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Abstract

:

The Qilian Mountains, located in northwest China and serving as a crucial water recharge area, have exhibited significant regional differences in precipitation patterns in recent decades. However, the limited temporal coverage of instrumental data has hindered a deep understanding of hydroclimate variations and regional differences. Further investigation into their long-term spatial and temporal precipitation characteristics is urgently needed. In this study, a new tree-ring-width chronology spanning 1743 years was established in the central Qilian Mountains using Qilian juniper (Juniperus przewalskii Kom.) samples. Significant correlations were found between the tree-ring indices and precipitation during both the growing and pre-growing seasons. Based on these correlations, annual precipitation from August of the previous year to July of the current year was reconstructed. The reconstruction model successfully explains 34.5% of the variation in precipitation during the calibration period. The analysis of the reconstructed series reveals notable interannual to multi-decadal dry–wet variability during the period from 614 AD to 2016 AD. The mid- to late-15th century emerges as the longest-lasting dry period, while the last decade stands out as the wettest. Comparative analysis with other precipitation reconstructions in the eastern and western Qilian Mountains reveals that regional drought events tend to be more pronounced and enduring. Low-frequency fluctuations on decadal to century scales show distinct wet and dry periods in the 12th–18th centuries in both the eastern and western parts of the Qilian Mountains, with weaker fluctuations in subsequent centuries. However, the central part of the Qilian Mountains exhibits opposite trends, possibly due to the complex interactions of multiple circulation systems.






Keywords:


tree ring; precipitation; regional differences; the Qilian Mountains; Qilian juniper (Juniperus przewalskii Kom.)












1. Introduction


Located in the arid and semi-arid areas of northwest China, the Qilian Mountains are characterized by low annual precipitation and significant seasonal and spatial differences in precipitation. Serving as a crucial water replenishment area for the Hexi Corridor, they exert a significant influence on economic development and people’s livelihoods in the region [1]. The precipitation pattern in this area profoundly impacts regional environments and social development, thus attracting considerable public attention. In the context of global warming [2], there is a growing interest in understanding the spatial and temporal patterns of precipitation changes worldwide [3,4,5,6,7]. Therefore, a thorough understanding of precipitation variation in this region is essential for predicting future climate changes and formulating relevant policies.



Climate changes in this region are complex, influenced by the Asian monsoon system, mid-latitude westerly system, and the Tibetan Plateau, resulting in significant regional differences in precipitation. Observational data analysis revealed a pattern of less precipitation in the western Qilian Mountains and more in the east, with an overall increase since 2003 and notable disparities between the eastern, central, and western regions [8]. Precipitation trends in the eastern and western regions were generally opposite from 1960 to 2000 [9]. However, most of the meteorological stations in the Qilian Mountains were established after 1954; the limited temporal coverage of instrumental data hinders the study of climate change patterns over longer periods.



In recent years, dendrochronology research has been widely conducted in the Qilian Mountains due to the sensitivity of tree growth to environmental changes and the availability, wide spatial distribution, long time span, and high resolution of tree-ring samples [10,11,12,13,14]. While several millennium-scale precipitation and humidity series have been reconstructed, they are largely concentrated in the central and western parts of the northern slope of the Qilian Mountains [15,16,17], as well as in the central area of the southern slope [18,19]. Precipitation differences across different parts of the region have been observed over the past millennium [15,20]. For instance, during the past 150 years, tree-ring-based humidity series indicate a clear drying trend in the western part [15,17] and a wetting trend in the eastern part, while the central region showed a wet–dry–wet fluctuation with a wetting trend in the recent 50 years.



Interestingly, the distance between the western and central sites is less than 200 km, and the distance between the eastern and central sites is about the same. Questions such as why such significant differences exist between such close sites, whether those differences are related to recent rapid warming, and whether similar differences also exist over longer time scales are relevant to resource planning. However, these studies are unevenly spatially distributed and therefore inadequate for understanding long-term precipitation differences in this region. Therefore, constructing additional millennium-scale paleoclimate records in the region is essential for analyzing long-term hydroclimate variations and regional differences.



