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Tree-ring δ18O evidence for the drought history of eastern
Tianshan Mountains, northwest China since 1700 AD
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ABSTRACT: We developed an annual tree-ring δ18O chronology from Larix sibirica in the eastern Tianshan Mountains
of northwestern China. Climatic response revealed that tree-ring δ18O was significantly positively correlated with the
mean and maximum July–August temperatures, whereas the July precipitation and relative humidity were significantly
negatively correlated with tree-ring δ18O. The self-calibrating Palmer drought severity index (sc_PDSI) in July–August was
significantly correlated with the tree-ring δ18O, which reflects the comprehensive effects of the three parameters on tree-ring
δ18O fractionation. We established a robust reconstruction of July–August sc_PDSI that accounted for 38.4% of the total
variance of sc_PDSI from 1959 to 2008. The sc_PDSI reconstruction yields new insights on past drought that were not
previously realized in other PDSI reconstructions (e.g. Monsoon Asia Drought Atlas) from the region. The reconstruction
revealed several wet and dry periods but no trend towards a wetter climate in the eastern Tianshan Mountains during the
last two decades. It also detected synergistic effects of the North Atlantic Oscillation and the El Niño-Southern Oscillation
on regional moisture conditions as a result of teleconnections between tropical oceans and mid-latitude circulation patterns.
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1. Introduction

In recent decades, drought events appear to be increasing
in intensity and frequency in response to climate warming
over Asia (Easterling et al., 2000), especially in semi-
arid to arid regions such as northern China (Ma and
Fu, 2006). It is thus important to understand drought
patterns over long-time scale as well as the mechanisms
responsible for these patterns. Understanding climate
variability and long-term trends in moisture variability
for periods before instrumental data is available is vital
to regional hydrological management and agriculture.

The Palmer drought severity index (PDSI) is often
used as a drought metric because it can assess the
severity of drought conditions (Palmer, 1965). PDSI
has been used to study the drought variability over the
Asia (Cook et al., 2010), northern China (Fang et al.,
2012) and the central Tianshan Mountains of northwest-
ern China (Li et al., 2006) in combination with tree-ring
width. One of the most common problems of PDSI is
that PDSI values are not comparable between diverse
climatological regions (Wells et al., 2004). Efforts to
address major problems of PDSI have led to a new
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variant of the PDSI, the self-calibrating PDSI (sc_PDSI)
(Wells et al., 2004), which has been used to assess
the drought (Dai, 2011). Tree-ring oxygen isotope ratio
(δ18O) series have an advantage for PDSI reconstruc-
tion in that the physiological controls on the isotopic
composition are well understood and relatively simple
compared to many factors that control tree-ring growth
(Roden and Ehleringer, 2000; Roden et al., 2000; Water-
house et al., 2002; McCarroll and Loader, 2004; Treydte
et al., 2006; Sano et al., 2012a). Tree-ring δ18O is pri-
marily controlled by δ18O of source water and relative
humidity (e.g. Roden et al., 2000, Robertson et al., 2001;
McCarroll and Loader, 2004), both of which are directly
related to the regional moisture conditions (wet–dry
conditions). Tree-ring δ18O has been used successfully
to reconstruct PDSI, which was used to assess aridity
change and to detect possible linkage with atmospheric
circulations (Xu et al., 2011; Sano et al., 2012a, 2012b).
It has also been reported that tree-ring δ18O was much
more sensitive to PDSI than tree-ring width (Xu et al.,
2011). Another advantage of the tree-ring δ18O is that
this parameter is weak or little affected by the tree’s
age (Saurer et al., 2002; McCarroll and Loader, 2004;
Anchukaitis and Evans, 2010; Daux et al., 2011; Shi
et al., 2011; Young et al., 2011), except for a few studies
(Treydte et al., 2006; Esper et al., 2010).

Herein, we established a 309-year annual resolution
tree-ring δ18O chronology using Siberian larch (Larix
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Figure 1. Map of location of the sampling site and nearby PDSI data and meteorological stations. ID 220 (43.75◦N, 93.75◦), location of sc_PDSI
data from 1948 to 2008 (Dai, 2011) used in this study. ID 220 and ID 219 (41.25◦N, 93.75◦E), locations from the MADA dataset (Cook et al.,

2010).

sibirica Ldb) trees from the eastern Tianshan Mountains,
an important arid inland area of northwestern China.
The primary aim of the study was to detect the climatic
implication of the tree-ring δ18O series in this arid area.
Completion of this objective revealed a close association
with sc_PDSI, and this understanding was used to explore
potential sc_PDSI reconstruction and to understand the
history and possible driving forces which are responsible
for the variability in drought intensity in the region.

