wucheng, Yongxiu County, which is the northern part of Jiangxi Province. The overall length of the Ganjiang River is 991 km, and its drainage area is 8.22 × 104 km2 [12]. The Ganjiang River basin belongs to subtropical humid monsoon climate zone, and has four distinctive seasons and abundant rainfall from April to October. The annual average temperature is between 16 °C and 19 °C and the annual precipitation is approximately 1600 mm. The landform types in Jiangxi Province are mainly mountainous and hills, followed by plains, with percentages of approximately 50%, 30%, and 20%, respectively. The land use structure of Jiangxi Province is 29% of cultivated land, 1.5% of grassland, 5.5% of construction land, 56.6% of forest land, 5.8% of water area, and 1.6% of unused land [32]. The terrain in the south is the highest, gradually lowers to the north, and distributed in a ladder shape [33].



Five small basins of the Ganjiang River basin are divided in this study (Figure 1). First, we chose Ganzhou as the representative station of the upper reaches, Jian as the representative station of the middle reaches, and Nanchang as the representative station of the lower reaches. Second, Gaoan and Yichun are the stations of Jinjiang River and Yuanshui River basins, which are the largest tributaries in the lower reaches of the Ganjiang River, and their watershed ranges are relatively independent.




2.2. Data Processing


2.2.1. Drought and Flood Grade


Historical materials of flood and drought disasters in the Ganjiang River basin were collected from the local chronicles of Jiangxi Province (http://dfzb.jiangxi.gov.cn/), which include different kinds of county or prefecture annals, such as Historical Climate Data of Jiangxi Province, and Flood Investigation Data of Jiangxi Province (Figure 2). The drought and flood records from 1500 to 2000 of five representative stations from Yearly Charts of Dryness/Wetness in China for the Last 500-Year Period and their supplementary dataset [34] were used in this study. The grade of drought and flood is determined using a semantic difference method, as suggested by relevant literature [30]. This method was extended to make comprehensive judgments from three aspects, namely, time, space, and disaster phenomenon (Table 1). Grade numbers from one to five denote five degrees (drought, slight drought, normal, slight flood, and flood), indicating that the larger the numerical grade value is, the higher the precipitation will be. As mentioned in Section 2.1, The Ganjiang River basin is divided into five small basins or representative stations, namely, Ganzhou, Jian, Nanchang, Gaoan, and Yichun, with 16, 11, 5, 3, and 3 counties, respectively. The records from other counties with the same small basin can supplement missing records of representing sites in a certain year because the occurrence of drought and flood disasters in the small river basin is consistent. On this basis, the drought and flood grade series of five representative stations in the Ganjiang River basin for the past 515 years can be obtained.




2.2.2. Modern Precipitation and Streamflow Data


The data of modern measured precipitation were mainly obtained from the climatic month dataset from 1955 to 2014 (data downloaded from the China Meteorological Administration, and the website is http://data.cma.cn/), which had undergone quality control to eliminate erroneous and experienced assessment by the China Meteorological Administration.



Modern streamflow data from 1955 to 2014 of the Ganjiang River were mainly obtained from the Waizhou Hydrometric Station (data derived from Jiangxi Hydrological Bureau and Key Laboratory of Poyang Lake Wetland and Watershed Research Ministry of Education), which can be used to verify the reconstructed streamflow. This station is a key station of the lower reaches of the Ganjiang River and controls 99.6% water collecting area of the overall basin [17].




2.2.3. Principal Component Regression Model and Quality Evaluation


The basic idea of principal component regression (PCR) [35] is to combine several variables with a certain correlation into new orthogonal comprehensive variables and use them as the basis for regression analysis. Principal component regression can completely maintain the information of the original data and perform dimensionality reduction processing on high-dimensional data to eliminate the mutual influence between various indicators, thereby improving the effectiveness of model prediction. The processing flow of principal component regression is shown in Figure 3. The correlation coefficient (r), relative bias (RB), absolute error (AE), and root mean square error (RMSE) are used to evaluate the effectiveness of the model. All these values are calculated as follows:
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where Pi denotes the reconstructed streamflow, Ai denotes the gauged streamflow, and n is the sample number.





