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Abstract

:

Maximum latewood density (MXD) chronologies have been widely used to reconstruct summer temperature variations. Precipitation signals inferred from MXD data are, however, rather scarce. In this study, we assess the potential of using MXD data derived from Scots pine (Pinus sylvestris L.) growing in the Stockholm archipelago (Sweden) to reconstruct past precipitation variability. In this area, slow-growing pine trees emerge on flat plateaus of bedrock outcrops with thin or absent soil layers and are, therefore, sensitive to moisture variability. A 268-year-long MXD chronology was produced, and climate–growth relationships show a significant and robust correlation with May–July precipitation (PMJJ r = 0.64, p < 0.01). The MXD based May–July precipitation reconstruction covers the period 1750–2018 CE and explains 41% of the variance (r2) of the observed precipitation (1985–2018). The reconstruction suggests that the region has experienced more pluvial phases than drought conditions since the 1750s. The latter half of the 18th century was the wettest and the first half of the 19th century the driest. Climate analysis of “light rings” (LR), latewood layers of extreme low-density cells, finds their occurrence often coincides with significantly dry (<41 mm precipitation) and warmer (1–2 °C above average temperature), May–July conditions. Our analysis suggests that these extremes may be triggered by the summer North Atlantic Oscillation (SNAO).
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1. Introduction


Tree-ring chronologies from high-latitudes and high-elevation sites display a strong and positive link with summer temperatures and a weak association with summer precipitation [1,2]. The opposite pattern is observed at low latitudes and elevation sites where precipitation deficits, combined with above optimal temperatures, increase plant moisture stress [2,3]. These climatic sensitivities have been used to reconstruct past temperature and moisture variability from continental to hemispherical scales [4,5,6,7,8,9]. In Scandinavia, temperature generally has a stronger influence on tree-growth than precipitation. However, positive correlations with early spring and summer precipitation are also observed [10]. Though several tree-ring width (TRW) [11,12,13], maximum latewood density (MXD) [14,15], blue intensity (BI) [16,17], and isotope [18] summer temperature reconstructions have been produced in the region, hydroclimatic studies are still scarce and have been derived from TRW data only. The few existing reconstructions are based on drought indices that include both temperature and precipitation data [19,20], or summer precipitation with a narrow seasonal window [21,22]. Recently, Seftigen et al. [23] showed the potential of using different BI derived parameters to improve hydroclimate reconstructions in the region, emphasizing the importance of wood density research in moisture-sensitive areas at high northern latitudes.



Moreover, in these areas, the landscape has been severely marked by human interference (e.g., logging and tourism), and tracts of pristine forests are rare. While it is generally accepted that ring-width data are more susceptible to abiotic disturbances, MXD data are generally considered to be less affected by the same degree of disturbance [24] and, consequently, often exhibit a stronger climatic signal [25], leading to more robust climatic reconstructions.



In the present study, we develop a seasonal precipitation reconstruction from the Stockholm archipelago based on Scots pine (Pinus sylvestris L.) maximum latewood density data and compared it with its corresponding TRW to analyze the climatic signal. Furthermore, we assessed the potential of using light rings (LR) as a bioindicator of extreme climatic conditions in the study region.



Light rings are characterized by a few layers of thin-walled latewood cells [26]; they are light-colored and, therefore, easily recognizable under the microscope. LR occurrence is mainly related to cambial activity and latewood formation and can, therefore, provide important information on climate–growth conditions during the growing season [27,28,29]. In regions where tree-growth is mostly controlled by temperature, light rings occurrence is mainly associated with cold conditions during the growing season. Very few studies have assessed the occurrence of light rings in trees growing under moisture limiting conditions [30].



The main objectives of this study are (1) to assess the climate–growth relationship in a precipitation sensitive area, (2) to consider the spatiotemporal representation of this new reconstruction, and (3) to assess the relationship between LR and local climatic factors.




