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Abstract

:

This study investigates the potential reconstruction of summer monsoon season streamflow variations in the middle reaches of the Yellow River from tree rings in the Qinling Mountains. The regional chronology is significantly positively correlated with the July–October streamflow of the middle Yellow River from 1919 to 1949, and the derived reconstruction explains 36.4% of the actual streamflow variance during this period. High streamflows occurred during 1644–1757, 1795–1806, 1818–1833, 1882–1900, 1909–1920 and 1933–1963. Low streamflows occurred during 1570–1643, 1758–1794, 1807–1817, 1834–1868, 1921–1932 and 1964–2012. High and low streamflow intervals also correspond well to the East Asian summer monsoon (EASM) intensity. Some negative correlations of our streamflow reconstruction with Indo-Pacific sea surface temperature (SST) also suggest the linkage of regional streamflow changes to the Asian summer monsoon circulation. Although climate change has some important effects on the variation in streamflow, anthropogenic activities are the primary factors mediating the flow cessation of the Yellow River, based on streamflow reconstruction.
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1. Introduction


Hydrological changes and their associated water resources are closely related to society in China [1,2]. Hydrology-related natural disasters, such as floods and prolonged drought, can translate into infrastructure destruction and the loss of industrial and agricultural production, and have serious economic and social impacts. These impacts could seriously threaten the lifestyles of human beings in river basins in China. With the rapid increase in water consumption in China over the past 30 years and the high uncertainty of future water resource change in the context of global warming [3,4,5,6], reliable knowledge of streamflow variations is of importance for us to assess the spatial-temporal variation in water resources in river basins and remote areas. Long-term and high resolution dendrohydrological reconstructions provide important contributions to the body of knowledge on past hydrological variations and can facilitate efforts to simulate future hydrological scenarios [7,8,9,10,11,12].



The Yellow River, one of the longest river systems in the world and the second longest in China, provides abundant freshwater for the people living along the river. In the Yellow River basin, some annually resolved series (12 months) of natural streamflow were reconstructed during the last millennium, based on tree-ring data from the Tibetan Plateau [13,14]. Most of these reconstructions are based on the response of tree-ring width to the streamflow of water years. Summer monsoon season streamflow records in the middle Yellow River, however, rarely extend beyond the Little Ice Age and contain relatively weak hydrological signals [15,16,17]. Some studies have proven the sensitivity of tree rings of Chinese pine (Pinus tabulaeformis) to summer monsoon season streamflow in the middle Yellow River basin [18,19,20,21]. The dendrohydrological potential of Chinese pine, however, depends on a convincing separation of naturally and anthropogenically induced streamflow signals at different time scales [14].



This research focused on developing a regional chronology and extracting streamflow signals based on the tree rings of P. tabulaeformis at three sampling sites (SR, XF and NWT) [20,22,23] in the Qinling Mountains (Figure 1 and Table 1) and presented a streamflow reconstruction that overcomes some of these restrictions, linked with streamflow sensitivity and anthropogenic influence, to reconstruct summer monsoon season streamflow variations in the middle Yellow River since 1570 CE. Therefore, we compiled a regional tree-ring width chronology based on tree-ring data from three sampling sites in the middle reaches of the Yellow River, Central China. We attempted to show high to low frequency streamflow signals of the new streamflow reconstruction and discuss the effects of synoptic variations on streamflow according to the new streamflow reconstruction and other findings available from adjacent regions.