2.3. Overall Reconstruction Workflow


The reconstruction workflow is listed as follows (Figure 4): (1) Establish an ordinary least squares (OLS) model using the data of drought/flood grade and modern gauged precipitation data from the five representative stations. (2) Reconstruct the precipitation series from AD 1500 using a linear regression model established in the previous step. (3) Build a principal component regression (PCR) model by utilizing the modern gauged precipitation series of five representative stations and streamflow of the Waizhou Hydrometric Station. (4) Obtain the streamflow series of the Waizhou Hydrometric Station from AD 1500 by applying the reconstructed precipitation series of five representative stations to the PCR model. (5) Based on cumulative anomaly analysis, Mann-Kendall test, Redfit power spectrum, and continuous wavelet transformation, variation characteristics of Ganjiang 515 years streamflow was completed.





3. Streamflow Reconstruction


3.1. Precipitation Reconstruction of Five Stations


3.1.1. Drought Flood Grade and Precipitation Model


The linear relation between annual drought flood grade and precipitation based on the regression equation of drought/flood grade and gauged precipitation from 1955 to 2014 is shown in Table 2. A significant correlation is observed between drought flood grade and precipitation. The correlation coefficient (r) is approximately 0.7–0.8, indicating a positive correlation and all models passed the 99.9% confidence test. The coefficient of determination (r2) of the regression model is approximately 0.5–0.7, indicating that the fitting degree of the model is good.




3.1.2. Reconstruction Result of Precipitation


The precipitation series of five representative stations are reconstructed using the methods and models in Section 3.1.1 (Figure 5). The constructed precipitation based on the model and the actual measured precipitation on the overlap period (1955–2014) are compared to obtain results of uncertainty assessment. These results show that correlation coefficient (r) of five stations are 0.7917, 0.8635, 0.8757, 0.7226, and 0.8440, respectively, and their explained variance (r2) are 62.7%, 74.6%, 76.7%, 52.2%, and 71.2%, respectively. The reconstruction result is reliable, and the drought flood grade can be used to refer to precipitation.





3.2. Streamflow Reconstruction of the Ganjiang River


3.2.1. Reconstruction Model of Precipitation and Streamflow


Multiple regression analysis is conducted on the basis of the precipitation of five stations and the streamflow of Waizhou Hydrometric Station. Predictors x1, x2, x3, x4, and x5 denote the precipitation of Ganzhou, Jian, Nanchang, Gaoan, and Yichun, respectively, and predictor y denotes the streamflow of the Ganjiang River at the Waizhou Hydrometric Station. In this way, a tentative transfer function is constructed as follows: y = −1156.307 + 0.944x1 + 0.559x2 + 0.462x3 + 0.300x4 − 0.049x5. The coefficient of x5 is negative when the coefficient of determination (r2) is 0.835 and F statistic is 54.776 (p = 0.001), indicating large precipitation of Yichun and low streamflow of the Ganjiang River, which is inconsistent with the actual meaning. Multicollinearity in predictors may be the main reason for this error. Correlations exist among the five stations in some degree. Collinearity diagnostics show that the variance inflation factor (VIF) of independent variables are 2.100, 3.587, 6.886, 14.396, and 6.444. Some multicollinearities are observed because the VIF values of x3 to x5 are greater than six.



Principal component regression is used to build a new model for eliminating multicollinearity. A transfer function is constructed as follow: y = −1196.163 + 0.665x1 + 0.608x2 + 0.148x3 + 0.319x4 + 0.468x5. The adjusted r2 is 0.909, and F statistic is 94.562 (p = 0.0001). The fitting effect of principal component regression is better, and the coefficients of all independent variables are positive compared with multiple linear regression analysis, which is consistent with the actual meaning. Although the reconstruction results by this model are lower than the actual values in some extreme high flow years, such as the 1970s, the model can still reflect the flow extremes and changing trend (Figure 6A). The scatter plot (Figure 6B) show that reconstruction agrees well with the observed data of Waizhou Hydrometric Station during the overlap period from 1955 to 2014 with a correlation coefficient (r) is 0.891, and an explained variance (r2) is 79.4%. This demonstrates that this model is reliable and can be used to reconstruct streamflow variation of the Ganjiang River for the past 515 years.




