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Abstract: We developed a Faxon fir (Abies faxoniana) tree-ring width chronology at the timberline in 
the western Qinling Mountains, China. Herein February–July mean temperature was reconstructed for 
Zhouqu in the western Qinling Mountains back to AD 1650 based on the standard chronology. The 
climate/tree-growth model accounts for 43.5% of the instrumental temperature variance during the 
period 1972–2006. Spatial correlation analyses with the gridded temperature data shows that the tem-
perature reconstruction captures regional climatic variations over central and southeast China, and 
strong teleconnections with the nearby High Asia. There is a good agreement with cold and warm pe-
riods previously estimated from tree-rings in Nepal, India and southwest China. The temperature re-
construction indicates that there was pronounced cooling in Zhouqu during the Maunder Minimum 
(late 1600s to early 1700s). The cold period (1813–1827) of the temperature reconstruction coincide 
with the volcanic eruptions. Significant spectral peaks are found at 56.9, 22.3, 11.4, 2.9, 2.8, 2.6, 2.2 
and 2.0 years. The spatial correlation patterns between our temperature reconstruction and SSTs of 
the Atlantic and Pacific Oceans suggest a connection between regional temperature variations and the 
atmospheric circulations. It is thus revealed that the chronology has enough potential to reconstruct 
the climatic variability further into the past. 
 
Keywords: tree rings, Western Qinling Mountains, Zhouqu, temperature reconstruction, spatial vari-
ability, solar activity. 

 
 
 
1. INTRODUCTION 

With their long-term, high resolution and repeatabil-
ity, tree rings provide one of the best sources of proxy 
information about climate change. There have been re-

cent efforts to improve the coverage of dendroclimatic 
reconstructions in Asia; for example, for India, southwest 
China, Nepal and Central Asia (i.e. Borgaonkar et al., 
1996; Hughes 2001; Cook et al., 2003; Esper, 2002; 
Bräuning and Mantwill, 2004; Wu et al., 2008; Fan et al., 
2009; Duan et al., 2010; Chen et al., 2010). The Mon-
soon Asia Drought Atlas (MADA) over the past 700 
years from tree-rings was presented by Cook et al. Corresponding author: F. Chen 
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(2010). However, compared to other continents, such as 
Europe and North America, the number of tree-ring in-
vestigation sites from Asia is relatively low. More chro-
nologies are needed to interpret the past climate variabil-
ity of Asia over long temporal and large spatial scales. 

The annual growth variations of these trees as record-
ed by the annual rings may record climatic variations that 
relate to the climate conditions of Qinling Mountains. 
Many dendroclimatic studies have been carried out in 
central and east Qinling Mountains and adjacent regions 
(Hughes et al., 1994; Shao and Wu, 1994; Liu and Shao, 
2003; Garfin et al., 2005; Dang et al., 2007; Liu et al., 
2009). However, long-term dendroclimatological records 
still remain a lack in the western Qinling Mountains. 

The objectives of this study were: (1) development of 
a tree-ring width chronology in the western Qinling 
Mountains, (2) exploration of the relationships between 
tree growth and climate, (3) reconstruction of past climate 
changes, (4) cross-validation of our reconstruction with 
other climatic reconstructions for Nepal, India and 
southwest China, and (5) spectral analyses and linkages 
with the ocean climate variability. 

2. DATA AND METHODS 

Study area 
The study area is located in the western Qinling 

Mountains range in south Gansu, China, where the cli-
mate is affected by the Asian Monsoon (Chen et al., 
2013) (Fig. 1). At the Zhouqu meteorological station of 
China Meteorological Administration (33°47′ N, 
104°22′ E, 1400 m a.s.l.), January (mean temperature 
1.9°C) and July (mean temperature 23.6°C) are the cold-
est and the warmest months, respectively (Fig. 2). The 
mean of total annual precipitation is 430 mm from 1972 
to 2006, with 84% of the annual precipitation falling 

during the growing season, approximately from April to 
September. The mean annual frost-free period is 223 days 
while the mean relative humidity is 50–55%. Biogeo-
graphically, the area is in a transitional zone between the 
northeast edge of Tibetan Plateau and the Qinling Moun-
tains. The study site is Faxon fir (Abies faxoniana) forests 
growing on shallow or rocky soils (Fig. 3). Soils are 
mainly acid umber and podzolic soil. 

