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Three robust tree-ring density chronologieswere developed for thewestern TianshanMountains of northwestern
China. The chronologies were significantly correlated and form a regional chronology (GLD). The GLD had signif-
icant and positive correlationswith temperature of warm seasons. Based on this relationship, themeanminimum
temperatures ofMay to Augustwere reconstructed using the GLD chronology for the period AD 1657 to 2008. The
temperature reconstruction exhibited temperature patterns on interannual to centennial timescales, and showed
that the end of the 20th century is thewarmest period in the past 352 years. The reconstructed temperature var-
iation has a teleconnection with large-scale atmospheric–oceanic variability and captures long- and broad-scale
regional climatic variations.

© 2013 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction

Tree rings have been used as a high-resolution proxy for climate
change. Tree-ring series, especially maximum latewood density from
cold-moist sites have great potential for the reconstruction of summer
temperatures on regional to hemispheric scales, reflecting inter-annual
to multi-centennial scale variability (e.g., Schweingruber and Briffa, 1996;
Briffa et al., 2001; Frank and Esper, 2005; Büntgen et al., 2006, 2008).

Earlier studies (Yuan and Li, 1999; Yuan et al., 2001; Yuan et al., 2003;
Chen et al., 2009, 2010) have indicated the dendroclimatic utility of
tree-ring width and density in the Tianshan Mountains of northwestern
China. For example, Yuan and Li (1999) reconstructed the winter tem-
perature from AD 1543 to 1995 near the Urumqi River using tree-ring
width. Yuan et al. (2001) presented a 348-yr precipitation series using
tree-ring width of Picea schrenkiana in the Urumqi River Basin. Esper
et al. (2001) and Esper (2003) identified the climatic extreme years
since AD 1427 and a 1300-yr climatic history for western Central Asia in-
ferred from tree-rings, a prolonged centennial trend towards better
growing conditions had been observed over the last 300 yr. A tempera-
ture reconstruction of 153 yr was established with maximum density
of P. schrenkiana in Yili by Chen et al. (2009), and indicated a cold span
in spring and summer from the beginning of the 1950s to the beginning
of the 1970s. Chen et al. (2011) reconstructed summer temperatures
based on the standard chronology of mean latewood density (LWD)
ashington. Published by Elsevier In
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from AD 1600 to 2002 for the Zaysan Lake area in East Kazakhstan,
with pronounced cooling during the time of the Maunder (late 1600s
to early 1700s), Dalton (late 1700s to early 1800s) and Damon Minima
(late 1800s). These climate reconstructions make it possible to describe
the recent climate history of Central Asia. However, compared to Europe
and North America, the number of tree-ring investigation sites from
Central Asia is small. More chronologies are needed to interpret the
past climate variability over long temporal and large spatial scales.

This paper describes high-resolution, precisely dated records of
warm-season annual temperature variation and tree growth for the
past 3 centuries in the western Tianshan Mountains region of China.
These records are based on a network of tree-ring chronologies devel-
oped formean latewood density. The regional climate record developed
for this study allows us to study climate change and investigate the ef-
fects of volcanic, solar, and other forcing factors on this regional climate.
We analyze the relationships between tree-ring parameters and their
climatic forcing. Based on LWD data, we reconstruct warm season
(May–August) minimum temperatures over the period AD 1657–
2008 of reliable internal signal strength. This new record is then com-
pared with existing findings from nearby regions.

Material and methods

Study area

The Tianshan Mountains of Central Asia extend across Kyrgyzstan,
Kazakhstan and China, with complex topography and unique natural
conditions. P. schrenkiana forest is the most dominant and widespread
c. All rights reserved.
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Table 1
Information about the sampling site in Gongnaisi.