2. Materials and methods

2.1. Study site and wood samples

The study area is located in the Hami region of the
eastern Tianshan Mountains (Figure 1). Owing to its
location within the interior of the Eurasian continent, lit-
tle moisture reaches this region from the Pacific Ocean,
Arctic Ocean and Indian Ocean. The central Asia west-
erly circulation has been shown to dominate the study
area’s climate in all seasons based on precipitation iso-
topic data and climatic reanalysis data (Dai et al., 2006;
Tian et al., 2007; Li et al., 2008; Liu et al., 2009b;
Rashed et al., 2010). The virgin forest in the areas of
the Tianshan Mountains is found at elevations rang-
ing from 1800 to 2750 m a.s.l., and the dominant tree
species are Siberian larch and Tianshan spruce (Picea
schrenkiana). The Siberian larch with resistance to both
cold and drought is distributed at higher elevations than
the spruce. The Siberian larch forms surface root sys-
tems as well as adventitious roots; therefore, it has a
shallow root system (Abaimov, 2010). The larch forms

pure stands with a crown cover of 10–15% and a dis-
tance of about 10 m between trees at the sampling site
(43.31◦N, 93.96◦E; Figure 1). The growing season for
larch is from May to September in the study area (Zhou
et al., 1989). We collected 43 tree-ring cores (two cores
per tree) from old-growth larch growing at altitudes rang-
ing from 2710 to 2740 m a.s.l. at the upper treeline using
a 12-mm diameter increment borer (Haglöf, Mora, Swe-
den) at breast height (about 1.3 m above the ground) in
September 2008.

All cores were air-dried and then polished using
progressively finer grades of sandpaper. After the cel-
lular structure had been clearly revealed, all cores
were visually cross-dated using a standard methodol-
ogy (Stokes and Smiley, 1968), resulting in the abso-
lute assignment of calendar years to every growth year.
We measured all cross-dated growth rings to a pre-
cision of 0.01 mm using a sliding stage micrometer
(LINTAB 6; Rinntech, Heidelberg, Germany) interfaced
with a computer using the time series analysis and pre-
sentation features of the device’s dendrochronological
software (Rinn, 2003). We confirmed the cross-dating
using the cofecha software (Holmes, 1983) (http://www.
ncdc.noaa.gov/paleo/treering/cofecha/cofecha.html).

2.2. Tree-ring isotope analysis

We selected 13 cores (one core per tree) from trees
with homogeneous growth patterns to obtain enough
wood material. Many rings were narrow or had indistinct
latewood, so we used the whole wood from each year
for the isotopic analyses (Liu et al., 2009a). We then
pooled the contemporaneous annual wood samples prior
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Figure 2. (a) Tree-ring δ18O series for the entire period covered by our data and (b) the number of cores available during each period for the
isotopic analyses.

to α-cellulose extraction without considering the different
contribution of single trees (Leavitt, 2008; Liu et al.,
2009a; Shi et al., 2011; Szymczak et al., 2012), and
discarded the initial 30 years of every core to negate
the potential for juvenile effects (Szymczak et al., 2012).
We first milled the pooled annual samples (< 80 μm),
and then extracted α-cellulose using methods of Loader
et al. (1997) and Liu et al. (2010). To better homogenize
the cellulose, we used an ultrasound machine (JY92-2D,
Scientz Industry, Ningbo, China) to break the cellulose
fibres, following the method of Laumer et al. (2009).

For the δ18O measurements, we loaded 0.14–0.16 mg
of α-cellulose into silver capsules, and determined
the isotope ratio (18O/16O) using a High Temperature
Conversion Elemental Analyzer coupled to a Finnigan
MAT-253 mass spectrometer (Thermo Electron Corpo-
ration, Bremen, Germany) at the state key laboratory
of cryospheric sciences, Chinese Academy of Sciences.
The δ18O analyses were repeated four times for each
annual cellulose sample. After excluding the outliers
(values more than three times the standard deviation
from the mean), we calculated the mean values. We
measured the ratio for a benzoic acid working standard
with a known δ18O value (IAEA-601, 23.3‰) for every
seven measurements to monitor the analytical precision
and to calibrate the samples for analytical accuracy. We
also used a cellulose standard (IAEA-C3, 32.2‰) and
commercial cellulose (Fluka Analytical, Sigma-Aldrich,
Buchs, Germany, 28.2‰) to calibrate the tree-ring δ18O
measurements. Although the cellulose standards were
not identical treatment to α-cellulose samples procedure
as proposed by Porter and Middlestead (2012), the δ18O
value has acceptable reproducibility for the benzoic
acid (σ < 0.18‰, n = 120) and cellulose standards
(σ < 0.17‰, n = 130 for IAEA-C3; σ < 0.13‰, n = 320
for commercial cellulose) for this project. The mean
analytical precision value of 0.34‰ (2σ ) for δ18O is
acceptable. The final δ18O isotope chronology covered
the period from 1700 to 2008 with more than four trees
(Figure 2), which is sufficient to achieve an acceptable

result of site δ18O chronology as suggested by some
tree-ring isotope studies (Treydte et al., 2006; Leavitt,
2010; Shi et al., 2011, Porter et al., 2013).

