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1.  INTRODUCTION

Droughts and floods are among the world’s costliest
natural disasters and have great impacts on regional
natural and socioeconomic systems (Wilhite 2000). For
example, local historical archives in North China
(Shanxi Committee of Natural Disasters Annals 2002)
recorded a megadrought during the 1920s to 1930s
that resulted in the starvation of at least 4 million peo-
ple. Studies have indicated that such severe dry and
wet weather events will increase due to global warm-
ing, and the drought patterns and their temporal vari-
ability will be distinct in different regions (Qian & Qin
2008). The above findings highlight the need to study
drought variations in different regions. In NW China,
moisture patterns since the 1980s have been classi-
fied into 3 types (Shi et al. 2007): a  distinct pattern of
change from dry to wet in western NW China, a con-
tinually drier pattern in eastern NW China, and a tran-
sitional zone between these areas. Many studies have

been conducted to investigate the trend of increased
moisture in western NW China and whether such a
trend could be spreading over the entire area of NW
China (e.g. Li et al. 2006, Shi et al. 2007).

The meteorological records in NW China seldom
extend back to a time before the 1950s, which has lim-
ited the drought studies in this area (Li et al. 2007).
However, tree rings have been widely used for
drought reconstructions (e.g. Cook et al. 1999, Garfin
et al. 2005, Li et al. 2006, 2007, Tian et al. 2007). The
Palmer drought severity index (PDSI) was created by
Palmer (1965) with the intent to quantitatively deter-
mine the accumulated deficit in local mean moisture
conditions, allowing comparisons of drought severities
across regions and time. Dai et al. (2004) developed a
PDSI dataset to encompass the world, with a 2.5 × 2.5°
gridding system following the Palmer (1965) methodol-
ogy. As one of the most widely used meteorological
drought indices in the USA (Cook et al. 1999), the PDSI
has also been proved to be useful for drought studies in
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China (e.g. Li et al. 2006, 2007, Tian et al. 2007). In NW
China, although many dendroclimatological recon-
structions have been conducted (e.g. Garfin et al. 2005,
Gou et al. 2005, 2007, Liu et al. 2005, Shao et al. 2005,
Li et al. 2006, 2007, Tian et al. 2007), only a few of these
studies include reconstructions of the PDSI (Fig. 1; Li et
al. 2006, 2007, Tian et al. 2007). This is partly because
there are only sparse ‘green islands’ in NW China,
where old forests can be found, largely due to the dry
climate and long history of human activities. In the cur-
rent study, we present a drought (PDSI) reconstruction
for Xinglong Mountain (hereafter XM) in the eastern
part of NW China and discuss the underlying drought
regimes. The aims of the present study were to: (1)
reconstruct the nearest PDSI grid with the use of tree
rings from XM; (2) analyze the variability of the recon-
structed PDSI grid and explore its relationship to
regional moisture patterns.

2. MATERIALS AND METHODS

2.1.  Study region and tree-ring data

Tree rings were collected from Picea wilsonii on XM
(35°38’ to 35°58’N, 103°50’ to 104°10’E) in the eastern
part of NW China (Fig. 1). This region is characterized
as having a semi-arid, continental climate, with peaks
in temperature and precipitation in July and August,

respectively (Fig. 2). The annual
average temperature and total an-
nual precipitation based on data
from the nearest meteorological sta-
tion (Yuzhong Station; Fig. 2) are
6.7°C and 390 mm, respectively. The
study location is considered a transi-
tional area between the arid region
and the humid region based on an
annual precipitation of around 400
mm (Chinese Committee of Agricul-
tural Resources Planning 1984).
Standard dendrochronological meth-
ods (Fritts 1976) were employed to
develop a robust ring-width chrono-
logy. Two cores per tree of the locally
dominant tree species P. wilsonii
were extracted at breast height. This
species is distributed from an alti-
tude of 1900 m up to the mountain
peak at 2900 m, as no natural tree
limit for P. wilsonii was observed on
XM. From 57 trees, 93 cores were
sampled along an altitudinal gradi-
ent ranging from 2370 to 2570 m
(Table 1).