Site Longitude (N) Latitude (E) Elevation (m) Aspect No. of trees

AKS 43°12.2′ 84°47.8′ 2420–2480 WS 28
BCS 43°17.4′ 84°50.9′ 2480–2530 NE 31
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boreal forest type on the north slopes of the TianshanMountains, and is
also one of the most important zonal vegetation types in the region, ac-
counting for 60.8% of the timber stock and 44.9% of forest land in the
Xinjiang area (Chang and Li, 1995), and dominates elevations of
1200–3000 m asl in the study area.
WQS 43°24.6′ 84°44.6′ 2560–2645 E 29
Tree-ring sampling and chronology development

We selected open-canopy timberline stands in Gongnaisi of the
western Tianshan Mountains (Fig. 1, Table 1) in May 2009. The sites
were located approximates 12–25 km apart. We obtained increment
cores at breast height from a total of 88 living trees with 28–31
trees per site, with one 5 mm and one 12 mm core per tree. The
5 mm samples were cross-dated and measured using traditional den-
drochronological procedures (Fritts, 1976; Cook and Kairiukstis,
1990) using a Velmex measuring system. The system precision is
0.001 mm. The 12 mm samples were cut transversely into thin sec-
tions of 1.0 ± 0.02 mm with a twin-bladed saw (DENDRO CUT
2003) and subjected to X-ray analysis on a Tree Ring Density Data
Acquisition system. X-ray films were exposed using transmitted
light on DENDRO XRAY2. The densitometric analysis of these X-ray
films was carried out on DENDRO-2003 tree-ring workstation. The
seven parameters (ring width, earlywood width, latewood width,
maximum density, minimum density, mean earlywood density,
mean latewood density) were measured for each annual ring on
each core. Counter-checks for possible measurement and dating
errors and individual ring-width series were tested against a master
series derived by averaging all series on the basis of correlation com-
puted using the program COFECHA developed by Holmes (1983).
There were strong within-site common signals in the ring-width
(RW) series, as indicated by an overall mean inter-series correlation
of r = 0.62 (range: 0.60–0.65) in the output of COFECHA. We used
mean latewood density (LWD) in this study. Each RW and LWD series
was standardized (detrended) using ARSTAN program (Cook, 1985),
in order to remove non-climatic, biological factors from the series.
Conservative detrending methods (smoothing spline method or neg-
ative exponential curve method) were used to generate both RW and
LWD chronologies in order to retain low-frequency information
(Cook, 1985; Jacoby and D‘Arrigo, 1989). We used the standard ver-
sion of the LWD chronologies, which contains the common variations
among the individual tree core series and retains low- through
high-frequency common variance, presumably in response to climate
(Cook, 1985).
Figure 1. Location map of the tree-ring sam
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The average intercorrelation among the three RW and LWD series
is 0.720 and 0.697 (Table 2). Across all three sites (88 series), the RW
series inter-correlation measured 0.61. As RW variation was consis-
tent across the sites, and the sites were located close together
(b30 km), we pooled the LWD data together from all three sites to cre-
ate a composite record as regional series (GLD, Fig. 2) for dendroclimatic
analyses in study area.

In order to estimate the reliability of the tree-ring chronologies,
the Expressed Population Signal (EPS) statistic and Rbar were calcu-
lated using ARSTAN. EPS evaluates the relationship between the sam-
ple size of a chronology and the common variance or “signal”within a
chronology. Generally, a value of 0.85 or greater is considered a rough
cut-off point for an acceptable level a correlation (Wigley et al., 1984).
However, EPS estimates chronology confidence and should not
be interpreted rigidly (ITRDB Dendrochronology Forum posting;
http://listserv.arizona.edu/archives/itrdbfor/). The Rbar statistic is a
measure of the average inter-correlation of all overlapping series.
The running means EPS (30-yr moving window with 15-yr overlaps)
is 0.91 over the entire regional LWD series common period (ranging
from 0.90 to 0.97). The mean Rbar for GLD is 0.41, respectively. The
GLD chronology spans AD 1618 to 2008, with a common period
from 1814 to 1990, the EPS was only greater than 0.85 after AD
1657, when the sample size was 17 cores.