Based on the above questions, a new, millennium-scale tree-ring-width chronology was established in Gaotai county, located in the central-west parts of the Qilian Mountains. The aims of this study are to develop a new millennium-long tree-ring chronology, to increase the density of the research site distribution, and to investigate precipitation variations and regional differences in the study area over the past millennium.




2. Materials and Methods


The sampling for this study was conducted in the Wujia and Dashui valleys of Gaotai county, Gansu province, China (Figure 1). The valleys are located on the northern slope of the central Qilian Mountains, have similar local habitats, and are separated by a distance of less than 2 km. Qilian junipers grow sparsely on south- and semi-south-facing slopes at elevations of 3200–3700 m above sea level (m.a.s.l.) in this area. Some standing old dead trees are distributed at various elevations without signs of insect damage on the bark, and no other tree species, namely Qinghai spruce (Picea crassifolia Kom.) were found. Two increment cores were extracted from each living tree, and three or more increment cores were extracted from each dead tree, to obtain older and more complete cores. All the junipers sampled in the two valleys grow on the southeast-facing slope at altitudes ranging between about 3300 m and 3600 m. The average correlation between the measurements and the master series is as high as 0.72. Therefore, we merged the samples from the two valleys for further processing (referred to as GT hereafter). A total of 37 living trees and 50 standing dead trees of Qilian juniper were sampled, yielding 188 increment cores.



Nearby meteorological stations include Gaotai, Jiuquan, Sunan and Tuole, the first three meteorological stations located on the northern side of the Qilian Mountains. Gao Tai and Jiuquan stations are situated in the plains at lower elevations, while Tuole station is located adjacent to the sample site on the southern side (Table 1). The Qilian Mountains as a whole run in a northwest–southeast direction, with the highest peak reaching an altitude of 5808 m. The elevations of other major peaks are mostly between 4500 m and 5500 m. The blocking effect of the high mountains results in significant differences in precipitation conditions on the north and south sides of the main body of the Qilian Mountains. Considering the local precipitation characteristics, meteorological data from the nearest station (Sunan Station) was selected for subsequent analysis. The meteorological data utilized in this study were sourced from the China Meteorological Administration.



Based on meteorological data from Sunan Station spanning 1957–2018, the region experiences rainy and hot seasons concurrently. The average annual temperature is 4.05 degrees Celsius, with an annual precipitation of 264 mm. The majority of precipitation falls between June and August, accounting for 62.4% of the total annual rainfall. July has the highest amount of rainfall, with an average of 63.7 mm (Figure 2).



The collected samples were dried, fixed, and polished in the laboratory. After microscopic visual inspection and dating procedures [21,22], the ring-width measurements of the samples were obtained using the Lintab system. The COFECHA program [23] was used to assess the quality of the series and cross-dating. The tree-ring chronology was then constructed using the ARSTAN program [24]. Because the mean segment length of all measurements is 366 years, with the longest measurement being 1472 years, we could not obtain a reliable regional tree growth curve using the Regional Curve Standardization (RCS) detrending technique [25]. Negative exponential and linear function methods (168 cores) were mainly used to fit the growth trend of most measurements. To reduce the possible “end-effect” bias [26], we used the arithmetic mean horizontal line (51 cores) to detrend samples that were clearly in the middle and later stages of growth. For samples reaching the pith of the tree, we attempted to apply the Hugershoff growth curve (seven cores) and general negative exponential curve (eight cores) to fit the initial rapid growth of young trees. In cases of individual cores with abnormal growth fluctuations, we used a cubic smoothing spline function with a 50% frequency response cut-off at approximately 67% of the series length (five cores). The standard tree-ring-width chronology (STD) was ultimately obtained by dividing each original measurement by the fitted curves and employing a robust-weighted averaging method (Figure 3). Chronology statistics, including the average correlation coefficient among all samples, the average correlation coefficient between different samples from the same tree, the average correlation coefficient between different trees, a signal-to-noise ratio and expressed population signal, were employed to evaluate the quality of the chronology (Table 2). The length of the reliable chronology is determined using the expressed population signal (EPS) statistic, where an EPS greater than 0.85 is generally considered to be an acceptable threshold for a reliable chronology for climatic reconstruction [27]. Finally, the chronology was considered reliable when the sample size reached 10 cores, corresponding to the period from 614 to 2016 AD.