Chronology development 
During the spring of 2007 (May), a site (LLG) with 

little evidence of fire or human disturbance at the timber-
line in Diebu County was chosen (Table 1). The samples 
were collected along a mountain ridge. The site elevation 
ranged from 3120 m to 3200 m. The canopy coverage of 
the sampled trees was less than 20% with their height 
ranging from 15 m to 25 m. The diameter of the sampled 
trees at breast height varies between 25 and 40 cm. All 
trees were sampled non-destructively at breast height 
using 5-mm-diameter increment borers. Most of trees 
were sampled with two radii from two directions and 
some young trees were sampled with one core. In total 38 
increment cores were collected from 21 living trees. After 
air-dried and mounted on the wooden holders, the cores 
were sanded with progressively finer grit sand paper. 
Annual ring widths were measured to the nearest 
0.001 mm using a Velmex measuring system. The cross-
dating of ring widths was checked using the COFECHA 
program (Holmes, 1983). Each individual ring-width 
series was standardized with a fixed 100 year spline func-
tion in order to remove non-climatic, age-related growth 
trends (Fritts, 1976), and thus  the chronology does not 
contain low-frequency (much longer than 100-year) vari-
ations. Standardization was performed using the 
ARSTAN program (Cook, 1985). The detrended data 
from individual tree cores were combined into the site 
chronology using a bi-weight robust mean to minimize 
the influence of outliers, extreme values or biases (e.g. 
from spurious trends) in tree-ring indices (Cook et al., 
1990). Sample depth within a chronology typically de-
creases back in time and may result in time dependent 
variance changes in the earlier part of the chronology and 
a weaker common signal (Woodhouse, 2003). Thus, the 
variance of chronologies was stabilized in the chronology 
compilation process using the methods outlined by Os-
born et al. (1997), which uses average correlations be-
tween series in combination with sample depth each year 

 
Fig. 1. Location map of sampling sites and meteorological station. 

 

Table 1. Information about the sampling sites in western Qinling  
Mountains. 

Site Latitude 
(N) 

Longitude 
(E) Tree number Elevation  

(m) Aspect Slope 

LLG 34°07′ 103°48′ 21 3120–3200 NW 10-15° 
TLD 32°56′ 104°20′ 24 3150 SW 20-50° 
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to make adjustments in the variance for changes in sam-
ple depth. The ARSTAN program produces a standard 
chronology. Expressed population signal (EPS) and the 
mean inter-series correlation (Rbar) (Wigley et al., 1984) 
were calculated to determine the statistically reliable time 
periods of the chronology. A threshold of EPS > 0.85 was 
often employed to determine the most reliable period of 
the chronology. 

Statistical analysis 
Monthly records of mean temperature and total pre-

cipitation were available from the Zhouqu meteorological 
station (i.e. 1972 to 2006). During the analysis process, to 

test the homogeneity of meteorological records of 
Zhouqu, the standard normal homogeneity test (SNHT; 
Alexandersson, 1986; Alexandersson and Moberg, 1997) 
was used. The relationships between tree-ring indices and 
the climatic data were analyzed using the program DEN-
DROCLIM2002 (Biondi and Waikul, 2004). As the 
growth of tree may be affected not only by the climatic 
conditions of the current growing season but also by 
those of the previous growing season (Fritts, 1976), the 
climate response analysis was performed over 1972–2006 
between the standard chronology and each of the climate 
data sets from previous July to current September.  

Because the climate record is not long enough to be 
divided into the calibration and verification sections, the 
leave-one-out cross-validation method was used to test 
the goodness-of-fit of the model (Blasing et al., 1981). 
The testing statistics used included the reduction of error 
(RE), coefficient of efficiency (CE) statistics, the product 
means test, the sign test, and the Pearson’s correlation 
coefficient (Fritts et al., 1990). 

