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Abstract

:

The inter-annual stable carbon isotope ratio (δ13C) of three tree-ring cores of P. euphratica (Populus euphratica Oliv.) was determined from Ejina Oasis in Northwest China. A robust and representative δ13C chronology is generated from the three δ13C series using an arithmetic mean method. After eliminating the influence of the δ13C from elevated atmospheric carbon dioxide (CO2) concentration, we obtained a carbon isotopic discrimination (Δ13C) chronology. According to the significant correlation between the tree-ring Δ13C and instrumental data, we reconstructed the mean maximum temperature anomalies from previous December to current September (TDS) for the period 1901–2011. The reconstruction explained 43.6% of the variance over the calibration period. Three high-temperature periods (1929–1965, 1972–1974, and 1992–2006) and three low-temperature periods (1906–1926, 1966–1968, and 1975–1991) were found in the reconstructed series. Comparisons between the reconstructed TDS and the observed mean temperature from previous December to current September in Anxi meteorological station and the temperature index in north-central China demonstrated the reconstructed TDS has the advantage of reliability and stability. The significant spatial correlation declared that the reconstruction has a broad spatial representation and can represent the temperature variation characteristics in a wide geographical area. In addition, we found that the area of Ejina Oasis is smaller (larger) when the mean maximum temperature is higher (lower), which may be due to a conjunction effect of natural and anthropogenic activities. Significant periodicities and correlations suggested that the TDS variations in Ejina Oasis were regulated by solar radiation and atmospheric circulations at the interannual and interdecadal time scales.
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1. Introduction


With climate change, frequent and diverse climate disasters have a marked impact on Chinese society, people’s production and life, and lead to serious harm and huge economic losses [1]. To reduce the loss of climate disasters in the future, the process and mechanism of climate change need to be understood in different regions. However, the limited observational records have limited the deepening understanding of the processes and mechanisms of regional climate change. Therefore, the other proxy data should be directly utilized to study paleoclimate change. Among all climate proxies, tree-ring stable carbon isotopes have been widely used in regional climate response and reconstructions due to high accuracy, strong continuity, and sensitivity to environmental fluctuations [2,3,4,5,6,7,8,9,10].



The influence of regional climate factors on carbon assimilation and carbon transport processes and pathways during wood formation can be more clearly understood by the stable carbon isotope composition of tree rings [11]. However, the response between stable carbon isotopes of tree rings and climate elements is different on different regions and tree species [12]. In China, the tree-ring δ13C from Sabina przewalskii Kom. in the Northeast of Tibetan Plateau and from Pinus tabulaeformis Carr. in Qinling could record the mean temperature [4,13], the tree-ring δ13C from Pinus tabulaeformis Carr. in semi-arid regions of North-Central China mainly reflected the self-calibrating Palmer drought severity index [9], and the tree-ring δ13C from Cryptomeria japonica var. sinensis Miquel in the humid regions of Southeast China is more sensitive to the mean maximum temperature and relative humidity [3,5]. So, more research needs to be done.



The Ejina Oasis is located in the core region of the Gobi Desert and is the natural ecological barrier in Northwest China. It plays a decisive role in ecological balance and social stability and economic development in Northwest China. In recent years, the ecological environment is deteriorating, and dust weather occurred frequently in Ejina Oasis because of global climate change. At present, the climate and hydrological change in Ejina oasis and its surrounding areas have attracted the attention of many researchers and relevant government departments. Some studies have been conducted to explore the response of tree-ring width [14] and stable oxygen and carbon isotope ratio [15] to climatic and hydrological changes, even some reconstruction have be done by tree-ring width [16,17] and stable oxygen isotope ratio [18] in Ejina Oasis and nearby areas. However, no reconstructed studies have investigated mean maximum temperature variation using the stable carbon isotope ratios (δ13C) of P. euphratica in the Ejina Oasis in Northwest China.



Atmospheric circulation was used to refer to the general circulation of the Earth and regional movements of air around areas of high and low pressure. It was corresponded to large-scale wind systems arranged in several east-west belts that encircle the Earth, which have a large impact on climate variability and is likely to influence the frequency of extreme temperature [19]. Atmospheric circulation could affect the regional distributions of temperature in the European countries [20] and the mean maximum temperature in Northeast and Northwest of China [21,22]. However, little is known about whether atmospheric circulation have affected mean maximum temperature variations in the Ejina Oasis, mainly because of the shortness of the instrumental records. Therefore, it is necessary to reconstruct the mean maximum temperature and investigate possible links between the reconstructed and large-scale atmospheric circulations in the Ejina Oasis in Northeast China.



