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Abstract

:

The Yili Basin represents a typical region influenced by the Westerlies, and as a result of the substantial precipitation delivered by these winds, it has emerged as a significant hub for agricultural and animal husbandry activities in Central Asia. This study established a 419-year tree-ring width chronology, utilizing living Picea schrenkiana samples from two sampling sites in the Yili Basin. Correlation analysis showed that the standard tree-ring width chronology had the best correlation with the Palmer Drought Severity Index from the previous August to the current May (PDSIP8C5) (r = 0.614, n = 59, p < 0.001). Therefore, we reconstructed PDSIP8C5 variations from 1673 to 2018. The reconstruction results reveal eight wet and seven dry periods during the past 346 years. In the reconstructed series, droughts are particularly pronounced around 1770 and 1920, and the PDSI shows a significant long-term wetting trend since the 1980s. The solar activity, North Atlantic Oscillation (NAO), and Atlantic Multidecadal Oscillation (AMO) jointly influenced the regional moisture variation.
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1. Introduction


Drought has been a significant natural disaster throughout history, substantially impacting the economy, society, and ecosystem [1,2]. Global warming has increased the intensity and frequency of drought events [3]. Over the period 1951–2021, the annual mean surface temperature in China has shown a significant upward trend [4]. It is crucial for the sustainable development of arid and semi-arid areas to study and analyze the trend of drought development in climate change and to provide adequate drought early warning. The Tianshan Mountains are located in the arid region of Central Asia, where the climate is changeable. The Tianshan area is an essential area for grain production in Xinjiang and a critical barrier to the climate and ecological environment in the arid regions of northwest China [5,6]. Climate variations in the Tianshan Mountains are essential to Xinjiang’s ecological environment and food security. Understanding the changes in regional dryness and moisture levels and identifying key drought events in the Tianshan Mountains can provide vital assurances for local social and economic activities. This is important for the area’s social and economic growth and preventing and reducing disasters. Traditionally, Central Asia is regarded as a region dominated by Westerlies [7]. Some studies have also found that the precipitation in Central Asia is affected by the North Atlantic Oscillation (NAO) [8] and Atlantic multidecadal variability [9]. Due to the short duration of measurement recording, comprehension of the frequency and severity of drought occurrences in this region is significantly restricted. Tree-rings have become one of the preferred proxy data for the investigation of past climatic fluctuations owing to their extensive spatial distribution, prolonged temporal coverage, and high resolution [10,11,12].



Many climate-sensitive conifer species, such as Picea schrenkiana Fisch. et Mey and Larix sibirica Ledb., are distributed in the Tianshan Mountain area [13]. P. schrenkiana is a tree with shallow roots, yet a well-developed system, able to resist cold, preferring humid and shaded habitats, and sensitivity to climatic factors, which is very suitable for tree-ring research [13]. Several dendro-climatology and -hydrology studies have been conducted in the Tianshan Mountains, establishing dendrochronology series and mainly reconstructing climatic variables such as precipitation, temperature, and river runoff [14,15,16,17,18,19,20,21,22,23]. However, inadequate delineation of drought events in the western Tianshan Mountains is insufficient to understand historical climate change. Owing to the limited durations of previous meteorological records, the calibration period of tree-ring reconstruction is short and not conducive to obtaining stable and reliable climate reconstruction results. Therefore, collecting new samples and establishing new dendrochronology is necessary to conduct tree-ring climate analysis to gain a new understanding of drought events in this region. In addition, due to the favorable hydrothermal conditions in some areas of the western Tianshan Mountains, the response of tree radial growth to climate is complicated, and it is challenging to extract absolute climate-limiting factors [13]. A comprehensive index that considers water changes should be used to understand regional moisture changes better. Drought severity is determined by the relationship between water supply and demand, which can reflect the dry and wet changes in agriculture. The Palmer Drought Severity Index (PDSI) has the potential to detect and predict crop yield [24], and can determine the beginning and end of the drought.