2. Materials and Methods


2.1. Study Area


The study area ranges between 58°49′–59°39′ N and 17°38′–18°34′ E in the Stockholm archipelago, located on the east coast of Sweden (Figure 1). The annual mean temperature in the region is 6.6 °C (Stockholm meteorological station, period 1981–2010). February, in general, is the coldest month with a mean temperature of −3.0 °C and July the warmest with a mean temperature of 17.2 °C. The mean annual precipitation is 539 mm with peak rainfall occurring in July and August, and the length of the growing season is 180 days (Swedish Meteorological and Hydrological Institute, SMHI). Additionally, summer precipitation (May–July) was found to be inversely related to temperature (r = −0.35; p < 0.01). The vegetation belongs to the boreonemoral zone, characterized by mixed forests, including P. sylvestris, Picea abies, Quercus robur, Betula pendula, and Populus tremula [31]. The isostatic uplift in the region (4 mm/year) creates a peculiar type of forest known as flat rock forests (Sw: Hällmarksskog). As new land surfaces are exposed to rebound wave action barren bedrock outcrops are left behind. In time, as uplift progresses and these new islands rise above the wave action, they begin to accumulate a very thin layer of dry, nutrient-poor soil, that can support a thin cover of vegetation consisting mainly of mosses and lichen, and slow-growing pine trees emerging from soil-filled cracks in the bedrock. These island forests are not easily accessible and have low economic value. Consequently, the trees can be several hundred years old.




2.2. Tree-Ring Data


Scots pine tree-ring samples were collected from living trees growing in drought-prone environments (Figure 1), where tree-growth is predominantly limited by moisture availability [32]. The locations are the Askö nature reserve, the southernmost site in the study region; the Nacka and Björnö nature reserves, in the central part of the archipelago; and Blidö, the northernmost site in the study area. Tree-cores were collected at breast height (ca 1.3 m above the ground), using a Swedish increment borer (Ø10 mm). Annual ring widths were measured with an accuracy of ±1 µm using a sliding measuring table connected to the TSAP-Win software from Rinntech.



The radiodensitometric data were produced at the Stockholm tree-ring laboratory using the ITRAX-multiscanner from Cox Analytical Systems (www.coxsys.se) and the cores prepared according to standard techniques [33]. Tree cores were glued onto strips of wood, and thin laths (1.2 mm thick) were cut using a twin bladed circular saw. To extract resins and other compounds that are not related to the wood density but may interfere with the analysis, the laths were treated for 24 h with alcohol in a Soxhlet. The samples were then acclimatized in a room with controlled temperature (20 °C) and relative humidity (50%) and once environmentally equilibrated X-ray exposed in the ITRAX- multiscanner equipped with a chrome (Cr) tube, regulated at 30 kV and 50 mA with a line scanning step size of 20 μm for 75 ms [15]. The ITRAX-scan produces an optical digital image and a 16-bit grayscale radiographic image with a resolution of 1270 dpi. The grey levels were calibrated using a calibration wedge from Walesch Electronic GmbH. Density data were produced from the radiographic images with WinDENDRO (Régent Instruments Canada Inc., version 2017a).




2.3. Data Analysis


2.3.1. Standardization and Statistical Analysis


The individual tree-ring series were tested for cross-dating accuracy using the COFECHA software [34], and the four sites were averaged into one single regional chronology.



To remove non-climatic trends related to tree-age, size and stand dynamics [35,36], the data were standardized using the ARSTAN [37]. The density data were characterized by a positive growth trend over the juvenile period and a negative trend thereafter. For this reason, standardization was performed by fitting a Hugershoff-growth curve [38,39] to each density series. The TRW data were standardized by fitting an age-dependent smoothing spline individually to each series. The strength of the chronology was assessed through the inter-series correlation (Rbar), representing the degree of coherence between the density series, and the expressed population signal (EPS: calculated using 50-year window and 25-year lags), which is a measure of the degree to which the mean of all series represents a hypothetically perfect chronology [40,41].