The purposes of this study were (1) to analyze the variation characteristics of the δ13C series from P. euphratica tree-ring in Ejina Oasis, (2) to reconstruct a seasonal mean maximum temperature anomalies over the past 111 years by tree-ring carbon isotopic discrimination (Δ13C) in Ejina Oasis, (3) to investigate possible links between the reconstructed temperature and large-scale atmospheric circulations and to further understand the spatial and temporal characteristics of the mean maximum temperature in the study area.




2. Materials and Methods


2.1. The Study Site and Sampling


Ejina Oasis (39.87°–42.78° N, 97.16°–103.12° E) is the largest oasis in the lower reaches of Heihe River [18] and has an area of around 703 km2, with an altitude of 898–1958 m. The Heihe River, which spans more than 820 km, originates in the section of the Qilian Mountains. It is the only water source for the Ejina River in the lower reaches and the main recharge water source for the riparian phreatic aquifer [23]. Ejina oasis is located in the heart of the Gobi Desert and is steered by the strong Siberian (Mongolia-Siberian) high pressure in winter and the westerlies in Summer, with a typical temperate continental climate. There was plenty of light, little rain, strong winds, and frequent disastrous sandstorm weather. Most of the land is desert in Ejina Oasis, with gray-brown desert soil, serious salinization, desertification, and wind erosion. The riparian P. euphratica forest is the only natural tree in Ejina Oasis, which is the second largest distribution area of P. euphratica forest in China, behind the Tarim River, and is also one of the three remaining P. euphratica forest areas in the world [14].



Based on the International Tree-Ring Database (ITRDB) standard, a group of P. euphratica cores was collected in 2011, from a sandy site that was far from the Ejina river, and was named EJN06 (41.99° N, 101.25° E, altitude 923 m) (Figure 1). There was sparse vegetation and less competition at the sampling site. The canopy coverage was 40% and each tree was away from the other more than 20 m, with mean tree height 22 m and mean crown width 7.2 m. The samples were dried, surfaced, polished, cross-dated, and then measured to within 0.01 mm using Lintab 6 measuring system.




2.2. The Developing of Stable Carbon Isotope Chronology


Based on the accurate dating, three cores (06-01B, 06-03B, and 06-04A) from three trees, with long tree age, clear boundary, and no abnormal growth, were selected for the cellulose δ13C analyses of tree-ring. According to the characteristics of phenology and physiological ecology of P. euphratica in Ejina, the age of the young trees was less than 10 years [24]. Meanwhile, Kang (1970) have found that the age range of young P. euphratica is between 1 and 15a [25]. Therefore, to eliminate the effects of juvenile effect of tree-ring δ13C [26], each core was separately analyzed for the period 1901–2011, removing at least 15 years from each core that had grown before 1901. The cores were divided into thin segments using a scalpel year by year. After drying, the α-cellulose of the annual ring was extracted by chlorination, bleaching, alkali washing, and other processes using the Jayme-Wise procedure. Then the α-cellulose was homogenized and freeze-dried [4,5,27]. The ratio of 13C to 12C was determined by an elements analysis instrument (Flash 2000) and a stable isotope mass spectrometer (Delta V Advantage). And the analytical results were expressed as δ13C, and tree-ring δ13C was calculated from the following equation:


δ13C = (Rsp/Rsd − 1) ×1000



(1)




where Rsp and Rsd are the ratios of 13C to 12C in the sample and standard, respectively.



Some studies have shown that the CO2 concentration has been a marked rise in the atmosphere since the industrial revolution owing to the massive use of fossil fuels [28], which cause tree-ring δ13C change. This change is not related to climate, so the effect of rising atmospheric CO2 concentration should be eliminated when the researchers study past climate using tree-ring δ13C. Three methods can be utilized to adjust the tree-ring carbon isotope: ∆13C [29], δ13C calibration [30] and δ13C cor + 0.006‰ ppmv−1 [13]. Considering consistency and possibility in the following analysis, the ∆13C method was used in this study.