Taking Zhaosu County in the southwest of the Yili Basin as the study area, P. schrenkiana was selected as the tree species for tree-ring research. The objectives of this study are (1) to explore the relationship between tree-ring and climate and to reconstruct drought change over 346 years, (2) to investigate potential drivers of drought change in the study area, such as the link between drought and water vapor in the North Atlantic and Westerlies. This study has enhanced the dendroclimatic data of Central Asia’s Tianshan Mountains and provided a basis for additional large-scale climate reconstruction. Furthermore, it aids in interpreting how climate change has historically impacted arid Central Asia.




2. Materials and Methods


2.1. Study Area and Climate Data


Yili Basin is located at the northern foot of the West Tianshan in Xinjiang, surrounded by mountains on three sides and open to the west, between Keguqin Mountain, Bolohoro Mountain, Wusun Mountain, and Narati Mountain in the Middle Tianshan [25], forming a terrain of “three mountains sandwiching a valley and a basin” [26]. Due to its deep location in Eurasia and the influence of the surrounding plateaus and mountains, water vapor from the Pacific and Indian Oceans is challenging to reach. However, this valley opens to the west, and warm, humid air can arrive from the Atlantic carried by the westerly wind [27,28]. In the Yili area, forest resources are abundant because of the unique terrain and climatic conditions, and P. schrenkiana is mainly distributed at an altitude of 1200~3500 m [29]. Yili Kazak Autonomous Prefecture is part of the semi-arid and semi-humid cold climate type of continental temperate mountainous region. The sampling sites are located southwest (Figure 1), with an annual average temperature of 2.9 °C, an annual rainfall of 511.8 mm, and an average annual water evaporation of 1261.6 mm.



Based on the climatic data collected from Zhaosu Meteorological Station (43°09′ N, 81°08′ E), which is close to the sampling point from 1959 to 2018 (the data are obtained from “China Meteorological Science Data Sharing Service Network” http://cdc.cma.gov.cn/, accessed on 18 July 2023), the results show that January and August are the coldest and warmest months, respectively, in the study area, and precipitation predominantly occurs between April and September. Due to the significant variation in elevation between the sampling locations and the adjacent meteorological stations, the data-sharing website of the Royal Netherlands Meteorological Institute (http://climexp.knmi.nl, accessed on 2 August 2023) was used in this study. From the Climatic Research Unit, University of East Anglia, the CRU TS 4.06 dataset with a resolution of 0.5° × 0.5° was used to extract rainfall and monthly mean temperature data covering the sampling sites (42–45° N, 80–82° E) during 1960–2018. The scPDSI data were obtained from the CRU TS 4.05 dataset with a resolution of 0.5° × 0.5°. For the convenience of narration, the scPDSI is henceforth described as PDSI.




2.2. Tree-Ring Data and Chronology Development


In June 2019, the research team collected samples on the north slope in Aksu Ditch (ZS1, 42°35′ N, 81°25′ E, 2548 m) and Aheyazi Ditch (ZS2, 42°41′ N, 80°53′ E, 2443 m) in Zhaosu; the sampling sites were near the lower treeline. The soils in the sampling area are grayish-brown and relatively thick. P. schrenkiana, with healthy growth and no human damage, was selected in the moderate open stand and low crown density. Following the International Tree-Ring Data Bank standard, two cores were taken from each tree at the breast height (1–1.5 m) in different directions using growth cones. After discarding some missing and decayed cores, 70 cores with complete form and clear rings were collected from 37 trees. The samples were dried, fixed, polished, and dated in the laboratory. Each ring was measured by LINTAB with an accuracy of 0.01 mm, and the quality of cross-dating was controlled by the COFECHA program [30] to ensure the accurate growth age of each ring. The results showed that the mean correlation of the original sequence was 0.611, with a mean sensitivity of 0.171. We use the negative exponential function in the ARSTAN program [31] to detrend, and three types of tree-ring width chronologies are obtained: the standard (STD) chronology, the residual (RES) chronology, and the ARSTAN (ARS) chronology. The STD chronology includes high- and low-frequency information, whereas the RES chronology shows more high-frequency changes. In subsequent analyses, the STD chronology is used because it retained more low-frequency information [32]. The corresponding statistical characteristics are shown in Table 1. The reliable start year of the chronology is determined based on the number of samples with subsample signal strength (SSS) greater than 0.85. In addition, the mean inter-series correlation (Rbar) and the expressed population signal (EPS) were calculated to assess the representativeness of the STD chronology. When the EPS value is more significant than 0.80, it is acceptable to capture regional climate signals [33]. The EPS ranged from 0.79 to 0.97, suggesting our chronology is reliable. The reliable interval of the final chronology (SSS > 0.85) was obtained from 1673 (corresponding to 6 tree cores) to 2018 (Figure 2); EPS is also greater than 0.80 in this period.




