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Abstract We report a 1556 year-long tree-ring width chronology for the Hexi Corridor, in the arid Northwestern China,
established by applying the signal-free regional curve standardization method to 416 juniper ring-width series. We found that
drought in early summer (May–June) is the primary controlling factor for tree growth in this area. We then developed an early
summer moisture (i.e., scPDSI) reconstruction from 455 CE to present. Our reconstruction captures multi-centennial scale
moisture variations, showing two long-term dry periods during 800–950 CE and 1000–1200 CE, and two long-term wet periods
during 1200–1450 CE and 1510–1620 CE. We found strong similarities between hydroclimatic changes in the Hexi Corridor and
Qaidam Basin from interannual to centennial timescales; however, at multi-centennial (>300 years) timescales, hydroclimatic
variations in the two regions showed significant regional differences. The Hexi Corridor witnessed a generally dry Medieval
Climate Anomaly (MCA, here 800–1200 CE) and the drying 20th century, whereas the Qaidam Basin experienced high-
precipitation periods during the MCA and 20th century. The different correlation pattern with Northern Hemisphere temperature
suggest that the Qaidam Basin will receive more precipitation under global warming, whereas the Hexi Corridor will become
dryer in the future.
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1. Introduction

Evidence from observations suggests that global warming is
accompanied by an increasing frequency and severity of
droughts, as well as accelerated dry-land expansion, which
threaten both the environment and society (Dai, 2013; Huang
et al., 2015, 2017). Furthermore, it is suggested that more
frequent and widespread droughts will occur in the next
decades as a result of global warming increased evaporation
(Cook et al., 2015; Dai, 2013). Droughts have repeatedly
affected large populations, with the most negative con-
sequences occurring in arid and semi-arid areas during the

past millennia. Northwestern China is a typical arid region of
central Asia, accounting for about 30 percent of China’s total
territory. Drought is one of the most devastating natural
disasters affecting the people living in these ecologically
vulnerable regions. For example, the severe drought in
northern China in the 1920s and related famines and diseases
led to the death of about four million residents (Xu et al.,
1997). In contrast, with droughts lasting several years, a
mega-drought that lasts decades to centuries might constitute
one of the most serious threats to human welfare. Such mega-
droughts have been temporally associated with major cul-
tural imprints in China (Zhang et al., 2008), Mongolia
(Pederson et al., 2014), Cambodia (Buckley et al., 2010) and
Europe (Büntgen et al., 2011).
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Our knowledge of the characteristics of historical droughts
has been largely dependent on paleoclimate proxy records.
As a widely used paleoclimate proxy, tree rings from drought
sensitive sites provide annually resolved climate records
covering centuries or even millennia (Fritts, 1976). The Hexi
Corridor, located in a typically arid and semi-arid region of
northwestern China, is an ideal sampling site to research
dendroclimatology, yet very few dendrochronological stu-
dies have focused on this region (Chen et al., 2013; Liang et
al., 2009; Liu et al., 2016; Tian et al., 2007); the tree-ring
records in these studies only span time scales shorter than
250 years that are insufficient to reveal climate variability on
centennial timescales. In a previous study, we reported a 620
year-long precipitation reconstruction derived from 56 tree-
ring samples in the Hexi Corridor in the arid northwest China
(Yang et al., 2011). Thereafter, Gou et al. (2015b) extended
the chronology to 850 years before present. Nevertheless, it
may be possible to extend it further, potentially even over the
past millennium.
Many studies have focused on the medieval hydroclimate

anomalies and suggested a global mega-drought during the
medieval period (Diaz et al., 2011; Graham et al., 2010).
However, we still know little about hydroclimatic conditions
in the arid northwest China during the medieval period, due
to lack of accurately dated proxy records, and ambiguous
hydroclimate signals. During the past few years, we have
collected a large number of tree-ring samples in this region,
which increases our confidence in constructing a long-term
ring-width chronology covering the entire Medieval Climate
Anomaly (MCA, here 800–1200 CE) and the Little Ice Age
(LIA, here 1400–1900 CE) (Yang et al., 2002). In this study,
we report a 1556 year-long ring-width chronology for the
Hexi Corridor, using the Signal-Free Regional Curve Stan-
dardization (SF-RCS) methodology to calculate a chronol-
ogy based on 416 Qilian juniper ring-width samples. We use
this ring-width chronology to reconstruct the May–June
mean scPDSI (self-calibrating Palmer Drought Severity In-
dex) over the past 1556 years. This is the first millennium-
long, annually-resolved hydroclimate reconstruction for the
Hexi Corridor.