The δ13C values from ice core measurements and direct atmospheric monitoring were used as the atmospheric δ13C reference values [29], then tree-ring ∆13C was obtained by solving the following equation:


∆13C = (δ13Ca − δ13C tree)/(1 − δ13Ctree/1000)



(2)




where δ13Ca and δ13Ctree are the δ13C values of the atmospheric CO2 and tree-ring, respectively. The δ13C values of the atmosphere from 2004 to 2011 were obtained by the linear trend extrapolating from the existing values (1970–2003).




2.3. Climatic and Ejina Oasis Area Data


The observed data from three meteorological stations around the sampling site were selected: Ejina (EJN: 41.95° N, 101.06° E, 940.5 m a.s.l., 1959–2011) and Guaizihu (GZH, 41.36° N, 102.36° E, altitude: 960 m a.s.l. 1959–2011) from China, Dalanzadgad (DLZ, 104°25′ E, 43°35′ N, 1465 m a.s.l., 1973–2011) from Mongolia (Figure 2). The monthly mean temperature, mean minimum temperature, mean maximum temperature, and total precipitation of each station were used to carry out the climate responses. The observed meteorological data of EJN and GZH were collected from the China Meteorological Data Service Centre (CMDSC) (http://data.cma.cn/en) (accessed on 7 May 2022). And the observed data of DLZ were calculated by daily data from National Centers for Environmental Information (https://www.ncei.noaa.gov/maps-and-geospatial-products) (accessed on 7 May 2022). Considering the continuity and accuracy of the data from DLZ station, the meteorological data were selected during the observation period 1973–2011. The homogeneity and randomness of the observed data were tested by the standard methods [31]. The results showed that the meteorological data from these stations were available for further climate analysis. Meanwhile, the monthly patterns of the four climate factors showed a similar variation rule in all the meteorological stations (Figure 2). To reduce the impact of small-scale noise and random factors from a single station and better understand the regional climate characteristics [32,33], the final regional climate data, which were applied for further response analyses, were the simple arithmetic mean of the data from three stations.



Long-term observed mean temperature records from the Anxi (40.53° N, 95.77° E, 1177 m a.s.l., 1939–2011) meteorological station, roughly 460 km southwest of the sampling site, were ideal observational evidence for the reconstruction. The observed meteorological data of Anxi station were derived from http://climexp.knmi.nl/ (accessed on 16 May 2022 during the period 1939–1988 and from the CMDSC (http://data.cma.cn/en) (accessed on 16 May 2022) during the period 1989–2011.



To investigate possible links between the reconstructed temperature and large-scale atmospheric circulations, we also estimated the relationship between the reconstructed series and the atmospheric circulations data. The Global-SST ENSO index was collected from http://research.jisao.washington.edu/data_sets/globalsstenso/(accessed on 8 July 2022). The sunspots number were from http://www.sidc.be/silso/datafiles (accessed on 8 July 2022). The North Atlantic Oscillation (NAO) index [34], the Pacific Decadal Oscillation (PDO) index [35], the Arctic Oscillation (AO) index [36] (such as, warm season AO Surface Air Temperature index (AOTI), and Summer AO Sea Level Pressure index (AOPI)were downloaded from National Centers for Environmental Information (https://www.ncei.noaa.gov/access/paleo-search/) (accessed on 8 July 2022).



To understand the influence of temperature change on the oasis area, the reconstructed series was compared with the inter-annual area variations of Ejina Oasis for the period 1963–2012. And the area series of Ejina oasis was derived using Getdata software (http://getdata-graph-digitizer.com/) (accessed on 15 July 2022) and the published graphs from a previous paper [37].




2.4. Statistical Methods


The relationship between the tree-ring ∆13C and climate data was examined by correlation function analysis during the observation period. Considering that the growth of trees is affected by the climate of the previous and current year [38], climate variables from the previous April to current October and seasonal combinations were selected to identify the climatic effects on the tree-ring ∆13C of P. euphratica in the study region. The transfer function was established by the simple linear regression model. The consistency between the reconstructed and observed temperature data was verified via the statistical parameters [39], which included sign test (S1, S2), reduction of error (RE), and product means (t). The stability and reliability of the transfer function were assessed by Bootstrap [40] and Jackknife [41] statistical methods.



