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ABSTRACT: Severe droughts were evaluated using a tree-ring network of 12 chronologies
(1700-2005) from the Qilian Mountains on the northeastern Tibetan Plateau. A total of 98 drought
years, including 78 moderate, 15 severe, and 5 extreme events, were identified for the past 306 yr.
Following the starting year of a drought phase, drought commonly continued for 1 to 2 yr. The spa-
tial patterns of moisture conditions in central and eastern China corresponding to 19 major
drought years during the period 1700-2000 were grouped into 3 clusters, with one particular pat-
tern showing droughts of nation-wide impact (i.e. 1721, 1928 and 1966). Drought events became
more frequent during the 20th century. Moreover, the multi-year event during the late 1920s and
early 1930s was the longest in the past 306 yr. As shown by the tree-ring data, this extreme
drought event occurred first in the western Qilian Mountains, and then progressed gradually
toward the central and eastern parts of the area, culminating in 1928. Comparison with historical
documents demonstrates that the climatic information imbedded in the tree-ring network can
provide quantitative measures of drought severity and fill the gaps where historical documents

are lacking and/or incomplete.
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1. INTRODUCTION

Research into past extreme events is very helpful in
forecasting and evaluating possible impacts of
extreme droughts in the future, making it possible to
reduce the risks related to droughts and improve our
knowledge of the forcing mechanisms associated
with drought occurrence. However, the instrumental
data records for many regions are not sufficiently
long to enable characterization of extreme droughts
occurring once in several decades or even once in a
hundred years. Therefore, there is an urgent need to
greatly expand the records of drought variability
both spatially and temporarily by developing long
and accurate proxy records.

Tree-ring widths, which represent the radial growth
rates of trees, have been used as an effective proxy of
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drought history. Tree-ring chronologies originating
from multiple sites form a dendroclimatic network,
which can potentially be used to study both spatial
and temporal patterns of climatic factors in a region
(Cook et al. 2004, 2010a, Touchan et al. 2005, St.
George et al. 2009). Tree-ring research focused on re-
gional precipitation and moisture variability has re-
cently made considerable progress in semi-arid and
arid regions of China (e.g. Zhang et al. 2003, Shep-
pard et al. 2004, Shao et al. 2005, Liang et al. 2007,
2009, Tian et al. 2007, Li et al. 2008, 2009, 2010, Yin et
al. 2008, Fang et al. 2010, Liu et al. 2010, Zhang et al.
2011). Using historical documents and a millennium
length tree-ring based reconstruction of precipitation
in the Qaidam Basin, Qinghai Province (Shao et al.
2007), Zhang (2010) compared the dry years recorded
in historical documents to those events in the tree-
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ring reconstruction, and found that the tree-ring
records can be used to fill information gaps in the
documentary records for western China. Liang et al.
(2006) investigated the extreme drought in the 1920s
in northern China based on tree-ring data from multi-
ple areas and demonstrated the potential to identify
spatial patterns of large-scale droughts using tree-
ring networks. Huang et al. (2010) analyzed ex-
tremely severe drought events of the past 2800 yr as
inferred from a ring-width chronology for the eastern
Qaidam Basin and found that extreme drought events
occurred in clusters during some periods but inter-
mittently during others. For example, severe and
extreme drought events occurred with high fre-
quencies during the period from the 3rd century to
the end of the 4th century, as well as during the
period from the mid-15th century to the 19th century.
In contrast, the period from the 5th century to the 12th
century was characterized by less frequent drought
occurrence. By defining the anomalous growth years
in 6 ring-width chronologies for the northeastern
Tibetan Plateau, Qin et al. (2010) extracted the most
extreme climatic events for the period 1450-2006 and
mapped the moisture conditions over large parts of
China using a proxy based dryness-wetness index
for these events. In spite of these achievements, rela-
tively few studies have integrated large-scale investi-
gations of tree-ring networks to examine both the
temporal and spatial structures of severe droughts in
China (e.g. Liang et al. 2006, 2010, Yang et al. 2010).
Moreover, the spatial and tempo-

2. MATERIALS AND METHODS
2.1. Study area

The Qilian Mountains (36°30'-39°30'N, 93°31'-
103°E) are located in the northeastern part of the Ti-
betan Plateau (Fig. 1). The snowpack and glaciers of
the Qilian Mountains represent an important water
source for the surrounding areas. The climate in the
region is arid and semi-arid, and is influenced by both
westerlies and Asian monsoons (Gao 1962, Morrill et
al. 2003). According to the official survey report for
this area (Yang et al. 2008), annual precipitation aver-
ages from 200 to 500 mm and shows a decreasing
trend from the southeast to the northwest. Approxi-
mately 70% of annual total precipitation occurs
during the months of May through August. The mean
annual temperature ranges from 0.2 to 3.6°C in the
study region and the annual pan evaporation rate
ranges from 1569 to 1788 mm. The vegetation types
vary showing a typical elevational distribution pat-
tern, including desert vegetation on the foothills and
alpine forests and meadows at higher elevations.