Meteorological data

Monthly mean temperatures and precipitation data were obtained
from Xinyuan climate stations (43.45°N, 83.30°E, 929 m asl) near our
sample sites from the National Meteorological Information Centre
(NMIC) of China (Fig. 1). The station data includes monthly maxi-
mum, mean and minimum temperatures and precipitation from
1956 to 2008.

To provide a more regional climate signal, the gridded monthly
precipitation and temperatures data near the Gongnais area,
0.5 × 0.5°square, from 1901 to 2008, were obtained from the Climatic
Research Unit (CRU), East Anglia, UK, through their web site: http://
pled sites and meteorological station.

http://listserv.arizona.edu/archives/itrdbfor/
http://www.cru.uea.ac.uk
https://doi.org/10.1016/j.yqres.2013.05.005


Table 2
Correlation matrix for ring width (RW) and mean latewood density (LWD) from 1758
to 2008.

RW LWD

AKS BCS WQS AKS BCS WQS

AKS 1 0.676 0.665 1 0.657 0.706
BCS 1 0.820 1 0.728
WQS 1 1
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www.cru.uea.ac.uk (Mitchell and Jones, 2005), and the global
sea-surface temperatures (SSTs) were taken from the Met Office
Marine Data Bank (MDB), which from 1982 onwards also includes
data received through the Global Telecommunications System (GTS)
(Rayner et al., 2003).

Statistical analysis

The climate vs. tree latewood density relationships were investi-
gated by using correlation analyses between tree-ring data and
meteorological records for their overlap period 1956–2008. Simple
correlations were calculated between the GLD standard chronology
and monthly climate variables (precipitation, mean temperature as
well as maximum and minimum temperatures) from October prior
to growth to December of the current growth year (Fig. 3). In addi-
tion, various seasonal means of climate variables and their correla-
tions with tree-ring data were calculated. To determine whether the
relationship between tree growth and climate was stable through
time, we conducted a 30-yr moving correlation analysis between
the GLD and the climate data (Fig. 4). The climate variables used in
the analysis include the seasonal and monthly mean, and the maxi-
mum and minimum temperatures.

Nine linear regression models between the predictors and the
predictandwere computed, the predictandwas selected several for sea-
sonal and monthly climate variables that had significant correlations
with the GLD, including July, May–August and February–November
(Table 3). As the instrumental records available were too short
for independent sub-period calibration and verification tests, both
the “leave-one-out cross-validation” technique (LOOCV) (Michaelsen,
Figure 2. a. Expressed population signal (EPS) statistic (calculated over 30 yr lagged by 15
mean latewood density chronology (GLD) and its 11-yr moving average (thick solid line)
(RBAR).
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1987) and bootstrapping (Guiot, 1991) were employed to check
the stability and reliability of the regression models. We used 100
bootstrapped subsamples to compute the models' explained variance
and adjusted explained variance. The size of each subsample was the
same as that of the initial data set to avoid bias. In the LOOCV analysis,
several statistics, including sign tests of both the first-differencing
data (SN1) and the rawdata (SN2), the reduction of error (RE), and cor-
relation coefficients were calculated to evaluate the similarity between
the observed data and the estimated data. A sign test measures the de-
gree of association between series (or variables) by counting the num-
ber of agreements and disagreements in the two series. The series are
correlated if the number of similarities is significantly larger than the
number of dissimilarities. The RE statistic provides a rigorous test of as-
sociation between actual and estimated data, and any positive value is
considered as indicative for the predictive skill of the model (Fritts,
1976).

The multi-taper method (MTM) of spectral analysis (Mann and
Lees, 1996) was applied to examine the characteristics of local cli-
mate variability in the frequency 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.