In addition, to reveal the spatial-temporal representativeness of the mean maximum temperature anomalies reconstruction, spatial correlations between both the reconstructed and observed mean maximum temperature with the globally gridded mean maximum temperature from the CRU TS4.05 network were conducted using the KNMI Climate Explorer (http://climexp.knmi.nl) (accessed on 8 July 2022) throughout 1974–2011. Due to being especially helpful for short time series, the multitaper method (MTM) was selected to perform the periodicity analysis in our reconstruction [42]. To previous TDS changes, the high (low) temperature year was defined as those years that the mean maximum temperature anomalies value was larger (smaller) than mean + σ. After an 11-year moving average, the periods of high (low) temperature were defined as the time interval with a larger (smaller) mean maximum temperature anomalies value than the mean of the total reconstruction series and spanned at least three years and often more.





3. Results


3.1. Statistical Analysis of Stable Carbon Isotope Chronology


The correlation coefficients (r) among the three sandy-site cellulose δ13C series were significant at the 0.01 level over a 111-year common period (Table 1), which indicates that the tree-ring δ13C variation pattern of each series has a good consistency. In order to reflect regional representation, the arithmetic average of the tree-ring δ13C data from three cores were used as the regional tree-ring δ13C chronology, then the regional tree-ring ∆13C chronology was established and applied in paleoclimate reconstruction. For the common period, the mean values of tree-ring δ13C and ∆13C were −25.806‰ (a scale from −27.706‰–−24.815‰) and 18.187‰ (17.492‰–19.011‰), with variable coefficients of −0.022 and 0.016 (Table 2), respectively. The first-order autocorrelation coefficients were 0.881 and 0.577, with standard deviations of 0.575 and 0.291 (Table 2), respectively.




3.2. Climate Response of Tree-Ring Stable Carbon Isotope


Overall, the ∆13C chronology was negatively correlated with meteorological factors in most months, except for a few months (Figure 3). The ∆13C chronology showed a significantly positive correlation with precipitation in September (p < 0.05) and significantly negative correlations with mean temperature in April (p < 0.01), September (p < 0.05) and December (p < 0.05) of the previous year, and January (p < 0.05), March (p < 0.05) and July (p < 0.05) of the current year. There were significant negative correlations between the ∆13C chronology and mean maximum temperature in April (p < 0.05), September (p < 0.05) and December (p < 0.05) of the previous year, and March (p < 0.05) and July (p < 0.01) of the current year. Significant negative correlations were also found for the ∆13C chronology and mean minimum temperature in April (p < 0.01) and December (p < 0.05) of the previous year, and January (p < 0.05), March (p < 0.05), July (p < 0.01) and September (p < 0.05) of the current year (Figure 3). Considering that the seasonal climatic variations were often more regionally representative than monthly variations [43], the correlation coefficients were also calculated between the ∆13C chronology and seasonal climatic data from a combination of monthly data sets. Among all monthly combinations, the correlation between the ∆13C chronology and the mean maximum temperature from previous December to current September was the highest (r = −0.660, N = 38, p < 0.01), suggesting that the mean maximum temperature from previous December to current September is one of the most important limiting climate factors that influence tree-ring ∆13C.




3.3. Transfer Function and Verification


As shown in Figure 2, the temperature in DLZ was lower than that in EJN and GZH. Therefore, to avoid absolute temperature values deviation in reconstructing paleoclimate, the anomaly method was used to calculate the final regional climate data. Then the mean maximum temperature anomalies from previous December to current September (TDS) was selected for reconstruction in Ejina Oasis. The TDS was obtained by solving the following line transfer function:


TDS = −1.498 × ∆13C + 27.287



(3)







N = 38; r = 0.660; R2 = 0.436; R2adj = 0.420; F = 27.779; p < 0.0001; D/W = 1.993.



The TDS explains 43.6% of the instrumental variance during the period of 1974–2011, and it reduces to 42.0% considering the loss of freedom. The TDS reconstruction has similar variability to the instrumental data during 1974–2011 (Figure 4), with a high correlation coefficient of 0.660 (N = 38). The results showed RE is greater than zero and all other parameters were statistically significant at the 0.05 level, except S2 for the verification period from 1974 to 2011 (Table 3), indicating that the transfer function (3) is reliable and stable [39,43]. The Bootstrap and Jackknife results showed the similarity of the statistical values (such as r, R2, R2adj, F, p, and D/W) (Table 4) [44], indicating that the transfer function (3) reflects the real mean maximum temperature anomalies and is appropriate to reconstruct TDS.




