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Abstract
Knowledge of past climatic variability in the eastern Tianshan Mountains of arid Central Asia is still limited due to the lack of
long-term instrumental data. In this study, we develop a March–August mean temperature reconstruction since 1766 CE based on
annual tree-ring widths of Schrenk spruce (Picea schrenkiana Fisch. et Mey.). The reconstruction accounts for 51.8% of the
temperature variation during the calibration period (1957–2017). Over the last two and a half centuries, the region has experi-
enced six warm periods, namely 1766–1792, 1803–1827, 1878–1886, 1904–1916, 1926–1935, and 1982–2015. The reconstruc-
tion also indicates the occurrence of two significant cold periods, 1821–1857 and 1931–1980. Over the past 252 years, the
climate in this region has shifted between warm-dry and cold-wet periods. However, a strong warm-wet trend since the 1980s is
evident. There is a strong positive correlation between the tree-ring temperature reconstruction and the North Atlantic Oscillation,
as well as a close relationship with strong volcanic eruptions in the mid-high latitudes.
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1 Introduction

According to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change (IPCC), the
mean global surface temperature has increased 0.85 °C
(0.65–1.06 °C) over the last hundred years. Between 1951
and 2012, it increased to 0.12 °C/10a (0.08–0.14 °C/10a), an
increase that is about twice asmuch as the increase since 1880.
Climate change strongly affects ecological and social-
economic systems (Houghton 2004), so it is imperative to
understand the mechanisms of climate change in a given

region. However, to understand long-term trends in climate,
we need long-term records of climatic parameters, which are
lacking in most parts of the world. Paleoclimatic proxies such
as tree rings provide a means of extending the climate record
into the past. Tree rings in many parts of the world can be
accurately dated and provide long time series, strong continu-
ity, wide spatial distribution, high resolution, and sensitivity to
climate change. As a result, tree rings have become widely
used proxies for studying paleoclimate change (Briffa et al.
2001).

The arid regions of Central Asia are ideal for tree-ring and
climate research due to their harsh environments and sensitiv-
ity to climate change (Seddon et al. 2016). Because the region
is severely lacking in instrumental data, proxy studies are es-
pecially important. In recent years, many studies (Zhang et al.
2016a, b, 2017a, b, 2019, 2020; Chen et al. 2016a, b, c) have
used tree rings to understand climate change in the arid re-
gions of Central Asia.

The Tianshan Mountains are a central feature of arid
Central Asia because they are the main source of water for
the whole region. These mountains are characterized by their
deep inland location, temperate continental arid climate, and
special biota and ecological processes (Chen et al. 2016a, b,
c). Because of the extreme aridity of the region, the radial
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growth of trees in Central Asian Mountains is likely to be
more responsive to precipitation than to temperature, especial-
ly in areas below the tree line (Seim et al. 2015). The climate
of the eastern TianshanMountains is more arid than that of the
western and central TianshanMountains. The radial growth of
Schrenk spruce (Picea schrenkiana Fisch. et Mey) growing in
the eastern mountains is therefore expected to be more sensi-
tive to changes in precipitation (Zhang et al. 2015). Moreover,
the main economic activity in the region is agricultural pro-
duction; the level of industrialization is low. The growth of
Schrenk spruce is therefore minimally affected by human ac-
tivities and better reflects climate change.

Many dendroclimatology studies in the eastern Tianshan
Mountains have focused on the moisture factors, whereas
few have attempted to reconstruct temperature. Due to the lack
of research about past temperature changes here, the mecha-
nisms of past changes are not well understood. Steinman et al.
(2015) believed that the joint effect of the Northern Atlantic
Oscillation (NAO) and the Interdecadal Pacific Oscillation
(IPO) is primarily responsible for the temperature changes in
the Northern Hemisphere. Some scholars have also found that
natural forcing (especially NAO and volcanic activity) has an
important impact on climate (Adams et al. 2003; Liu et al.
2013; Ning et al. 2018). In order to address this lack of infor-
mation about long-term temperature trends in the eastern
Tianshan Mountains, this study uses tree rings to reconstruct
past temperatures. We also explore whether historical temper-
ature changes are related to natural forcing (especially NAO
and volcanic activity).