Results

Tree-growth response to climate

The GLD standard chronology was more highly correlated with
temperature than with precipitation (Fig. 3). Correlation coefficients
of mean and minimum temperatures revealed positive significant
response from the previous October to the current December. Precip-
itation in the growing season and maximum temperature in the pre-
vious October and Decembers had mostly negative influences on
GLD. Significant (p b 0.001) positive correlations were found for the
mean temperature in March and May to August, the May maximum
temperature and the February to November, February to August,
May to September and May to August minimum temperatures. The
maximum correlation appeared between the chronology and warm
season (May until August) minimum temperature, it reached 0.812
(p b 0.001). The GLD standard chronology was not found to be
yr), the dotted line denotes the 0.85 EPS criterion for signal strength acceptance; b. the
, AD 1618–2008; c. the sample depths through time; d. mean inter-series correlation

http://www.cru.uea.ac.uk
image of Figure�2
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Figure 3. Climate response of the mean latewood density standard chronology (GLD) using mean temperatures (Tmean), maximum temperatures (Tmax), minimum temperatures
(Tmin), and precipitation sums (PRE). Correlations were calculated from previous year October to current year December over 1956–2008 common periods. Horizontal dashed lines
denote the 99% significance levels. Numbers on the x-axis refer to seasonal means of prior May–August (5/8), prior May–September (5/9), prior February–August (2/8), and prior
February–November (2/11), respectively.
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significantly correlated with precipitation. These results suggest that
temperatures may be the primary factor limiting mean latewood den-
sity growth of P. schrenkiana.

Correlations between the GLD and temperatures may not be stable
through time (Fig. 4). For example, there was a steep decrease from
2000 to 2003, and a steep increase after 2003 in the moving correlation
with the July temperature. In contrast, themoving correlations withmin-
imum temperature were best for May–August and February–November
temperatures. There were an increased trend after 2003 and a
gradual decrease in trend among 1986–1989 in the moving corre-
lation with the three types of seasonal temperatures, while the
other relationships remained relatively stable. The latewood densi-
ty showed a positive association with temperature for growing pe-
riods (May–August) when latewood is formed, but there was no
association with precipitation.
Figure 4. 30-yr moving correlations between the GLD and seasonal mean climate variable
moving interval. The dotted horizontal line denotes 99% significance levels.
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In closing this section, it can be concluded that the growing season
(May–August) temperature is well represented by at least one of the
tree-ring parameters, and thus suitable for its reconstruction.

Temperature reconstruction

Based on the results of the growth-climate analyses, we tried a
number of combinations of seasonal temperature variables for our
calibration test (Table 3). The transfer functions used GLD standard
chronology as the independent variable. It should be noted that GLD
can describe variation in the annual mean maximum and minimum
temperatures (July, May–August and February–November). The max-
imum value of explained variance in the full-period calibration by the
regression model was in the May–August minimum temperatures
(R2 = 66.0%), the correlation coefficient between the temperature
s. a. July; b. May–August; c. February–November. The years are the final years of each

image of Figure�3
image of Figure�4
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Table 3
Calibration and cross-validation statistics of the monthly/seasonal temperature models for the reconstruction during AD 1657–2008. We used the leave-one-out cross-validation
(LOOCV) method and the bootstrap analysis to test the stability and reliability of the regression models. R, correlation coefficient; R2/Ra

2, explained variance and adjusted explained
variance; SN1/SN2, the first-differencing data and the raw data sign test; RE, reduction of error. Any positive value of RE indicates that there is confidence in the reconstruction
(Fritts, 1976).

