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Abstract

:

We present the first Greenlandic tree ring oxygen isotope record (δ18OGTR), derived from four birch trees collected from the Qinguadalen Valley in southwestern Greenland in 1999. Our δ18O record spans from 1950–1999 and is significantly and positively correlated with winter ice core δ18O from southern Greenland. δ18OGTR records are positively correlated with southwestern Greenland January–August mean temperatures. North Atlantic Oscillation (NAO) reconstructions have been developed from a variety of proxies, but never with Greenlandic tree rings, and our δ18OGTR record is significantly correlated with NAO (r = −0.64), and spatial correlations with sea-level pressure indicate a classic NAO pressure seesaw pattern. These results may facilitate a longer NAO reconstruction based on long time series of tree ring δ18O records from Greenland, provided that subfossil wood can be found in areas vacated by melting glaciers.
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1. Introduction


Tree rings are one of the most important proxies for paleoclimate studies, due to their high temporal resolution and accurate dating [1,2]. Based on the tree ring oxygen isotope fractionation model [3], the stable oxygen isotope (δ18O) in tree rings is controlled by the δ18O/oxygen isotope (signature) of precipitation and relative humidity, both of which are influenced by climate. Therefore, we have used tree ring δ18O for climate reconstruction [4,5]. Compared to tree ring width (TRW), tree ring δ18O sometimes exhibits stronger correlations with climate than ring width [6,7]. Tree ring δ18O does not usually exhibit a strong, age-related trend [8,9,10], and could retain more climatic low frequency variability that might be related to climate [6]. Precipitation δ18O is affected by large-scale atmospheric circulation [11], and thus tree ring δ18O can reveal a significant link with atmospheric circulation, such as synoptic weather type, ENSO, Arctic Oscillation and Antarctic Oscillation [12,13,14,15,16]. Therefore, tree ring δ18O can not only be used for traditional climate variable reconstruction, but may also be exploited for reconstruction of large-scale atmospheric circulation [13,16].



The North Atlantic Oscillation (NAO) is a major feature of the atmospheric circulation over the northern hemisphere with widespread impacts on climate across Europe, Greenland, northern North America, North Africa and Asia, and is characterized as the dipole of sea-level pressure (SLP) between the Azores and Iceland [17,18,19,20]. Because of the importance of the NAO, and the limitations that result from temporally limited instrumental data, many NAO index reconstruction studies have been conducted during the last 20 years. These studies utilize the earliest instrumental data, historical documentation, ice cores, tree rings and speleothems from across Europe, Northern America and northern Africa to investigate NAO variability and its responses to external forcing [21,22,23,24,25,26,27]. However, a detailed review of the published NAO reconstructions showed a lack of agreement between them, particularly on decadal to multi-decadal time scales [27]. Thus, it is necessary to explore a novel, high resolution proxy for the reconstruction of NAO, to improve the quantification of the response of NAO variability to both natural and anthropogenic climate forcings.



Despite the NAO’s primary signature around Greenland, Greenlandic tree rings have not been used for NAO reconstructions in previous studies [26,27] (Figure 1a), since limited tree ring research has been conducted in Greenland. Beschel and Webb (1963) demonstrated that Salix glauca and Juniperus communis from western Greenland formed annual rings [28], but did not develop a regional time series for comparison with climate. Kuivenen and Lawson (1982) collected cores of Betula pubescens (birch) from the Qinguadalen Valley of southern Greenland that they successfully cross-dated and correlated with regional temperature [29]. It is these trees that we resampled in 1999 and use in the current study. Precipitation δ18O in Greenland is correlated with temperature, which is related to NAO [30]. We assume that tree ring δ18O preserves the precipitation δ18O signal and can be used for NAO reconstruction. In the present study, we aim to produce a new tree ring δ18O record from Greenland and to examine the possibility of reconstructing NAO using tree ring δ18O.