2 Data and methods

2.1 Study area and sample collection

The study area is located in the Hami area in the eastern part of
the Tianshan Mountains. This is a topographically complex
area, with alpine glaciers, forest canyons, and wetland
meadows (Fig. 1). The sampling site is located at Lanqigou
(LQS: 93° 20′ E, 43° 48′N, 2443m) in the BalikunMountains
(Fig. 1), far from human settlements. Samples of Schrenk
sprucewere collected following standard sampling procedures
(Fritts 1976) in July 2017. In particular, trees growing close to
the cliff edge and surrounded by sparse vegetation were sam-
pled, as these trees are likely to be more strongly affected by
climatic conditions. A total of 24 older live trees were sampled
at breast height using increment borers, resulting in a total of
48 cores (2 per tree).

2.2 Development of the ring-width chronology

Following standard tree-ring analysis procedures (Fritts
1976), the sample cores were dried naturally, fixed to wooden

mounts, polished, and visually measured in the laboratory.
The annual ring-widths were measured to an accuracy of
0.001 mm using the LINTAB program (Velmex Measuring
System). The COFECHA program was employed to carry out
quality control of the cross-dating (Holmes 1983). Finally, the
ARSTAN program was used to establish the tree-ring chro-
nology (Cook and Krusic 2007). The negative exponential
function method was applied to remove the growth trend,
and the de-trending sequence was synthesized by the
double-weighted meanmethod to obtain the standard chronol-
ogy (STD), the residual chronology (RES), and the
autoregressive chronology (ARS). This paper uses the LQS
standard chronology, as it contains more low-frequency
information.

The Rbar weighted method was used to stabilized the var-
iance of the chronology (Cook and Krusic 2007) (Fig. 2b).
Then, we used the expressed population signal (EPS) to de-
termine a common period for the individual chronologies
(Cook and Kairiukstis, 1990). To maximize the length of the
tree-ring chronologies and ensure the reliability of the recon-
struction, we restricted our analysis to the period with an EPS
of at least 0.85 (Wigley et al. 1987). Thus, the reliable LQS
chronology spans the period 1766–2017 (Fig. 2b). It is gener-
ally believed that a high-quality chronology is characterized
by a higher mean sensitivity, a higher standard deviation, and
a higher signal-to-noise ratio. The mean sensitivity of the LQS
standard chronology is 0.323, the standard deviation is 0.354,
and the signal-to-noise ratio is 67.282 (Table 1). Thus, this
chronology can be expected to contain reliable climate
information.

2.3 Meteorological data

Mean monthly temperature and precipitation data for this
study were obtained from the Balikun meteorological station
(93° 0′ E, 43° 36′ N, 1650.9 m, 1957–2015), which is closest
to the LQS site and located in a similar habitat (Fig. 1). The
instrumental records originate from the China Meteorological
Data Sharing Service System (http://cdc.cma.gov.cn/). These
data indicate that high temperatures from June to August
coincide with increased precipitation in this region (Fig. 3a).
Summer is the high-temperature period, with the highest mean
temperature occurring in July. Rainfall from June to August
comprises a significant proportion of the annual total precip-
itation (53%) and peaks in July. The instrumental data show a
significant (p < 0.01) increase in temperature that begins in the
early 1980s. Precipitation has increased over the same period
(p < 0.01) (Fig. 3).

2.4 Analysis methods

Because the first-order autocorrelation of the LQS chronology
is 0.537 (Table 1), it can be assumed that the lagging response
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of tree growth in response to climate is taken into account
(Joel 1987). We screened the LQS chronology using a
Pearson correlation analysis with climate data spanning from
previous October to current September.

Based on the correlation between tree-ring width and ob-
served temperature data, we established a temperature recon-
struction equation from the mean March–August temperature

and the LQS chronology. Due to the limited temporal cover-
age of the calibrated meteorological device (1957–2015), the
reliability of the reconstruction equation was tested with the
leave-one-out, or jackknife method (Joel 1987). Originally
proposed by Maurice Quenouile in 1949, the basic idea is to
remove the first sample in the set, reconstruct the regression
coefficient of the conversion function with the remaining

Fig. 1 Location of the tree-ring
sampling sites and the meteoro-
logical station in the eastern
Tianshan Mountains

Fig. 2 a The LQS chronology
(thin line) and sample depth
(dashed line). b The EPS (thick
line), the Rbar (thin line), EPS =
0.85 threshold (dashed line), and
the mean Rbar (dotted line)
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samples, and estimate the first reconstruction target value,
then reject it in turn. Finally, the statistical parameters are
obtained (Holder et al. 1979). The statistical parameters in-
clude the correlation coefficient, the F value, the reduction
of error, and the explained variance (Cook and Kairiukstis
1990). To test the stability of the reconstructed equation, we
also compared the reconstructed and the measured values, as
well as their first-order differences (Fig. 4). We used CRU
March–August mean temperature data from 1957 to 2015 as
the verification period and conducted a Pearson correlation
analysis with the reconstruction.