3.4. Mean Maximum Temperature Reconstruction


According to the function (3), the TDS in Ejina Oasis was reconstructed over the past 111 years (Figure 5). The mean TDS of the entire reconstruction was 0.044 °C and its standard deviation (σ) was 0.435 °C. The reconstructed TDS in the Ejina Oasis included several marked interannual and interdecadal fluctuations. On an annual scale, the reconstruction series consisted of 16 high-temperature years (14.42% of the total reconstruction series), 80 normal years (72.07%), and 15 low-temperature years (13.51%). The five highest temperature years were 1997, 1937, 2005, 1936 and 1945, and the five lowest temperature years were 1984, 2011, 1985, 1908 and 1915.



On a decadal scale, the multiyear continuous high- or low-temperature periods were analyzed for the past 111 years. There were three high-temperature periods lasting over three years: 1929–1965, 1972–1974, and 1992–2006; three low-temperature periods: 1906–1926, 1966–1968, and 1975–1991 (Figure 5). Among these periods, the longest existing high- and low-temperature periods were from 1929 to 1965 and from 1906 to 1926, respectively.




3.5. Spatial Representativeness and Periodicities


The spatial correlations indicated that the observed TDS was a significantly positive correlation with the TDS from many grid areas (p < 0.1). The dominant area appeared in central-south Japan, central-east China (including Loess Plateau), Mongolia Plateau, and surrounding areas according to the temperature field (Figure 6a). The reconstructed had followed a similar spatial correlative pattern, with lower correlation coefficient, and the fields of highest correlation over a large region in and around the core area of Mongolia Plateau and Chinese Loess Plateau (Figure 6b).



The MTM analysis showed that the TDS reconstruction exhibited some significant cycles (Figure 7) on interannual and interdecadal scales. Significant cycles were found at 60.24 (p < 0.05), 37.88 (p < 0.05), 9.40 (p < 0.05), 4.57 (p < 0.01), 4.51 (p < 0.01), 2.57 (p < 0.01), 2.51 (p < 0.01), and 2.07 (p < 0.01).




3.6. Comparison with the Ejina Oasis Area


As shown in Figure 8, the high mean maximum temperature has a good consistency with the small area of Ejina Oasis for the period 1963–2012, and vice versa.





4. Discussion


4.1. Chronology Characteristics of Stable Carbon Isotopes


The higher first-order autocorrelation coefficient and lower variance in tree-ring δ13C and ∆13C chronologies indicated that the hysteretic effect is obvious in tree-ring stable carbon isotope variation and suggested that the carbon isotopic fractionation in the previous year affect its fractionation in the current year. This was perhaps because the process of synthesizing organic matter through photosynthesis in the current year used part of organic matter stored in the plant from photosynthesis during the previous year [45]. These parameters (for example, first-order autocorrelation coefficient, standard deviation, variance) in the tree-ring ∆13C series were obviously lower than that in the tree-ring δ13C series, indicating that the annual values of stable carbon isotope in P. euphratica are more stable after removing the impact of increasing atmospheric CO2 concentration.




4.2. Relationship between Climate and Tree-Ring ∆13C


The ∆13C chronology showed remarkable correlations with meteorological factors in the growing season of the previous year (such as precipitation in September, mean temperature and maximum temperature in April and September, and mean minimum temperature in April), indicating that the photosynthesis of P. euphratica in the current year can utilize the organic matter stored in the plant in the previous year [45], then change the tree-ring ∆13C. The ∆13C chronology were remarkable negative correlations with temperature (such as mean temperature and minimum temperature in previous December and current January and March, mean maximum temperature in previous December and current March). A probable cause is extreme low temperature could cause freezing damage and affect the growth of trees and CO2 absorbent in the next year. Another possible reason is precipitation (snow) would increase when the temperature is relatively low in winter, which would be conducive to retaining more moisture in soil and impact on wood growth in the next year [46]. Soil moisture is the source water of trees, which is the main component of photosynthesis in the plant. Provided source water adequate resources are available, plants can use source water and CO2 to synthesize organic matter, and then the stable isotope fractionation is affected. There were remarkable negative correlations between the ∆13C chronology and the temperature in July and the mean minimum temperature in September of the current year. It may be that the increase in photosynthesis and the reduction in stomatal conductance (stomatal closure) could decrease the CO2 concentration of intercellular when the temperature was raised in the growing season, and then tree-ring ∆13C was moderated [47]. These results indicated that both temperature and precipitation have a physiological basis in affecting stable carbon isotope fractionation of P. euphratica in Ejina Oasis. In addition, the greatest significant negative correlation (p < 0.01) was found between the ∆13C chronology and the mean maximum temperature from previous December to current September (Figure 3), suggesting that the stable carbon isotope fractionation of P. euphratica in Ejina Oasis was primarily modified by mean maximum temperature.