2. Material and Methods


2.1. Geographical Settings and Tree-Ring Material


The study areas are situated in Central China with typical monsoon climate characteristics in a humid and semi-humid climatic zone (Figure 1). The annual total precipitation is approximately 633.5 mm, and the annual average temperature is 12.5 °C, based on monthly climate datasets of the Climatic Research Unit (CRU) of the University of East Anglia (averaged over 33.5–36° N, 109–114° E, [24]). Under the influence of the Asian monsoon, the summer climate of the study region is hot and rainy, while the winter climate is dry and cold and controlled by dry-cold airflows from high latitudes (Figure 2a). The mean annual streamflow of the Yellow River (34°55′ N, 113°39′ E, 92 m a.s.l.) at the Huayuankou hydrological station is 1436 m3/s during the period 1919–1988. Figure 2b indicates the monthly average streamflow of the middle Yellow River from 1919 to 1988, and the seasonal distributions of streamflow and precipitation are highly similar. The streamflows increase rapidly during summer, along with increases in monsoon precipitation. The Qinling Mountains are the most important orographic barrier in the study area and serve as the dividing line between northern and southern China. As a dominant tree species in the Qinling Mountains, Chinese pines grow on thin or rocky soils on the peaks of mountains and are known to be strongly sensitive to climatic change and are significantly positively correlated with streamflow and precipitation variations over a broad area in Central China [19,20,21,22,23]. This research attempted to develop a regional chronology and to reconstruct the streamflow of the Yellow River based on the tree rings of Chinese pines from three sampling sites (SR, XF and NWT) [20,22,23] located in the Qinling Mountains (Figure 1 and Table 1).



Significant common signals among the individual ring-width series were confirmed by cross-dating. To remove nonclimatic trends, negative exponential or straight-line curve fits were used. After detrending with the negative exponential curve, all individual ring-width sequences from the three sampling sites were merged into a regional chronology (RC) using a bi-weight robust mean in the ARSTAN program [25]. The bi-weight robust mean minimizes the effect of outliers, extreme values or biases in the tree-ring index. The correlation analysis revealed that high correlations existed between the site chronologies, and the regional chronology displayed significant common signals (Table 2). To capture the low to high frequency common variance, the standard version (STD) of the regional chronology was used in the streamflow reconstruction. The reliability of the regional chronology was assessed by the expressed population signal (EPS) and interseries correlation (Rbar) [26]. Both Rbar and EPS were computed over 50 years, lagged by 25 years. To minimize the influence of changing sample depth, the variance in the regional chronology was stabilized using methods shown by Osborn et al. [27].




2.2. Streamflow Data and Analyses


We selected two hydrological stations near the sampling sites in the study area: Huanyuankou station in the Yellow River (34°55′ N, 113°39′ E, 92 m a.s.l., observation period 1919–1988) (Figure 2b) and Heishiguan station in the Yiluo River (34°43′ N, 112°56′ E, 109 m a.s.l., observation period 1951–1986 (Figure 2c). The monthly mean streamflow of each station was calculated. Clearly, in the middle sections of the Yellow River, high summer monsoon precipitation coincides with high streamflow during July to September, and in contrast, this area is controlled by a cold dry air mass in winter (Figure 2). In Pearson’s correlation analysis, the streamflow data of Huanyuankou and Heishiguan along with the regional chronology were examined from January to December. All statistical procedures were evaluated at the p < 0.05 level of significance. Based on the results of the streamflow response, a linear regression equation was used to reconstruct the streamflow variation in the middle Yellow River. Since the calibration period is relatively short, statistical tests, including the reduction of error (RE), Pearson correlation coefficient (r) and coefficient of efficiency (CE), were computed using the method of leave-one-out cross-validation [28]. To establish connections between our streamflow reconstruction and the atmospheric circulations in East Asia, we analyzed multiple correlations of our streamflow reconstruction with the EASM index [29] and sea surface temperature dataset (HadSST2, [30]) for the common period.





3. Results and Discussion


3.1. Streamflow Reconstruction


To guarantee the reliability of the streamflow reconstruction, we truncated the early portion of the regional chronology prior to 1570 based on an expressed population signal of at least 0.85. The moving EPS values from 1570 to 2012 were close to 0.9, further revealing the reliability of the regional chronology. Figure 3 indicates the correlations between the monthly streamflow data and the regional chronology. The tree-ring widths of P. tabulaeformis show remarkable (p < 0.05) positive correlations with the streamflow of the Yiluo River (Heishiguan) during June–August. Similarly, there were some significant positive correlations between the regional chronology and streamflow of the Yellow River (Huayuankou) during June–December. After screening the regional chronology in correlation analysis with the streamflow combinations from January to December, the strongest correlation (r = 0.64, p < 0.01) was found between the regional chronology and the June–August streamflow of the Yiluo River, and a high correlation (r = 0.61, p < 0.01) was found between the regional chronology and the July–October streamflow of the Yiluo River. Moreover, a high correlation of the regional chronology was found for the July–October streamflow of the Yellow River, with r = 0.42 (p < 0.01). The correlation between the streamflow of Heishiguan and Huayuankou reached 0.70 (p < 0.01), despite considerable anthropogenic influences (Figure 4).