To determine the representativeness of the reconstruction
series on a larger spatial scale, we used the mean March–
August temperature from 1957 to 2015 from CRU TS4.03
grid data (http://climexp.knmi.nl; 0.5° × 0.5°) and carried out
a spatial correlation analysis with the reconstruction using the
KNMI Climate Explorer (Trouet and Oldenborgh 2013). In
addition, we applied a power spectrum analysis to examine the
reasonable periodicities in our reconstruction.

To explore the regional representation of the reconstructed
series, we compared it with two previous temperature

reconstructions for Central Asia (Jiang et al. 2016; Chen
et al. 2017). Furthermore, to explore past climate patterns in
the study area, we compared the precipitation reconstruction
of Zhang et al. (2015) with that of this paper.

Hurrell (1995, 1996) pointed out that the recent increase in
temperature in Eurasia, as well as the mean temperature
change in the mid-high latitudes of the Northern
Hemisphere, can be explained by the NAO. To study the
effect of the NAO on mean March–August temperature in
the eastern Tianshan Mountains, we computed the spatial cor-
relation between the reconstructed mean March–August tem-
perature and HadISST1 1° (Rayner et al. 2003) over the 1957–
2015 period.

Volcanic activity is also known to cause interannual and
interdecadal variations in global climate (IPCC 2013).
Previous studies have shown that tree-rings in most parts of
the Northern Hemisphere are affected by volcanic activity.

Fig. 3 Climatic diagram for the Balikun meteorological station in the
eastern Tianshan Mountains, northwestern China (1957–2015). a Bars
indicate monthly precipitation totals (mm), and the curve indicates
monthly mean temperatures (°C). b Annual mean temperature (solid

line) and trend line for the annual mean temperature for the period
1957–2015 (dashed line). c Annual precipitation totals (solid line) and
trend line for the annual precipitation totals for the period 1957–2015
(dashed line)

Fig. 4 Pearson correlations between the tree-ring width chronology and
the meteorological data (precipitation, mean temperature). The blue bars
represent monthly precipitation totals (in mm) and the green bars repre-
sent monthly mean temperatures (in °C). P10, P11, and P12 represent
October, November, and December of the previous year, respectively.
C1–C9 are the January, February, March, April, May, June, July,
August, and September of the current year, respectively. C3–8 indicates
the mean fromMarch to August of the current year. The blue dashed line
represents a 0.05 significance level. The red dashed line represents a 0.01
significance level

Table 1 The statistical characteristics of the standard LQS chronology

Statistic STD

Time period 1712–2017

Mean 0.93

Mean sensitivity (MS) 0.323

Standard deviation (SD) 0.354

Kurtosis coefficient (K) 2.862

Skewness coefficient (S) 0.268

First-order autocorrelation 0.537

Mean correlation within a tree (r1) 0.887

Mean correlation between trees (r2) 0.593

Signal-to-noise ratio (SNR) 67.28

Expressed population signal (EPS) 0.985

variance in the first principal comment (PC1) 0.616

Begin year of EPS > 0.85 1766
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Summer temperatures tend be lower for 1–2 years following
strong volcanic eruptions (Miller et al. 2012), resulting in less
tree growth (Briffa et al. 1998). To study the effect of volcanic
eruptions on tree growth in the eastern Tianshan Mountains,
we identified major eruptions using the Volcanic Explosivity
Index (VEI) series shared by the Smithsonian Volcano
Institute (http://volcano.si.edu). Over the past 252 years,
there have been ten strong volcanic eruptions with a VEI ≥ 5.
We then used Superposited Epoch Analysis (SEA,
Schoennagel et al. 2005) to study the effect of volcanic erup-
tions on temperature.

3 Results

3.1 Growth-climate responses

The LQS chronology is weakly correlated with precipitation
(Fig. 5), but significantly (p < 0.01) and negatively correlated
with the mean temperature in October of the previous year and
inMarch, May, June, and July of the current year. The highest
negative correlation (r = − 0.646) occurs during June of the

current year and is most strongly correlated with the mean tem-
perature from March to August of the current year (r = − 0.72,
p < 0.01, n = 58).