2. Materials and methods

2.1 Tree-ring data

Increment cores of Qilian juniper (Sabina przewalskii Kom.)
were systematically collected during the 2007–2012 sum-
mers from trees growing in juniper forests in Qifeng town,
Jiuquan city, Gansu Province, China (Figure 1). The forests
selected for sampling comprise open stands at elevations
between 3000 and 3520 m a.s.l (meter above sea level). In
total, 435 cores from 243 trees were sampled, including the
56 cores from 31 trees which were used to develop the ring-

width chronology in our previous study (Yang et al., 2011).
The ring widths of each tree core were measured to 0.01 mm
accuracy using the LINTABmeasuring system. The tree-ring
sequences were cross-dated using visual growth pattern
matching and statistical tests in the software package TSAP-
Win. The cross-dated tree-ring series were quality checked
with COFECHA software (Holmes, 1983). Ring-width series
with poor correlation with the master series, due to either
age-related trends or different local habitats, were removed.
Ultimately, 416 increment cores from 233 trees were in-
cluded for analysis. The previous study suggested that tree
growth at different elevation bands in this site is mainly
controlled by moisture, despite the large altitudinal gradient
(520 m) from the lower to upper treelines (Yang et al., 2013).
Consequently, ring-width samples from all elevation bands
were used to produce chronologies.

2.2 Chronology development

The traditional standard chronology (STD) was calculated
using the ARSTAN program (Cook, 1985). The variance of
each series was stabilized using a data-adaptive power
transformation based on the local mean and standard de-
viation before calculating the final chronology (Cook and
Peters, 1997). A modified negative exponential curve (any k)
was used to fit to the raw ring-width series to remove age-
related biological trends. The tree-ring sequences were then
detrended with a cubic smoothing spline function with a 50%
frequency-response cutoff equal to 67% of the series length.
The tree-ring chronology was calculated using the residuals
between the raw measurements and the fitted values. The
Expressed Population Signal (EPS) was calculated to de-
termine the most reliable period by using a 30-year moving
window with 15-year overlaps (Wigley et al., 1984). The
reliable chronology period extended back to 455 CE, with at
least 5 trees and an EPS >0.85.
It should be noted that the STD method may remove low-

frequency climate signals on timescales equal to two thirds

Figure 1 Locations of the sampling sites (stars), the meteorological sta-
tion (flag), the scPDSI grid points (circles), and the tree-ring sampling site
in the Qaidam Basin (triangle; Yang et al, 2014).
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of the mean length of tree-ring series (Cook et al., 1995). The
Regional Curve Standardization (RCS) detrending technique
is an effective method of retaining low-frequency variations
(Briffa and Melvin, 2011; Esper et al., 2003; Melvin and
Briffa, 2008); however, RCS is sensitive to the influence of
non-climate-related factors that may bias the tree-ring
chronologies. The “trend-in-signal” bias resulting from the
removal of non-climate-related variance is most prevalent at
the ends of the RCS chronologies (Briffa and Melvin, 2011;
Melvin and Briffa, 2008). The term ‘‘trend distortion’’ was
used by Melvin and Briffa (2008) to describe this effect, and
they reported the “signal-free” standardization approach to
mitigate the trend distortion problem. In this paper, the sig-
nal-free (SF-) RCS method was adopted by applying the
software tool CRUST (Melvin and Briffa, 2014), as we have
in previous works (Wang et al., 2014).

2.3 Climate data

Monthly temperature and precipitation data since 1951 CE
from the nearest meteorological station Jiuquan (39°46′N,
98°29′E, 1477 m) were used to investigate the relationship
between tree-growth and climate. The mean annual tem-
perature during 1951–2011 CE was 7.48°C. January and July
are the coldest and warmest months, with mean temperatures
of –9.43°C and 21.98°C, respectively. Mean annual pre-
cipitation is 87 mm for the period 1951–2011, about eighty
percent of which falls during the summer months from May
to September.
The scPDSI was used as a drought indicator (van der

Schrier et al., 2013). The PDSI is a metric of meteorological
drought, and has been proven suitable for describing moist-
ure conditions across western China (Fang et al., 2009; Kang
et al., 2012; Li et al., 2008, 2017). The scPDSI is a modified
metric of the PDSI and is especially suitable for regions with
diverse climatology (van der Schrier et al., 2013). We used
an average series of four half-degree scPDSI grid points
close to our sampling site to represent regional moisture
conditions over the period 1951–2011.