2.3. Meteorological data

To determine the response of the tree-ring oxygen to
climate, we obtained climatic records from the Yiwu
meteorological station (43.27◦N, 94.7◦E, 1729.5 m a.s.l.;
Figure 1) which is the nearest station (about 40 km) to
the tree sampling site. The climatic variables included the
monthly maximum, minimum and mean temperatures,
and the monthly precipitation and mean monthly relative
humidity. All of the climatic data covered the period
from 1959 to 2008. We also compared a sc_PDSI dataset
(43.75◦, 93.75◦) which spanned from 1948 to 2008 and
was extracted from a global sc_PDSI dataset (Dai et al.,
2004; Dai, 2011). It should be noted that the quality of
the sc_PDSI data for western China degrades before the
1950s, because most of the meteorological records in our
study area are available after the late 1950s. We only
used the sc_PDSI during the common period (from 1959
to 2008) with the meteorological records to calibrate the
tree-ring δ18O chronology. The sc_PDSI data from 1948
to 1958, interpolated using nearby meteorological records
(Dai, 2011), are used for verification.

The North Atlantic Oscillation (NAO) index represents
the strength of the westerly circulation (Hurrell et al.,
2001; Li and Wang, 2003; Pinto and Raible, 2012). A
new NAO index was recently defined based on the dif-
ferences between normalized sea-level pressure averaged
over longitudes 80◦W–30◦W (Li and Wang, 2003), using
data from 1873 to the present. The new index has a high
signal-to-noise ratio, and does a good job of describ-
ing the seasonal migration of the NAO’s action centers
(Li and Wang, 2003). Therefore, we adopted this NAO
index to detect the influence of the westerly circulation
on the region climate. The El Niño-Southern Oscillation
(ENSO) has global teleconnections that influence climate
over long distance (Yeh et al., 2009), and influences the
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drought frequency and severity at mid-latitudes (Hoerling
and Kumar, 2003) such as those in central and south-
western Asia (Barlow et al., 2002). We therefore also
used the Niño 3.4 index from 1856 to 2008 (Kaplan
et al., 1998) (http://www.cpc.ncep.noaa.gov) to investi-
gate possible linkages with the regional climate of the
study area.

2.4. Statistical and transfer function

To investigate the climate signals in tree-ring isotope
series, we calculate its Pearson correlations with climate
data. We applied bootstrap resampling methods (Wigley
et al., 1984; Davison and Hinkley, 1997) to verify the
reliability and stability of these correlations. The window
for the response of tree-ring δ18O to climate spanned the
period from August of the prior year to September of the
current year. We estimated a transfer function by means
of linear regression using the sc_PDSI in July–August
(JA) (which had the strongest correlation with δ18O;
see the results for details) as the dependent variable
and the tree-ring δ18O as the independent variable. The
sc_PDSI data set from 1959 to 2008 was split into two
sub-periods for separate calibration (30 year period) and
verification (20 year period) of the dendroclimatic model
(Fritts, 1976). We also used sc_PDSI data set from 1959
to 2008 and leave-one-out validation method to verify our
reconstruction model. The sign test (ST), correlation coef-
ficient (r), coefficient of efficiency (CE) and reduction of
error (RE) were used to validate the reconstruction (Cook
and Kairiukstis 1990). The spatial correlation between
the reconstruction and the gridded University Corpora-
tion for Atmospheric Research (UCAR) sc_PDSI (Dai
et al., 2004) and standardized precipitation evapotranspi-
ration index (SPEI) (Vicente-Serrano et al., 2010) data
was conducted to verify the reconstruction. In order to
validate the reconstruction, it was compared with several
moisture reconstructions. We also examined the possibil-
ity of large-scale climate drivers (i.e. NAO and ENSO) of
moisture conditions at decadal and multi-decadal scales
using the fast Fourier transform (FFT) filters (Bergland,
1969). To detect the decadal variation of ENSO and NAO
and retain the cycle signals from NAO, we adopted a
band-pass filter that preserved the signals at scales of
10–60 years.

3. Results and discussions

3.1. Pooled method and tree-ring δ18O chronology

As suggested by Shi et al. (2011), the pooled mea-
surement of tree-ring δ18O without regard to mass is
consistent with the mean values of several individuals
measured separately. Several other researches have
documented the similar findings for carbon and oxygen
in tree rings (Leavitt, 2008; Kress et al., 2010; Leavitt,
2010; Liñán et al., 2011; Szymczak et al., 2012). Herein,
we consider the pooling method without regard to mass
to be an acceptable method for producing a reliable δ18O

chronology, although we acknowledge its limitations
with respect to calculating signal strength and inter-tree
variability statistics.