2.2. Tree-ring data

Twelve tree-ring chronologies from the Qilian
Mountains were used in this study. This dataset
includes 2 new chronologies in addition to 10 pub-

ral evolution patterns of extreme
drought events have not been fully N
investigated.

The main objectives of our study
are (1) to develop a new tree-ring
network consisting of 12 moisture-
sensitive tree-ring series obtained
from the Qilian Mountains on the
northeastern Tibetan Plateau; (2) to
investigate the frequency, severity
and characteristics of the spatial
and temporal evolution patterns
of extreme drought events in the
study region during the period
1700-2005; and (3) to examine
the spatial structure of moisture
conditions at the national level
corresponding to years of severe
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lished chronologies, which were developed specifi-
cally for the purpose of this study (Table 1). Each site
is identified by a code as shown in Table 1. All of the
chronologies were located in the east-central part of
the Qilian Mountains along a belt running from north-
west to southeast (Fig. 1). The published tree-ring
chronologies are for 3 species: Qilian juniper Sabina
przewalskii Kom., Qinghai spruce Picea crassifolia
Kom., and Chinese pine Pinus tabulaeformis Carr.

The 2 new tree-ring sites, KL3 and DDS3, were
located along the lower forest border of the Qilian
Mountains, where healthy Qilian junipers Sabina
przewalskii Kom. were cored with increment borers.
The samples were air dried and then mounted and
sanded (Stokes & Smiley 1968). Ring widths were
measured to the nearest 0.001 mm using a Lintab
ring-width measurement system, and were cross-
dated using the program COFECHA for quality con-
trol (Holmes 1983, Grissino-Mayer 2001). To remove
the growth trend, a negative exponential or linear
function was first fitted to the raw ring-width series.
Tree-ring indices were then calculated as the ratio
between the measured ring width and the corre-
sponding value of the fitted curve. The tree-ring
index series for a given site were averaged together
to generate a standard chronology using the program
ARSTAN (Cook 1985).

2.3. Meteorological data and historical documents

There are 13 meteorological stations located close
to our tree-ring sites (Fig. 1, Table 2). All of the sta-

tions belong to the national network of first-class
meteorological stations maintained by the China
Meteorological Administration (CMA). Data from
these stations were obtained from the CMA's homo-
genized climatic dataset (http://new-cdc.cma.gov.cn:
8081/dataSetLogger.do?changeFlag=datalogger, ac-
cessed on July 23, 2011). This dataset has been sub-
jected to rigorous data quality assessment and qual-
ity control procedures in which all data with unusual
values are screened and then corrected if necessary
(CMA 2003).

Several datasets based on historical documents
(CMA 1981, Shi 2003, Zhang 2004, Wen 2005) were
considered for comparison with and verification of
our reconstruction to assess the quality of the climatic
information recorded by the tree-rings. Table 3 pro-
vides a summary of these datasets. Drought events
are qualitatively recorded in descriptive texts in the
first 3 documentary sources, while the last document
provides quantitative measures of drought and flood
events using numerical scales. In addition, we used
an updated version of the CMA dataset in which the
missing values were in-filled by interpolation (Hao et
al. 2009) to analyze the spatial characteristics of
moisture conditions in central and eastern China dur-
ing the study period 1700-2000. This dataset con-
tains the dryness-wetness index data for 120 loca-
tions, mostly in central and eastern China, with the
values being determined using May—-September pre-
cipitation data during the calibration period
1951-2000. Drought and flood events were classified
into 5 grades (1 to 5), representing climate conditions
from severe flood to severe drought.

Table 1. Site description and general characteristics of the 12 standardized tree-ring width chronologies used in this study.

Tree species: (PT) Pinus tabulaeformis Carr., (PC) Picea crassifolia Kom., (SP) Sabina przewalskii Kom. SNR: signal-to-noise

ratio. The start year is the date from which the data series is considered reliable, i.e. when the expressed population signal

(EPS) (Wigley et al. 1984) exceeds the threshold value 0.85. Sources: (1) Gao et al. 2005, (2) Liang et al. 2010, (3) Liang et al.