3.2 Temperature reconstruction and inspection

The March–August mean temperature reconstruction equa-
tion for the full calibration period (1957–2015) is:

T3–8 ¼ −2:177LQSstd þ 12:721 ð1Þ

In Eq. (1), T3–8 is the mean temperature from March to
August, and LQSstd is the standardized Lanqigou chronology.
The results (Table 2) show that the reconstruction equation
correlation is 0.761, the significance level test reaches 0.001,
the explained variance is 51.8%, and the explained variance
after adjusting for the loss of degrees of freedom is 50.9%
(Table 2). The product mean test is 7.65, passing the 0.001
significance level. The F value is 60.16 (p < 0.01); the first-
order difference symbol test also passes the 0.01 significance
level. The reduction of error is high and positive at 0.49, so the
detection data can be considered to be reliable. These statistics
indicate that the reconstruction equation is reliable. The

Fig. 5 a Comparison of the mean temperature reconstruction (red line)
and the observed data (blue line). b The first-order difference of the mean
temperature reconstruction (red line) is compared with the first-order
difference of the observed data (blue line). c The March–August mean
temperature reconstruction in the Balikun area of the eastern Tianshan

Mountains since 1766 C.E. (red thin line). The thick line shows the
smoothed data with an 11-year low-pass filter to emphasize the long-
term fluctuations. The solid horizontal line represents the long-term mean
for the 1766–2017 period. The blue dashed horizontal lines represent the
mean ± σ
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correlation coefficient between the reconstructed and the ob-
served values is 0.76, and the correlation coefficient of their
first-order difference is 0.62.

The correlation coefficient between the reconstruction and
the CRU temperature date is 0.513 (p < 0.01, n = 59), indicat-
ing that the reconstruction equation is both accurate and sta-
ble. This equation is therefore used in this study to reconstruct
the mean growing season temperature in the eastern Tianshan
Mountains over the past 252 years.

3.3 Characteristics of the reconstructed temperature
series

The mean value of the reconstruction series is 10.69 °C and
the standard deviation (σ) is ± 0.76 °C. We define a high
temperature year as > mean + σ and a low-temperature year
as mean σ (Fig. 6). Over the entire reconstruction series, the
annual high-temperature ratio is 16.2%, the low-temperature
ratio is 19.8%, and the normal temperature ratio is 64%. The
three hottest years occurred during the twentieth century:
1926, 1928, and 1992. The three lowest temperatures were
1950, 1970, and 1971. Over the last two and a half centuries,
the region has experienced six warm periods, namely 1766–
1792, 1803–1827, 1878–1886, 1904–1916, 1926–1935, and

1982–2015. The reconstruction also indicates the occurrence
of two significant cold periods, 1821–1857 and 1931–1980.
From the Industrial Revolution in the 1860s to the beginning
of the twentieth century, the mean temperature has been above
average. From the 1950s to the 1980s, the mean temperature
was below average. Since the 1980s, it has risen continuously.
The past 30 years represent the warmest period of the past
three centuries.

The spatial correlation results of the reconstruction in this
paper and the observation records are similar (Fig. 6). It is also
representative of Central Asia, including the northern part of
Xinjiang and parts of eastern Kazakhstan and western
Mongolia (Fig. 6). Thus, the reconstructed temperature signal
is representative not just of the eastern Tianshan Mountains in
Xinjiang but also of a large part of Central Asia.

Multi-window power spectrum (MTM) analysis shows that
the reconstruction series has 69.6-, 12-, 9.8-, 2.3-, and 2.1-year
quasi-periodic oscillations at the 95% confidence level
(Fig. 7). The 2.1–2.3-year cycle coincides with a regular cycle
in the Tianshan Mountains that may be related to the Quasi-
Biennial Oscillation (QBO). The 9.8- and 12-year cycles are
similar to the solar activity quasi-period. The 69.6-year cycle
may be related to the irregular oscillation of the North Atlantic
thermohaline circulation.

Fig. 6 a Spatial correlations between the gridded dataset of surface
temperatures (March–August) and the observed temperatures (March–
August) at the Balikun meteorological station. The black star indicates
the location of the meteorological station. b Spatial correlations between

the gridded dataset of surface temperatures (July–August) and the
temperature reconstruction for the eastern Tianshan Mountains.
Analyses were performed using the KNMI Climate Explorer (http://
climexp.knmi.nl). The black triangle indicates the sampling site location

Table 2 Statistical parameters of the transfer function and cross-validation

R2 R2adj First-order sign test Sign test t F RE Correlation coefficient with
CRU (1957–2015)

51.8% 50.9% 40+/17−* 47+/11−* 7.65 60.16 0.49 0.513

R2 , the Explain variance;R2
adj, the explained variance after adjustment for the loss of degrees of freedom; t, the productmean test;F, theF value;RE, the

reduction of error

*Significance at the 99% level of confidence
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4 Discussion