Variable Season Calibration LOOCV Bootstrapped mean (minimum, maximum)

R R2 Ra
2 SN1 SN2 RE R2 R2 Ra

2

Tmean July 0.638⁎⁎ 0.408 0.396 31+/21− 34+/19− 0.366 0.368 0.412(0.132,0.631) 0.401(0.115,0.624)
Tmean May–Aug 0.778⁎⁎ 0.605 0.597 36+/16−⁎⁎ 43+/10−⁎⁎ 0.579 0.579 0.624(0.392,0.793) 0.617(0.380,0.789)
Tmean Feb–Nov 0.795⁎⁎ 0.632 0.625 40+/12−⁎⁎ 42+/11−⁎⁎ 0.589 0.592 0.634(0.440,0.762) 0.627(0.429,0.757)
Tmax July 0.400⁎ 0.160 0.144 28+/24− 31+/22− 0.104 0.108 0.166(0.001,0.369) 0.149(0.000,0.357)
Tmax May–Aug 0.606⁎⁎ 0.367 0.355 33+/19− 35+/18−⁎ 0.310 0.310 0.372(0.098,0.700) 0.360(0.080,0.695)
Tmax Feb–Nov 0.646⁎⁎ 0.417 0.406 37+/15−⁎⁎ 37+/16−⁎⁎ 0.381 0.382 0.428(0.180,0.622) 0.417(0.164,0.615)
Tmin July 0.719⁎⁎ 0.516 0.507 31+/21− 36+/17−⁎ 0.474 0.476 0.514(0.277,0.629) 0.504(0.263,0.621)
Tmin May–Aug 0.812⁎⁎ 0.660 0.653 34+/18−⁎ 41+/12−⁎⁎ 0.628 0.629 0.661(0.450,0.802) 0.654(0.440,0.798)
Tmin Feb–Nov 0.803⁎⁎ 0.644 0.637 38+/14−⁎⁎ 40+/13−⁎⁎ 0.587 0.592 0.654(0.498,0.768) 0.647(0.488,0.763)

Tmean = mean temperature, Tmax = mean maximum temperature, Tmin = mean minimum temperature, +/− is the signs (positive or negative) of the subtraction of consecutive
years' values.
⁎ p b 0.05.

⁎⁎ p b 0.01.
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reconstruction and Xinyuan stations date was 0.812 (p b 0.01). Re-
sults of the sign test in the raw (SN2) and in first-differenced (SN1)
data passed significance test (p = 0.05), the reduction of error (RE)
was positive. The LOOCV (R2 = 62.9%) and bootstrap analysis
(R2 = 66.1%) indicate that the model is of acceptable stability and re-
liability, and can simulate May–August minimum temperatures with
good accuracy. On the basis of this model (Tmin5–8 = −10.5 +
23.2 × GLD), May–August minimum temperatures in the study area
has been reconstructed for the period AD 1657–2008 (Fig. 5).

In addition, other models except for the July maximum tempera-
ture are reasonably accurate, as indicated by the high value of
explained variance and by the significant (p b 0.05) statistics in the
LOOCV and bootstrap analysis (Table 3).

The characteristics of the temperature reconstruction

Fig. 5 shows the unfiltered and 8-yr low-pass filtered May–August
minimum temperatures inGongnaisi of thewestern TianshanMountains
Figure 5. a. Comparison between actual and estimated mean season (May to August) minim
for the central derived from latewood density. Thin line represents annual values; the bold
struction from AD 1657 to 2008.

oi.org/10.1016/j.yqres.2013.05.005 Published online by Cambridge University Press
from AD 1657 to 2008. The mean of May–August minimum tempera-
tures over the period (1657–2008) is 12.68°C. The years 1783 (9.35°C)
and 2008 (15.70°C) are reconstructed as themost extreme years. The re-
construction revealed a warmer period from 1657 to 1738, followed by a
lower temperatures periods from 1738 to 1854. Temperature over the
past 150 yr indicates two warmer periods (1855–1899, 1977–2008)
and one cooler period (1900–1976). Decadal means for the 2000s rank
among the warmest decades. The warmest years are distributed
throughout the 17th, 19th, and 21st centuries (1665, 1688, 1690, 1691,
1693, 1862, 1878, 1879, 2004, 2008; Table 4), and the coldest years are
more widely distributed throughout the sequence (1698, 1740, 1755,
1761, 1783, 1791, 1812, 1836, 1837, 1839) and the coldest decades are
divided equally between the 19th (1810s, 1830s) and 20th centuries
(1910s, 1950s).