To identify the factors limiting the growth of Qilian Juniper, the correlation and response function analyses were conducted on the tree-ring chronology and instrumental data using the program dendroclim2002 [28,29]. The moving interval correlation analysis was also used to test the temporal stability of the relationship between the tree-ring chronology and instrumental data. We used climatic data from Sunan station, including monthly precipitation, monthly average temperature, and monthly average maximum and minimum temperature. The relationship between radial tree growth and climatic factors for individual months, different combinations of months, and the entire annual period were analyzed. A conversion function between the tree-ring index and climate factors was developed based on correlation analysis results and scatterplot distributions. The reliability of the conversion function was verified using both split-period verification and leave-one-out methods [30]. Finally, past precipitation changes in the region were reconstructed.



With regard to regional differences in dry–wet variations, we compared millennial-scale dry–wet reconstructions on the northern slope of the Qilian Mountains, including the central HYG site [16], the eastern LYA site [10], and the western YQ [15] and QF sites [17]. Wavelet spectrum and cross-spectrum analyses [31] were conducted to study the periodic variations in the reconstructed series and the similarities and differences in periodic fluctuations between adjacent sample sites.




3. Results


3.1. Correlation Analysis of Chronology and Climate Factors


The correlation analysis results indicate a positive correlation between the tree-ring index and precipitation in July of the previous year to September of the current year (Figure 4a). Particularly, significant correlations are observed with precipitation in the previous August (r = 0.289), previous December (r = 0.293), current January (r = 0.333), current May (r = 0.51), and current June (r = 0.35). However, significant correlations are found with the minimum temperature in the previous September (r = 0.348), previous October (r = 0.196), and current February (r = 0.238) and the maximum temperature in previous October (r = 0.267). A significant negative correlation with average temperature is found in May (r = −0.213). The response function analysis shows little change in the correlation between the tree-ring index and precipitation, while no significant relationships were found among the tree-ring index and temperature elements (Figure 4b). Significant correlations are also noted with spring and summer seasons, as well as annual precipitation. The highest correlation is observed with annual precipitation from July of the previous year to June of the current year (r = 0.63, p < 0.01), followed by the period from August of the previous year to July of the current year (r = 0.59, p < 0.01). The results of moving interval analysis further show the continuous significant positive correlations of the tree-ring index with precipitation in current May and June, and with annual precipitation from the previous August to current July and from the previous July to the current June (Figure 4c).




3.2. Calibration and Verification


Based on the results of correlation analysis and a comparison of the scatter plots of different monthly combinations of climate factors (Figure 5a), a linear regression model was utilized to reconstruct the precipitation changes in the central Qilian Mountains. After evaluating calibration and validation results from multiple high-correlation periods (Table S1), we chose to reconstruct the annual precipitation changes from August of the previous year to July of the current year. The reconstruction model is expressed as follows:


Prep8-c7 = 153 + 90 × STD








where Prep8-c7 is the annual precipitation from August of the previous year to July of the current year and STD is the ring-width index of the GT chronology.



The reconstruction explains 34.5% of the variance in actual precipitation, or 33.3% after adjusting the degrees of freedom. The F-test value is 29.9 (p < 0.01).



Figure 5b displays the comparison between actual precipitation and reconstructed precipitation from 1957 to 2016. It demonstrates good consistency in interannual high-frequency variations and low-frequency trends. In particular, the reconstructed values closely match the actual values in multiple dry years (such as 1957, 1962, 1995, and 2001) and wet years (1964, 2002, and 2010). Split-period verification results indicate a high correlation coefficient in both periods. The sign test and first-order difference sign test pass the 95% confidence test. The two strict statistical test values, RE and CE, are positive in each testing period and both exceed 0.3 (Table 3). All of the above analyses indicate that the reconstruction model is stable, robust, and statistically significant [32], demonstrating its ability to reconstruct past changes in precipitation.