2.3.2. Climate Data


Instrumental data were obtained from the Stockholm meteorological station (59.20.52° N, 18.3.45° E; SMHI), including monthly mean temperature (1895–2018 CE) and monthly precipitation sums (1895–2018 CE). Bootstrapped correlations were generated from 1000 simulations computed with SPSS (SPSS version 26.0, Chicago, IL, USA) to identify and evaluate the climatic signal in the standardized MXD chronology. The spatial correlations between the MXD chronology and 0.5° gridded CRU TS 4.03 climate data obtained from the Climate Research Unit [42] for the period 1901–2018 were produced by KNMI’s climate explorer [43].




2.3.3. Precipitation Reconstruction


The standard MXD chronology and the instrumental precipitation data from Stockholm were used to develop a simple linear regression transfer function to reconstruct past summer precipitation in the region [32]. The mean of May–July was preferred over total precipitation as a predictand since it led to lower standard errors. The MXD chronology was used as the predictor. The robustness of the reconstruction was assessed by the split-sample calibration-validation method. The instrumental period was divided into equal-length calibration and verification periods (i.e., 1895–1956 and 1957–2018) and validation statistics, those recommended by the National Research Council [44], were computed. These included the squared correlation coefficient (r2), reduction of error (RE), and coefficient of efficiency (CE). The verification and calibration periods were then switched, and the validation statistics repeated.



To identify years of anomalously dry and wet conditions in the reconstruction, thresholds were determined based on the percentile distribution of the precipitation levels for the entire 1750–2018 period. Dry summer years were considered as those when precipitation values were below the 15th percentile (<41 mm), and wet summer years when precipitation values were above the 85th percentile (>61 mm). When summer precipitation sums exceeded or fell below the average (51 mm) for 3 or more consecutive years, the period was labeled wet or dry, accordingly. Finally, to place the present reconstruction in a spatial context, it was compared against an existent TRW hydroclimatic reconstruction from Scandinavia (henceforth ScandH17) [20]. The two reconstructions shared no common predictors. The ScandH17 record represents a regional standardized precipitation evapotranspiration index (SPEI) [45] reconstruction, targeting June SPEI, aggregated over a 2-month timescale. Both reconstructions were z-scored over the common period 1750–1995.




2.3.4. Light Ring Formation Years


Light rings were first identified by calculating the mean and standard deviation of each latewood density series then, following the methodology outlined in Wang et al. [29], all data were divided into three groups: weak light rings (when the maximum latewood density of a ring was lower than one standard deviation below the series mean), medium light rings (when the maximum latewood density of a ring was lower than one and a half standard deviations below the series mean) and strong light rings (when the maximum latewood density of a ring was lower than two standard deviations below the series mean). A final chronology, including LRs of all magnitudes, was developed with those years where at least 30% of the trees in the composite chronology presented such a decline in the latewood density. The light ring’s climate–growth relationship was assessed by the non-parametric Mann–Whitney U-test statistics over the period 1895–2018. In this approach, LR years and normal years (NY) were divided into two groups, and the Mann–Whitney U-test used to compare differences in the means of monthly precipitation and temperature of the two groups. A composite map of May–July 500-hPa geopotential heights (Twentieth Century Reanalysis Project V2) [46] was generated in KNMI climate explorer, to evaluate the relationship between the occurrence of LR years and atmospheric circulation regimes over the period 1838–2015.






3. Results


3.1. Chronology Characteristics


Four site chronologies were developed from the study area and averaged into a composite chronology containing a total of 90 density series. Within sites, the series intercorrelation varied from 0.55 for Blidö, the northernmost site, to 0.69 for Nacka nature reserve, highlighting the importance of sample replication (Table 1). The oldest forest stand was found at the Björnö nature reserve, where the oldest tree was 286 years old. The youngest forest stand was found at Blidö, where the oldest tree was 192 years old (Table 1).