4.3. Local and Regional Climate Characteristics


The TDS reconstruction series in our research showed both remarkable interannual and interdecadal variations and provided the foundation data for further study on long-term mean maximum temperature change in Ejina Oasis. To get a better sense of the regional representation of the TDS reconstruction series, spatial correlations between both the reconstructed and observed TDS and the globally gridded TDS from the CRU TS4.05 network were plotted. The observed mean temperature from Anxi station and the reconstructed temperature index in north-central China were used to make a comparison with the TDS reconstruction series [48].



The TDS reconstruction was significantly positively correlated with the observed mean temperature from previous December to current September in the Anxi meteorological station on the interannual scale, with r = 0.454 (p < 0.001,1940–2011). After 11-year moving average, the positive correlation coefficient was more notable (r = 0.836, p < 0.001, 1945–2006). Meanwhile, the TDS reconstruction series was also significantly positively correlated with the reconstructed temperature index in north-central China on the interannual scale [48] (r = 0.208, p = 0.003, 1901–2011). After 11-year moving average, the correlation coefficient was 0.413 (p < 0.001, 1906–2006). The variation pattern of the TDS reconstruction series was differences from the observed mean temperature from previous December to current September in Anxi meteorological station and the reconstructed temperature index in north-central China on the interannual and decadal scale (Figure 9a). This may be because the long-term observed records from the Anxi meteorological station and the reconstructed temperature index in north-central China were the mean temperature, and not the mean maximum temperature. However, the changing trend of three temperature series was similar to the observed on the decadal scale (Figure 9b). The spatial correlations indicated that the reconstructed TDS has significantly positive correlation with the TDS in the core area of Mongolia Plateau and Chinese Loess Plateau. These results indicated that the TDS reconstruction in the Ejina Oasis had a large regional representativeness.




4.4. Relationship with the Ejina Oasis Area


Ejina Oasis is a typical extreme arid desert oasis and is also an important ecological conservation redline line in the Heihe River basin, with a frail ecological environment in Northwest China. In recent decades, because of the influence of human activities and climate change [49], the area of Ejina oasis has greatly changed. To understand the influence of temperature change on the oasis area, we compared the reconstructed TDS series with the inter-annual area variations of Ejina Oasis [37]. These results showed that high (low) mean maximum temperature was a close correspondence with the small (large) area of Ejina Oasis (Figure 8). This correspondence can be simply explained as follows: when the maximum temperature is higher, evaporation will increase, and then water resources for human life and animal husbandry also become more stressed. Because surface runoff is the only water source in Ejina Oasis, the combined effect of natural drought and humanity’s overusing leads to a decrease in water runoff in Heihe and hard to penetrate the edge of the oasis, and result in growth dormancy or death of P. euphratica and sandy plants, so the area of Ejina Oasis is reducing.




4.5. Linkages with Large Scale Atmospheric Circulations


The MTM analysis showed the TDS reconstruction series displays significant annual and decadal cycles (Figure 7). Similarity cycles have been widely found in tree-ring records in northern China [21,33,50,51,52]. These cycles implied that the other factors may have significant effects on the TDS changes in the Ejina oasis.



Significant high-frequency peaks of 2.07, 2.51, 2.57, 4.51, and 4.57 years were observed. These cycles were in the standard range of the 2–8-year ENSO cycle, which indicates that there were certain relations between the TDS variability and the ENSO [53,54]. The ENSO was a major control factor on the interannual climate variability of the northern part of China [55,56]. A significant negative correlation existed between the TDS series and the Global-SST ENSO index from November of the previous year, with r = −0.205 (p = 0.032, 1901–2011). After an 11-year moving average, the correlation coefficient is −0.533 (p < 0.001, 1906–2006). These results further confirmed that ENSO may affect the TDS in Ejina Oasis.