3.3. Annual Precipitation Variations over the Past 1403 Years


Based on the established regression function, the annual precipitation changes in the study area from August of the previous year to July of the current year were reconstructed. The annual precipitation reconstruction shows distinct interannual to multi-decadal scale fluctuations in dryness and wetness (Figure 6a). In addition, there are noticeable wet periods in the 7th century, early 10th century, 14th century, and late 19th and late 20th centuries, and several clear dry periods in the 8th, 11st, 15th, and 18th centuries. The mid-to-late 15th century was the longest and driest period, while the early 6th century and the recent 50 years were notably wet, with precipitation in the past 10 years being the greatest of the past 1403 years. The wavelet spectrum analysis indicates significant short periods of 2–3 years, mesoscale periods of about 40 years, and century-scale periods of about 160 and 260 years in the whole sequence (Figure 6c). The short–medium period is mainly distributed at the two ends of the sequence, while the long period runs through the whole sequence (Figure 6b).





4. Discussion


4.1. Climatic Implications of the Chronology and Validation of the Reconstruction


The correlation analysis between the tree-index and climate factors at Sunan Station suggests a close connection between the growth of Qilian juniper and precipitation during both the previous and current growing seasons. Specifically, during the early stage of the growing season (May–June), we observe a positive correlation of the tree-ring index with precipitation and a negative correlation with temperature, especially the maximum temperature in May and June. This correlation pattern aligns with the findings from other dry–wet reconstructions in northwest China. Reduced precipitation hampers the growth of Qilian Juniper [13,16,19], and high temperatures exacerbate the situation by increasing evaporation, thereby reducing the soil moisture content. This indicates that the soil moisture is the limiting factor for Juniper growth in this area. The continuous significant correlations between the tree-ring index and annual precipitation suggest a stable relationship between the two. Indeed, the signal of annual precipitation preserved in Qilian juniper has been widely validated by precipitation reconstructions for the Qilian Mountains and surrounding areas [33,34,35,36], and the multi-decadal dry–wet fluctuations in our reconstruction coincide well with those in other surrounding proxy-based dry–wet series (Figures S1 and S2), such as lake sediments [37], historical documents [38], and stalagmites [39], further confirming the stability and reliability of our reconstruction.



In the moving interval correlation analysis, we observed the highest correlation between the chronology and precipitation from May to June in the current year (r = 0.76, p < 0.01). However, the first-order difference sign test failed at the 95% confidence level for both the split calibration periods, and the values of Re and CE were negative. The annual precipitation situation from July of the previous year to June of the current year is also quite similar (Table S1). We therefore chose to reconstruct annual precipitation from previous August to current July, although the explained variances of the model in the calibration period are slightly low.



It is important to note that our reconstruction exhibits a certain degree of bias, as the driest year reconstructed in the instrument measurement period is not the driest throughout the entire period. Additionally, a comparison between the reconstructed data and the actual data indicates that our reconstruction better captures the signals of drought signals than moisture signals, as trees are more sensitive to a lack of water than an abundance of water. In several extreme rainy years, the reconstruction does not completely match the actual data. This discrepancy may be related to the growth environment of the Qilian juniper. At the sampling site, the slope is steep, the soil layer is thin, and the water storage capacity is weak, making heavy rainfall prone to forming surface runoff and flowing downhill [21,40]. Furthermore, during several drought years (such as 1992 and 1986), differences between the instrumental and reconstructed values may be related to precipitation differences over seasonal and annual time scales. Although total precipitation in these drought years was very low, monthly precipitation statistics from the previous August to current July revealed that precipitation for most of the previous August and the previous or current growing season was higher than or close to the multi-year average. Therefore, precipitation during the previous year or the current growing season ensured that tree rings could grow well, resulting in differences between the instrumental and reconstructed values. In addition, differences in location and altitude between the sample site and the meteorological station may partly explain the difference between reconstructed and actual data. However, from comparing series and verification results, it can be seen that our reconstructed series is well able to reflect the long-term trend and interannual precipitation variations in this area.