Following the methodology of Stokes & Smiley
(1968), all cores were mounted, air dried and sanded to
produce a polished transverse surface for visual cross-
dating. Samples were crossdated using skeleton plots,
and the subsequently measured series were checked
by the program COFECHA (Holmes 1983) for quality
control of visual crossdating. In order to preserve low-
frequency climate signals while removing the age-
related growth trends, we adopted conservative func-
tions for the most part, such as negative exponential
functions or the linear function of any slope, to detrend
the tree-ring widths. Also, a Friedman super-smoother
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Fig. 1. Locations of sampling site (Xinglong Mountain), Palmer drought severity
index (PDSI) grid point and meteorological stations (city sites) in NW China.
Other available PDSI reconstructions in NW China, their associated sampling 

sites and meteorological stations are also shown

Fig. 2. Monthly mean temperatures (line with squares) and
monthly total precipitation (bars) for 1954 to 2003 based on
available records from the Yuzhong meteorological station
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with alpha 7, which is helpful in preserving low-
frequency signals (E. R. Cook pers. comm.), was also
employed to detrend some samples with anomalous
growth release and suppression. The first principal
component (PC) over the interval from 1850 to 1995
accounts for 97% of the total variance, demonstrating a
common pattern among these tree-ring series. Thus,
all the highly correlated series were merged into a sin-
gle robust chronology (Table 1) by using the program
ARSTAN (Cook 1985). With respect to the replication
decline in the early portion of the chronology, the sub-
sample signal strength (Wigley et al. 1984) was em-
ployed to evaluate the reliable chronology with an
arbitrary threshold value of 0.8. The reliable composite
chronology ranged from 1794 to 2003 (Fig. 3).

2.2.  Dendroclimatic methods

Climate–growth relationships were
analyzed by correlating the ring-width
indices with meteorological records and
the PDSI data. The meteorological data
were obtained from the closest meteo-
rological station, Yuzhong Station, for
the period from 1954 to 2003 (Fig. 2).
The PDSI data from the nearest Dai
PDSI grid point covered the period from
1933 to 2003 (Table 1; Dai et al. 2004).
Most of the meteorological records in
the study region are available for the

period after 1951. Therefore, ring-widths were cali-
brated with the PDSI data during the reliable period
from 1951 to 2003. The reconstruction model validation
was tested through a split-sample procedure (Meko &
Graybill 1995). As shown in Table 2, the full period was
divided into 2 subperiods, 1951 to 1972 and 1973 to
2003; the calibration model was then developed from
one subperiod and verified against the remaining data
from the other subperiod. Subsequently, the recon-
struction model was calibrated with the full period
PDSI from 1951 to 2003. A coefficient of efficiency (CE)
or reduction of error (RE) >0 indicates good model fit,
and significant values of r, r2 and t are also good indi-
cators of an appropriate model (Cook et al. 1999). The
drought reconstructions were processed by the Mann-

Kendall (Mann 1945) and multi-taper
(Mann & Lee 1996) methods for jump
examination and spectral analysis,
respectively.

3.  RESULTS

3.1.  Climate–growth relationships

As shown in Fig. 3, a robust chronol-
ogy was developed from 1794 to 2003
based on a subsample strength signal
(SSS, Wigley et al. 1984) value of >0.8.
The high running expressed popula-
tion signal (EPS) and running Rbar
indicate good common signals for seg-
ments (Wigley et al. 1984; Fig. 3). Due
to the strong biological lag effect, as
indicated by the high first-order auto-
regression value of 0.509, climate–
growth analyses were undertaken
from July of the previous year to
December. As shown in Fig. 4a, signif-
icant correlations (at 0.05 level) with
temperatures were found in July of
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Site Latitude Longitude Elevation Time interval Cores/
(m) (reliable period) Trees

Composite 35° 40’ N 104° 02’ E 2370–2570 1794–2003 93/57
chronology

Meteorological 35° 52’ N 104° 09’ E 1917 1954–2003
station

PDSI grid point 36° 15’ N 103° 45’ E 1933–2003
(1951–2003)

Table 1. General information on the composite chronology site, the closest
meteorological station (Yuzhong) and the nearest Palmer draught severity index 

(PDSI) grid point

Fig. 3. Standard chronology of Xinglong Mountain (XM), sample size, running 
expressed population signal (EPS), and Rbar statistics
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the previous year (r = –0.329), August of the previous
year (r = –0.438) and July of the current year (r =
–0.323), and significant correlations with precipitation
were found in July of the previous year (r = 0.299),
August of the previous year (r = 0.389), September of
the previous year (r = 0.434), December of the previous
year (r = 0.284) and July of the current year (r = 0.339).
In general, negative correlations with temperature,
combined with positive correlations with precipitation,
indicate the moisture-stressed growth pattern in dry
areas (Fritts 1976). Therefore, we explored the correla-
tions of tree-rings with the PDSI data, which take both
temperature and precipitation into account (Palmer
1965). As shown in Fig. 4b, tree rings showed stronger
correlations with the PDSI than with meteorological
records. Similar to the correlations with temperature
and precipitation, tree rings showed high correlations

with the PDSI data in both the previ-
ous and current year (Fig. 4). The most
significant correlations between PDSI
data and ring-widths were found from
August of the previous year to July.
Therefore, the ring-width indices
were calibrated with annual PDSI
from August of the previous year to
July.