To demonstrate that our record’s geographical repre-
sentation, we conducted spatial correlations between our 
reconstructed temperature, instrumental temperature and 
the gridded temperature dataset of CRU TS 3.1 (Mitchell 
and Jones, 2005) over their overlapping periods from 
1901 to 2006 and from 1972 to 2006, respectively. The 
correlations of regional temperature with the gridded sea-
surface temperature (SST) dataset of HadISST1 (Rayner 
et al., 2003) were used to investigate the teleconnections 
of regional temperature with remote oceans. Correlations 
were calculated after removing the linear trends of data, 
by using the detrending option of the KNMI Climate 
Explorer (http://climexp.knmi.nl).  

 
Fig. 2. (a) Climate diagrams for the meteorological station of Zhouqu close to the studied tree-ring sites. Bars indicate monthly precipitation sums and 
lines monthly average temperature averaged over the period 1972–2006; (b) annual temperature and precipitation data the meteorological station of 
Zhouqu from 1972 to 2006. 

 

 
Fig. 3. The timberline site (LLG) in Diebu County, characterized by 
wide talus slopes and open fir forests. 
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The multitaper method (MTM) of spectral analysis 
(Mann and Lees, 1996) was employed to examine the 
characteristics of local climate variability in the frequen-
cy domain. The analysis was performed over the full 
range of our reconstruction. Our analysis used 5×3π ta-
pers and in a red noise background. The wavelet coher-
ence analysis (Torrence and Compo, 1998) was used to 
analyze the relationships between annual sunspot number 
records and temperature reconstruction. 

3. RESULTS 

Chronology 
The mean sensitivity (MS: 0.115) and standard devia-

tions (SD: 0.219) of the chronology are small (Table 2), 
indicating rather moderate inter-annual variations in the 
ring-width series, which is characteristic for trees grow-
ing in humid environments. Mean correlation with master 
series is 0.51. The correlation coefficients are significant 
at the 1% level by using the significance test based on a 
Monte Carlo technique (Preisendorfer, 1988). The first-

order autocorrelation (AC1) is 0.762. This implies that 
conditions that cause a ring to be narrow (or wide) in one 
year tend to carry over their effect on the growth of the 
following year. In addition, SNR (signal to noise ratio: 
14.315), EPS (agreement with population chronology: 
0.935) and VFE (the variance in first eigenvector: 
43.00%) are high, indicating that the chronology con-
tained the strong common signals and was suitable to 
dendroclimatic research. 

The running mean EPS ranged from 0.822 to 0.963 
(Fig. 4). The mean Rbar for ring width is 0.377. Although 
the EPS value of 1676–1700 (0.822) is lower than 0.85, 
there are still seven series from the four trees. Thus, the 
chronology used in the final reconstruction below was 
truncated prior to AD 1650 that the retained periods con-
tained at least 3 trees and 5 cores. 

Tree growth-climate relationships 
Fig. 5 depicts the results of response function and 

simple correlation analysis for 1972–2006. Correlations 
between the ring width and temperatures reveal signifi-
cant (p < 0.05) response to previous year July and Sep-
tember, current year February–April and June–September 
(positive). The ring width does not correlate significantly 
with precipitation of any month. As seasonally averaged 
temperature is more representative of temperature condi-
tion than just one single month, we further explored the 
appropriate season for reconstruction. The strongest cor-
relation was found between the standard chronology and 
February–July mean temperature (r = 0.66; p < 0.001). 
Therefore, February-July was used as the temperature 
reconstruction season. 

 
Fig. 4. (a) EPS and Rbar statistics (calculated over 50 years lagged by 25 years) of (b) the chronology (AD 1650–2006) after variance adjustment. 
The horizontal dashed line denotes the 0.85 EPS criterion for signal strength acceptance. 

 

Table 2. Statistics of standard ring width chronology. 