2.3. Analysis Methods


Climate variables and tree-ring radial growth were correlated using Pearson correlation. Since tree growth lags behind the climate, it is also affected by the previous year’s climate [34]. We have used the climate data for a total interval of 15 months from the previous July to the current September. A linear regression model has been used to reconstruct the main climate limiting factors. The model’s reliability was evaluated using Jackknife and bootstrap methods [35]. Statistical parameters utilized to test the model consist of the correlation coefficient (r), coefficient of determination (R2), coefficient of determination after accounting for degrees of freedom (R2adj), estimated standard error (SE), F-value, p-value, and D/W value.



Furthermore, the reconstructed series was compared with other climatic records around the study area. The spatial correlations between the actual PDSI and reconstructed PDSI and the global gridded PDSI data and the gridded Hadley Centre Sea-surface Temperature Data Set Version 1 (HadISST1) were analyzed by using the KNMI Climate Explorer (http://climexp.knmi.nl, accessed on 24 August 2023) from 1960 to 2018. The Multi-taper method (MTM) [36] has been used to identify the major periods present in our reconstructed sequences. In addition, we computed the correlation between the reconstructed sequence and the sunspots, the North Atlantic Oscillation (NAO), and the Atlantic Multidecadal Oscillation (AMO). Studies have indicated that low-frequency change information is more dependable in reconstruction efforts [37]. To highlight decadal-scale changes and long-term fluctuations, an 11-year moving average was used for the sequential comparison analysis [38].





3. Results and Discussions


3.1. Climate–Growth Response


Some studies on how climate change affects trees in the Tianshan Mountains indicate that tree growth is not solely influenced by the climate of the ongoing growth season; it is also notably impacted by the weather conditions of the preceding year [39]. The climatic conditions before the growth season will affect the radial growth of tree-ring during the growing season. The water vapor in the Yili area mainly comes from mountain precipitation and melting glaciers and snow. More rainfall during the growing season directly provides water for tree growth, enhancing photosynthesis efficiency and tree cell growth and division [40]. At the same time, the precipitation in the growing season replenishes the loss of soil water vapor evaporation, increases soil water content, and indirectly promotes the growth of trees. Snow in winter could boost snow storage and moisture in soil [41], which may promote tree growth in the next growing season.



As shown in Figure 3, at a significance level of 0.05, we only found a positive correlation between the chronology and precipitation in November of the previous year. With mean temperature, the STD chronology exhibited a positive correlation with September from the preceding year, as well as February, June, and August of the current year. The low correlations between tree growth and mean temperature reveal that temperature does not have a notable impact on tree growth. After trying various month combinations, we discovered that the most robust correlation between the STD chronology and precipitation was in the period from July to April, whereas the strongest correlation between the chronology and the mean temperature appeared from August to July. The PDSI exhibited significant correlations with the STD chronology from July of the previous year until September of the present year (1960–2018). In addition, it is noteworthy that the correlation coefficient linking the STD chronology with PDSI shows a stronger correlation than precipitation and temperature. To study the correlation between climate and tree-rings in greater depth, we integrated the climate data from various months with the STD chronology for examination. The findings demonstrate that the STD chronology exhibits robust associations with the PDSI from the previous August to the current May (r = 0.614, p < 0.001). Moisture condition was found to be the main climatic factor in this analysis, and the PDSI from August to May is the most suitable predictor for drought reconstruction.