The δ18O in tree rings averaged 31.3 ± 1.16‰
(mean ± 1σ ; Figure 2) during the study period (1700–
2008). The mean δ18O value of the tree-ring chronology
is in the range of the European tree-ring δ18O network
for Pinus (from 26.37 to 33.58‰) (Treydte et al., 2007).
The standard deviation (1.16) and the variance (1.35)
of the series were low and the range of value in the
chronology was 6.67‰. The maximum and minimum
values occurred in 1855 (34.33‰) and 1921 (27.65‰),
respectively.

3.2. Relationship between tree-ring δ18O and climate

Temperatures (maximum and mean), precipitation and
relative humidity in various months showed significant
correlations with tree-ring δ18O (Figure 3(a) and (b)). The
maximum and mean temperatures from May to August
were significantly positively correlated with the tree-ring
δ18O (Figure 3(a)). The correlation coefficient reached a
maximum of 0.47 (p < 0.01) and 0.53 (p < 0.01), respec-
tively, for mean temperature and maximum tempera-
ture in July–August. Significant correlations were also
detected between tree-ring δ18O and relative humidity
in the previous December, in March, May and July,
and precipitation in March and July (Figure 3(b)). Tree-
ring δ18O was also significantly negatively correlated
with the precipitation (r = −0.38, p < 0.01) and relative
humidity (r = −0.54, p < 0.001) in July–August. The
relative humidity and mean temperature in July–August
explained the variations of tree-ring δ18O about 29.5%
(p < 0.001) and 21.8% (p < 0.001), respectively. Signif-
icant negative correlations were also detected between
the sc_PDSI values from the previous December to
the current September and the tree-ring δ18O and the
strongest correlations were 0.71 in July (p < 0.01) and
0.65 (p < 0.01) in July–August.

Tree-ring δ18O was significantly influenced by the rel-
ative humidity (Figure 3(b)), and similar results were
obtained in previous studies (Roden et al., 2000; Robert-
son et al., 2001; Waterhouse et al., 2002; Liu et al.,
2012). As relative humidity controls evaporative enrich-
ment of the δ18O of leaf water, lower relative humidity
causes a higher vapour-pressure gradient between the
leaf’s interstitial spaces and the ambient atmosphere,
resulting in transpiration enrichment in 18O of the δ18O
of leaf water (Roden et al., 2000; Sano et al., 2012a). As
a result, the tree-ring δ18O models (Roden et al., 2000;
Waterhouse et al., 2002; McCarroll and Loader, 2004;
Sternberg, 2009) suggest that the variation of the relative
humidity will leave its fingerprints in the tree-ring δ18O.
Precipitation and relative humidity are also closely asso-
ciated, which in turn controls the degree of evaporative
enrichment of leaf water δ18O (Roden et al., 2000), and
therefore controls tree-ring δ18O.

Temperature indirectly influences the tree-ring δ18O
by changing the ambient moisture conditions (e.g.
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Figure 3. (a, b) The values of Pearson’s correlation coefficient between the tree-ring δ18O and climatic variables at the Yiwu station and the
sc_PDSI data from 1959 to 2008, (c) the relationship between tree-ring δ18O and corresponding July–August (JA) sc_PDSI data, and (d) the
relationship between tree-ring δ18O and the residuals of the linear models in (c), (e) the relationship between reconstructed sc_PDSI from 1959
to 2008 and the residuals of the linear models in (c), and (f) the gridded sc_PDSI data and the reconstructed sc_PDSI time series since 1959. The
grey shaded area depicted the uncertainties of reconstruction (see text for details). (a, b) Months followed by ‘/p’ indicate values in the previous
year. JA represents the mean value July and August of the current growing season. The dashed lines indicate the 95% confidence intervals. Bars

that extend outside the confidence interval represent statistically significant results.
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evaporation and transpiration), and this is particularly
true in July and August, which are the warmest months
in our study area. More specifically, the increasing
temperatures increase evaporation of soil water, resulting
in a depletion of lighter isotopes from the soil water
(Sano et al., 2012a), and this is reflected in the water
taken up by trees. In addition, δ18O of the source water
is also a primary factor affecting tree-ring δ18O (Roden
et al., 2000; McCarroll and Loader, 2004). δ18O of
precipitation in the region is controlled by temperature
with a positive effect (Liu et al., 2009b) because of the
Rayleigh distillation, which is named ‘temperature effect’
(Dansgaard, 1964). As a shallow root system species, the
source water of the larch is primarily from the precipita-
tion. As a consequence, tree-ring δ18O of larch recorded
temperature signal to some degree due to the linkage
between precipitation δ18O and temperature. Our results
indicated that tree-ring δ18O increases with increasing
temperature and with decreasing precipitation and
relative humidity (Figure 3(a) and (b)), and thus depends
strongly on moisture conditions. The PDSI could describe
drought events well because it is estimated through
a water-balance model that accounts for temperature,
precipitation and soil characteristic (Palmer, 1965; Dai
et al., 2004; Dai, 2011). The sc_PDSI was strongly and
significantly negatively correlated with the tree-ring δ18O
in July and August, which reflects the comprehensive
influence of the climatic factors embodied in sc_PDSI
on tree-ring δ18O. The sc_PDSI in July and August was
the most meaningful single variable that explained the
variation in our δ18O chronology based on its climate
response.