3.2.2. Results of Streamflow Reconstruction


The streamflow from 1500 to 2014 and an 11-year moving mean are reconstructed using the principal component regression model in Section 3.2.1 and the precipitations of five stations reconstructed in Section 3.1.2 (Figure 7). Smoothing the reconstruction series clearly shows low-frequency variation. High streamflow is defined as more than the mean plus one standard deviation, whereas, low streamflow as less than the mean minus one standard deviation. For the past 515 years, low streamflow periods are defined for AD 1508–1514, 1527–1531, 1536–1544, 1601–1605, 1631–1636, 1659–1676, 1820–1826, 1890–1895, 1960–1969, 1986–1992, and 2005–2011. High streamflow periods are defined for AD 1550–1554, 1557–1561, 1581–1584, 1610–1619, 1736–1750, 1834–1862, 1873–1877, 1916–1920, and 1997–1999.



The middle and late 17th century are the lowest streamflow epoch in the Ganjiang River during the reconstruction period. Historical material recorded many serious droughts at that time. Nanchang experience drought in 1659, Yichun suffered two serious droughts in 1662 and 1665, and Ganzhou experienced drought in 1665. The flow sequence constructed by Gou et al. [36], who applied tree ring to streamflow reconstruction for the upper Yellow River, showed that the AD 1681–1687 are the high streamflow epoch in the upper reaches of the Yellow River. Therefore, the monsoon is extremely strong and can blow to Northwest China, causing small rainfall in Southern China [37].





3.3. Model Validity and Uncertainty Analysis


The results of model validity evaluation show that AE of reconstructed streamflow of Waizhou Station Ganjiang River is 220.8 m3/s, and RMSE is 270.3 m3/s, with low RB of −1.82%. Although the reconstructed streamflow values have a lower probability at both ends of the frequency distribution, Figure 8 shows the reconstructed flow in the past 515 years, which is consistent with the gauged flow distribution frequency from 1955 AD to 2014 AD, and the kernel density curve of the two groups is approximately similar. This finding indicates that the reconstructed sequence in this study has certain stability to some extent. In addition to climate change, river streamflow is also affected by factors, such as topography, land use, soil, etc. [38]. Considering that, this study mainly analyzes the characteristics of flow changes on the 500-year scale during the historical era. Obviously, land use has an impact on river runoff. The research scale of this paper is the annual resolution streamflow reconstruction of more than 500 years, and there is a lack of more accurate historical land use records during the historical era [39]. In addition, topography and soil have little change on this time scale, so these factors are not included in the research models of this study.





4. Discussion


4.1. Analysis of Variation Characteristics


As shown in the cumulative anomaly analysis (Figure 9A), the streamflow series can be divided into three declining periods and two increasing periods for the past 515 years. The main declining periods are identified as AD 1500–1547, 1621–1720, 1962–2014, and the main increasing periods are identified as 1548–1620, and 1721–1961. The trend of cumulative anomaly curve from 1792 to 1961 is mainly upward, although there are also some small fluctuations, such as 1831–1842, 1892–1937. The results of Mann-Kendall test (Figure 9B) indicate that the abrupt change occurs from 1710 to 1720. Combining the results of cumulative anomaly analysis and Mann-Kendall test, the abrupt change point from low streamflow to high streamflow occurs around AD 1720. For reasons of rational use of water resources and maintaining ecological balance, it is important to understand the long-term changes in runoff [40,41,42]. Studies in Bulgaria have also shown that inter-decadal and inter-annual changes in surface runoff have important implications for water use [40], which changed from ~100 L/person/day in 1970, it rose to the highest value of ~220 L/person/day in 1990, and then began to drop to ~140 L/person/day in 1995 [43]. In the past 500 years, the results of flow reconstruction in the area near the Baltic Sea region [44] also show that the streamflow changes have different scales of periodic changes, such as 16 years, 32 years and above period.