3. Results and discussion

3.1 Chronology characteristics

Figure 2a presents the mean ring-width and the age-aligned
regional growth curve for the SF-RCS standardization based
on 416 ring-width samples. The regional growth curve
showed a regular distribution around the mean ring width.
Unusually, a decrease in mean ring-width was seen over the
first ten years, but the width then increases over the next
decades. This may be a result of not considering pith offset
information in the ring-width samples (Esper et al., 2003). It
has been suggested that missing pith offset information can

affect the alignment of ring-width data by affecting biolo-
gical (cambial) age and the position of the regional curve
used for the detrending of all ring-width series (Esper et al.,
2003).
To assess the effect of with or without considering pith

offset information, we produced a SF-RCS chronology only
using the 269 increment cores with accurate information on
pith offset. The mean ring-width and regional growth curve
for ring-width series with pith offset increased more stably
over the first 70 years, and then showed a tiny downward
trend at multi-century time scales after the earliest 200 years
(Figure 2b). Comparing chronologies with and without
consideration of pith offset information yields high co-
herence in both high- and low-frequency variations in the
two SF-RCS chronologies (r=0.99, p<<0.01). This suggests
that the SF-RCS chronologies produced in this study are
poorly sensitive to changes in either number of series used or
mean cambial age (Figure 3c and 3d; also see Wang et al.
(2014) for a detailed discussion). Furthermore, the high co-
herence between the two SF-RCS chronologies also implies
that the omission of pith offset information has no significant
influence on RCS chronologies, consistent with findings in
other studies (Esper et al., 2003, 2009).
The comparison between the SF-RCS and STD chron-

ologies (Figure 3a) reveals general similarities in both trend
and amplitude of variations, with a correlation coefficient of
0.92 for the reliable period 455–2011 (EPS>0.85). The major
differences between the two chronologies occurred in 700–
1050 and 1300–1450. It is obvious that more low-frequency
variability is preserved in the RCS chronology (Figure 3a),
even though the long mean segment length (~470 years) of
416 ring-width series suggests some potential preservation of
multi-centennial signals in the STD chronology.

3.2 Tree growth-climate relationship

The relationship between tree growth and climate variables

Figure 2 Two age-aligned, Signal-Free RCS curves for all 416 ring-width
series (a) and for 269 series with pith offset (b).
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was investigated in the period 1951–2011. Because of the
very strong correlation (r=0.97, p<0.01) between the STD
and RCS chronologies in the calibration period 1951–2011,
we herein only show the analyses using the SF-RCS chron-
ology calculated from the 416 ring-width series. Correlation
coefficients between tree-growth and monthly temperature,
precipitation and scPDSI were calculated from July of the
previous year to September of the current year.
As shown in Figure 4, the SF-RCS chronology sig-

nificantly positively correlates with the 11-month precipita-
tion data (p<0.05) in the previous July and August and the
current May and June. The highest correlation (r=0.60,
p<0.01) between tree-ring chronology and precipitation is
found for the annual mean from July of the previous year to
June of the current year. For temperature, the SF-RCS
chronology negatively correlates with eight-month tem-
perature data, although the correlation is significant only in
July of the previous year. Negative effects of high tem-
peratures on Qilian juniper growth in the early growing
season were also reported in other studies (Shao et al., 2005;
Sheppard et al., 2004; Zhang et al., 2003, 2015). The positive
(negative) correlations with precipitation (temperature) in-
dicate the typical moisture stress on tree growth (Fang et al.,
2015; Gou et al., 2015a; Li et al., 2017; Zhang et al., 2015).
Based on the above analysis, we examined the correlations

between SF-RCS tree-ring chronology and the scPDSI dur-
ing the period 1951–2011. As shown in Figure 4, significant
positive correlations with the scPDSI are found in most
months (14/15 months) investigated, with the highest values
in early summer (May–June). This suggests that the early
growing season moisture is the most critical factor limiting
tree growth in the Hexi Corridor. In addition, a high corre-
lation (r=0.48, p<0.01) is also seen for the annual mean
scPDSI from July of the previous year to June of the current
year. These climate-tree growth relationships indicate that
our chronology is most suitable for the reconstruction of
May–June scPDSI changes (r=0.63, p<0.01) in the study
area.