2. Materials and Methods


In the summer of 1999, co-author Buckley collected birch samples (Betula pubescens) from the Qinguadalen Valley of southwestern Greenland (Figure 1), in order to update the Kuivenen and Lawson (1982) collection. He cross-dated and measured ring width from 28 core samples and developed a tree ring width record that spanned from 1884–1999 (unpublished). In this study, four trees from this collection (Sample ID: QUN24, 25, 30 and 45) were used for oxygen isotope analysis. In order to obtain enough wood material to extract purified cellulose, we selected discernable and relatively wide rings for the establishment of tree ring δ18O series. The final timespan of the tree ring oxygen series for each tree is 1950–1999, 1950–1999, 1950–1998 and 1950–1988, respectively. The common period of the individual tree ring oxygen series from the four trees is 1950–1972. The modified plate method [31] was employed to extract α-cellulose. We first used a low-speed diamond wheel saw to cut the cores into 1-mm-thick plates, along surfaces perpendicular to the cellulose fiber directions. Then we packed the plate by two Teflon punch sheets and put it into a glass tube for chemical reactions. Next, we followed the Jayme and Wise method to conduct the chemical protocol in order to extract α-cellulose from the tree rings [32,33]. The glass tube with the plate was treated with an acidified NaClO2 solution in a water bath (70 °C) for 60 min to remove lignin, and this step had to be repeated several times until the color of the plate turned white. To remove hemicellulose, a 17 wt% NaOH solution was poured into the glass tube in a water bath (80 °C) for 60 min, and this was repeated three times. After that, the wood plate was gently washed with a diluted HCl solution and distilled water. The wood plate was then treated with toluene and ethanol (1:1) at room temperature for 10 min, then with acetone overnight to remove lipids. Finally, the cellulose plate was dried in an oven for three hours and the rings were cut from each cellulose plate with a scalpel under a binocular microscope at annual resolution.



The α-cellulose samples (80–260 μg) were wrapped into silver foil, and tree ring cellulose oxygen isotope values were measured using an isotope ratio mass spectrometer (Delta V Advantage, Thermo Electron Corporation, Bremen, Germany) interfaced with an elemental analyzer (TC/EA) at the Research Institute for Humanity and Nature, Japan. There are several gaps for the tree ring δ18O data due to narrow rings from which we could not collect enough cellulose for measurement (Figure 2). Cellulose δ18O values were calculated by comparison with analysis of Merck cellulose (laboratory working standard) which has been calibrated with IAEA-C3. Merck cellulose was inserted after every eight tree samples during the measurements. Oxygen isotope results are presented in δ notation as the per mil (‰) deviation from Vienna Standard Mean Ocean Water (VSMOW), δ18O = [(Rsample/Rstandard) − 1] × 1000, where Rsample and Rstandard are the 18O/16O ratios of the sample and standard, respectively. The analytical uncertainties on repeated measurements of the Merck cellulose were approximately ±0.2‰ (n = 32).



The relationship among δ18O from different trees was quantified using Pearson’s correlation coefficient (r). The expressed population signal (EPS) is used to measure the internal coherence of a tree ring chronology. Generally, it is widely considered that EPS values exceeding 0.85 indicate that the composite record represents the mean variance of the population and yields a signal relatively free of noise because of individual variations [34]. We also calculated the average correlation (Rbar) to analyze the synchrony of variations of tree ring δ18O. It is the average correlation of individual correlation coefficients among inter-tree δ18O. In addition, to evaluate the relationships between climate variables and tree ring δ18O, we calculated Pearson’s correlation coefficients r between tree ring δ18O values and monthly resolved instrumental temperature. Student’s t-test was used to evaluate the significance of the correlation coefficients. To test the spatial coherence between the tree ring δ18O and local to regional climatic variations, we computed spatial Pearson’s correlation coefficient between tree ring δ18O and the CRU TS 4.02 gridded temperature, and sea-level pressure (SLP) from the NCEP Reanalysis data (https://www.esrl.noaa.gov/psd/) and the Standardized Precipitation Evapotranspiration Index (SPEI) [35] using the KNMI climate explorer software (Royal Netherlands Meteorological Institute; http://climexp.knmi.nl). Furthermore, a monthly NAO index from the Climate Prediction center of NOAA [36] was employed to evaluate the relationship between tree ring δ18O and NAO.