3.3. Calibration and verification

On the basis of tree-ring δ18O-climate relationships
described in Section 3.2, we used tree-ring δ18O as
independent variable and sc_PDSI in July–August as
the dependent variable to establish a transfer function.
The resulting reconstruction accounted for 38.4% (after
adjusted the degree of freedom) of the total variance dur-
ing the validation period from 1959 to 2008 (Figure 3(c)).
The transfer function was significant (F = 32.51,
p < 0.001). The residuals of the regression model showed
normal distribution with a Shapiro–Wilk value of 0.98
(p = 0.55). Figure 3(d) showed that the residuals of the
linear model did not vary with the tree-ring δ18O values.
This suggested that the residuals of the linear model had

homogeneity of variance. The residuals had no significant
trend with the predicted sc_PDSI (Figure 3(e)). The linear
model had Durbin–Watson value of 1.55 and no signif-
icant autocorrelation was detected in the residual series.
All of above suggested that the regression was valid
to represent the relationship between the July–August
sc_PDSI and the tree-ring δ18O. The uncertainty of the
reconstructed sc_PDSI arises mainly from uncertainty of
the model and the δ18O measurements (Figure 2). We
estimated the uncertainty associated with the linear model
using bootstrap method. A calibration set (2/3 of the data)
was sampled with replacement, the best linear model was
estimated on this data and the quality of the reconstruc-
tion was assessed by the rest of the data (verification
sample). After 1000 iterations of this method, we esti-
mated the uncertainty on the sc_PDSI as the mean stan-
dard deviations of the verification residuals (2.19). Then,
the uncertainties of the δ18O measurements were added
through multiplication by the constant coefficient in the
linear model.

The statistics of calibration and verification indicated
that the model was applicable with positive RE and CE,
and significant r and ST except for the verification period
from 1948 to 1958 (Table 1). The insignificant veri-
fication statistics from 1948 to 1958 might arise from
the degradation of the data of sc_PDSI due to the data
interpolated from the near meteorological stations. The
results of the leave-one-out method also demonstrated
that the transfer function was valid, with a RE and CE
both of 0.35, a correlation coefficient of 0.63 and a sign
test of 40+/10− (p < 0.01). The reconstruction of the
July–August sc_PDSI was consistent with the gridded
values from 1959 to 2008 (Figure 3(f)). Results of the
spatial correlation analysis showed that the reconstruc-
tion reflected a broad range of drought variability in the
northwestern China, Western Mongolia and parts of cen-
tral Asia. The strongest UCAR 1900–2008 correlations
coincided with the study region. The pattern of the spatial
correlation between reconstruction and UCAR sc_PDSI
were similar for the two periods of from 1950 to 2008
and from 1900 to 2008, but the strength was stronger for
the period of from 1950 to 2008 (Figure 4(a) and (b)).
The spatial correlation pattern between reconstruction and
SPEI was similar to the UCAR sc_PDSI (Figure 4(a)
and (c)). These evidences further suggest that the recon-
struction is robust, and agrees with reanalysis datasets
(i.e. UCAR sc_PDSI and SPEI) that extend further back
in time.

Table 1. Calibration/verification statistics for the reconstructed sc_PDSI in July and August; the calibration was performed over
a 30-year interval. The results of the leave-one-out validation method.

Calibration r ST Verification r RE CE ST

1959–1988 0.60** 23/7* 1989–2008 0.69** 0.41 0.43 17/3*
1989–2008 0.69** 17/3* 1959–1988 0.60** 0.28 0.32 23/7*
1979–2008 0.70** 24/6* 1959–1978 0.52** 0.19 0.15 16/4*
1959–2008 0.63** 40/10** 1948–1958 0.06ns −0.65 −0.4 6/5ns

Leave-one-out 1959–2008 0.63** 40/10** 0.35 0.35

ns, not significant. *p < 0.05. **p < 0.01.

© 2013 Royal Meteorological Society Int. J. Climatol. 34: 3336–3347 (2014)
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Figure 4. Spatial correlation (p < 0.1) pattern of the reconstruction with the sc_PDSI data from the regional grid (UCAR; Dai, 2011) from 1950
to 2008 (a) and from 1900 to 2008 (b); and (c) with the SPEI data (Vicente-Serrano et al., 2010) from 1901 to 2008. The black dots represent

sampling site. The analyses were accomplished using the KNMI Climate Explorer software (http://climexp.knmi.nl).