4.2. Regional Differences in Precipitation over the Past Millennium on the Northern Slope of the Qilian Mountains


In comparing dry–wet reconstructions from different sites (Figure 7), it becomes evident that the closer the sample sites are to each other, the more similar the variations in the reconstructed series. Both the GT series in this study and the HYG series provide reconstructions of annual precipitation from August of the previous year to July of the current year. There is good consistency in interannual and decade variations, evidenced by a significant correlation coefficient of 0.63 between the two reconstructions (AD 775–2006). However, some differences emerge in long-term fluctuations during the 8th–9th centuries, and different methods used to fit tree growth trends may contribute to this phenomenon [41,42,43]. Additionally, this may stem from the smaller sample size of the HYG series during this period, resulting in a larger variance in the series. A similar situation is observed during the earlier period of the YQ and QF series [15], which emphasizes the importance of maximizing the sample size in chronology development.



Comparing the LYA, YQ, and QF series over longer distances reveals a certain consistency in decadal variations over the past millennium. Consistent decadal periods of drought and wetness, such as significant droughts around the 1480s, 1700s, and 1920s, as well as significant wet periods around the 1380s, 1850s, and 1900s, are observed. However, significant regional differences exist. For example, over the past 100 years, the LYA, HYG, and GT series showed a trend of becoming drier and then gradually wetter, while the two series in the western part (YQ and QF) have continued to become drier. Additionally, significant multi-decadal dry–wet fluctuations occurred in the LYA series in the east and in the YQ and QF series in the west during the period from 1100 AD to 1800 AD, while there were smaller fluctuations in the remaining start and end periods, i.e., before 1100 AD and after 1800 AD. However, during this time, the dry–wet fluctuations in the GT and HYG series in the central region were exactly opposite.



The comparison of the five reconstructions above not only demonstrates the reliability of this study but also reveals the complex temporal and spatial variations of the dry–wet characteristics in the Qilian Mountain region. Overall, the decadal to multi-decadal scale drought events in the Qilian Mountains over the past millennium are more regional in nature and longer in duration compared to wet events, while low-frequency trends at multi-decadal scales often exhibit significant differences across the different parts of the Qilian Mountains. The distinct characteristics of low-frequency dry–wet fluctuations at central sites compared to those on the eastern and western sides reflect the climatic changes in areas influenced by both westerly winds and monsoons. Due to the interaction of signals from different circulation systems, precipitation patterns in this region are often more complex and require additional data to decipher.




4.3. Similarities and Differences in Periodic Fluctuations


As mentioned above, the Qilian Mountains are influenced by various climate systems such as mid-latitude westerlies and Asian monsoons due to their location deep inland. The precipitation variations in this area contain mixed signals from multiple climate systems, as evidenced by the multi-scale periodic variations reflected in our reconstructed series (Figure 6). To further investigate the similarities and differences in cycle fluctuations between the GT series and the YQ and LYA series in the eastern, middle, and western Qilian Mountains, respectively, we employed cross-spectral analysis.



Figure 8 illustrates obvious similarities and differences in common cycles between the LYA-GT and YQ-GT. In general, they exhibit common cycles on different scales. For example, they share century-scale cycles in the 12th–19th centuries, a 50–80-year cycle in the 14th–15th centuries and a 40–60-year cycle around the 16th and 19th centuries. Significant common cycles of 4–8 years (mainly in the 17th century) and 20–30 years (mainly in the 1140s and around the 1930s) in YQ-GT occur less frequently in LYA-GT. Moreover, the common cycle of LYA-GT in the 18th century was likely about 60–80 years, whereas the common cycle of YQ-GT in this period was likely about 30–40 years. Additionally, significant cycles of 2–3 years are scattered throughout the past millennium, but the periods of occurrence are not consistent.