3.2. PDSI Reconstruction


The mean PDSIP8C5 from 1673 to 2018 was reconstructed by using a linear regression model that took into account the connection between the standard chronology and climate variables. The linear regression function is designed as follows:


PDSIP8C5 = −4.9875 + 4.5305 × STD








n = 59, r = 0.614, R2 = 0.38, R2adj = 0.37, F = 33.84, p < 0.0001, D/W = 0.98.



In the formula, PDSIP8C5 is the average PDSI value from the previous August to the current May, and STD is the standard chronology of tree-ring width. R2 is the explained variance, and R2adj is the explained variance after adjusting the degrees of freedom. The D/W value [42] is used to test the residuals of the reconstructed sequence, and the residuals have a positive correlation when D/W < 2. Table 2 shows the test of the equation by Bootstrap and Jackknife methods. All parameters measured by the test system are very similar to the calibrated parameters, indicating that the reconstructed equation is reliable and suitable for the PDSI reconstruction. Figure 4 compares the PDSI with the reconstructed PDSI (1960–2018) in this study area, and the reconstructed series are consistent with the PDSI. However, the amplitude changes are different. After first-order difference detrending, the correlation coefficient is 0.551, and the changes have a similar trend (Figure 4b). This statistical analysis validates our reconstruction model, which may represent a long-term variation of dry and wet in the Yili Basin since 1673.



Spatial analysis showed that the reconstructed PDSIP8C5 sequence had a positive correlation with both PDSI and precipitation in the surrounding areas of the Yili Basin (Figure 5). These results show that the reconstructed PDSIP8C5 can represent the dry and wet fluctuations in the Yili region.




3.3. Drought Variability in the Past 346 Years


According to the liner regression equation, the PDSIP8C5 of the southwestern Yili Basin (1673–2018) is reconstructed (Figure 4c). The reconstructed sequence reveals the drought variation over a long time, providing a valuable series for studying local drought history. A positive PDSI indicates wetness, while negative values indicate drought. The more negative, the more severe the drought will be. Due to regional differences, the PDSI values representing drought or wetness should be defined by the average climate conditions in this study area. The maximum value of the reconstructed PDSIP8C5 sequence is 1.38, the minimum value is −2.99, the mean value is −0.56, and the standard deviation is 0.84. Referring to the previous study [43], we regarded the range of PDSI value between the mean ± 1σ as the normal wet/dry condition in the Yili Region. PDSIP8C5 ≥ mean + 2σ (PDSIP8C5 ≥ 1.12) or PDSIP8C5 ≤ mean−2σ (PDSIP8C5 ≤ −2.24) were taken as the critical values for judging extraordinarily wet or dry years. According to the 11-year moving average result of reconstructed PDSIP8C5 and the definition criteria of dry and wet, there have been eight wet and seven dry periods in the Yili region in the past 346 years (Table 3). Among all the periods, 1953–1992 was the most extended dry period, lasting 40 years and accounting for 11.6% of the total reconstruction period. From 1862 to 1910 was the longest wet period, lasting 49 years and accounting for 14.1% of the entire reconstruction period. According to the reconstruction series, the years of extreme wetness were 1739–1741, 1999, and 2004, which accounted for only 1% of the complete series. The years of severe drought were 1733, 1768, 1771, 1775, 1778, 1787, 1917, 1918, 1945, and 1975, representing 3% of the total series.



In the reconstruction sequence, the extreme drought in 1768 corresponds to the drought in Yili in the thirty-first year of Qianlong (1766), recorded in Chinese history during the Qing Dynasty [44]. The drought period from 1911 to 1925 corresponded to the significant drought period in northern China’s other arid or semi-arid areas in the 1920s [45]. In 1941, a provincial-level drought occurred in Xinjiang, and wheat, highland barley, and other crops were significantly reduced. During 1942–1943, drought occurred in some parts of northern Xinjiang; nearly half of all late autumn crops in Zhaosu County were affected, and grain crops were destroyed by drought [44]. The reconstructed sequence’s drought period from 1940 to 1951 matched the Xinjiang drought noted in the historical records.