The results of Redfit power spectrum (Figure 10) show three kinds of significant periods are found in the flow variation of the Ganjiang River for the past 515 years, which are 2–5, 7–8, and approximately 32 years, where the most significant period is 2–3 years (at 99% confidence level). The periods of 2–5 and 7–8 years may have relations with El Niño/Southern Oscillation (ENSO) [45], whereas, the period of 32 years may have relations with long-term fluctuations in solar activity [46], especially Bruckner cycle [47].




4.2. Relationship between Streamflow and ENSO


To illustrate the relations between streamflow and ENSO, continuous wavelet transformation (CWT) [48] is applied to compare the streamflow series reconstructed in this study and ENSO Niño3.4 index from 1500 to 2000 reconstructed by Li et al. [49] with the scale of eight years of wavelet coefficient. Results show that significant positive or negative correlations are found (Figure 11) in different periods. The main positive correlations are identified as 1500–1531, 1652–1709, 1786–1819, 1841–1865, 1884–1905, and the main negative correlations are identified as 1532–1576, 1612–1651, 1710–1734, 1866–1883, and 1961–2005. The periods of 1577–1611, 1735–1785, 1820–1840, and 1906–1960 are in an unstable state. The rainfall of East China is opposite with ENSO on the basis of the modern observed meteorological data [50]. The rainfall of East China is less than that in ENSO development year, whereas, the rainfall is more than that in ENSO recovery year. The long-term relationship between the Ganjiang River streamflow and ENSO varies. As shown in Figure 11A, the positive correlation is designated as 1, negative correlation is −1, and the other is 0. Thus, the correlation of 170 years is positive, 173 years are negative, and 162 years are lagging or ahead of one-fourth cycle between the reconstructed streamflow and ENSO index wavelet coefficient series from 1500 to 2014 (Figure 11B). The relationship between the East Asian monsoon, precipitation, and ENSO is complex [51]. This study only considers the relationship between the streamflow and the ENSO index series, and the reliability of its model validity needs further study.




4.3. Effect of Temperature, Monsoon, and Solar Activity


The trends of the reconstructed Ganjiang streamflow (Figure 12A) series with the dry–wet series in Eastern China for nearly 500 years (Figure 12B) are basically the same [52]. This condition shows that the variation of Ganjiang streamflow is controlled by the overall dry and wet patterns in Eastern China. The temperature of Eastern China series (Figure 12C) reconstructed by Ge et al. [53] showed that the streamflow is relatively low during the low-temperature period. The precipitation in the middle and lower reaches of the Yangtze River is significantly affected by temperature [54]. Therefore, the changes in streamflow are obviously affected by precipitation around the area. A relevant study [36] showed that abundant precipitations in northern China and a small amount of precipitation in the south occur because the rain belt advances northward. Figure 12D shows the East Asian Monsoon (EAM) index reconstructed by Zhou et al. [55]. The rain belt cannot advance to northwest China and stagnates in the middle and lower reaches of the Yangtze River when the monsoon is weak, thereby leading to a relative increase in the Ganjiang streamflow in this period. Solar activity has a greater impact on climate change [56]. Although the South Asian monsoon (SAM) has a certain effect on the precipitation in East Asia, related studies [57,58] have shown that the dividing line between SAM and EAM is near 102° E, so it has less impact on the Ganjiang River Basin, were located east of 114° E. Compared with oxygen isotope (δ18O) (Figure 12E) series of the South Asian monsoon from the stalagmites in Jhumar Cave, India [59], it can be found that the relationship with the precipitation of the Ganjiang River is not obvious. As shown in Figure 12 (F), the comparisons of Ganjiang River streamflow series with the total solar irradiance (TSI) reconstructed by 10Be from ice cores and 14C from tree rings [60] for the past 500 years show good correspondence. Low TSI indicates low streamflow and vice versa. The low streamflow periods of 1527–1531, 1536–1544, and 1659–1676 AD at the Ganjiang River coincide well with the Sporer minimum and Maunder minimum [61]. The low streamflow period in 1820–1826 AD is consistent with the Dalton minimum [62]. Streamflow may be affected by temperature and East Asian monsoon, which are controlled by solar activities [63,64,65]. Floods in Ganjiang River may be related to strong solar activity, monsoon failure, and vice versa.