The final composite chronology from the Stockholm archipelago spans the period 1734 to 2018 CE (Figure 2). The average tree age was 158 years and displayed a mean sensitivity of 0.17. Accepted EPS values (≥0.85) were reached after 1750 CE when sample depth was ≥5 samples (Figure 2), and, therefore, precipitation was reconstructed from 1750 to 2018 CE.




3.2. Climate Sensitivity


Climate growth analysis shows a significant (p < 0.01) and positive response of Scots pine trees to summer (May–July) precipitation (r = 0.64) (Figure 3) with the highest association found in June (r = 0.47). In contrast to precipitation, significant (p < 0.01) negative correlations were found for July temperature (r = −0.37). While the previous year’s temperature did not influence density formation, a weak and positive response (r = 0.20; p < 0.05) was found with the previous year’s August precipitation.



Spatial correlation analysis between the MXD chronology and gridded May–July precipitation data showed a strong positive correlation (r ≈ 0.6) centered over east-central Sweden. Significant, though weaker correlations extended west into Norway and southeast into Lithuania, Latvia, and Estonia (Figure 4).




3.3. Regional Summer Precipitation Reconstruction


Based on the climate-sensitivity analysis, a transfer function using a linear regression model was developed to estimate May–July precipitation. The regression equation obtained for the period 1985–2018 was P MJJ(t) = −43.9 + 94.5MXD(t). The calibration and verification of split period statistics confirm the reliability of the model to predict the observed summer precipitation variability. The positive CE and RE statistics indicate the strength of the model. A weak negative (r ≈ −0.2, p < 0.05) correlation was found between the regression residuals and May–July temperature. The calibration and verification statistics are shown in Table 2. The final reconstruction model accounted for 41% of the variance in the instrumental May–July precipitation (Figure 5). The full reconstruction contained 41 dry (<41 mm) and 40 wet (>61 mm) years, out of which 18 dry and 19 wet were recorded in pre-instrumental years (1750–1894) (Figure 6).



The highest cluster of wet years occurred in the latter half of the 18th century. In contrast, the early 19th century presented the highest cluster of dry years (Figure 6). The driest pre-instrumental year was found in 1783 (25.4 mm), whereas the wettest was in 1773 (74.7 mm). Analysis of the reconstructed summer precipitation in pre-instrumental years indicated several periods of dry and wet conditions in the region (Figure 6). The most prolonged period of dryness started in 1782 and lasted for 10 consecutive years, whereas the most prolonged period of wetness started in 1767 and lasted for 13 consecutive years.




3.4. Light Ring Chronology


The final LR chronology from the archipelago covers the period 1783–2018 CE, with a total of 47 LR years identified that meet the >30% threshold (Figure 7). The early 19th century and the second half of the 20th century contain the highest occurrence of LR years, with 10 and 16, respectively. The climate–growth/-light ring analysis, conducted over the instrumental period (1895–2018), revealed that the frequency of LR is associated with years in which the total precipitation in May, June, and July was significantly low (p < 0.01). Significant differences were also observed for the monthly mean temperatures of May, June, July, and August (Table 3). Analysis of the 500-hPa geopotential height composite map of all LR years, over the period 1838–2015, suggested that LR occurrence was also associated with persistent positive height anomalies during summer (May–July) centered over the British Isles and northwestern Europe extending west into eastern Canada (Figure 8a).





4. Discussion


The final MXD reconstruction from the archipelago can explain 41% of the total variance in the instrumental May–July precipitation data from Stockholm, which is an improvement in comparison to the 30% (May–June) in Linderholm et al. [47]. In 2013, Seftigen et al. [48] presented a more robust result by using a network of moisture-sensitive chronologies calibrated against standardized precipitation index (SPI), capturing 41.6% of the total variance in the instrumental data, however, with a shorter response window (June–July).