3.3 Early summer scPDSI reconstruction

A linear regression model with a sliding window approach
for calibration (2/3 length) and verification (1/3 length)
(Wang et al., 2017) was used to develop the reconstruction.
The initial calibration interval extended from 1951 to 1991
and was incremented by one year until reaching the final
period 1971–2011, deriving an ensemble of 21 plausible
reconstruction members. The scPDSI reconstruction, re-
duction of error (RE), coefficient of efficiency (CE) and R2

statistics were then characterized as the median value of the

Figure 3 (a) Comparison between the signal-free regional curve standardization (SF-RCS) and traditional standard (STD) chronologies calculated from all
samples (416 series). (b) 31-year running mean inter-series correlation (Rbar) and expressed population signal (EPS) statistics with critical 0.85 EPS (dotted
line). (c) Comparison between two RCS chronologies calculated from all samples (416 series) and the subset of samples (269 series) with pith offset (PO). (d)
Temporal variation in sample depth, mean segment length (MSL) and mean cambial age (MCA) for all samples (416 series) and the subset of samples (269
series).

956 Yang B, et al. Sci China Earth Sci June (2019) Vol.62 No.6



21 ensemble members.
The RE, CE and R2 in the verification period show positive

values in all cases (Figure 5), indicating the reliability of the
derived reconstruction (Cook et al., 1994). The reconstruc-
tion model explains 40% of the instrumental scPDSI var-
iance during the period 1952–2011. Even though the
reconstruction cannot explain the very high variance, both
high- and low-frequency moisture variations are re-
constructed reasonably well (Figure 6a). This is confirmed
by the very strong correlation between the first order dif-
ferences of actual and reconstructed values (r=0.74, p<0.01)
(Figure 6b). In addition, the reconstructed values match
better with real values in drought years than in pluvial years
(Figure 6a), which has also been reported in other Qilian
juniper sites (Sheppard et al., 2004; Zhang et al., 2011). This
can be partly explained by Qilian juniper growth in pluvial
years being more limited by climatic factors other than
drought stress. Another reason might be that a pluvial event
leads to surface runoff on the strongly inclined slopes, such
that the moisture cannot be fully used by the trees for bio-
mass production. However, such underestimation in pluvial
years will not affect our interpretation of long-term trends.
Our 1556-year May–June scPDSI reconstruction shows

two long-term dry periods in 800–950 CE and 1000–1200
CE and two pluvial periods in 1200–1450 CE and 1510–
1620 CE (Figure 6c). Using a 30-year running mean, we
detected the five driest and five wettest multidecadal periods
over the entire reconstructed series. The two centennial-scale
dry periods of 800–950 CE and 1000–1200 CE contained
four of the five driest multidecadal droughts: 856–885 CE,
1051–1080 CE, 1004–1033 CE and 892–921 CE (in order of
increasing mean values). The two centennial-scale wet per-
iods of 1200–1450 CE and 1510–1620 CE contained four of
the five wettest multidecadal pluvial periods: 1381–1410 CE,
1345–1374 CE, 1417–1446 CE and 1554–1583 CE (in order
of decreasing mean values).

3.4 Comparisons with regional hydroclimate re-
constructions

To investigate the regional representativeness of our re-
construction, we calculated spatial correlations between our
reconstruction and the Monsoon Asia Drought Atlas
(MADA) (Cook et al., 2010). As shown in Figure 7, our
scPDSI reconstruction correlates significantly with the
MADA PDSI reconstructions over the northeastern TP. The
correlation coefficients range from 0.2 to 0.4 (p<0.01), and
increase to 0.5–0.6 (p<0.01) after 11-year running averaging
during the period 1300–2005 CE. Although the seasonal
responses between our reconstruction and the MADA dataset
are slightly different (i.e., May–June vs. June–August), their
high correlation suggests our scPDSI reconstruction captures
signals of regional inter-annual to decadal hydroclimatic
variability over the northeastern TP.
We compared our reconstruction with a tree-ring based

annual (July–June) precipitation reconstruction for the Qai-
dam Basin (Yang et al., 2014, 2017b) (Figure 8). The Qaidam

Figure 4 Correlation of the signal-free regional curve standardization (SF-RCS) chronology index with monthly precipitation (green), mean temperature
(red) and scPDSI (blue) from July of the previous year to September of the current year. The 0.05 significance levels are shown by the grey shading.