The reconstructed climate sequence around the study area helps us understand more detailed climate changes and provides conditions for verifying our reconstructed sequence. We compared the reconstructed PDSI sequence with other climate reconstructions based on tree-rings in the surrounding area (Figure 6). The reconstructed PDSIP8C5 showed a strong positive correlation with the CRU scPDSI (r = 0.51, p < 0.01, n = 118) and the regional September–March PDSI reconstruction in the Aksu area [41] (r = 0.27, p < 0.01, n = 341). Furthermore, the reconstructed PDSIP8C5 exhibited a noteworthy association with the reconstructed PDSI in the central Tianshan Mountains from April to June [46] (r = 0.21, p < 0.01, n = 209) (Figure 6d). These comparisons affirmed the dependability and spatial representativeness of our reconstructed PDSI. Three drought periods (1770s–1790s, 1820s–1830s, 1910s–1920s) and two wet periods (1790s–1810s, 1990s–2010s) have been identified in the above reconstructed series. The comparisons show that the dry-wet variations in the study area and its surrounding regions could be influenced by comparable weather conditions. Some differences between the reconstructed PDSIP8C5 and the PDSI reconstruction in the Aksu area (1840s–1890s), and the reconstructed April–June PDSI in the Central Tianshan Mountains (1860s–1910s, 1960s–1980s) (Figure 6d) may be due to the influence of regional geographical characteristics, local climate variations, and different drought reconstruction seasons. The extreme drought event of 1876–1878 in northern China is missing in our reconstruction; some tree-ring sequences in the Qilian Mountains [47,48] and the central and eastern Tianshan Mountains [49] showed this drought event; according to historical records, there was no drought, and the harvest was successful in the Yili region in 1877 [50]. In addition, the reconstruction of precipitation in the Mulei area [51] and SPEI in the Yili Valley [52] showed that the humidity in this area was normal, and the tree-ring series in the Sayram Lake area in western Xinjiang indicate that 1876 was a wet year [53]. Based on historical documents and the above tree-ring sequence, it is believed that there was no drought in the study area in 1876–1878.



According to this reconstruction series, the PDSI in the Yili region exhibited a marked upward trend after the dry period in the 1980s, consistent with precipitation in the Tianshan Mountains of Xinjiang, which has increased in recent decades [54]. In addition, the climatic humidification trend in the 1980s was also reflected in the central Tianshan (Figure 6c). This warming and the humid trend are in line with previous studies [55]. The increase in temperature and humidity is believed to be linked to strengthening water vapor transport due to the combined effects of the tropical Indian Ocean and the regional atmospheric circulation system [56].




3.4. Potential Drivers of Regional Climate Change


Periodic analysis of reconstructed PDSIP8C5 during 1673–2018 using the MTM identified some significant inter-annual (2–3 years, 10–11 years) and inter-decadal (55.8 years, 66.5 years) quasi-periodicity (Figure 7). The 2–3-year cycle is consistent with the quasi-biennial atmospheric oscillation [57]. This cycle has also been found in other dendroclimatic studies in arid Central Asia [46,58]. And the 10–11-year cycle may be related to the sunspot activity [59]. The analysis of reconstructed PDSI and sunspot activity shows that the long-term variation of the two has an apparent anti-phase relationship (r = −0.139, p < 0.01, 1749–2018) (Figure 8). Increased solar activity causes the Earth’s surface to receive more solar radiant energy, which may accelerate water evaporation from the surface, leading to greater drought. The 55-year cycle has also been observed in the streamflow reconstruction of the Qingshui River [60], the temperature reconstruction of the Altai Mountains [61], and drought reconstruction for the Aksu area [41]. The 55.8-year cycle may be related to a 40–50-year cycle of oscillation in the climatic system, which could potentially correlate with abnormal fluctuations in the thermohaline circulation of the North Atlantic [41,62]. The 66.5-year cycle may coincide with solar activity [63,64], suggesting that moisture variability in the Yili region may be strongly associated with solar activity.