Comparison between the MXD and the TRW chronologies from the archipelago show a reasonably good agreement on the interannual timescale (r = 0.7, n = 269, p < 0.01). The climatic signal was more pronounced for the MXD parameter (Figure 3), and our results showed that, in comparison to TRW, MXD data can improve the precipitation signal and extend the target window for seasonal reconstructions (Table 2), similar to what has been reported several times before for temperature [14,15,25,49,50]. However, since precipitation is highly variable in space and time, a reduced agreement between the predictors and the instrumental data is expected, and, therefore, our reconstruction only account for less than half of the variance in the instrumental May–July precipitation.



Although requiring fewer samples to produce robust paleoclimatic reconstructions, a decrease in variance was observed between ca. 1800 and 1870 in the MXD data, likely due to a lower coherence between the density series, as shown by the EPS and Rbar statistics (Figure 2). It is important to highlight that the period between 1806 and 1835 is reported as one of the longest continuous droughts in the region [51], and the lower agreement between the series may be caused by the experienced physiological stress.



To set the chronology into a spatial context, it was compared against the TRW hydroclimate (SPEI) reconstruction from Scandinavia (ScandH17) [20]. Despite the different seasonal target and slightly different calibration period (i.e., 1901–1995), correlations over the common period 1750–2018 point to a good coherence between the records on the interannual timescale (r = 0.48, n = 246, p < 0.01) (Figure 9). However, the MXD chronology seemed to capture better the severity of the extreme precipitation deficits than the TRW ScandH17 chronology. Similar findings were reported by Esper et al. [52] for temperature cooling estimates of post-volcanic eruptions. Another interesting observation is the increased variability displayed by the MXD data from ca. 1940 CE onwards. Analysis of the precipitation record from Stockholm showed that, during the 2nd half of the 20th century, dry and wet summers were not only more frequent but also more interspersed. The biological memory imprinted in the TRW data, reflecting previous year conditions [52,53], may reduce the ability of this proxy to represent interannual variability, suggesting a better fitting of the MXD data as a proxy for short-term climatic variations [25]. On the interdecadal timescale, similarities among the records were more pronounced during dry periods. The largest discrepancy in the reconstructions was found between 1768 and 1777 CE. The narrow seasonal target, together with the slightly different calibration period (i.e., 1901–1995), may explain the overall higher mean of the ScandH17 in the 20th century.



The climate/growth analysis indicated a weaker response of the MXD proxy to May precipitation (r = 0.24), reflecting the period of earlywood formation [23]. The strong climatic response observed between MXD and June–July precipitation (r = 0.47 and r = 0.44, respectively) showed that increased late summer precipitation in the region may lead to prolonged cell maturation (i.e., thicker cell walls), increased density [54], and probably result in an extended growing season. Our data also showed that precipitation deficit generated low MXD values, mainly due to the slow cell wall thickening of the latewood cells [32]. This process originated from light-colored rings, characterized by very few layers of latewood cells [26,29]. Our results showed that the observed light rings in the archipelago chronology are not only a product of precipitation deficit but also of above-average summer temperatures (1 to 2 °C), especially in July. Higher temperatures lead to higher evaporation rates directly affecting tree-growth in moisture sensitive areas. To withstand extreme drought events and prevent hydraulic failure, trees close their stomata, thereby limiting photosynthesis and cell enlargement [55,56] that may result in the formation of light rings [30]. Most light ring research has been conducted in regions where annual tree growth is limited by temperature, strongly suggesting low thermal conditions during latewood formation as the main reasons for light ring formation [27,28,57,58]. Here we showed that light rings can also be used in moisture sensitive regions as a bioindicator of extreme drought conditions. Similar findings were reported by Liang and Eckstein [30] for semiarid areas. As such studies are still scarce, complementary cellular analysis using micro-coring or pinning [59,60] would help to better understand the relationship between climate and light ring formation years.