4.4. Hydrological Frequency Curve Analysis


Owing to abundant cultural heritage, spatially explicit and well-dated local chronicle materials illustrate general streamflow patterns and historic floods or droughts for the past 515 years, thereby facilitating historical hydrological and sustainable development research. Recent streamflow variations should be investigated in a long-term context to understand future changes in water resources. Considering that the modern hydrological observation data of the Ganjiang River are approximately 50 years, an ultra-long series that contains considerable intrinsic attributes that could not be obtained from short-gauged records should be developed. The streamflow of the Ganjiang River once in a hundred years may reach up to 3270 m3/s for flood and 1540 m3/s for drought on the basis of the calculation results of the P-III hydrological frequency curve using the reconstructed Ganjiang River streamflow series for the past 515 years (Figure 13), indicating that the total amount of water resources in a year is 1031 × 108 m3 and 485 × 108 m3, respectively. The standard of the once in a millennium runoff may reach up to 3770 m3/s for flood and 1430 m3/s for drought, indicating that the amount of water resources in a year is 1188 × 108 m3 and 450 × 108 m3, respectively. The results of hydrological frequency analyses can provide basic water resource data for socially sustainable development and land use or urban ecological governance in Jiangxi Province. Land use has a certain impact on regional runoff and ecosystem services [7,66]. This study mainly focuses on the reconstruction of the streamflow during the historical period, and land use change may not a drastic change, so the impact of land use on streamflow may not be obvious. Changes in land use structures may have an impact on regional runoff [67]. Therefore, to obtain detailed data on land use in historical periods, we can further understand the relationship between land use and water resources on a long-term scale.




4.5. Land use, Flood Control, and Basin Sustainable Development


The impact of land use on water resources is multifaceted [68,69]. Some studies have shown that under different land use patterns, water production parameters and soil hydraulic properties are significantly different [70,71]. Simulation studies [72,73] show that changes in land use, especially the increase in the proportion of urban land, may cause changes in the spatial and temporal distribution of water resources [74,75], increasing the risk of impervious surfaces and urban waterlogging [76]. In addition, due to the increase in urban population, it is possible to increase the possibility of water shortage on local scales [77]. Therefore, understanding the long-term changes of water resources in basins is important for regional sustainable development, rational use of water resources, and flood control.



China began to have relatively complete statistical data since the 1950s, hence, we compared the Ganjiang runoff data from 1500 to 1950 with related historical data on population [78], crop land [79], and forest cover rate data [80]. As can be seen from Figure 14, the historical population of Jiangxi province has shown an overall upward trend since 1500. The area of cropland during this period has remained relatively stable, with an average value of about 2640 thousand hectares [79]. The forest coverage rate decreased from 47.1% in 1700 to 35% in 1949 [80]. According to the reconstruction results of this study, the streamflow of the Ganjiang River from 1500 to 1950 had certain fluctuations. In general, the population development of Jiangxi in the historical period was more consistent with changes in cultivated land. There is a negative correlation between forest cover rate and cropland and population. The relationship between water resource use and population and cropland in this period needs further study.