3. Results and Discussion


3.1. Inter-Tree δ18O Variability and Regional δ18O Chronology


The Greenland Tree Ring oxygen isotope time series (δ18OGTR) derived from four birch trees is shown in Figure 2, while the underlying data can be found in the Supplementary Materials. δ18O values in all trees fall within the same range, with values from 22.7–28.4‰ and an average of 25.3‰ (±1.08‰). The δ18O mean of QUN 24, 25, 30 and 45 during the common period of 1950–1972 is 25.61‰ (±1.12‰), 25.83‰ (±1.11‰), 25.22% (±0.99‰) and 25.50‰ (±1.07‰), respectively. We also calculated the standard deviation of δ18O in the four trees for each year, which exhibited a range of 0.1–1.3‰, smaller than previous studies (1‰–4‰) [37]. Inter-tree δ18O correlations are very high (EPS > 0.85) and the average correlation among inter-tree δ18O (Rbar) is 0.9 (Table 1, Figure 2). By way of comparison, Dinis et al. (2019) reported Rbar of 0.59 for δ18O from Labrador black spruce [15], while Naulier et al. (2014) reported an Rbar of 0.5 for black spruce δ18O from northeastern Québec [38].



Because δ18O shows consistent between-tree variations, we developed a regional δ18O chronology (δ18OGTR) by averaging the four δ18O time series (QUN 24, 25, 30 and 45). The first-order autocorrelation for δ18OGTR is low (0.01), which indicates the tree ring δ18O of the current year is little affected by the tree ring δ18O in previous year(s).




3.2. Comparison between Tree Ring δ18O and Ice Core δ18O


Tree ring δ18O is controlled by precipitation δ18O and relative humidity [3], while ice core δ18O is derived from precipitation δ18O [39]. Figure 3 shows a comparison of δ18OGTRwith winter/summer ice core δ18O in Greenland [40] during the common period (for DYE-3 = 1950–1978; for Crete = 1950–1973; and for GRIP = 1950–1979). The spatial correlation between δ18OGTR and ice core δ18O is inversely correlated with distance, for summer and winter (Supplementary Materials Figure S1), suggesting a strong locality in Greenland’s climate that shows different regimes between the southwestern coastline and inner, high-elevation regions.



It should be noted that δ18OGTR showed higher correlations with ice core δ18O in winter rather than summer, even though trees mostly grow in summer. For example, the correlation between tree ring and summer/winter DYE-3 δ18O is 0.27 and 0.45, respectively. There are two possible reasons: first, the trees in Greenland could have absorbed more winter precipitation or snow/ice than summer precipitation. Some studies have suggested that winter snowmelt comprises a large portion of the source water for trees [41], such that previous winter snow/ice that melts at the beginning of the growth season is taken up by the trees in summer. This could explain the significant correlation between tree ring δ18O and winter ice core δ18O. Second, summer precipitation δ18O used by trees in the growing season is modified by transpiration [3], which weakens both the signature of summer precipitation δ18O imprinted in trees, and the correlations between tree ring and summer ice core δ18O.



Previous studies reported that tree ring δ18O reflects prior winter precipitation and temperature, rather than summer [4,42]. For example, tree ring δ18O from the southeastern Tibetan Plateau showed variations similar to those in annual ice core δ18O in the southeastern Tibetan Plateau (Dr. Weiling An, personal communications). The significant correlation between tree ring δ18O and ice core δ18O provides the opportunity to obtain a robust climate reconstruction. Because cross-dating for the trees at our site is robust and has an annual resolution, comparing ice core and tree ring δ18O should be helpful for accurate cross-dating. Furthermore, high-resolution seasonal tree ring δ18O with distinctive winter and summer signals may improve ice core dating and provide more detailed climate information. For now, however, our tree ring records extend only into the late 19th century, so older living trees and subfossil trees emerging from sediment and melting ice could be targeted for in future.