First, a linear regression equation was established to reconstruct the streamflow history for the Yiluo River. During the common period of the regional chronology and streamflow data (1951–1986), the streamflow reconstruction accounted for 41% of the actual streamflow variance (Figure 4a). Although this reconstruction is statistically stable, we found that streamflow in July 1958 was unusual, related to the maximum flow recorded during the instrumental period. If we eliminated 1958 from the reconstruction equation, the explained variance increases from 41% to 48%. Considering that the Yiluo River is a tributary of the Yellow River and the river basin is located in the Qinling Mountains with less human disturbances, the instrumental streamflow data of this river provide a reference to validate our streamflow reconstruction of the Yellow River. To a certain extent, the regional chronology can also represent the changes in the natural streamflow in this region after the 1950s, as indicated by the results.



Since the 1950s, a large number of hydraulic engineering structures have been built in the middle reaches of the Yellow River, and the response of tree rings to streamflow has been considerably reduced due to strong anthropogenic influences [14]. Although the correlation was high during the entire period of 1919–1988, the correlation between the July–October streamflow of the Yellow River and the regional chronology was just 0.28 (p < 0.10) during the period 1950–1988, which also indicates that the streamflow variation in this area is seriously influenced by anthropogenic factors. The first-differenced correlation from 1950 to 1988 is r = 0.07 (p > 0.01), indicating that low frequency variation is relatively coherent between the regional chronology and observed streamflow data. The instrumental streamflow data are 9.7% less than the reconstructed streamflow data, and the anthropogenic influence is even stronger in the last 30 years [14]. It is believed that the streamflow in the middle Yellow River is influenced by the fluvial processes in its upper reaches, such as the Tibetan Plateau, and by the streamflow from the Qinling Mountains; thus, a strong correlation (r = 0.70, p < 0.01) between the streamflow of Heishiguan and Huayuankou was found, despite considerable anthropogenic influences (Figure 4b). Therefore, the tree-ring width chronologies of P. tabulaeformis, which are sensitive to the streamflow variation in the Qinling Mountains and were utilized as a proxy to reconstruct the hydrological variables of the Yiluo River, may also be used to acquire the streamflow signals of the middle Yellow River. Detailed analysis indicated that a high correlation (r = 0.60, p < 0.01) was found between the regional chronology and the July–October streamflow of the Yellow River and affected the changes in subsequent streamflow. The reconstruction equation between the July–October streamflow of the Yellow River and the regional chronology achieved reliable calibration and cross-validation statistics. The final calibration regression (Y = 3462.699RC − 775.865) explained 36.4% of the total variance of the instrumental streamflow during 1919–1949 (Figure 4c) and 33.6% in the leave-one-out cross-validation. The positive CE (0.27) and RE (0.28) revealed the good predictive skill of the reconstruction equation.



Figure 5a exhibits the interannual to multidecadal variability of the July–October streamflow reconstruction for the middle Yellow River since 1570 CE. Several extended high and low streamflow epochs (≥11 years) were revealed according to 25-year low pass filtered streamflow values of the reconstruction and the long-term mean (1570–2012, 2670.6 m3/s). Low streamflow epochs occurred around 1570–1643, 1758–1794, 1807–1817, 1834–1868, 1921–1932 and 1964–2012, while high streamflow periods occurred at 1644–1757, 1795–1806, 1818–1833, 1882–1900, 1909–1920 and 1933–1963. The streamflows less than the mean-1σ (2166.8 m3/s mm) for three or more consecutive years occurred at 1576–1580, 1632–1635 and 1926–1929, and conversely, the streamflows higher than the mean+1σ (3174.4 m3/s) for three or more consecutive years occurred at 1675–1678, 1747–1749, 1803–1806, 1894–1898 and 1946–1949. A trend towards decreased streamflow begins in the middle of the 20th century and continues into the 21st century.