Figure 5 Statistics (10% range, median, 90% range) for the sliding ca-
libration and verification. Reduction of error (RE), coefficient of efficiency
(CE), root mean square error (RMSEv), R2 (R2v) are for verification in-
tervals; root mean square error (RMSEc), R2 (R2c) are for calibration in-
tervals; R2 (R2full) is for the full interval 1951–2011 CE.
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hydroclimate reconstruction has strong regional representa-
tiveness, as it shows similar variation patterns to those of
other hydroclimate reconstructions in this region (see dis-
cussion in Yang et al. (2014) and Yin et al. (2016)). The two
hydroclimate reconstructions show generally coherence over
the common period 455–2011 with a correlation coefficient
of r=0.30 (p<0.01). The two reconstructions reveal common
multi-decadal wet conditions during the periods 1210–1250

CE, 1310–1420 CE and 1530–1620 CE, and dry conditions
during the periods 1100–1160 CE, 1430–1520 CE and 1660–
1730 CE. These wet/dry events revealed by the two tree-ring
records are generally consistent with the low/high dust
concentration periods recorded in the Dunde ice core
(Mosley-Thompson et al., 1993). In addition, the generally
wet conditions in the Hexi Corridor during the LIA are
consistent with previous interpretations of climate in arid

Figure 6 (a) Comparison between the reconstructed and instrumental (May–June) scPDSI. (b) Same as (a) but for their 1st differences. (c) Annually
resolved scPDSI reconstruction (black), its 30-year low pass filter (red), as well as the ±1 root mean square error (RMSE) uncertainties for verification (gray
shades).

Figure 7 (a) Spatial correlation patterns between the reconstructed May–June scPDSI and June-August monsoon Asia drought atlas (MADA) PDSI dataset
(Cook et al., 2010) over the period 1300–2005 CE. (b) Same as (a) but for the 11-year running mean data. Only correlation coefficients that are significant at
the 0.05 level are shown here. The sample site for this study is marked by the star.
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central Asia (Chen et al., 2015).
The major discrepancies are also obvious in the long-term

behaviors of the two hydroclimatic reconstructions: these are
during medieval times and the 20th century. During the 20th
century, the eastern Qaidam Basin experienced increasing
tree growth and pluvial conditions, whereas the Hexi Cor-
ridor witnessed decreasing tree growth and drying condi-
tions. The increasing tree growth during the 20th century
across the Qaidam Basin was also observed in other studies
(Liu et al., 2006; Shao et al., 2010; Sheppard et al., 2004;
Zhang et al., 2015), and the decreasing tree growth in the
Hexi Corridor was also reported in other studies (Deng et al.,
2012; Liang et al., 2016a). During the 9th–11th centuries, our
reconstruction reveals prolonged dry conditions, whereas the
Qaidam Basin reconstruction shows long-term wet (high-
precipitation) conditions (Figure 8). Note that a prolonged
drought is still evident in the Hexi Corridor reconstruction if
we use a traditional method to calculate tree-ring chronology.
It is worth noting that the two major differences were coin-
cident with the Northern Hemisphere warm periods during
the MCA (800–1200 CE) and the 20th century (Anchukaitis
et al., 2017; Ljungqvist et al., 2012, 2016; Wilson et al.,
2016; Yang et al., 2002), suggesting a possible role of tem-
perature in causing the differences between the two hydro-
climate reconstructions.