The oceans have a big part in modifying the climate all over the world. Figure 9 shows the positive spatial relationships between the reconstructed PDSI series and the Atlantic, Indian, and Western Pacific Sea Surface Temperatures from 1960 to 2018. This correlation suggests that moisture conditions in the study area may be related to large-scale oceanic and terrestrial circulatory systems.



The North Atlantic is a significant contributor to climate change in the Northern Hemisphere. The Yili Basin is a typical westerly region, and the North Atlantic Oscillation (NAO) is significantly associated with the intensity of westerly winds in the mid and high latitudes, which has an important influence on the dry and wet variations of the westerly winds [65]. In winter, NAO may result in abnormal north-south pressure over arid Central Asia, with increased pressure gradients and anomalous westerly winds bringing more moisture [66]; thus, we compare the reconstructed PDSIP8C5 in this paper with two reconstructed NAO index series [65,67] (Figure 10b,c), using an 11-year moving average to emphasize the trend on a decadal scale. The analysis revealed a positive correlation between PDSI and long-term variations in NAO. When the NAO is negative, the southward migration of Westerlies [68] leads to the weakening of cyclones over Central Asia; as a result, the cyclone center moves in a westward direction and water vapor transport decreases, reducing the amount of water vapor entering Central Asia [69]. In conclusion, NAO exerts a significant influence on water conditions in the study area.



AMO is considered a significant driver of regional climate change. AMO refers to a quasi-periodic oscillation of warming and cooling within the North Atlantic region on a basin scale. Tree-ring studies have demonstrated that AMO has the potential to influence climate change across a significant area. The Western Tianshan Mountains [71] and the Tibetan Plateau [72] are examples of regions subject to AMO’s effects despite their distance from the Atlantic Ocean. AMO could generate anomalies in atmospheric circulation by affecting heating and cooling in the middle and upper troposphere [73]. The positive phase of AMO strengthens the East Asian summer monsoon and weakens the winter monsoon, which results in positive anomalies of temperature and precipitation in arid and semi-arid areas of China [74,75]. Comparison of the reconstructed PDSIP8C5 with the previous year’s AMO index [70] since 1874 showed a significant positive relationship (r = 0.33, p < 0.01, n = 145) (Figure 10d).



The results indicate that the NAO and AMO positive and negative phases correspond to the relative wet and dry periods of the Yili Basin, respectively. As discussed above, the drought degree of the Yili Basin may be mainly controlled by the water vapor carried by the westerly circulation. We also noticed some differences between NAO and PDSI, such as 1870s–1900s and 1910s–1940s, indicating that other factors may affect the variation of regional drought conditions. Therefore, more high-resolution climate proxy indicators still need to be recorded and studied to understand further the effects of AMO and NAO on regional climate variability.





4. Conclusions


We reconstructed the mean PDSI from August to May, covering the period from 1673 to 2018, using a regional tree-ring width chronology of P. schrenkiana. The reconstructed PDSI recorded strong inter-annual and inter-decadal variations and revealed dry and wet periods. Historical documentary records support severe droughts in around 1770 and 1920. The trend towards a gradually wetter climate since the 1980s is also evident, suggesting that Xinjiang’s climate has been transitioning to a “warm and wet” climate since the 1980s. Compared with the reconstruction records of other surrounding areas, it is found that the dry events and wet events are consistent. The spatial correlation analysis shows that the reconstructed sequence can reflect the PDSI variation across a broad area around the sampling sites. In recent centuries, we found that sunspot activity, NAO, and AMO jointly influenced the PDSIP8C5.
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Figure 1. An overview of the sampling sites and nearby meteorological stations. 
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Figure 2. The STD chronology and sample depth (gray line) (a); The Rbar and EPS statistics (b). The vertical dashed line indicates the year 1673 when the SSS > 0.85. 
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Figure 3. Correlations between the STD chronology and precipitation, mean temperature, and PDSI from 1960 to 2018. The gray dotted line indicates the 99% confidence level. 
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Figure 4. Comparison of the actual (gray) PDSI and reconstructed (black) August–May mean PDSI (a) and first differences of them (b) during the 1960–2018 calibration period; (c) reconstructed PDSIP8C5 since 1673 (gray curve) and its 11-year moving average (dark black curve). 