3.2. Link with the East Asian Summer Monsoon (EASM) and the Indo-Pacific Ocean Climate


Commonly, with the northward movement of the monsoon rain belt, the middle Yellow River is substantially impacted by the EASM during June to October, and monsoon precipitation and streamflow increase rapidly, especially the July streamflow (Figure 2). The instrumental climate data show that the total precipitation and streamflow from June to October account for 73% of the annual precipitation and 66% of the annual streamflow in the middle Yellow River basin, respectively. The correlation between the observed precipitation and streamflow from 1953 to 1988 is r = 0.60 (p < 0.01). The EASM intensity is indicated by streamflow to a certain degree. Thus, it is obvious that the streamflow variation in this region is closely linked to the intensity of the East Asian summer monsoon and its associated monsoon precipitation [31]. In other words, higher streamflows mean a stronger summer monsoon, and vice versa. Based on the above points, the low and high streamflow periods correspond to weak and strong summer monsoon intervals, respectively. To establish the linkages between our streamflow reconstruction and the EASM, we analyzed the correlations between the EASM index and our streamflow reconstruction [29] for the 1948–2012 period. The stronger correlation (r = 0.23, p = 0.06) was between the concurrent June EASM index and our streamflow reconstruction and increased to 0.56 (p < 0.01) after 5-point smoothing (Figure 5b). Although we do not want to overinterpret these weak correlations, the positive correlations with the EASM index also suggest that the water cycles of the middle Yellow River are linked closely with the East Asian summer monsoon dynamics, which affect precipitation conditions over the Qinling Mountains [32,33,34]. This result is in line with our expectations.



As shown in Figure 5c, some significant negative correlation areas with SSTs were found in the northern Indian Ocean and western tropical Pacific Ocean, implying that these tropical sea areas are the main water vapor sources for the middle Yellow River. Hydroclimatic conditions in Central China would be impacted by the Asian summer monsoon through water vapor transport from sea areas around China [29,35]. These water vapor source areas influenced by the Asian summer monsoon [36,37] also suggest possible teleconnections between our streamflow reconstruction and the Asian summer monsoon systems. Significant negative correlations between the moisture-sensitive tree-ring width record and SSTs in the northern Indian Ocean and western tropical Pacific Ocean are also found in the neighboring area [36], suggesting similar hydroclimatic variations for both areas. Although instrumental climatic data showed that the EASM has significantly weakened since the 1970s [29,38], our reconstruction shows that this dry trend may have started after the warm 1940s. During the past 30 years, this downward trend has been further exacerbated by increased evaporation as a result of climate warming [39], despite the EASM recovering from its weak epoch since the 1990s [40].




3.3. Human Impacts


The sampling sites used in our streamflow reconstruction in this study are relatively dry, and therefore, these pine trees have suffered from water stress during the warm period [20,22,23]. Warm season temperature increases during recent years could have contributed to increasing water scarcity in the Yellow River [39]. The temperature increase since the 1980s, shown by tree-ring records [21,41] as a period of unusual warm temperatures, could have exacerbated the recent drought across the middle Yellow River basin. At the same time, we found that there is a significant negative correlation (r = −0.31, p < 0.01) between the low frequency variations in the annual streamflow reconstruction [14] and our seasonal streamflow reconstruction (Figure 6), which may suggest that the increase in runoff caused by increased melting of snow and ice in the Tibetan Plateau under the background of climate warming cannot completely offset the decrease in runoff caused by increasing water consumption and warming-induced drought downstream. The recent drought trend, by influencing available water resources and water cycles, was also one of the contributing factors to the flow cessation events of the Yellow River that occurred in the 1990s [42,43], especially for the drought year 1997 [36]. This region is the most important grain production area in China, and as a result of rapid socioeconomic development, regional water consumption has rapidly increased, and the influences of human actions on the streamflow of the Yellow River are further strengthening [14]. As shown by our streamflow reconstruction, severe low runoff periods in history that coincided with drought events occurred in the middle reaches of the Yellow River, especially in the late Ming Dynasty (1620–1644), 1877–1878 and 1926–1929, causing environmental and social impacts [44,45,46] but rarely causing cessation of Yellow River flow. Therefore, modern flow cessation is the product of the superimposed impacts of human activities and contemporary climate change. Although no flow cessation events occurred after the implementation of the reasonable streamflow allocation scheme, a warm climate could increase evaporative demand, and the deleterious influence of climate warming will become considerably more widespread in the future [47,48,49]. Therefore, for the different future climate scenarios, a reasonable runoff allocation scheme is necessary.