Atmospheric synoptic conditions during light ring years (Figure 8a) resembled the pattern as described for the positive phase of the summer North Atlantic Oscillation (SNAO); a dipole pressure field further characterized by warm and dry conditions over northern Europe and cold anomalies over Greenland [61]. In contrast, during reconstructed wet years (Figure 8b), synoptic conditions resembled the negative phase of the SNAO, where a southward displacement of the main storm track leads to increased precipitation and cooler conditions over the British Isles and southern Scandinavia [62,63]. This analysis highlights the influence of large-scale circulation patterns on Scandinavian regional climate.




5. Conclusions


In this study, we presented a new precipitation reconstruction for east-central Sweden derived from MXD data. The reconstruction spanned the period 1750 to 2018 CE and captured 41% of the variance in the instrumental record. Our results showed that MXD provides a stronger climate–growth relationship than TRW and allows a wider target seasonal average (May–July) to be reconstructed. The reconstruction showed that the driest pre-instrumental period occurred in the 1780s–1790s and the two wettest in the late 1760s–1780s and 1860s early 1870s. The developed light-ring chronology can be used to assess the impact of large-scale circulation patterns on regional climate variability.



Several dendroclimatic studies from central and southern Scandinavia have shown the potential of using Scots pine TRW data to reconstruct past moisture availability. The addition of this new dataset to the existent network of moisture sensitivity chronologies is an important achievement towards a more robust understanding of past climate variability in the region. The combination of different tree-ring parameters, such as TRW, MXD, and LR, provides seasonal information and is the key to continue improving our knowledge on past climatic systems at the regional scale.
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Figure 1. Maps of the study area (a) (base maps courtesy of ©Lantmäteriet) showing where the sample sites are (red triangles) and location of the Stockholm meteorological station (blue star). Photographs of characteristics Scots pine trees at sites Blidö (b) and Askö (c). 
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Figure 2. (a) Indexed maximum latewood density (MXD) mean chronology. (b) EPS and inter-series correlation (Rbar) statistics of the archipelago composite chronology calculated a sliding 50-year window with 25-years’ overlap. The dashed line indicates the 0.85 level for EPS [41], and (c) sample depth. 
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Figure 3. Bootstrap correlation of MXD and tree-ring width (TRW) chronologies against the climatic data from the Stockholm meteorological station (temperature in red, precipitation in blue) for the 1895–2018 period. Correlations shown are significant at p < 0.05 and p < 0.01. 
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Figure 4. Spatial correlation (p < 0.01) pattern between the MXD chronology and gridded May–July precipitation data (CRU TS 4.0.3) for the period 1901–2018. The map was produced using the Royal Netherlands Meteorological Institute (KNMI) Climate Explorer. 
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Figure 5. (a) Scatter plot of May–July mean precipitation and MXD data with a least-square linear trend inset. (b) Scatter plot of the May–July temperature and the regression residuals (c) Comparison between observed (black) and reconstructed (light green) mean May–July precipitation from the Stockholm region. 
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Figure 6. Comparison between the Stockholm instrumental record (dashed black) and reconstructed (light green) mean May-July precipitation from the archipelago pines, composite MXD chronology with respective correlation coefficients. Green bold line represents the 10-year-low-pass Gaussian filter. Yellow shading indicates the chronology uncertainty (2 ± the standard errors). Dry years were classified as instrumental values falling below the 15th percentile threshold (<41 mm), and wet years were those that rise above the 85th percentile threshold (>61 mm). 
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Figure 7. (a) Reconstructed May–July precipitation and (b) regional light ring (LR) chronology developed from Scots pine trees growing in the Stockholm archipelago. The proportion of LR present in >30% of the samples (black bars). 
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Figure 8. 500-hPa geopotential height (m) composite anomalies for May–July during (a) the occurrence of LR years and (b) wet years (>61 mm) reconstructed years over the period 1838–2015. The heights are expressed as anomalies from the 1981–2010 mean. The maps were produced using KNMI Climate Explorer (Royal Netherlands Meteorological Institute). 
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Figure 9. Comparison of the archipelago MXD precipitation reconstruction (dashed black line) and the Scandinavian hydroclimatic reconstruction (ScandH17) (dashed blue line) (Seftigen et al., 2017) standardized precipitation evapotranspiration index (SPEI) reconstruction. The reconstructions were z-scored over the 1750–1995 CE period. Low-frequency variation (thick lines) were indicated by a 10-year-low pass Gaussian filter. 
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Table 1. Site location (location, Lat = Latitude, Long = Longitude) and chronology characteristics including mean segment length (MSL), series intercorrelation (SI) mean sensitivity (MS).
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	Site
	Lat. (N)
	Long. (E)
	Period
	No. of Trees
	MSL (Years)
	SI
	MS