3.3. Climatic Implications of Tree Ring δ18O


Previous studies in northeast Canada have shown that tree ring δ18O has positive correlations with summer temperature and negative correlations with summer rainfall [15,38,43]. Therefore, we conducted correlation analyses between δ18OGTR and temperature at Nuuk and Qaqortoq for the period 1950–1999 (Figure 4). We show a positive correlation with current January–August temperature (r = 0.57 for Nuuk and r = 0.58 for Qaqortaq; n = 55; p < 0.001), which indicates that the main climate signal influencing tree ring δ18O originates from the January–August temperature. Spatial correlations between tree ring δ18O and temperature also support their relationship (Figure 5a). The significant correlation between δ18OGTR and temperature can be explained by the positive relationship between precipitation δ18O and temperature, which is used widely for ice-core-based temperature reconstruction [21,44]. Before being absorbed by trees growing in summer, isotopic fractionation processes associated with precipitation formation before and during the growing season depend directly on temperature variations. The higher temperatures will result in more δ18O enrichment in the precipitation and soil water, and thus in trees.



Relative humidity is another controlling factor for tree ring δ18O during the growth season [3]. Local relative humidity data are not available, so we used the summertime Standardized Precipitation Evapotranspiration Index (SPEI) to evaluate evapotranspiration influences on tree ring δ18O. We found a negative correlation between SPEI and δ18OGTR (Figure 5b), indicating that a higher SPEI is associated with relatively wet conditions and reduced evapotranspiration. Such conditions would result in depletion of leaf water and soil water δ18O, and subsequently lower cellulose δ18O. Positive correlations between tree ring δ18O with temperature and negative correlations with moisture were also reported in northeast Canada [38,43]. The correlations between tree ring δ18O and temperature are higher than with SPEI (Figure 5), which reveal that precipitation δ18O rather than relative humidity has the dominant influence over tree ring δ18O at our study site in southwestern Greenland.




3.4. Relationship with NAO


As shown in Figure 6, we find significant negative correlations between tree ring δ18O and AO/NAO, which are strongest for the January–August NAO index (r = −0.64, p < 0.001, n = 50). A similarly strong correlation (r = −0.64, p < 0.001, n = 50) is also found with the Arctic Oscillation index (AO). Interestingly, the relationship between NAO and Greenland ice core δ18O is relatively weak (Figure S2). To evaluate the relationship between NAO and tree ring δ18O further, we plot our results from spatial correlation analyses between δ18OGTR and sea-level pressure (SLP) during the different months in Figure 7. We show that δ18OGTR is positively correlated with SLP in the high-latitude area centered in Greenland and negatively correlated with SLP in the mid-latitude Atlantic, both in winter (Figure 7a) and summer (Figure 7b). This pattern reflects the classic NAO pattern [18]. By conducting the same correlation analysis with SST, δ18OGTR showed strong correlations with SST anomalies around the southern coastlines of Greenland (Figure 7d–f). This localized SST response with tree ring δ18O, with the absence of any broader or tropical signal, suggests that tree ring δ18O mainly reflects atmospheric variability which is related to NAO. Tree ring δ18O is mainly controlled by precipitation δ18O, which is in turn controlled by temperature of the air mass during precipitation and the isotopic fractionation processes that follow (for either rain or snow). Therefore, a positive phase of NAO brings lower temperatures to Greenland and depleted precipitation δ18O, which is in turn reflected in lower tree ring δ18O.