Figure 4. Comparison of the actual (gray) PDSI and reconstructed (black) August–May mean PDSI (a) and first differences of them (b) during the 1960–2018 calibration period; (c) reconstructed PDSIP8C5 since 1673 (gray curve) and its 11-year moving average (dark black curve).



[image: Forests 14 02127 g004]







[image: Forests 14 02127 g005] 





Figure 5. Spatial correlation between the reconstructed/actual PDSIP8C5 and CRU scPDSI TS 4.05 (a,b) and CRU TS 4.03 Precipitation (c,d) during 1960–2018. The black triangle represents the sampling site. 
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Figure 6. Comparisons between (b) the reconstructed PDSI in this study (1673–2018) and (a) the CRU scPDSI TS 4.05 (1901–2018), (c) the reconstructed September–March PDSI in the Aksu area (1466–2013) [41], (d) the reconstructed April–June PDSI for the central Tianshan Mountains (1794–2002) [46]. All gray lines represent the original series, the dotted gray lines represent the mean value of sequences, and black lines are the 11-year moving average series. Green and gray bands mark the wet and dry periods. 
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Figure 7. MTM spectral analysis of the reconstructed PDSIP8C5. 
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Figure 8. Comparison between the reconstructed PDSIP8C5 (black line) and sunspots (red line). The thin line represents the original series, and the heavy line shows an 11-year moving average curve. 
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Figure 9. Spatial correlation between reconstructed PDSI and August–May HadISST1 (1960–2018). 
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Figure 10. Comparisons between (a) our reconstructed PDSI and (b) the reconstructed winter NAO index (1673–1983) [65], (c) the reconstructed winter NAO index (1821–2000) [67], and (d) the AMO index (1874–2018) [70]. All gray lines represent the original series, the dotted gray lines represent the mean value of sequences, and black lines depict the 11-year moving average series. Light green and gray bands mark the wet and dry periods. 
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Table 1. Statistical characteristics of the STD chronology.
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	Mean Sensitivity (MS)
	0.132





	Standard deviation (SD)
	0.181



	First-order autocorrelation (AR1)
	0.63



	SSS > 0.85
	1673–2018



	Mean correlation among all series (r1)
	0.366



	Mean correlation between trees (r2)
	0.328



	Mean correlation within trees (r3)
	0.510



	Expressed population signal (EPS)
	0.897



	Signal-to-noise ratio (SNR)
	8.663










 





Table 2. Verification results from Bootstrap and Jackknife methods.






Table 2. Verification results from Bootstrap and Jackknife methods.





	
Statistical Items

	
Jackknife

	
Bootstrap (100 Iterations)




	
Mean (Range)

	
Mean (Range)






	
r

	
0.61 (0.58–0.66)

	
0.62 (0.36–0.76)




	
R2

	
0.38 (0.33–0.43)

	
0.38 (0.08–0.65)




	
R2adj

	
0.37 (0.32–0.42)

	
0.37 (0.06–0.64)




	
SE

	
1.33 (1.24–1.34)

	
1.29 (0.99–1.61)




	
F

	
33.29 (27.57–42.02)

	
36.81 (4.96–104.33)




	
p

	
5 × 10–7 (3 × 10−8–3 × 10−6)

	
4 × 10−4 (2 × 10−14–3 × 10−2)




	
D/W

	
0.99 (0.8–1.08)

	
1.98 (1.41–2.65)











 





Table 3. List of wet and dry periods.
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	No.
	Dry Period
	Duration (Years)
	Wet Period
	Duration (Years)





	1
	1685–1712
	28
	1678–1684
	7



	2
	1758–1790
	33
	1713–1727
	15



	3
	1818–1834
	17
	1730–1757
	28



	4
	1849–1861
	13
	1791–1817
	27



	5
	1911–1925
	15
	1835–1848
	14



	6
	1940–1951
	12
	1862–1910
	49



	7
	1953–1992
	40
	1926–1939
	14



	8
	
	
	1993–2013
	21
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