	Askö
	58.82
	17.64
	1775–2017
	31
	143
	0.62
	0.19



	Nacka
	59.27
	18.23
	1773–2017
	26
	165
	0.69
	0.15



	Björnö
	59.23
	18.57
	1734–2018
	17
	188
	0.58
	0.18



	Blidö
	59.61
	18.91
	1826–2017
	16
	148
	0.55
	0.18



	Archipelago Composite
	
	
	1734–2018
	90
	159
	0.59
	0.17
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Table 2. Calibration and verification statistics for reconstructions of May–July (MJJ)/May–June (MJ) summer precipitation based on maximum latewood density (MXD) and tree-ring width (TRW). Number of observations (N.obs.), Pearson correlation (r), squared correlation coefficient (r2), reduction of error (RE), and coefficient of efficiency (CE).






Table 2. Calibration and verification statistics for reconstructions of May–July (MJJ)/May–June (MJ) summer precipitation based on maximum latewood density (MXD) and tree-ring width (TRW). Number of observations (N.obs.), Pearson correlation (r), squared correlation coefficient (r2), reduction of error (RE), and coefficient of efficiency (CE).





	

	

	
1895–1956 Calibration

1957–2018 Verification

	
1957–2018 Calibration

1895–1956 Verification

	
1895–2018

Full Calibration




	
TR Parameter

	
Target Season

	
N. obs.

	
r

	
r2

	
RE

	
N. obs.

	
r

	
r2

	
RE

	
CE

	
N. obs.

	
r

	
r2






	
MXD

	
MJJ

	
62

	
0.59 *

	
0.35

	
0.42

	
0.42

	
62

	
0.70*

	
0.48

	
0.25

	
0.23

	
124

	
0.64 *

	
0.41




	
TRW

	
MJJ

	
62

	
0.60 *

	
0.36

	
0.31

	
0.31

	
62

	
0.56*

	
0.32

	
0.36

	
0.35

	
124

	
0.58 *

	
0.33




	
TRW

	
MJ

	
62

	
0.54 *

	
0.29

	
0.42

	
0.41

	
62

	
0.68*

	
0.46

	
0.23

	
0.23

	
124

	
0.61 *

	
0.38








* The correlation is significant at p < 0.01.
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Table 3. Significant differences in monthly mean precipitation (mm) and temperatures (°C) between Light ring years (LRY) and normal years (NY) over the reference period 1895–2018 (April–September) following the Mann–Whitney U-test.
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Months

	
Mean Precipitation(mm)

	
Difference Verification between NY and LRY

	
Mean Temperature

	
Difference Verification between NY and LRY






	

	
NY

	
LRY

	
Significance

	
NY

	
LRY

	
Significance




	
April

	
32

	
35

	
NS *

	
4

	
4

	
NS *




	
May

	
38

	
25

	
p < 0.01

	
9

	
10

	
p 0.05




	
June

	
54

	
34

	
p < 0.01

	
14

	
15

	
p < 0.01




	
July

	
75

	
43

	
p < 0.01

	
16.5

	
19

	
p < 0.01




	
August

	
74

	
66

	
NS *

	
15.6

	
16.5

	
p < 0.01




	
September

	
57

	
50

	
NS *

	
12

	
12

	
NS *




	
MJJ

	
56

	
34

	
p < 0.01

	
13

	
15

	
p < 0.01








* NS = non-significant.
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