The 9.40-year cycle fell within the range of the 9–14 year sunspots cycle [57]; the 37.88-year cycle is possibly related to the 35-year solar cycle by the Lockyers [58] and the 60.24-year cycle may be coherent with the 50–80-year Lower Gleissberg cycles [59,60,61]. These cycles reflected the solar irradiance [59,62], which affects atmospheric circulation patterns in the stratosphere by adjusting vertical temperature and zonal wind [63]. The close relationship with solar irradiance was advocated by the positive correlation between the reconstructed TDS and the sunspots number from May to June of the current year on an interannual and interdecadal scale, with r = 0.363 (p <0.001, 1901–2011) and r = 0.441 (p < 0.001, 1906–2006), respectively. Meanwhile, the 60.24-year cycle was also likely to correspond to the 60-year Atlantic Multidecadal Oscillation (AMO) cycles [64]. Strong negative correlation between the reconstructed TDS series and the NAO index [34] on an interannual (r = −0.462, p < 0.001, 1901–1995) and interdecadal (r = −0.709, p < 0.01, 1906–1990) scale confirmed the TDS was likely affected by the atmospheric activity in North Atlantic.



In addition, the climate was mainly affected by Siberian High (Mongolian-Siberian High) in winter in Ejina Oasis. The Siberian High was a semi-permanent cold high pressure and had strong links to the PDO [65] and the AO [66]. Therefore, to understand the possible connection between the reconstructed TDS and both the PDO and AO, the correlation coefficients were calculated between reconstructed TDS and PDO [35], AOTI (warm season AO Surface Air Temperature index), and AOPI (Summer AO Sea Level Pressure index) [36]. The results showed the reconstructed TDS was significantly and negatively correlated with PDO, AOTI and AOPI on an interannual scale, with the correlation coefficients r = −0.306 (p < 0.01, 1901–1991), r = −0.427 (p < 0.01, 1901–1975) and r = −0.578 (p < 0.01, 1901–1975), respectively. On a decadal scale, the correlation coefficients were −0.581 (p < 0.01, 1906–1986), −0.856 (p < 0.001, 1906–1970) and −0.970 (p < 0.001, 1906–1970), respectively. On a decadal scale, the AOPI, AOTI, PDO, NAO index, sunspot number, ENSO index and the TDS reconstruction series showed some similar trends with different magnitudes (Figure 10). These results suggest that the TDS in the Ejina Oasis may be bound up with extensive atmosphere-sea interactions from the North Pacific and Arctic oceans.



The above results suggested that solar activity and atmospheric circulation may have a combined effect on the TDS. However, the complex influence mechanism needed further research.