We next compared δ18OGTR with previous NAO reconstructions during the common period of 1950–1999, revealing negative correlations with a couple of NAO reconstructions: one based on historical documents across Europe [23] (r = −0.47, p < 0.01) and the other based on tree rings from eastern North America, Morocco, Europe and ice cores in Greenland [24] (r = −0.51, p < 0.01). These significant correlations between independent proxies indicate that δ18OGTR is as effective a proxy of NAO as other proxy variables and can explain around 41% of the actual variance of NAO, which is comparable to Cook et al. (2002) [24]. It is noted that our δ18OGTR record is derived from only four trees, while the Cook et al. (2002) NAO reconstruction is based on 367 records [24]. Therefore, we believe we have demonstrated the strong climate signal preserved in tree ring δ18O from Greenland, which could provide an opportunity for climate reconstruction with limited samples. However, a much larger data set with a longer time span is highly desirable. Future efforts are needed to look for older and subfossil trees, in order to use tree ring δ18O data from Greenland as a proxy of NAO. As a matter of fact, many long tree ring δ18O chronologies have been successfully established by combining living trees with subfossil trees preserved in lake sediments [43,45] and then cross-dating these stems to determine the ages of subfossil trees [46]. There are many lakes in Greenland [47,48], so a long-term tree ring δ18O record from living trees and subfossil trees could be established in future.





4. Conclusions


We present here the first tree ring δ18O chronology from Greenland, based on four birches that span the period of 1950–1999. These four tree ring δ18O time series are highly coherent and the resultant record (δ18OGTR) is significantly correlated with winter ice core δ18O in southern Greenland. We demonstrate that tree ring δ18O has a significant correlation with temperature and NAO during the early half of the year, and is therefore a promising proxy for reconstructing NAO over Greenland.
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Figure 1. (a) Location of the ice cores, lake sediments, speleothems and tree rings that were used for NAO (North Atlantic Oscillation) reconstructions (modified from [26]). (b) Location of sampling site for the presented tree ring oxygen isotope (spot) and Nuuk and Qaqortoq meteorological stations (square). 
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Figure 2. Tree ring oxygen isotope time series from four birch during the period of 1950–1999. 
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Figure 3. Spatial correlations between tree ring δ18O with summer (a) and winter (b) ice core δ18O. The time spans of the ice core records are presented in Table S1. 
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Figure 4. Correlations between tree ring δ18O with monthly temperature at Nuuk and Qaqortoq station during the period of 1950–1999. Numbers in x-axis represent the months of the year, and numbers with a “p” and “c” prefix indicate the previous year and current year, respectively. The dashed line indicates the 95% confidence level threshold. 






Figure 4. Correlations between tree ring δ18O with monthly temperature at Nuuk and Qaqortoq station during the period of 1950–1999. Numbers in x-axis represent the months of the year, and numbers with a “p” and “c” prefix indicate the previous year and current year, respectively. The dashed line indicates the 95% confidence level threshold.



[image: Atmosphere 12 00039 g004]







[image: Atmosphere 12 00039 g005 550] 





Figure 5. Spatial correlations between tree ring δ18O with January–August air temperature (a) and June-August SPEI (b) for the period of 1950–1999. Correlations not significant at the 95% level have been masked out. 
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Figure 6. Correlations between tree ring oxygen isotope with NAO/AO during the period of 1950–1999. Numbers in the x-axis represent the months of the year, and numbers with a “p” and “c” prefix indicate the previous year and current year, respectively. 
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Figure 7. Spatial correlations between tree ring oxygen isotope with sea-level pressure (a–c) and sea surface temperature (d–f) during the period of 1950–1999. Correlations not significant at the 95% level have been masked out. 
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Table 1. Correlation coefficients among tree ring oxygen isotopes.
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	Correlation
	QUN24
	QUN25
	QUN30





	QUN25
	0.94 *
	
	



	QUN30
	0.85 *
	0.91 *
	



	QUN45
	0.94 *
	0.91 *
	0.86 *







* indicates p < 0.01.
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