3.4. Reconstruction and validation of July–August
sc_PDSI

The past 309-year July–August sc_PDSI were recon-
structed by applying the transfer function. The regional
moisture conditions became wetter from 1700 to 1850
(slope = 0.02, R2 = 0.13, p < 0.001) and drier from
1993 to 2008 (slope = −0.25, R2 = 0.37, p = 0.008;
Figure 5(a)). We conducted a regime shift analysis to test
the mean value shift of our reconstruction using software
Regime Shift Detection v3.2 (Rodionov, 2006). We
found six major regime shifts in years 1710, 1785, 1808,
1830, 1855, 1898 and 2006. During the 19th century,
the sc_PDSI showed three regime shift periods, which
indicated that the moisture conditions were not stable in
this period. The dry period (with sc_PDSI relative lower
values) occurred from 1700 to the 1780s, from the 1810s
to the 1820s, from the 1850s to the 1890s and the 2000s.
The wet periods (with sc_PDSI relative higher value)
occurred from 1780 to the 1800s, from the 1830s to 1850
and the whole 20th century (Figure 5(a) and (b)). The
extreme years are defined as those reconstructed residual
sc_PDSI values exceeding 1.5 standard deviation from
the base level (thick solid lines in Figure 5(a)). In total,
there was 35 extreme years (accounted for 11.3% of total
years) during the past 309 years. The extreme dry years
(downward bars) were concentrated in the period from
1700 to 1730, whereas the extreme wet years (upward
bars) were concentrated in the period from the 1740s to
the 1770s and from the 1880s to the 1920s.

Several moisture-sensitive tree-ring records in the area
surrounding our study area provide evidence to validate
our sc_PDSI reconstruction (Figure 5). Our reconstruc-
tion showed a high correlation with the PDSI recon-
struction in June–July–August (JJA) from the Monsoon
Asia Drought Atlas (MADA) (Cook et al., 2010) at the
grid 220 (43.75◦93.75◦; Figures 1 and 5(c)) and grid
219 (41◦25′N, 93.75◦E; Figures 1 and 5(d)) with cor-
relation coefficients of 0.26 and 0.28 (p < 0.01, n = 306)
covering the common period from 1700 to 2005, respec-
tively. These correlation coefficients reached to 0.65 and
0.56 during the instrumental period (1959–2005) for grid
220 and 219, respectively. But the correlation between
our reconstruction and MADA PDSI was relatively low
(0.40 and 0.55) during the period of 1900–1958, espe-
cially from 1920 to 1958 (r = 0.08 and r = 0.23, p > 0.1).
This indicated that the coherence between reconstructed

sc_PDSI and MADA PDSI was not strong during the
early 20th century. The different signal window (i.e. JA
vs JJA) and site-specific reconstruction may cause this
discrepancy. During the past century (1900–2005), the
correlation between this reconstruction and the MADA
(Cook et al., 2010) attained to 0.47 and 0.48 for grid
220 and 219, respectively. In addition, the dry periods
occurred from 1707 to the 1730s, and during the 1850s,
the 1930s and the 1970s. The wet periods occurred dur-
ing the 1780s, the 1800s, from 1950 to the 1960s and
from 1980 to the 1990s, which agree with the results
of the MADA results. The wetter 20th century agreed
with the results of MADA (Cook et al., 2010) in the
Miquan, the central Tianshan Mountain (Li et al., 2006)
(Figure 5(e)) and in northern Pakistan (Treydte et al.,
2006) (Figure 5(f)). The wet period from 1780 to 1800
also occurred in the Miquan results (Li et al., 2006), a
period that corresponds to a strong advance of the Glacier
NO.1 in the source area of the Urumqi River, in the cen-
tral of the Tianshan Mountains, around 1770 ± 20 years
(Chen, 1989). The dry period from 1700 to 1780s was
agreed with the less precipitation in northern Pakistan
(Treydte et al., 2006).

However, some discrepancies also existed among
different reconstructions during several periods. The
reconstructed sc_PDSI showed differing changes from
MADA PDSI, Miquan PDSI and precipitation in north-
ern Pakistan from 1750 to 1780. During the period of
1810–1870, sc_PDSI reconstruction was less coordinated
with the Miquan PDSI and precipitation in northern Pak-
istan. The sc_PDSI reconstruction was different from
the Miquan PDSI from 1950 to 2002, but showed sim-
ilar fluctuations with MADA PDSI during this period.
Our reconstruction showed no significant correlation with
the patterns of PDSI in April to June from Miquan (Li
et al., 2006) and annual precipitation in northern Pak-
istan (Treydte et al., 2006). The discrepancies may have
resulted from the local setting and seasonal characteris-
tics over the regions. The different signal window among
the reconstruction may also cause the discrepancies. For
example, the sc_PDSI reconstruction spanned from July
to August, the MADA PDSI is from June to August,
while the Miquan PDSI is from April to June.