5. Conclusions


In this study, three cores of P. euphratica were employed to develop a tree-ring cellulose ∆13C chronology in Ejina Oasis in Northwest China, and then the TDS series from 1901 to 2011 were reconstructed using a regression model, which explains 43.6% variance of observed regional mean maximum temperature. Statistical tests and analysis of model results showed that the transformation function has good repeatability and high reliability. The TDS series was significantly associated with the observed TDS in the Anxi meteorological station and the temperature index in north-central China on the interannual scale and showed a synchronous variation on the decadal scale. Spatial correlation implied that the TDS reconstruction captured the characteristics of the temperature change in a wide geographical area. Meanwhile, comparisons between the TDS reconstruction and the area of Ejina Oasis demonstrated the change of ecological environment is a result of combined effect from natural and anthropogenic activities. Significant periodicities and correlations suggested that the TDS may be constrained by the effect of combining solar activity and atmospheric circulations (such as ENSO, NAO, PDO, AOTI, and AOPI). It is no doubt this research could provide useful and high-resolution information about temperature variation in the past in the desert region of in Northwest China. And the reconstructed TDS is very useful for the prediction of regional climate and the protection of P. euphratica. However, to further understand the internal mechanism between regional temperature variation and large regional atmospheric circulations, more studies are needed in the future.
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Figure 1. Map showing the locations of the sampling site and the meteorological stations. Tree-ring sampling site (EJN06) is shown as red circle. Meteorological stations (EJN, GZH, DLZ and Anxi) are shown as solid black Squares. 
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Figure 2. Monthly total precipitation (a), mean minimum temperature (b), mean temperature (c) and mean maximum temperature (d) at EJN, GZH, DLZ stations. 
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Figure 3. Correlations of tree-ring ∆13C and monthly average meteorological data. Dotted/dashed line indicates the 95%/99% confidence level; D–S: Previous December to present September. P: Monthly total precipitation. T: mean temperature. Tmax: mean maximum temperature. Tmin: mean minimum temperature. 
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Figure 4. A comparison between the observed (green) and reconstructed (red) TDS. 
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Figure 5. Reconstructed TDS from 1901 to 2011 for the Ejina region (the bold line represents the 11-year moving average data). 
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Figure 6. Patterns of field correlation (p < 0.1). (a) Observed TDS with December–September CRU TS4.05 mean maximum temperature (the grid system is 0.5° × 0.5°); (b) Reconstructed TDS with December–September CRU TS4.05 temperature. Black dot represents sampling site. 
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Figure 7. Results of the MTM spectral density of the reconstruction. The red (blue) line is 95% (99%) confidence level. 
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Figure 8. Comparison between the reconstructed TDS (black) and the area (blue) of in Ejina oasis. Black line represents 3-year moving average reconstruction. 
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Figure 9. Comparison between the reconstructed TDS (red) and the observed (black) TDS of the Anxi station and the temperature index in north-central China (blue) [48]. (a) raw data; (b) 11-year average data. r1 and r3 represent correlation coefficients between the reconstructed TDS and the observed (black) TDS of the Anxi station on interannual and interdecadal scale, respectively; r2 and r4 represent correlation coefficients between the reconstructed TDS and the temperature index in north-central China on interannual and interdecadal scale, respectively. 
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Figure 10. A comparison of the AOPI (a), AOTI (b), PDO (c), NAO index (d), sunspot number (e), ENSO index (f) and the reconstructed TDS in this study (g). All curves are smoothed by an 11-year moving average. 
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Table 1. Correlation matrix of individual tree-ring δ13C series in 1901–2011.
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	Item
	06-01B
	06-03B
	06-04A





	06-01B
	1
	0.518 **
	0.539 **



	06-03B
	
	1
	0.483 **



	06-04A
	
	
	1







** Significant at the 0.01 level (2-tailed).
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Table 2. The statistics of tree-ring stable carbon isotope series.
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	Codename
	δ13C
	∆13C





	First-order autocorrelation
	0.881
	0.577



	Minimum
	−27.706‰
	17.492‰



	Maximum
	−24.813‰
	19.011‰



	Mean
	−25.806‰
	18.187‰



	Standard deviation
	0.575
	0.291



	Variance
	0.331
	0.085



	Skewness
	−0.722
	0.196



	Kurtosis
	−0.002
	0.179



	Coefficient of variation
	−0.022
	0.016
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Table 3. Verification results of the canonical methods for the reconstruction.
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	Period
	S1
	S2
	t
	RE





	1974–2011
	26 *
	21
	3.649 **
	0.436







S1 is the general sign test between observation and reconstruction that measures the association at all frequencies. S2 is made for the first differences, which reflects the high-frequency climatic variations. * Significant at the 0.05 level (2-tailed). ** Significant at the 0.01 level (2-tailed).
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Table 4. Verification results of the Bootstrap and Jackknife methods.
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Statistical Items

	
Calibration

	
Calibration Bootstrap

(80 Iterations)

	
Jackknife




	
Mean (Interval)

	
Mean (Interval)






	
r

	
0.660

	
0.66 (0.39–0.79)

	
0.66 (0.62–0.68)




	
R2

	
0.436

	
0.44 (0.15–0.62)

	
0.44 (0.39–0.46)




	
R2adj

	
0.420

	
0.42 (0.13–0.61)

	
0.42 (0.37–0.45)




	
σ

	
0.557

	
0.55 (0.43–0.65)

	
0.57 (0.55–0.58)




	
F

	
27.779

	
30.33 (6.36–59.67)

	
27.05 (21.89–30.05)




	
p

	
0.001

	
0.00 (0.00–0.02)

	
0.00 (0.00–0.00)




	
D/W

	
1.993

	
1.92 (1.47–2.10)

	
1.99 (1.67–2.19)








r: correlation coefficient; R2: squared multiple correlation; R2adj: adjusted squared multiple correlation; σ: standard error; F: F-value; p: p-value; D/W: Durbin-Watson value.
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