3.5 Comparisons with NH temperature reconstruction

The Ensemble Empirical Mode Decomposition (EEMD;

Huang et al. (1998); Wu and Huang (2009)) was used to
decompose the reconstructions of scPDSI for the Hexi cor-
ridor, of precipitation for the Qaidam Basin, and of tem-
perature for the Northern Hemisphere, to several intrinsic
mode functions from interannual to multi-centennial time-
scales over the common period 755–2011 CE (Figure 9).
Significantly positive correlations could be seen between the
two hydroclimate reconstructions for the Hexi Corridor and
for the Qaidam Basin from interannual to centennial time-
scales (Figure 10); however, at multi-centennial (>300 years)
timescales, the two hydroclimate records are negatively
correlated, although not significantly at the 0.05 significance
level. In addition, the correlation between the Qaidam Basin
precipitation and the NH temperature is positive at all
timescales, with the strongest correlation at multi-centennial
timescales (r=0.76, p<0.05), consistent with our previous
finding (Yang et al., 2014), and also points to a co-variability
of temperature and precipitation in the Qaidam Basin during
the past two millennia.
Compared to the Qaidam Basin hydroclimate, we find the

correlations between the the Hexi Corridor scPDSI and the
NH temperature are generally weak through most timescales
(Figure 10). In particular, we find that the relationships be-
tween the Hexi Corridor scPDSI and NH temperature are
weaker and even negative for the longer (e.g., centennial and
multi-centennial) timescales over the period 755–2011 CE.
The weak negative correlation (r=−0.22, p<0.1) is also seen
between early summer (May–June) temperature and pre-
cipitation at Jiuquan station during the period 1951–2011

Figure 8 (a) Comparison between the May–June scPDSI reconstruction for the Hexi Corridor (HC, red) and the July–June precipitation reconstruction for
the Qaidam Basin (QB, blue; Yang et al. (2014)). (b) The differences between the two normalized hydroclimatic reconstructions.
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CE. The negative relationships between the scPDSI re-
construction and NH temperature are especially strong dur-
ing the MCA and 20th century at multi-centennial timescales
(Figure 9d); however, the positive relationships between
Qaidam Basin hydroclimate and NH temperature are stable
and strong during the two warm periods.
The larger differences between the two tree-ring records

during the MCA and the 20th century are related to differ-
ential responses of tree growth to temperature change. Both
periods are typically characterized by higher temperatures
(Yang et al., 2002). In the Qaidam Basin, the reconstructed
annual precipitation (prior July to current June) accounts for
70.56% of instrumental precipitation variance over the ca-
libration period 1956–2011 (Yang et al., 2014), whereas the

Figure 9 The intrinsic mode functions of the May–June scPDSI reconstruction for the Hexi Corridor (HC, black; this study), the July–June precipitation
reconstruction for the Qaidam Basin (QB, red; Yang et al. (2014)), and the May–September temperature reconstruction for the Northern Hemisphere (NH,
blue; Wilson et al. (2016)).

Figure 10 Correlation coefficients between the Hexi Corridor (HC) scPDSI, the Qaidam Basin (QB) precipitation and the Northern Hemisphere (NH)
temperature for their intrinsic mode functions at different timescales as in Figure 9. In each case, the degrees of freedom were adjusted following Wang et al.
(2017), and significant correlations at 0.05 are marked with an asterisk.
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tree-ring chronology for the Hexi Corridor explains only
36% of the same annual water year precipitation variance
during the instrumental period. This implies that tree growth
in the Qaidam Basin is much more sensitive to precipitation
than that in the Hexi Corridor. Indeed, previous analysis
showed that the ring-width chronology for the Hexi Corridor
has the highest correlation with early summer (May–June)
scPDSI. In other words, tree growth in the Hexi Corridor is
mainly controlled by a combination of temperature and
precipitation, whereas temperature plays a much more im-
portant role in tree growth in this region than in the Qaidam
Basin. This argument is supported by the stable oxygen
isotope evidence. Tree-ring δ18O data are significantly ne-
gatively correlated with relative humidity in both the Qaidam
Basin (Wang et al., 2013) and Hexi Corridor (Li et al., 2018).
Similar to the scPDSI, relative humidity is a result of inter-
action between temperature and precipitation. Both tree-ring
δ18O chronologies show obvious increasing trends during the
20th century, indicating that both regions witnessed the
drying trends in the latest 100 years. The centennial drought
trend corresponds to reduced tree growth in the Hexi Cor-
ridor but is contrary to the increased tree growth in the
Qaidam Basin. This provides robust evidence that tempera-
ture predominantly responsible for the large difference in
tree growth (moisture variations) during the 20th century.
Since the MCA represents warm conditions, it is expected
that the response of tree growth to climatic change is much
the same as that in the 20th century. The negative effect of
temperature will be especially strong during much warmer
climate regimes because of an increased risk and severity of
droughts, as well as accelerated dry land expansion accom-
panying high temperatures (Dai, 2013; Huang et al., 2017).
This inference is consistent with our dendrometer monitoring
studies in the middle of the Hexi Corridor (Wang et al.,
2012). In this region, we found that intra-annual variability in
radial growth of Qilian juniper is mainly controlled by
moisture conditions, and the growing season temperature has
a negative influence on Qilian juniper growth in the middle
of the Hexi Corridor (Wang et al., 2012, 2015). Meanwhile,
in the Qaidam Basin, tree growth is suggested to be con-
trolled by precipitation, and the temperature during the pre-
growing season (prior September to current April) can even
have a positive effect on tree-growth (Qin et al., 2013; Yang
et al., 2014).
The differences in correlation pattern between the two