The reconstruction showed a decreasing trend from the
1990s to 2008, which was similar to the result of MADA
(Cook et al., 2010). But this result differed from the result
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Figure 5. (a) Reconstructed July–August sc_PDSI with its regime shift. The black line is the reconstructed sc_PDSI, with its uncertainty showed
in grey shading (±1σ ), the thick solid line is the regime shifts (cutoff length =10 years, confident at 95%); the thick dashed lines represent the
regression of sc_PDSI with the time, respectively, during 1700–1850 and 1993–2008; the upward and downward bars corresponded to extreme
wet/dry years (see text for details). Comparisons between (b) the present sc_PDSI reconstruction and (c, d) the gridded (ID 219 and ID 220)
June to August (JJA) PDSI data from the MADA dataset (Cook et al., 2010), (e) the April to June (AMJ) PDSI in Miquan (Li et al., 2006); and
(f) annual precipitation reconstruction in northern Pakistan (Treydte et al., 2006). The central line represents the long-term mean value. (b–f)

Smoothed results based on 10-year FFT.

of the Shi et al. (2007), who reported a warmer and
wetter trend since 1987 in the northern part of Xinjiang
region. Our results demonstrated that the moisture levels
have not been increasing during last two decades in the
eastern Tianshan Mountains, which is confirmed by the
results of other studies (Ma et al., 2005; Zou et al., 2005).
As moisture levels are regionally variable, representation
of many regions is needed to understand hydroclimatic
changes over long-time scales in China.

Over the long term, our sc_PDSI reconstruction
captured more of the low-frequency of variations
than in the MADA dataset (Cook et al., 2010) before
1950 (Figure 5). One possible explanation arises from
differences in the calibration approaches and instru-
mental ‘targets’ (Esper et al., 2005). In the MADA
reconstruction, the calibration period for PDSI values
was from 1951 to 1989, and the verification period was
from 1920 to 1950, and the series ended in 1989 (Cook
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et al., 2010). Instrumental data from 1990 to 2005 were
appended to the ends of the MADA datasets (NOAA
Paleoclimatology, http://www.ncdc.noaa.gov/paleo).
The sc_PDSI data before the instrument period were
interpolated from meteorological records recorded in
surrounding areas (Dai et al., 2004; Dai, 2011). Thus, the
quality of that data for northwestern China is degraded
before the instrument period. Our reconstruction used
these relatively precise data as calibrate data, and thereby
obtained robust results in the reconstruction. In addition,
the PDSI in MADA (Cook et al., 2010) combined many
remote datasets based on a large search radius (e.g.
1000 km) to locate the candidate tree-ring predictors,
and thus lost some local information and bring some
uncertainties. Our reconstruction contained more local
drought information about period of less intense dryness
or wetness at local scales. Similar discrepancies between
the PDSI reconstruction from the MADA datasets and
site-based reconstructions were also founded in northern
China (Fang et al., 2012). Last but not least, the influence
of the detrending method used for the tree-ring width
data may have caused some discrepancies. The standard-
ization procedure that is used to remove any nonclimatic
variability retained in the ring-width measurements often
results in a loss of data on climate variations on centen-
nial and longer time scales (Cook et al., 1995), although
this can be largely overcome by proper treatment using
methods such as regional curve standardization by
applying a large number of ring-width series (Esper
et al., 2002; Schweingruber, 2003). In contrast, tree-ring
δ18O series are not processed by data-adaptive curve
fitting, and so there is no potential loss of low-frequency
variability in δ18O-based climate reconstructions.

3.5. Linkages to NAO and ENSO

Our reconstruction showed fluctuations similar to those of
the July–August NAO index in most of the common peri-
ods with a weak correlation coefficient 0.15 (p = 0.07)
from 1873 to 2008 (Figure 6(a) and (b)). That suggests
that the NAO might influence moisture conditions in the
eastern Tianshan Mountains in the long term. Changes in
the NAO phase are associated with characteristic changes
in surface temperature, precipitation and storm tracks
over the Mediterranean Basin and Eurasia (Dickson et al.,
2000). In northwestern China, the atmospheric moisture
flux is mainly transported by the westerly circulation
(Feng et al., 2004; Li et al., 2008), and moist air in our
study area mainly comes from the west, northwest and
north (Dai et al., 2006; Liu et al., 2009b; Yang et al.,
2010). The NAO represents the strength of the west-
erly circulation (Hurrell et al., 2001; Li and Wang, 2003;
Pinto and Raible, 2012). When the NAO is in its posi-
tive phase, the water flux convergence in our study area
is strong, resulting in increased water vapour concentra-
tions and precipitation, whereas the negative phase of
the NAO decreases water vapour and precipitation as a
result of divergence of water flux (Li et al., 2008). Other
evidence suggested the existence of anomalous conver-
gences in lower layers of the atmosphere and divergences
in the upper layers of the atmosphere that correspond to
an anomalous barotropical depression over central and
eastern Asia and our study area during a summer when
the NAO is in its positive phase (Sun and Wang, 2012).
Therefore, the positive (negative) phase of the NAO cor-
responded to wetter (dry) regional moisture conditions.
However, we also noted periods when the relationships

Figure 6. Comparisons between (a) our sc_PDSI reconstruction and (b) the NAO index in July–August (Li and Wang, 2003), and (c) the Niño
3.4 index data from January to April for 1856–2008 (Kaplan et al., 1998; http://www.cpc.ncep.noaa.gov). In all graphs, we only showed the
values during their common periods (1873–2008), and values (heavy lines) are the smoothed results based on a FFT band-pass filter to retain
the signals at scales from 10 to 60 years. The two shaded periods (around the 1900s and from 1950 to 1975) represent times when the three

series showed different trends.