The MTM analysis was performed over the full range of our recon-
struction sequence. This analysis revealed some significant low- and
high-frequency cycles. The century-scale cycle (period = 170.7 yr)
is most significant in our reconstruction. Two decadal broadband
um temperature for their common period 1956–2008; b. temperature reconstruction
line was smoothed with an 8-yr low-pass filter; horizontal line was average of recon-

image of Figure�5
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Table 4
Summary characteristics of the May–August minimum temperature reconstruction: anomalies are calculated with respect to the AD 1657–2008 mean.

10 Most extreme years 10 Warmest and coldest decades Long-term means

Year Coldest (°C) Year Warmest (°C) Decade Coldest (°C) Decade Warmest (°C) Period Value (°C)

1783 9.35 1665 14.42 1830 10.694 1770 12.97 1657–1738 13.00
1837 9.42 2004 14.42 1950 11.75 1820 13.03 1739–1854 12.37
1812 9.44 1862 14.47 1810 11.90 1730 13.03 1855–1899 13.12
1839 10.09 1688 14.51 1910 12.13 1720 13.10 1900–1976 12.30
1755 10.14 1879 14.54 1780 12.13 1710 13.11 1977–2008 13.23
1836 10.28 1691 14.77 1760 12.27 1860 13.13
1740 10.37 1878 14.91 1790 12.29 1690 13.16
1761 10.37 1690 14.95 1970 12.31 1680 13.40
1698 10.46 1693 15.53 1930 12.32 1870 13.74
1791 10.58 2008 15.70 1750 12.36 2000 14.09
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power peaks (periods: 18.3, and 26.3 yr) were identified for temper-
ature variability. Significant high-frequency peaks were found at 4.9,
3.6, 3.0, 2.5, 2.4, 2.3, 2.1 and 2.0 yr (Fig. 6).

Discussion

Natural forces

Tree-ring density data derived from trees sampled at high eleva-
tions displayed a strong correlation with warm-season temperature
measurements over large areas of northern America and Eurasia,
demonstrating the ability of this proxy to portray warm-season tem-
perature changes on large scales and across sub-continental scales
(Polge, 1970; Briffa et al., 1988; Schweingruber et al., 1988; Briffa et
al., 1992; Schweingruber et al., 1993; Luckman et al., 1997; Briffa et
al., 2001; Davi et al., 2002; Wilson and Luckman, 2003; Bräuning
and Mantwill, 2004; Wang et al., 2009). The chronologies from
P. schrenkiana in the western Tianshan Mountains show similar tem-
perature sensitivity indices in the warm season (May–August). Coni-
fer tracheids divide and enlarge most actively during the warmest
period of the growing season, and warm temperatures during this pe-
riod can promote earlier snowmelt and more rapid warming of soils,
thereby increasing the growing season length and resulting in faster
leaf, shoot, and stem growth (Körner, 1998; Peterson and Peterson,
2001). Alward et al. (1999) hypothesized that elevated night time
minimum temperature would cause an increase in nocturnal respira-
tion rates in grassland vegetation without a compensatory increase
in daytime photosynthesis. A similar process applies to tree rings
as night time minimum temperatures increase. High night time
Figure 6. Multi-taper method (MTM) spectral density of the May–August minimum
temperature reconstruction. Bold line indicates the null hypothesis; dashed line indi-
cates the 99% significance levels, respectively. Numbers above peaks indicate cycle in-
tervals (yr).
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temperatures may inhibit growth in cell size and be conducive to
the accumulation of nutrients. The processes in warm season can
form a larger mean latewood density in that year. The climatic vari-
able most strongly correlated to density growth is also summer tem-
perature for western North America (Briffa et al., 1992), Canada
(Luckman et al., 1997), Japan (Davi et al., 2002), Scandinavia and
Switzerland (Schweingruber et al., 1988), eastern Tibet (Wang et al.,
2009). Unlike the widely reported ‘divergence problem’ in northern
forests (Briffa et al., 1998a; D'Arrigo et al., 2008), spruce growth of
the western Tianshan Mountains did not clearly lose sensitivity to re-
cent warming in our study area. The most recent warming trend is
reflected most clearly by the latewood density data (Fig. 5).