For regional sustainable development in Jiangxi Province, the water level of Poyang Lake has continued to be low in recent years with the impoundment of the Three Gorges Project. Therefore, the local government has repeatedly proposed the construction of water control projects in Poyang Lake. This is likely to cause damage to the lake’s ecological environment and migratory bird habitat. According to the results of the reconstruction of the Ganjiang streamflow of the past 515 years, this study shows that the variation of Ganjiang streamflow has a degree of fluctuation, but it has certain stability from the long-term scale. Since the Ganjiang River is the main water source of Poyang Lake, the lake water level change is likely to be a normal feedback process of streamflow fluctuation. With the normal water level of Poyang Lake in recent years, the local government abandoned the original plan for dam construction and replaced it with an open gateless project with little damage to the ecological environment.



From 1955 to 2014, Ganjiang streamflow has gauged data (Figure 15). Although the streamflow during this period still has some fluctuations, it is relatively stable overall, with an average value of 2132.2 m3/s. During this period, the population of Jiangxi Province increased from 15.68 million in 1955 to 45.42 million in 2014 [81]. The cropland in this period was generally consistent with the rising trend of the population. After entering the 1990s, the total cropland area remained at about 2900 thousand hectares [81]. Forest coverage has maintained a relatively steady upward trend, rising from 35% in 1955 to 63% in 2014 [82]. This is mainly due to the economic development of Jiangxi Province and the improvement of urbanization, which enables the reduction of deforestation and the implementation of barren hill greening projects [83]. Studies in the small area of the Ganjiang basin also show that the population of the Jitai basin increased from 1.11 million to 2.45 million between 1955 and 1995 [84]. During this period, the area of cropland decreased slightly, and the area of the forest increased to a certain extent [84]. Therefore, with the increase of population and the rise of urbanization rate, the rational use of regional water resources is particularly important. In addition, the concentration of the population has put forward higher requirements for the prevention of flood risks.





5. Conclusions


Understanding the past is important in predicting the future. In this study, we reconstruct the precipitation of five representative stations on the basis of the quantitative reconstruction of drought-wet historical material and the division of the Ganjiang River drainage basin. A principal component regression model based on the modern data of precipitation and streamflow is used to verify the correlation analysis during the reconstruction period. The reconstruction model is valid, with a low RB of −1.82%. The streamflow variation of the Ganjiang River for the past 515 years is reconstructed using this model. The result shows that high streamflow occurs nine times, and low flows occur 11 times. Extremely low streamflow during the reconstruction period is found during the middle and late 17th century. The accumulated anomaly and Mann-Kendall test results reveal that a mutational point from low streamflow to high streamflow occurs in AD 1720. Redfit power spectrum analysis shows that the variation periods are 2–5, 7–8, and approximately 32 years, where the most significant period is 2–3 years. CWT suggests that the corresponding relation between streamflow and ENSO is eight years. Streamflow is affected by temperature and East Asian monsoon, which are controlled by solar activities. Floods may be related to strong solar activity, monsoon failure, and vice versa. Hydrological frequency curve analysis shows that the streamflow of the Ganjiang River once in a hundred years may reach up to 1031 × 108 m3 for flood or 485 × 108 m3 for drought, and the standard of the once in a millennium runoff may reach up to 1188 × 108 m3 for flood or 450 × 108 m3 for drought. Some limitations are found in this study, such as the judgment of historical drought and flood levels is subjective, and the reconstructed streamflow is the annual average that may not match the instantaneous extreme value of the river. The characteristic analysis of Ganjiang River streamflow may provide basic hydrological data for the sustainable development of society and may serve as a reference for future studies on mitigating the impacts of drought and flood disasters and provide insight into the rational use of water resources in Jiangxi Province.
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Figure 1. Location map of the study area and representative stations of a small basin. 
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Figure 2. Piece of local chronicle pressed in AD 1753 (Emperor Qianlong 18th year) in Qing dynasty. This chronicle contains a flood strike record of the Ganjiang River in Taihe County, Jian prefecture that caused huge famine subsequently in AD 1704 (blue section). It also contains a drought-strike record in AD 1743 (red section), resulting in food shortage and causing people to overcome their hunger by eating some kind of soil. 
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Figure 3. The processing flow of principal component regression (PCR). 
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Figure 4. Workflow of overall reconstruction. 
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Figure 5. Precipitation reconstruction series of five representative stations from 1500 to 2014. (The x-axis represents the year, and the y-axis unit is mm). 
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Figure 6. Correlation of observed and reconstructed streamflow of the Ganjiang River. 
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Figure 7. Streamflow reconstruction for the Ganjiang River from 1500 to 2014. The red line shows 11year running mean values, and the blue line shows one standard deviation. 
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Figure 8. Statistics on the frequency distribution and kernel density curve of gauged streamflow (A) and reconstructed streamflow (B). 
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Figure 9. Accumulated anomaly and Mann-Kendall test results. 
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Figure 10. Redfit power spectrum of reconstructed Ganjiang River streamflow variations from 1500 to 2014, and the gray and red lines indicate 99% and 95% confidence levels, respectively. 
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Figure 11. Phase modal variation (A) and wavelet coefficient of reconstructed streamflow and ENSO index (B). 
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Figure 12. Comparison of Ganjiang River streamflow (A) and dry–wet index (B) [52], temperature in Eastern China (C) [53], East Asian Monsoon Index (D) [55], oxygen isotope (E) [59], and TSI (F) [60]. 
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Figure 13. P-III hydrological frequency curve for the past 515 years. 
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Figure 14. Comparison of reconstructed Ganjiang River streamflow from 1500 to 1950 (A) and Jiangxi province population (B) [78], cropland (C) [79], forest cover rate (D) [80]. 