SD MS SNR R EPS VFE AC1 
0.219 0.115 14.315 0.51 0.935 43.00% 0.762 

 

SD — standard deviation, MS — mean sensitivity, SNR — signal to 
noise ratio; R — mean correlation with the master series,  
EPS — agreement with population chronology, VFE — variance in first 
eigenvector, AC1 — first-order autocorrelation 
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Temperature reconstruction 
Based on the above correlation analysis results, a lin-

ear regression model was employed in our study to per-
form the reconstruction. The model accounts for 43.5% 
of the actual temperature variance during 1972 to 2006. 
The model obtained was: 

Y = 2.619X−12.742 (3.1) 

where Y is February–July mean temperature (°C) and X is 
ring width index. The values of the reduction of error 
(RE), the coefficient of efficiency (CE) and the product 
means test (PMT) are both positive, which indicates sig-
nificant skill in the tree-ring estimates (Table 3). The 
results of the sign test, which describes how well the 
predicted value tracks the direction of actual data, exceed 
the 95% confidence level. These test results demonstrate 

the validity of our regression model. The February–July 
temperature estimates derived from this model agreed 
well with the original temperature curve, except for some 
years with extraordinary high temperatures (Fig. 6). On 
the basis of this model, the temperature history of Zhouqu 
has been reconstructed for the period AD 1650–2006. 

 
Fig. 5. Climate response of ring width of Abies faxoniana from the LLG site in West Qinling Mountains, using mean temperatures (bars), precipitation 
sums (bars) and their first difference (lines). The dotted lines indicate the 95% significance level. 

 

 
Fig. 6. (a) Comparison between the instrumental and reconstructed mean February–July temperature for their common period 1972–2006. (b) Com-
parison between the first differences (year-to-year changes) of instrumental and reconstructed mean February–July temperature for their common 
period 1972–2006. 

 

Table 3. Leave-one-out cross-validation statistics for the reconstruction 
of February–July temperature in Zhouqu. 

r aR2 ST RE/CE PMT 
0.660 0.418 24+/11– 0.382/0.382 2.816 

 

r — correlation coefficient, aR2 — explained variance after adjustment 
for degrees of freedom, RE — reduction of error statistic, CE — coeffi-
cient of efficiency statistic, ST — results of a sign test, PMT — the 
product means test 
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Temperature variations from 1650 to 2006 AD for the 
west Qinling Mountains 

Fig. 7 shows the February–July mean temperature of 
Zhouqu since 1650 and its estimated uncertainty range 
(Briffa et al., 2002; Esper et al., 2007). The mean of 
February–July temperature over the period AD 1650–
2006 is 15.3°C. The years 1704 (13.7°C) and 1726 
(16.8°C) were reconstructed as the most extreme years. 
Cool periods with below-average temperature occurred in 
AD 1674–1681, 1697–1721, 1742–1751, 1766–1773, 
1785–1797, 1813–1827, 1838–1850, 1861–1870, 1908–
1923 and 1967–1995. Among those intervals, AD 1697-
1721 witnessed the most severe and extended cool epi-
sode in Zhouqu over the past 357 years. Regional warm 
conditions during AD 1650–1673, 1682–1696, 1722–
1741, 1752–1765, 1774–1784, 1798–1812, 1828–1837, 
1851–1860, 1871–1907, 1924–1966 and 1996–2006. 

It is found that both the instrumental (Fig. 8a) and re-
constructed temperature series (Fig. 8b) show very simi-
lar spatial correlation fields. Spatial correlations between 
our reconstruction and gridded surface temperature data 
reveal that our reconstruction is associated with a temper-
ature field north of approximately 28–36° latitude with a 
large east-west extension. The highest correlations were 
evident for central China, especially in the southern Gan-
su. Over the common period from 1901–2006, significant 
positive correlations are found with in the Pacific Ocean 
and the Atlantic Ocean, with highest correlations evident 

for the North Atlantic Ocean (Fig. 8c). No significant 
correlations can be seen with the SST in the tropical Indi-
an Ocean. 

Low-frequency power peaks were found at 56.9 yr 
(99%), 22.3 yr (99%), and 11.4 yr (95%). High-frequency 
power peaks were found at 2.9 yr (95%), 2.8 yr (95%), 
2.6 yr (95%), 2.2 yr (99%) and 2.0 yr (99%) (Fig. 9). The 
lower frequencies were not found following the use of 
100-year spline function in standardization. 