tree-ring records are noted at various timescales (Figure 10).
As we stated above, tree growth in the Qaidam Basin is
predominantly controlled by precipitation whereas tree
growth in the Hexi Corridor is limited by a combination of
temperature and precipitation, although drought stress is a
common limiting factor for tree growth in both regions. As a
result, significant positive correlation (p<0.05) is found be-
tween the two tree-ring records on shorter timescales from

interannual to centennial, but a weak negative correlation is
seen at the multi-centennial timescale which is related to the
prolonged warmer climate regimes such as the MCA and the
20th century: this is due to increased evapotranspiration and
resultant drought stress in these arid regions. A multi-century
(>300 years) running mean or low-pass filter effectively
smooths out the short-term (<100 years) and high-frequency
fluctuations of the original data and yields a negative cor-
relation, compared to the positive correlations between the
two tree-ring chronologies on shorter timescales. Similarly, it
should be noted that the correlation at multi-centennial
timescales is weak and not statistically significant at the 0.05
level.
The differential responses of tree growth to climatic

change in the Hexi Corridor and Qaidam Basin found here
may draw important implications for future alpine forest
dynamics across western China. For example, the negative
response of tree growth to temperature in the Hexi Corridor
suggests that forest productivity may continue to reduce as a
consequence of global warming. The alpine forest health in
the Hexi Corridor may face greater challenges, as it will be
increasingly at risk of greater tree mortality caused by tem-
perature increases of 2 or 3°C by the end of the 21st century
(Liang et al., 2016a, 2016b). Tree mortality was suggested to
have a lag of several years in its response to warming-related
drought in the Hexi Corridor (Liang et al., 2016a), suggest-
ing more serious challenges in tree health in the next decades
or centuries. In contrast, the positive correlation of tree
growth and temperature in the Qaidam Basin suggests that
alpine forest productivity may continue to increase as a
consequence of global warming. This inference is consistent
with our recent findings in this region, where higher tem-
perature is always associated with increased precipitation
(Yang et al., 2014) and may extend the length of the growing
season (Yang et al., 2017a).

4. Conclusion

We calculated a 1556 year-long ring-width chronology by
applying the SF-RCS detrending method to 416 Qilian ju-
niper ring-width series in the Hexi Corridor, northwestern
China. We found the early-summer scPDSI is the most im-
portant factor controlling tree growth in this area. We de-
veloped a May–June scPDSI reconstruction covering the
period 455–2011 CE. Our reconstruction explains more than
40% of the observed moisture variance over the period
1951–2011 CE, and shows two multi-centennial droughts
during 800–950 CE and 1000–1200 CE, and two multi-
centennial pluvial periods during 1200–1450 CE and 1510–
1620 CE. The regional comparison indicates generally co-
herent changes of moisture over the northeastern TP at in-
terannual to centennial timescales. The Hexi Corridor and
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Qaidam Basin experienced common multi-decadal wet
conditions in 1210–1250 CE, 1310–1420 CE and 1530–1620
CE, and common dry conditions in 1100–1160 CE, 1430–
1520 CE and 1660–1730 CE. Moreover, the comparison also
reveals regional differences in tree growth at multi-cen-
tennial timescales between the two regions: specifically, the
Hexi Corridor witnessed the reduced tree growth during the
MCA and 20th century, whereas the Qaidam Basin experi-
enced the increased tree growth during the same periods.
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