4.1 The dendroclimatological potential of Schrenk
spruce

This study, like many others (Schweingruber et al. 1978;
Hughes et al. 1984; Briffa et al. 1992; Brauning and
Mantwill 2004; D’Arrigo et al. 2005), reconstructs tempera-
ture using tree-ring widths of Schrenk spruce. Other studies
have used Schrenk spruce to reconstruct temperature else-
where in the region, including in the western Tianshan
Mountains (Zhang et al. 2020), the Kunlun Mountains in
Xinjiang (Huang et al. 2019), and on the Tibetan Plateau
(Zhu et al. 2011). In the Tianshan Mountains, the radial
growth of trees near the lower tree-line is limited by moisture
(Zhang et al. 2016a, b), but the relationship between growth
and climate is more complex at higher elevations.

The LQS chronology is not sensitive to precipitation. It is
likely that the sampling site (2443 m a.s.l.) receives enough
precipitation to support tree growth and that precipitation is
therefore not a limiting factor. Most other studies of tree
growth and precipitation in the Tianshan Mountains have fo-
cused on lower-elevation sites (Table 3) where precipitation
may be more limited. In addition, trees at higher elevations
respond to changes in the ecological environment by lowering
their metabolism and are thus less sensitive to changes in the
environment (Splechtna et al. 2000). The radial growth of tree
rings at the study site is negatively correlated with tempera-
ture, which is a common phenomenon in the arid and semi-
arid areas of northwestern China (Jiao et al. 2016; Zhang et al.
2016a, b). According to the correlation analysis, the mean
March–August temperature is the main factor limiting tree
growth in this area.

Schrenk spruce grows according to the following timeline:
in March, temperatures rise rapidly and soil moisture

evaporates quickly. FromApril toMay, temperatures continue
to rise, leading to moisture evaporation and plant transpira-
tion, as well as to an intensification of the direct consumption
of nutrients. From June to July, a key period for the formation
of early wood, Schrenk spruce enters a period of rapid growth
(Cai et al. 2013; Liang et al. 2009). This is also the warmest
part of the year; warmer temperatures result in a sharp de-
crease in effective moisture, which can lead to the formation
of a narrow ring if too little moisture is available. In August,
the tree enters the late growth stage. At this time, the growth of
trees has not stopped, so suitable temperatures promote the
formation of rings. In the eastern Tianshan Mountains, tree
growth is affected primarily by moisture scarcity caused by
high temperatures or drought stress (Chen et al. 2016a, b, c;
Jiao et al. 2016; Zhang et al. 2016a, b).

To further examine the effect of drought on tree growth, we
compared the standardized LQS chronology with the Palmer
Drought Severity Index (PDSI) (Dai et al. 2004). We found
that the correlation between the chronology and the PDSI was
not significant in each month. This may be due to the high
density of the forest canopy (0.5) or to the relatively thick,
moisture-rich soils, either of which might obstruct proper
PDSI readings.

4.2 Regional climate comparison

There is significant consistency between the reconstruction
described in this paper, the reconstruction of Chen et al.
(2017), and the reconstruction of Jiang et al. (2016) (Fig. 8).
This consistency implies a common forcing factor. Tropical
volcanoes occurred regularly during the early nineteenth cen-
tury, and multiple studies have shown that volcanic eruptions
can cause a significant drop in summer temperatures
(Chenoweth 2001; Chen et al. 2019; Miller et al. 2012).
Following the “Year of No Summer” in 1816 (Matsikaris
et al. 2016), the temperature in the study area exhibits a rela-
tively significant downward trend. This trend corresponds
with that observed by Chen et al. (2017) in northern
Xinjiang. Around the middle of the nineteenth century, the
three reconstructions (this paper; Jiang et al. 2016; Chen
et al. 2017) experience a period of “cooling-heating-cooling”,
the summer temperatures (Shang et al. 2011; Chen et al. 2012;
Zhang et al. 2020) reconstructed in Central Asia, which also
showed the same fluctuations during the same period. During
the first half of the twentieth century, the reconstruction in this
paper indicates generally higher temperatures, a result that is
consistent with summer temperature reconstructions for north-
ern Xinjiang and Central Asia (Shang et al. 2011; Chen et al.
2017; Jiang et al. 2016). The reconstruction of this paper and
the northern Xinjiang series of Chen et al. (2017) show a
significant warming trend after the 1980s, consistent with
the global warming trend. This indicates that the eastern
Tianshan Mountains are responsive to global warming.