Many low tree-ring density value years were forced by volcanic
eruptions in the Northern Hemisphere (Jones et al., 1995; Briffa et
al., 1998b). Several studies (LaMarch and Hirschboeck, 1984; Briffa
et al., 1998b; D'Arrigo and Jacoby, 1999; Gervais and MacDonald,
2001; Luckman and Wilson, 2005) found a cooling response to volca-
nic eruptions. Comparison of our reconstruction with volcanic erup-
tions reveals that there is no systematic relationship between
reconstructed sequences and volcanic eruption, and is likely related
to the regional character of both the Gongnaisi temperature and forc-
ing data (Simkin and Siebert, 1994). From the temperature recon-
struction in this study, 10 years were found to have low values,
associated with volcanic eruptions. Examples include Tongkoko in
Sulawesi (1680), Komaga-take in Japan (1695), Shikotsu in Japan
(1739), Taal in Indonesia (1754), Laki in Iceland (1783), St Helens
in the US (1800), Awu in Indonesia (1812), Tambora in Indonesia
(1815), Okataina in New Zealand (1886) and Novarupta (Katmai) in
Alaska (1912).

Peaks at –2 to 5 yr cycles fall within the range of variability of
the El Niño–Southern Oscillation (Allan et al., 1996), and the peaks
at ~2 yr are also within the band of tropical biennial oscillation
(TBO) variability (Meehl, 1987). Collectively, these periods suggest
that the reconstructed temperature variation has a teleconnection
with large-scale atmospheric–oceanic variability. Peaks at 18.3 and
26.3 yr may correspond to similar periods found in a reconstructed
Pacific decadal oscillation series from the Transverse Mountains of
southern California (USA) to Sierra San Pedro Martir in northern
Baja California, Mexico (Biondi et al., 2001). The peak at 170.2 yr
could fall within the Suess cycle of solar activity.

Regional- to large-scale comparison

To further assess the validity of our temperature reconstruction
for the Gongnaisi region, we compared it with other summer temper-
ature reconstructions from nearby (Chen et al., 2009; Chen et al.,
2011). As our reconstruction was most similar to a summer (June–
August) temperature reconstruction for the Zaysan Lake area (Chen
et al., 2011) for the years 1657–2002, the correlation coefficient was
0.265 (p b 0.01), and increasing coherence after 8-yr low-pass filter-
ing (0.296), the change trend of two series was same from 1657 to

image of Figure�6
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Figure 7. Comparison between the 8-yr low-pass filtered Gongnaisi and: a. summer temperature reconstruction of the Zaysan Lake area (Chen et al., 2011), mean maximum tem-
perature of the Yili (Chen et al., 2009); b. Northern Hemisphere temperature reconstructions (Jones et al., 1998; Briffa et al., 2001; Esper et al., 2002; Moberg et al., 2005; D'Arrigo
et al., 2006; Ammann and Wahl, 2007; Mann et al., 2009).
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1870 (Fig. 7a). But correlation between our reconstruction and mean
maximum temperature for the Yili valley (Chen et al., 2009) was not
significant (0.121, p > 0.05). The trend of three reconstructions was
different after 1880. The reasons of the variation could be caused by
human activities of the area. Comparison warm and cold periods,
major warm decades (1680s, 1720s–1730s, 1870s) and cold decades
(1750s, 1760s, 1780s, 1790s, 1810s) in our reconstruction were also
identified in the Zaysan Lake and Yili area (Fig. 7a).