The consistency of the common cycles in the past millennium between the central site (GT) and the eastern (LYA) and western sites (YQ) may indicate that external forcings on different time scales, such as solar activity and different types of atmospheric oscillations, have had a wide range of impacts on the different parts of the Qilian Mountains at different times. For instance, significant century-scale cycles may imply that solar activity had a wide range of impacts on the dryness and wetness of the region [44,45], while a significant multi-decade-scale cycle in a certain period is close to the cycles of some multi-decadal oscillations, such as the Atlantic Multidecadal Oscillation (AMO) [46] and the Pacific Decadal Oscillation (PDO) [47]. This may indicate that the circulation systems associated with them are in a dominant state over the Qilian Mountains at that time.



The inconsistent common period characteristics of the eastern, central, and western Qilian Mountains, especially the differences in short-medium time scales, indicate that precipitation in the different areas of the Qilian Mountains is influenced by mid-latitude westerlies and Asian monsoons, and that the relationship between regional precipitation and circulation systems changes with time. Gou et al. (2014) [48] found that the regional principal component time series of some millennium-long dry–wet reconstructions on the northeastern Tibetan Plateau (NETP) showed coherent patterns with solar radiation variations, while the precipitation regimes of the NETP may have a linkage to the decadal variation of PDO. However, the relationship was not stable during the last millennium, indicating that the influence of the Asian monsoon system on the Qilian Mountains region is variable. This aligns with our results and those of Zhang et al. (2009) [49], who note that tree rings in the Qilian Mountains can preserve information regarding the advance and retreat of the westerlies and the East Asian summer monsoon. Our results also reveal a complex interaction between the Asian monsoon system and the westerly system in the Qilian Mountains. In order to better understand the mechanisms and effects of such interactions, more high-resolution, long-term series are still very much needed.





5. Conclusions


We utilized Qilian juniper samples from the north slope of the central Qilian Mountains to establish a 1743-year tree-ring-width chronology. This allowed us to reconstruct annual precipitation changes from August of the previous year to July of the current year since 614 AD. Our findings reveal clear inter-annual and multi-decadal fluctuations in precipitation over the past 1400 years. Notably, the mid-to-late 15th century was the longest and driest period, while both the early 6th century and the recent 50 years were notably wet.



Comparing the dry–wet reconstruction series across the northern slope of the Qilian Mountains revealed good consistency in decadal-scale dry–wet variations in this region. Drought events in particular displayed regional consistency. However, multi-decadal dry–wet fluctuations in the central part of the Qilian mountains demonstrated temporal differences from those in the eastern and western areas. These similarities and differences are strongly driven by interactions between solar activity, the Asian monsoon system and the mid-latitude westerly system. Therefore, it remains important to supplement the precipitation reconstruction series with high-resolution data and sufficient sample sizes in more areas to address the challenges of local variability and complexity.
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Figure 1. Location of tree ring sites and meteorological stations in this study. (GT: this study; HYG: reconstructed precipitation series in the central part of the Qilian Mountains over the past 1232 years [16]; LYA: reconstructed 1002-year Standardized Precipitation Evapotranspiration index (SPEI) for the eastern part of the Qilian Mountains [10]; YQ and QF: two millennium-long reconstructions of the self-calibrated Palmer Drought Severity Index (sc-PDSI) in the western part of the Qilian Mountains [15,17]). 
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Figure 2. Monthly mean temperatures and precipitation at the Sunan station. 
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Figure 3. (a) Ring-width chronology (GT) with a 31-year running mean (red line) and changing sample size over time (dark line); (b) cumulative sample numbers at different time points (horizontal grey bars); (c) EPS and Rbar values, with the statistics of GT chronology. The dashed vertical line denotes the year 614 AD, when the EPS value exceeds the 0.85 threshold. 
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Figure 4. The correlation (a) and response function (b) and the moving 31-year correlation (c) coefficients of the tree-ring index with instrumental data from Sunan station from 1958 to 2016. “P” refers to the previous year and “C” refers to the current year. The years indicate the last years of 31-year time windows; for instance, 1988 means 1858–1988. The filled bars and red grids represent a significance level of p < 0.01. 
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Figure 5. (a) Scatter plot of the tree-ring index and precipitation. (b) Comparison of actual (black line) and reconstructed (red line) precipitation from prior August to current July. 
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Figure 6. (a) Annual precipitation reconstruction (green line) during the period of 614–2016 AD and its 30 years running smoothing line (blue line), The thin gray line represents the 95% confidence interval; (b) wavelet power spectrum of the reconstructed series; and (c) global wavelet spectrum. The thick black contours indicate significant modes of variance with a 95% significance level. 
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Figure 7. Comparison between our reconstructed precipitation series and other series. (a) Our reconstructed precipitation series. (b) Reconstructed precipitation series in the central part of the Qilian Mountains over the past 1232 years (annual precipitation from previous August to current July) [16]. (c) Reconstructed 1002-year SPEI index for the eastern part of the Qilian Mountains (June–July with a 5-month scale) [10]. Two millennium-long reconstructions of the sc-PDSI in the western part of the Qilian Mountains (May–June) ((d) YQ, [15]; (e) QF, [17]). Light yellow columns indicate spatially extensive drought periods; light green columns indicate spatially extensive pluvial periods. 
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Figure 8. Cross-wavelet transforms of the GT series with the LYA (a) and YQ (b) series in the common period (1009–2010 AD). The 5% significance level against red noise is shown as a thick contour. The relative phase relationship is shown as arrows (with in-phase pointing right, anti-phase pointing left). 
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Table 1. Tree-ring site and nearby meteorological stations.
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Sites