Fig. 7 Results of the MTM spectrum analysis of the reconstruction. The
red line represents a red noise significance level of 99%. The blue line
represents a significance level of 95%
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However, Jiang et al. (2016) reconstructed early summer tem-
peratures in the Altai Mountains of Xinjiang for the period
1579–2009, but did not find a significant upward trend during
this period. This may be because the temperature increase in
this area mainly occurs in autumn and winter (Shang et al.
2011). The reconstruction of this paper is in significant agree-
ment with temperature reconstructions from surrounding stud-
ies, indicating the reliability of our reconstruction and its rep-
resentativeness of the arid regions of northern Xinjiang and
Central Asia.

There is a negative correlation (− 0.23, p < 0.01) between
the series described in this paper and that of Zhang et al.
(2015) (Fig. 9). Over the past 20 years, the study area has
experienced a warming-wetting trend (Fig. 9). Chen et al.
(2017) found a similar warm-wet trend in the northern

mountainous areas of Xinjiang, which is consistent with the
available meteorological data (Fig. 3). This is likely related to
the fact that the NAO entered an abrupt positive phase in the
early 1980s (Fig. 10b). Temperature and precipitation
reconstructions by Zhang et al. (2003) and Liu (2006) and
Liu et al. (2009) for the Qaidam Basin show a similar
warming-wetting trend.

Finally, we found a one-to-one correspondence between
the warm-dry climate and the drought period of the SPEI
reconstruction (Chen et al. 2016a, b, c) (Fig. 9). We found
that the most severe drought period occurs in the warm-dry
period, indicating that the drought is caused by a combination
of high temperatures and low precipitation. For example, the
droughts in 1805–1820, 1854–1868, 1875–1882, and 1906–
1912 (Fig. 9a) during the warm-dry period correspond to the

Table 3 Information about previous dendroclimatology studies in the Tianshan Mountains

Research area Species Tree ring and climate Altitude Source

Western Tianshan (Central
Asia)

Southern Kazakhstan Schrenk
spruce

Precipitation reconstruction 1850 m Zhang et al. 2016a, b

Issyk-Kul Lake of
Kyrgyzstan

Schrenk
spruce

Precipitation and SPEI
reconstruction

2200 m Zhang et al. 2016a, b

Sarekungey of Kyrgyzstan Schrenk
spruce

PDSI reconstruction 1630–1865 m Chen et al. (2013)

Central Tianshan (China) Hutubi River Basin Schrenk
spruce

PDSI reconstruction 1630–1865 m Chen et al. (2015)

Gongnaisi Schrenk
spruce

Precipitation reconstruction 2242 m Shang et al. (2010)

Urumqi River Schrenk
spruce

Precipitation reconstruction 2070 m Yuan et al. (2002)

Eastern Tianshan (China) Mulei Schrenk
spruce

Precipitation reconstruction 2285 m Zhang et al. (2015)

Mulei Schrenk
spruce

SPEI reconstruction 2000–2390 m Chen et al. (2016a b,
c)

Balikun Schrenk
spruce

Temperature reconstruction 2443 m This article

Fig. 8 Comparison between this
reconstruction and
reconstructions from elsewhere in
the region. a The reconstruction
from this study, b a reconstruction
for the northern part of Xinjiang
(Chen et al. 2017), and c a recon-
struction for the Altay (Jiang et al.
2016)
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dry periods in the SPEI series: 1805–1828, 1853–1887, and
1905–1914 (Fig. 9b), respectively. Of these periods, 1924–
1928 includes the driest year (1928) in the SPEI series, which
shows that once the climate of the eastern Tianshan
Mountains becomes warm and dry, drought may occur or
worsen.

4.3 Connection between the reconstruction series and
the NAO

The reconstruction correlates significantly with sea surface
temperatures (SST) (Rayner et al. 2003) of the North
Atlantic Ocean at mid-high latitudes (Fig. 10a). This suggests

Fig. 10 a Spatial correlation
between the reconstructed mean
March–August temperature dur-
ing 1957–2015 in the Balikun ar-
ea of the eastern Tianshan
Mountains and HadISST1 1°
(Rayner et al. 2003). b, c
Graphical comparison of the re-
constructed temperature in the
Balikun area of the eastern
Tianshan Mountains since 1766
with three winter NAO indexes.
The green line shows the pattern-
based NAO index for the period
1950–2011 (Climate Prediction
Center; http://www.cpc.noaa.gov/
date/teledoc/telecontents.shtml).
The blue line indicates the
reconstructed NAO index based
on observations for the period
1865–2000 (Jones et al. 1997).
The black line shows the recon-
structed NAO index based on
tree-ring data for the period 1049–
1995 (Trouet et al. 2009)