To assess the regional significance of the reconstructed Gongnais
May–August minimum temperatures, we calculated spatial correla-
tions between this reconstruction and the CRU gridded dataset
(TS3.1) (Mitchell and Jones, 2005) andMay–August global sea surface
temperatures (SSTs) over the period 1901–2008 using the KNMI Cli-
mate Explorer, a web-based collection of climate data analysis tools
maintained by the Royal Netherlands Meteorological Institute
(http://climexp.knmi.nl). The reconstruction was significantly corre-
lated (p b 0.05) with the 8-yr high-pass filtered May–August mean
minimum temperatures over large areas of Central Asia (Fig. 8a).
The highest correlations with SSTs were concentrated mainly in the
Figure 8. a. Spatial correlations between 8-yr high pass filtered Gongnaisi May–August min
temperatures; b. Spatial correlations between the temperature reconstruction and the Indo

oi.org/10.1016/j.yqres.2013.05.005 Published online by Cambridge University Press
equator area of the Indian Ocean and Western Pacific (Fig. 8b). The
Indian Ocean was one of the water-vapor sources in the northwest
of China. This suggests that the ocean temperature changes can im-
pact on land temperatures of the study area.

We compared our reconstruction to large-scale temperature recon-
structions for the Northern Hemisphere (NH) (Jones et al., 1998; Briffa
et al., 2001; Esper et al., 2002; Moberg et al., 2005; D'Arrigo et al., 2006;
Ammann andWahl, 2007;Mann et al., 2009). TheGongnaisi serieswasn't
significantly related to any of the seven Northern Hemisphere tempera-
ture reconstructions. As shown in Fig. 7b, there is an increasing trend of
our reconstruction value in the recent 30 years, which is of the same
phase as globalwarming. But the increasing trend is not found in temper-
ature reconstructions of the Zaysan and Yili area. Several decadal depres-
sions in theNorthernHemisphere around1780s, 1810s, 1830s, 1840s and
1970s also occurred in our reconstruction. Although our reconstruction
only describes temperature for four months of the year, whereas the
Northern Hemisphere temperature reconstructions describe annual tem-
peratures, comparison between the two is justified by the significant an-
nual temperature signals in the GLD used for our reconstruction.
imum temperatures and the gridded 0.5° × 0.5°CRU TS 3.1 dataset of monthly surface
-Pacific SSTs.

http://climexp.knmi.nl
image of Figure�7
image of Figure�8
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Conclusions

In this study, a replicated mean latewood density chronology of
P. schrenkiana was developed and used to infer past May–August
minimum temperature variability (AD 1657–2008) for the western
Tianshan Mountains. Previous investigations (Polge, 1970; Parker
and Henoch, 1971; Briffa et al., 1988; Schweingruber et al., 1988;
Briffa et al., 1992; Luckman et al., 1997; Wilson and Luckman, 2003;
Büntgen et al., 2005; Büntgen et al., 2008; Wang et al., 2009) found
that maximum density and latewood density were significantly asso-
ciated with climate in their studies.

The temperature reconstruction identified temperature patterns on
interannual to centennial time scales, and showed a typically warm
May–August from 1657 to 1738, 1855 to 1899 and 1977 to 2008
while the periods 1738–1854 and 1900–1976 were relatively cold.
The end of the 20th century is the warmest period in the past 352 yr.
Major warm decades (1680s, 1720s–1730s, 1870s) and cold decades
(1750s, 1760s, 1780s, 1790s, 1810s) in our reconstruction were also
seen in other summer temperature reconstructions from tree-ring re-
cords in nearby areas (Chen et al., 2009, 2011). The reconstructed tem-
perature variation appears to have a teleconnection with large-scale
atmospheric–oceanic variability and captures long- and broad-scale re-
gional climatic variations.
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