	
Name

	
Longitude

	
Latitude

	
Elevation (m)

	
Time Interval

	
Distance to GT (km)






	
Meteorological stations

	
Gaotai

	
99.83

	
39.36

	
1333

	
1953–2018

	
72




	
Jiuquan

	
98.48

	
39.77

	
1478

	
1951–2018

	
94




	
Sunan

	
99.62

	
38.83

	
2313

	
1957–2018

	
51




	
Tuole

	
98.42

	
38.8

	
3368

	
1957–2018

	
66




	
Tree-ring site

	
GT

	
99.08

	
39.07

	
3364–3574

	
274–2016

	
-











 





Table 2. Basic information about the GT chronology.
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	Statistics
	GT





	Segment length (mean/max)
	366/1428



	Mean sensitivity
	0.356



	First-order autocorrelation
	0.319



	Average correlation among series
	0.367



	Average correlation among trees
	0.860



	Average correlation among series in a tree
	0.357



	Signal-to-noise ratio
	25.47



	Expressed population signal (EPS)
	0.962



	Explained variance of the first principal component
	39.6%



	Common period
	1800–2010



	Length of main series
	274–2016



	EPS > 0.85
	614–2016










 





Table 3. Calibration and verification statistics of the reconstruction model.
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Calibration Period

	

	
Verification Period




	
Time Span

	
r

	
R2

	
F

	
Time Span

	
r

	
R2

	
ST

	
FST

	
PMT

	
RE

	
CE






	
1958–2016

	
0.59

	
0.345

	
30.0

	
1958–2016

	
0.56

	
—

	
45+/14− **

	
42+/16− **

	
2.76

	
0.30

	
0.30




	
1958–1988

	
0.59

	
0.344

	
15.38

	
1989–2016

	
0.57

	
0.33

	
21+/7− *

	
21+/6− **

	
2.55

	
0.34

	
0.26




	
989–2016

	
0.57

	
0.33

	
12.8

	
1958–1988

	
0.59

	
0.34

	
22+/9− *

	
21+/9− *

	
2.64

	
0.37

	
0.32








r: correlation coefficient. F: significance test indicators for regression equations. ST: sign test. FST: first-order sign test. RE: error reduction. CE: effective coefficient. PMT: product mean test. ** p < 0.01, * p < 0.05.
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