© 2013 Royal Meteorological Society Int. J. Climatol. 34: 3336–3347 (2014)



EASTERN TIANSHAN DROUGHT HISTORY BASED ON TREE-RING δ18O 3345

between the NAO and sc_PDSI were disturbed, such as
around 1890 to 1910 and 1950 to 1975, suggesting that
other factors might affect the variation in moisture con-
dition in our study area during certain periods.

The variations in NAO are associated with the ENSO
(Melo-Gonçalves et al., 2005). The NAO and ENSO
phenomena both affect the precipitation in central and
southwestern Asia (Syed et al., 2006; 2010). In this study,
the sc_PDSI reconstruction was weakly but significantly
correlated (r = 0.31, p = 0.0002, n = 136) with the Niño
3.4 index from January to April for the period from 1856
to 2008. The sc_PDSI reconstruction follows the Nino 3.4
index at both annual and longer scales (Figure 6(a) and
(c)). These results suggest that ENSO might also affect
the moisture conditions in the study area. Similar results
have also been reported for the correlation with tree-ring
width index from the middle of the Tianshan Mountains
(Li et al., 2010).

On the basis of precipitation data in the northern Xin-
jiang region, several studies have found that during the
warm phase of ENSO, El Niño, the 4-month-lagged pre-
cipitation was greater than that in normal years, whereas
precipitation was lower during the cold phase, La Niña
(Li, 1989; Ren, 1989; Zhang and Chen, 2001). The rela-
tionship between sc_PDSI reconstruction and ENSO is
in good agreement with recent studies that have sug-
gested that the drought in central and southwestern Asia
results from the cold phase of ENSO in the tropical
oceans (Barlow et al., 2002; Hoerling and Kumar, 2003).
Climate models have consistently demonstrated that dry-
ing over central Asia is linked with temperature varia-
tions in the oceans (Hoerling and Kumar, 2003; Mariotti,
2007). The interaction between the tropical and mid-
latitude climates occurs when the warmer ENSO phase
induces an anomalous southwesterly moisture flux (Mar-
iotti, 2007). The increased southwesterly moisture flux
brings abundant moisture into central and southwestern
Asia, causing increased precipitation (Zhao et al., 2006;
Mariotti, 2007). During the ENSO cold phase, southwest-
erly moisture flux decreases, leading to decreased transfer
of moisture into central and southwestern Asian, leading
to drought (Hoerling and Kumar, 2003; Mariotti, 2007).
Our result revealed that the linkages between drought and
ENSO were relatively stable in the long term.

The NAO and Niño3.4 index after band-pass filter
could explain 17.6% (r = 0.42, p < 0.01) of the total vari-
ations of sc_PDSI by multiple regression analysis. This
may suggest that synergy of the NAO and ENSO affects
the regional drought at the decadal scales. The ENSO sea
surface temperature affects the variation in NAO (Melo-
Gonçalves et al., 2005), and the interaction between the
two phenomena can therefore influence the frequency
and severity of drought in our study area (Hoerling and
Kumar, 2003). These linkages could explain the relation-
ships among the sc_PDSI reconstruction, the NAO index
and ENSO around the 1900s and from 1950 to 1975.
However, the relationships between the NAO internal
variability and ENSO in different period should be further
explored by the atmospheric modelling.

4. Conclusion

The availability of moisture is the primary factor that
controls tree-ring δ18O in the east Tianshan Mountains
of northwestern China, which is indicated by signifi-
cant positive correlations between tree-ring δ18O and
temperature (maximum and mean) and significant nega-
tive correlations with precipitation and relative humidity.
Sc_PDSI values in July–August, which integrate these
effects, were significantly negatively correlated with the
tree-ring δ18O, and we were able to establish a linear
regression model that could reconstruct the July–August
sc_PDSI series. The reconstruction showed similar trends
to those in the MADA PDSI dataset, but revealed pro-
found information on low-frequency variations in the
local moisture conditions, suggesting the need to develop
more drought reconstructions with different proxy param-
eters. Our reconstruction showed wet epochs from 1780
to the 1800s, from the 1830s to 1850 and during the 20th
century. Dry periods occurred from 1700 to the 1780s,
from the 1810s to the 1820s, from the1850s to the 1890s
and the 2000s. The variation in drought intensity was
likely linked with the NAO, but the relationship was also
disturbed by ENSO around the 1900s and from 1950 to
1975.
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