Fig. 9 a Comparison between
temperature series (this study) and
precipitation series (Zhang et al.
2015) in the eastern Tianshan
Mountains. b The SPEI recon-
struction series (Chen et al.
2016a, b, c) in the eastern
Tianshan Mountains. The vertical
dotted line indicates the begin-
ning year of a period of warming
and wetting
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that the climate of Central Asia may be influenced by that of
the Atlantic Ocean (Hurrell 1995). There is a significant cou-
pling relationship between the North Atlantic SST and the
NAO (Rodwell et al. 1999; Robertson et al., 2000). The cor-
relation between the mean temperature series and the observed
winter NAO (Climate Prediction Center; http://www.cpc.
noaa.gov/date/teledoc/telecontents.shtml) is 0.618 (p < 0.01,
n = 41). The correlation between the mean temperature series
and the recordedwinter NAO (Jones et al. 1997) is 0.82 (p < 0.
01, n = 107). The correlation between the mean temperature
series and the winter NAO reconstructed from tree rings
(Trouet et al. 2009) is 0.73 (p < 0.01, n = 196) (Fig. 10b, c).

Large-scale climate trends are influenced not only by inter-
nal variability but also by frequent volcanic eruptions. This is
especially true of the Laki (Schmidt et al. 2011) and Tambora
(Chenoweth 2001) eruptions. Following these events in the
early 1980s, the winter NAO rapidly entered a positive phase,
possibly driving the switch to a warm-wet phase in the study
area during the same time period. On the whole, the temper-
ature reconstruction of this paper is in significant agreement
with the winter NAO trend. Hao et al. (2011) suggest that the
NAO has a significant impact on annual temperature in the
western part of northern Xinjiang. It is possible that changes in
the NAO drive changes in the atmospheric circulation system,
which further promote changes in the westerly ridge system.
The climate in Xinjiang and hence the eastern Tianshan
Mountains is controlled mainly by the westerly circulation.
Fu and Zeng (2005) found that summer drought and flooding
in northern China and the whole eastern region have a lag
relationship of 1–3 years with the winter NAO. Xin et al.
(2006) suggested that spring climate anomalies in southern
China are significantly correlated with winter NAO. In ad-
dressing the lag between the NAO and local climate, Gray
(1998) proposed that the North Atlantic thermohaline circula-
tion, which is closely related to NAO, may promote oceanic
surging in the eastern hemisphere. This in turn causes an en-
ergy accumulation in the western Pacific warm pool area,
resulting in El Niño changes. This begs the question of wheth-
er a similarly slow process causes the winter NAO
teleconnection to influence the mean March–August temper-
ature in the eastern Tianshan Mountains. Interestingly, we
found that the reconstruction in this study is significantly cor-
related with mid-high latitude Pacific and Atlantic SSTs, and
that the overall relevant sea area is connected to the westerly
circulation belt (Fig. 10a). The potential relationship between
the winter NAO and spring-summer temperatures in this area
requires further study.

The existence of high frequency variation periods of 2.1 to
2.3 and 9.8 years are observed in the reconstruction in this
paper. These cycles are also referred to in studies of
interdecadal climate change and the North Atlantic
Oscillation (Hurrell and Loon 1997). They are also very sim-
ilar to the 2- to 4-year and the 7- to 8-year cycles of the NAO

index series reconstructed by Cook et al. (2002) using a vari-
ety of proxy data. These similar periodic correlations show
that this reconstruction contains rich information about varia-
tions in the NAO, and that the NAO positively affects temper-
ature in the study area. Moreover, the periods of 2.1 to 2.3 and
9.8 years imply that the temperature changes in the study area
may also be related to the Pacific Decadal Oscillation (PDO;
Fig. 10a; Chen et al. 2012).