4. Conclusions


The regional chronology of P. tabulaeformis was constructed for the Qinling Mountain area, Central China. The streamflow reconstruction was developed for the 1570–1918 period using an equation calibrated with instrumental streamflow of the middle Yellow River. The reconstruction accounted for 36.4% of the variance in the instrumental streamflow over the 1919–1949 period. The reconstruction reflects not only the streamflow fluctuations in the middle Yellow River basin, but also the strong/weak EASM variations. Significant negative correlations of our streamflow reconstruction with Indo-Pacific SSTs imply connections of the middle Yellow River streamflow variation with the Asian summer monsoon system. Under the background of warming-drying in recent decades, streamflow has been continuously decreasing due to recent intense human activity. Although similar low streamflow events have occurred in the past, none of them caused flow cessation events. Therefore, reasonable streamflow allocation is of strong importance for regional sustainable development and the watershed environment.
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Figure 1. Map showing the locations of sampling sites and hydrological stations in the middle reaches of the Yellow River. 
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Figure 2. (a) Average monthly precipitation and temperature of the middle reaches of the Yellow River from 1950 to 2018, based on monthly climate datasets of the Climatic Research Unit (CRU) of the University of East Anglia (averaged over 33.5–36° N, 109–114° E). (b) The average monthly streamflow from 1919 to 1988 at the Huayuankou hydrological station. (c) The average monthly streamflow from 1951 to 1986 at the Heishiguan hydrological station. 
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Figure 3. Correlation analyses between the regional chronology and streamflow at Heishiguan (a) and Huayuankou (b). The dashed lines represent the 95% confidence level. 
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Figure 4. (a) Comparison between the regional chronology (RC) and observed June–August streamflow of the Yiluo River (Heishiguan). (b) Comparison between the July–October streamflow of the Yellow River (Huayuankou) and the July–October streamflow of the Yiluo River (Heishiguan). (c) Comparison between the regional chronology (RC) and the observed July–October streamflow of the Yellow River (Huayuankou). 
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Figure 5. (a) Estimated (thin line) and 25-year low pass filter (thick line) values of the July–October streamflow of the Yellow River. The central horizontal line shows the mean of the estimated values; the dotted lines show the border of one standard deviation. (b) Comparison between the July–October streamflow reconstruction of the Yellow River and the EASM over the 1948–2012 period. (c) Correlation patterns of the reconstructed streamflow with the July–October Indo-Pacific SSTs over the 1870–2012 period. 
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Figure 6. Comparison between the streamflow reconstructions of the Yellow River for the summer monsoon season (July–October, this study) and water year (October–September) [14]. 
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Table 1. Site information for tree-ring width chronologies and hydrological stations in the middle Yellow River basin.
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	Site Code
	Latitude (N)
	Longitude (E)
	Number of Trees

/Sample Depth
	Elevation (m)
	Species
	Time Span (CE)





	XF
	34°29’
	110°05’
	25/51
	2030–2050
	P. tabulaeformis
	1543–2012



	NWT
	34°00’
	108°58’
	25/51
	1380–1450
	P. tabulaeformis
	1795–2010



	SR
	33°44’
	112°14’
	29/57
	1675
	P. tabulaeformis
	1774–2007



	Huayuankou
	34°55′
	113°39′
	-
	92
	-
	1919–1988



	Heishiguan
	34°43′
	112°56′
	-
	109
	-
	1950–1986
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Table 2. Correlations among the tree-ring width chronologies during the common period 1850–2007.
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	SR
	XF
	NWT





	SR
	1.00 *
	
	



	XF
	0.47 *
	1.00*
	



	NWT
	0.25 *
	0.53 *
	1.00 *



	RC
	0.71 *
	0.83 *
	0.79 *







* indicates 99% confidence level.
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