4. DISCUSSION 

Growth–climate response 
The radial growth of Abies faxoniana at the timberline 

in our study area is highly correlated with temperature, 
rather than with precipitation. At our high elevation site, 
the limited responses to precipitation also suggest that 
forest trees are not subjected to much water-deficit stress. 
Therefore, ring widths respond mainly to temperature. 
Our chronology revealed significant increase in radial 
growth under the global warming of late 20th century. The 
tree-ring data in temperature sensitive regions of the 
middle and high latitude Asia, southwestern China and 
Tibetan Plateau also revealed the similar increase (Jacoby 
et al., 1996; Shao and Fan, 1999; Briffa et al., 1995; Song 
et al., 2007; Gou et al., 2007; Fan et al., 2008; Wu et al., 
2008; Liang et al., 2008; Liang et al., 2009; Fan et al., 
2009; Duan et al., 2010) indicating a coeval regional 
warming. 

 
Fig. 7. February–July temperature reconstruction back to 1650 within its estimated uncertainty range. The horizontal line represents the long-term 
mean of the temperature reconstruction during 1650–2006 (15.3°C). 
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Comparison with regional records 
Spatial correlations (Fig. 8) suggested strong telecon-

nections between our study areas and High Asia, affected 
by the regimes of south Asian monsoon. To further inves-
tigate the common large-scale temperature signals, we 
compare our new record with the temperature reconstruc-
tions in the surrounding areas (Shao and Fan, 1999; Cook 
et al., 2003; Wang et al., 2004; Bräuning and Mantwill, 
2004; Yadav et al., 2004; Gou et al., 2007; Fan et al., 
2008) and a temperature-sensitive tree ring width series 
(TLD) in Wen County (Wang et al., 2013). The selected 
series were smoothed with an 10-year low-filter (Fig. 10). 
The warm period from 1650 to 1673 was detected in 
Nepal (Cook et al., 2003), West Sichuan (Shao and Fan, 
1999). Evidence of the warm period during 1798–1812 
was reported from Nepal (Cook et al., 2003), the Western 
Himalaya (Yadav et al., 2004) northeast Tibet (Gou et al., 
2007) and Hengduan Mountains (Fan et al., 2008). The 
warm period from 1871 to 1907 is consistent with the 
warm pre-monsoon season in Nepal (Cook et al., 2003) 
and warm springs in Western Himalaya (Yadav et al., 

 
Fig. 8. (a) Spatial correlation fields of instrumental July– mean February–July temperature with the temperature dataset of CRU TS 3.1 for the period 
1972–2006. (b) Spatial correlation fields of reconstructed mean February–July temperature with the temperature dataset of CRU TS 3.1 for the 
period 1901–2006. (c) The reconstructed temperature with the gridded sea-surface temperature (SST) data set of HadISST1 over their overlapping 
period from 1900 to 2006. Correlations were calculated after removing the linear trends of data, by using the detrending option of the KNMI Climate 
Explorer (http://climexp.knmi.nl). 

 

 
Fig. 9. Results of MTM spectral analysis of the temperature recon-
struction of Zhouqu. The dashed and dotted lines indicate the 90% and 
95% significance level, respectively. 
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2004). Temperature of the western Qinling Mountains 
was relatively warm during the period 1924–1966. Posi-
tive temperature anomalies during the period 1920–1950 
in southwestern China were showed by Wang et al. 
(2004), and were also reported by Fan et al. (2008) and 
Shao and Fan (1999). 

The cold period from 1697 to 1721 was identified for 
Zhouqu. The coldest year occurred in 1704. This cold 
period was also reported from the Tibetan Plateau 
(Bräuning and Mantwill, 2004), the European Alps 
(Büntgen et al., 2006; Büntgen et al., 2008), Alaska (Da-
vi et al., 2003) and Zajsan Lake area (Chen et al., 2012). 
This cool period is also found in some Northern Hemi-
sphere reconstructions (Mann et al., 1999; Esper et al., 
2002). This may be linked with low solar activity during 
the Maunder Minimum. However, temperature changes 
in Zhouqu diverge considerably from the reported for 
Nepal during 1685–1741 (Fig. 10). Temperature of our 
study area was relatively low from 1813 to 1827. This 
may be linked with a series of tropical eruptions, which 

likely resulted in an aerosol-accumulated summer cooling 
effect (Dai et al., 1991; Chenoweth, 2001). The cool 
period from 1908 to 1923 has also been detected in 
Hengduan Mountains (Fan et al., 2008) and West Si-
chuan (Shao and Fan, 1999). The pronounced negative 
temperatures from 1967 to 1995 in Zhouqu is probably 
the consequence of enhanced rainfall and thus of increas-
ing monsoon intensity from 1970 to 1990 (Bräuning and 
Mantwill, 2004). 