Figure 14. Comparison of reconstructed Ganjiang River streamflow from 1500 to 1950 (A) and Jiangxi province population (B) [78], cropland (C) [79], forest cover rate (D) [80].



[image: Sustainability 12 01168 g014]







[image: Sustainability 12 01168 g015 550] 





Figure 15. Comparison of gauged Ganjiang River streamflow from 1955 to 2014 (A) and Jiangxi province population (B) [81], cropland (C) [81], forest cover rate (D) [82], urbanization rate (E) [81], population in Jitai basin (F) [84], cropland in Jitai basin (G) [84], forest area in Jitai basin (H) [84]. 
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Table 1. Historical materials on drought and flood disaster and grade standard.
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Grade

	
Standard

	
Text Description Classification






	
1 (drought)

	
time

	
long duration

	
drought that usually lasts for several months; lake dries up because of drought; extensive plant death because of drought; people starve to death; locust disaster; no grain harvest.




	
space

	
large range




	
phenomenon

	
severe disaster




	
2 (slight drought)

	
time

	
short duration

	
single season or single month drought; land rent exemption because of drought; general drought; people are hungry, but remained in their hometown.




	
space

	
small range




	
phenomenon

	
less severe




	
3 (normal)

	
-

	
-

	
no record of droughts or floods this year; grain harvest; good weather for the crops; favorable weather.




	
4 (slight flood)

	
time

	
short duration

	
less severe flooding in a single month; general flood; no description of waterlogging and only recorded dry in a certain month; exemption of land rent exemption because of flood.




	
space

	
small range




	
phenomenon

	
less severe




	
5 (flood)

	
time

	
long duration

	
long and intense precipitation; deep water on the ground; serious damage to crops, animals, and dams caused by floods; floods did not occur in many years.




	
space

	
large range




	
phenomenon

	
severe disaster
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Table 2. Regression analysis of drought flood grade and precipitation from 1955 to 2014.
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	Station
	Model *
	r
	r2
	F-Statistics
	Sig.





	1
	Ganzhou
	y = 211.227x + 788.260
	0.792
	0.627
	97.379
	0.000



	2
	Jian
	y = 202.327x + 888.053
	0.863
	0.746
	169.946
	0.000



	3
	Nanchang
	y = 246.008x + 851.014
	0.876
	0.767
	190.778
	0.000



	4
	Gaoan
	y = 150.896x + 1113.205
	0.723
	0.522
	63.360
	0.000



	5
	Yichun
	y = 173.246x + 1086.455
	0.844
	0.712
	143.650
	0.000







* x denotes drought/flood grade, and y denotes gauged precipitation.
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