4.4 Connection between the reconstruction series and
strong volcanic eruptions

Our analysis reveals a significant drop in mean temperature in
the eastern Tianshan Mountains in the third year after strong
volcanic eruptions (Fig. 11b). Chen et al. (2017) compared a
historical record of volcanic eruptions with a tree-ring density
reconstruction series for Central Asia and found that temper-
atures in the second year following a major volcanic eruption
were 0.4 °C lower than the mean value of the reconstruction.
Strong volcanic eruptions occurring at low latitudes were also
found to cause cooling in the eastern TianshanMountains, but
the correlation does not reach a 95% significance level
(Fig. 11a). Temperatures drop most significantly in the third
year following an eruption, reaching a 95% confidence level.
After this point, the influence of the eruption on climate grad-
ually diminishes (Fig. 11b). In studying the impact of volcanic
eruptions on China’s climate over the past 50 years, Jia (2001)
found that a 3-year lag between the time of the eruption and its
observed influence on temperatures in China. Additionally,
Shi et al. (2015) used an integrated tree-ring reconstruction
to analyze the mean annual temperature change following
strong volcanic eruption in the Northern Hemisphere over
the past 2000 years. They found that the impact of volcanic

Fig. 11 Superposed epoch analyses center on ten large volcanic eruptions
(VEI ≥ 5) that have occurred in the past 252 years. a The effect of a strong
volcanic eruption at 10° S–30° N on temperature in the eastern Tianshan
Mountains, Xinjiang. b Influence of a strong volcanic eruption north of
30° N on temperature in the eastern Tianshan Mountains, Xinjiang. The
green line represents a 95% confidence level
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eruptions on temperature is similar to that observed in this
study. It is common for volcanic eruptions to affect tempera-
tures, as previous studies have shown (Briffa et al. 1998; Man
et al. 2014).

Themechanism bywhich a strong volcanic eruption affects
temperature (Robock 2000) is that a large amount of sulfur
gases is entrained in the atmosphere to form sulfate aerosols,
which attenuate solar radiation and thereby reduce surface
temperatures (D’Arrigo and Jacoby 1999). Robock (2000)
noted that strong volcanic eruptions affect a wide range of
climate systems, such as the air-sea cycle, causing surface
temperature changes. Using tree rings, Chen et al. (2016a, b,
c, 2017) discussed the impact of the 1783 Icelandic Laki erup-
tion on temperature in northern Xinjiang and northeastern
Kazakhstan. They identified 1783 as the coldest year, but
our reconstruction suggests that 1786 was the coldest year
(Fig. 11b). This difference is likely due to the fact that the
impact of volcanic eruptions depends on the timing of the
eruption, the regional climate, etc. (D’Arrigo and Jacoby
1999; D’Arrigo et al. 2013; Robock and Mao 1992). Esper
et al. (2013) also found geographical differences in the impact
of strong volcanic eruptions on European temperatures.

The westerly circulation dominates the climate of Xinjiang.
As a result, aerosols formed by volcanic ash are likely to
accumulate first in the upper North Atlantic and then be
transported to western Siberia and Xinjiang by the down-
stream westerly circulation (Chen et al. 2017; Schmidt et al.
2011). It is also possible that volcanic eruptions affect the
current of the North Atlantic Ocean (D’Arrigo and Jacoby
1999), resulting in changes in sea surface temperatures that
then affect the surrounding air masses.

5 Conclusions

This study provides further evidence that the growth of
Schrenk spruce in the eastern Tianshan Mountains of
Xinjiang is significantly influenced by mean March to
August temperatures. The region has experienced six warm
periods over the past 252 years: 1766–1792, 1803–1827,
1878–1886, 1904–1916, 1926–1935, and 1982–2015. The
reconstruction also indicates the occurrence of two significant
cold periods, 1821–1857 and 1931–1980. These results are in
agreement with previous studies in northern Xinjiang. The
observed warming trend since the 1980s is consistent with
the global trend. Over the past 252 years, the climate in the
eastern Tianshan Mountains has shifted between periods of
warm-dry and cold-wet. For the past 20 years, the region has
experienced a warming-wetting trend. The observed periods
of 69.6, 9.8–12, and 2.1–2.3 years indicate that temperature
changes in the eastern Tianshan Mountains are affected by
both internal and external factors. There is a strong positive
correlation between the reconstruction series and the winter

NAO. The fluctuation of the NAO in winter may affect tem-
peratures in the eastern Tianshan Mountains in Xinjiang as a
result of westerly circulation. However, the specific physical
mechanism needs further exploration.

With regard to the influence of volcanoes on climate, the
tree-ring record indicates that temperatures in the eastern
Tianshan Mountains decline in the 1–3 years following major
eruptions. This decline occursmost strongly during the second
year, reaching a 95% confidence level. The climate of this
region is primarily affected by eruptions in the middle and
high latitudes. This paper analyzes the relationship between
tree growth and volcanic activity but does not consider the
influence of the type and timing of eruptions.We hope to shed
more light on these factors in the future.
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