Spectral analyses and linkages with the Ocean climate 
variability 

Peaks at 56.9 and 22.3 yr may correspond to similar 
periods found in the Pacific decadal oscillation (Minobe, 
1997, Biondi et al., 2001). The 56.9 yr periodicity resem-
bles other findings in surrounding areas and suggests the 
influence of solar forcing on South Asian monsoon (Ag-
nihotri et al., 2002). Significant common oscillations 
between annual sunspot number record and temperature 
reconstruction were found, except for the two periods 

 
Fig. 10. Comparison of temperature proxy records from different regions. (a) The temperature reconstruction (February–July) of Zhouqu (this study); 
(b) February–June temperature reconstruction of Nepal (Cook et al., 2003); (c) tree ring width series (TLD) reflecting February–June temperature 
variations for Wen County (Wang et al., 2013). 
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(1775–1830 and 1920–1960) (Fig. 11). The cycle may be 
interrupted by volcanic eruptions during 1775–1830 (Dai 
et al., 1991; Chenoweth, 2001).  

Peaks at 2.0 to 2.9 yr cycles fall within the range of 
variability of the El Niño–Southern Oscillation and tropi-
cal biennial oscillation (TBO) (Allan et al., 1996; Meehl, 
1987). Overall, these cycles suggest that our reconstruct-
ed temperature variation might have some teleconnec-
tions with the oscillations of land-atmospheric-ocean 
circulation systems. The significant positive correlations 
of reconstructed temperature with SST in the Pacific 
Ocean and Arabian Sea fall into the East Asian Monsoon 
domain (Li and Zeng, 2002), also suggesting a possible 
link with the Asian Monsoon circulations. Some studies 
showed that a weakening Asian monsoon observed at the 
end of the 1970s can be attributed to the decreasing ther-
mal contrast between the Asian continent and the Indian 
and western Pacific Oceans (Wang, 2001; Li and Zeng, 
2002). The precipitation of Zhouqu also shows a decrease 
trend with increasing temperature trend (Fig. 2b). In 
addition, a study indicated that the warm-phase of Atlan-
tic Multidecadal Oscillation (the warm SST of the North 
Atlantic Ocean) causes increases in air temperature in 

Eurasia (Wang et al., 2009). The significant positive 
correlations of the reconstructed temperature with SST in 
the North Atlantic Ocean were not at odds with such 
connection. The mechanism how these circulation sys-
tems interact awaits further investigation. 

5. CONCLUSIONS 

In this paper, a new tree-ring width chronology was 
introduced from the western Qinling Mountains, China. 
February–July temperature is mainly affect the radial 
growth of trees growing at the timberline of the western 
Qinling Mountains. A derived linear climate-growth 
model accounts for 43.5% of the actual temperature vari-
ance (1972–2006). Based on this model, we have recon-
structed February–July mean temperatures of Zhouqu in 
the western Qinling Mountains over the past 357 years. 
The temperature reconstruction, strongest at capturing the 
regional climate change signals, identifies ten cooling 
periods in Zhouqu from 1650 to 2006. Comparison with 
other tree ring-based temperature reconstructions shows 
high coherency in the timing of warm/cold episodes, i.e. 
warm 1650–1673 1871–1907 1924–1966; and cold 1697–

 
Fig. 11. (a) Visual correlation between annual sunspot number and the 11.4 years oscillation of temperature reconstruction. (b) Squared wavelet 
coherence between annual sunspot number and our temperature reconstruction. Arrows indicate the phase of the coherence, where right is in phase 
and left is antiphase; note that significant regions all show an in-phase relationship, which supports the idea that there may be a simple cause and 
effect relationship between the two phenomena. 
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1721, 1813–1827, 1908–1923, 1967–1995. The spatial 
correlation patterns with the SST suggest linkages of 
regional temperature variability with the atmospheric 
circulations. This record helps broaden the climatic in-
formation resource to the Qinling Mountains where here-
tofore there was little long-term data. 
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