3.2.  PDSI reconstruction

With respect to the full-period cali-
bration model, 40% of the PDSI vari-
ance from 1951 to 2003 is explained
(Table 2). As shown in Fig. 5, addi-
tional visual comparisons between the
actual and the reconstructed PDSI val-
ues were employed to confirm the
validity of the model, indicating a
generally good model fit. The linear
regression model was applied to
reconstruct the regional drought his-
tory from 1794 to 2003. A significant
(p < 0.01) jump transition was detected
in 1921, at the decadal scale, with the
use of the Mann-Kendall method
(Mann 1945). Through spectral analy-
ses according to multiple taper meth-
ods (MTM), some significant cyclic
patterns were identified at intervals of
~10.5 (p < 0.05), 7.9 to 8.3 (p < 0.05 or
higher), ~3.5 (p < 0.05), 3.0 to 3.2 (p <
0.05), 2.7 to 2.8 (p < 0.01) and ~2 yr
(Fig. 6).
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Fig. 4. Comparisons of correlation analysis relating ring-width indices: (a) to
temperature (open bars) and precipitation (filled bars) records measured at the
closest meteorological station, and (b) to the PDSI grid point during the time in-
terval from 1954 to 2003. *Correlations exceeding the 95% confidence limit
(CL); **correlations exceeding the 99% CL; p: previous year; c: current year

Calibration Verification
Period r R2 t Period r t RE CE

1951–1972 0.53 0.28 2.59 1975–2003 0.63 1.72 0.41 0.06
1973–2003 0.63 0.40 4.37 1946–1974 0.53 1.96 0.46 –0.220
1951–2003 0.63 0.40 5.83

Table 2. Statistical results of a sample split calibration verification procedure.
All values listed are significant (p < 0.05). t: t statistic; RE: reduction error; 

CE: coefficient efficiency

Fig. 5. Reconstructed (solid line) and actual PDSI data (dashed 
line) during the full calibration period, 1951 to 2003
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4.  DISCUSSION

The high correlations between tree growth and cli-
mate factors in the previous year may be due to the fact
that winter snow in the non-growing season benefits
tree growth early in the growing season. Furthermore,
the long life span of the needles may lead to high corre-
lations with the climate records of the previous year
(Fritts 1976). Because the reconstruction
has a low mean value of –1, we rede-
fined PDSI values of –1 ± 0.5 to repre-
sent normal conditions, and values of
less than or equal to –3 or greater than
or equal to 1 to represent severe dry or
wet conditions (Li et al. 2007). The fol-
lowing discussions are based on the
rescaled drought indices. The abnor-
mally dry conditions from 1997 to 2003
(Fig. 5) might have been caused by the
significant drying trend and a poor PDSI
model fit (Liang et al. 2007). That is, the
current PDSI model for this region might
have overestimated the effects of the
warming trend on the local moisture
conditions since 1997, resulting in ab-
normally dry PDSI values. As shown in
Table 2, CE values were abnormally
low, especially during the verification
period from 1973 to 2003, while the val-
ues of RE were much higher than zero.
This may have resulted from the mis-
matches between the actual and esti-
mated data since 1993 (Fig. 5). Accord-
ing to the definitions of RE and CE

(Fritts 1976, Cook et al. 1999), such mismatches could
have resulted in the extraordinarily low and high val-
ues of the denominators of CE and RE, especially for the
subperiod from 1973 to 2003, which, in turn, led to the
abnormally low CE and high RE values.

Spectral peaks of ~2 yr may indicate a connection
between regional drought variability and tropical bi-
ennial oscillation (Meehl 1987), and periods of about
10.5 yr might be related to solar effects (Fritts 1976).
Periods of ~2, 2.7 to 2.8, 3.0 to 3.2 and ~3.5 yr fall within
the bandwidth of ENSO variability (Allan et al. 1996),
and thus may be related to ENSO activities, as docu-
mented by meteorological studies in North China (May
& Bengston 1998, Lu 2005). Similar ENSO-related
cycles have also been determined in nearby regions in
NW China (e.g. Yang et al. 2000, Li et al. 2006, 2007).
This might suggest a connection between local
droughts and large-scale drought patterns, and possi-
ble teleconnections with large-scale moisture circula-
tions. The abrupt drought jump in 1921 detected by the
above tests may indicate the start of the 1922 to 1934
megadroughts (Fig. 7). The same abrupt climate jump
in 1921 at the sampling site is consistent with the
regional climate patterns in North China (Fu & Wang
1991), indicating that local droughts may be represen-
tative of large-scale moisture patterns.

Previous studies based on meteorological records
have classified western and eastern NW China into 2
different climatic regions (Shi et al. 2007, Qian & Qin
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Fig. 6. Spectral density (thin continuous line) according to
multiple taper methods of the PDSI reconstruction from 1794
to 2003. Bold, dashed and dotted lines indicate the null
hypothesis, 95% CL and 99% CL, respectively. Numbers in 

graph: significant (90% confidence level) spectral peaks

Fig. 7. Comparisons between Xinglong Mountain PDSI reconstructions (XM re-
construction) and Tianshan Mountain PDSI reconstruction (TM reconstruction).
Both the annual (thin line) and the 11 yr running average (thick line) values of 

the reconstructed PDSI data are shown for the interval from 1794 to 2003
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2008). Since the 1980s, a clear tendency towards a
more arid climate has prevailed in eastern NW China,
which is contrary to the moisturizing trend in western
NW China (Shi et al. 2007). The comparison between
Tianshen Mountain (TM) PDSI reconstruction (Li et al.
2006) and XM PDSI reconstruction in western and
eastern NW China, respectively, suggests that the
drought variations between these 2 regions have been
inconsistent over the past 2 centuries (Fig. 7). For
example, the 1820s were the driest years in the TM
reconstruction (Li et al. 2006), while this period was
relatively wet in eastern NW China according to the
XM reconstructions. The driest epoch in the XM
reconstruction was during the period from 1922 to
1934, with its driest year in 1929. The reconstructed
megadroughts during the 1920s to 1930s are in agree-
ment with results of other studies of eastern NW China
(Liu et al. 2005, Li et al. 2007), while this is not the case
for the TM reconstruction (Li et al. 2006).

Modeling results suggested that the water vapor in
NW China originates from the Arabian Sea, the Bay of
Bengal and the South China Sea, through advection by
the Asian monsoon, as well as being influenced by
extratropical circulation modes (Böhner 2006, Shi et al.
2007). The northward-moving Asian tropical monsoon
currents are split into eastern and western branches by
the Tibetan Plateau and influence the moisture condi-
tions of eastern and western NW China, respectively
(Yu et al. 2003, Böhner 2006). Since the 1980s, the
strengthening (weakening) of the western (eastern)
monsoon branch may have caused the moisturizing
(drying) trends in western (eastern) NW China (Yu et
al. 2003). Since drought variability in NW China has a
strong connection with the variability of these tropical
monsoon currents, the comparison between TM and
XM reconstructions might also suggest that the vari-
ability of these 2 branches of tropical monsoon currents
may be inconsistent for a long period during the recon-
struction (Fig. 7). However, we stress that the sparse
number of PDSI reconstructed grids between eastern
and western NW China are insufficient for such com-
parisons, suggesting the need to develop PDSI recon-
structions with better spatial coverage in NW China.

5.  CONCLUSIONS

A XM PDSI reconstruction from 1794 to 2003 is pre-
sented for the eastern part of NW China, where few
PDSI reconstructions are available. Following standard
dendroclimatological methods, we developed a rigor-
ous composite ring-width chronology for Xinglong
Mountain. The tree-ring indices correlated well with
the PDSI data, and thus were used to reconstruct the
annual PDSI data over the past 2 centuries. Following

the significant drought jump in 1921, the most extreme
drought epoch from 1922 to 1934 was identified in our
PDSI reconstruction. The drought epoch during the
1920s to 1930s was widespread in North China. Spec-
tral analysis detected significant cycles that were pos-
sibly related to ENSO activity, the tropical biennial
oscillation and solar influences. Compared to a signifi-
cant moisturizing trend in western NW China, as iden-
tified by the TM reconstruction, XM reconstruction in
eastern NW China showed an inconsistent pattern
over the length of the reconstruction period. This dis-
crepancy might indicate that the different moisture
patterns between western and eastern NW China have
existed for the last 2 centuries. Based on the relation-
ships between the droughts in NW China and the
tropical Asian monsoon, the drought histories in NW
China might also indicate a change in the strength of
the western and eastern branches of the northward-
moving tropical Asian monsoon. However, our prelim-
inary research is only based on a few available PDSI
reconstructions in NW China. Future studies using the
PDSI datasets of longer time spans and larger areas of
spatial coverage are needed in order to better under-
stand regional drought regimes and their forcing
mechanisms.
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