2006, (4) Tian et al. 2007, (5) Zhang 2009, (6) present study. Tree/core = no. of trees and cores used in the chronologies; mean
sensitive = a measure of high-frequency ring width variance (Fritts 1976)

Site Latitude Longitude Elevation Period Tree/core Mean Species Common SNR Start Source
code (°N) (°E) (m) sensitive period year

CLH 37.30 103.80 2500 1639-2002 21/44 0.404 PT  1900-2002 80.9 1801 1
HX2 37.49 102.44 2826 1825-2003 21/46 0.301 SP 1910-2000  38.1 1846 2
BGH 37.69 102.31 2000 1896-2003 33/92 0.242 PC  1950-2003 116.3 1915 2
XDH 38.09 101.40 2755 1770-2005 22/40 0.267 PC  1920-2000 57.1 1789 5
DYK 38.52 100.25 3040 1780-2005 24/32 0.233 PC  1900-2000 14.7 1820 5
SDL2 38.43 99.95 3370 1091-2003 25/72 0.229 Sp 1700-2000  30.1 1447 2
DDS3 39.04 100.81 2800 1484-2005 24/34 0.489 Sp 1850-2000  34.7 1613 6
KL3 38.81 99.96 3000 1300-2005 19/37 0.347 Sp 1850-2000  24.3 1510 6
KGM 38.79 99.73 2900 1848-2005 24/29 0.251 PC  1950-2000  32.7 1861 5
QF2 39.43 98.44 3060 1729-2003 18/52 0.475 Sp 1900-2000 553 1760 3
JQ 39.77 98.48 2850 1780-2001 12/27 0.382 Sp 1950-2000  29.3 1803 4
JG 39.61 97.86 2852 1727-2005 15/31 0.295 PC  1950-2000  36.2 1830 5
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Table 2. Information on the 13 meteorological stations used in this study

WMO station Number Code Name Latitude Longitude Interval Elevation
numbers (°N) (°E) (m)
52797 1 JT Jingtai 37.18 104.05 1957-2006 1631
52784 2 GL Gulang 37.48 102.90 1959-2006 2073
52787 3 WS Wushao 37.20 102.87 1951-2006 3043
52679 4 Ww Wuwei 37.92 102.67 1951-2006 1532
52674 5 YC Yongchang 38.23 101.97 1959-2006 1976
52661 6 SD Shandan 38.80 101.08 1953-2006 1765
52656 7 ML Minle 38.45 100.82 1958-2006 2271
52652 8 zY Zhangye 38.93 100.43 1951-2006 1480
52657 9 QL Qilian 38.17 100.25 1957-2006 2787
52557 10 Lz Linze 39.15 100.17 1967-2006 1454
52643 11 SN Sunan 38.83 99.62 1957-2006 2311
52645 12 YN Yeniugou 38.40 99.60 1960-2006 3320
52533 13 JQ Jiuquan 39.77 98.49 1951-2006 1478

2.4. Statistical analysis

Climatic factors affecting the tree-ring width at the
new tree-ring sites KL.3 and DDS3 were investigated.
Monthly temperature and precipitation data from 2
meteorological stations (at Sunan and Zhangye)
were used to calculate dendroclimatic correlations
with the 2 new ring-width chronologies through a
simple correlation analysis. The analysis was per-
formed using climatic data from September of the
previous year to August of the current year (12 mo in
total) for the periods 1957-2005 and 1951-2005 for
Sunan and Zhangye stations, respectively.

According to the original sources (see Table 1),
most of the 10 published chronologies were also sig-
nificantly and positively correlated with monthly pre-
cipitation in the early growing season and negatively
correlated with monthly temperature in the same
months. To verify the impact of early growing season
moisture condition on tree growth, all 12 tree-ring
series were correlated with the May-June precipita-
tion and temperature time-series as recorded at
nearby meteorological stations.

2.5. Developing a regional tree-ring width index
for the Qilian Mountains

To develop a regional tree-ring network in the
reconstruction of drought history, we re-processed
the ring-width series at all 12 sites. First, a 32 yr
spline function, as described by Grissino-Mayer
(2001), was constructed using the ring-width series.
The actual ring width for any given year was then
divided by the value predicted by the spline function
for the same vyear, resulting in a dimensionless

annual index. This procedure should remove low-
frequency signals at decadal (16 yr to be exact) and
longer scales. In addition, autoregressive modeling
was employed to remove any persistence that may
remain after the growth variability represented by
the spline curve is removed from the measurement
series. The resulting residual series at each site were
then normalized by using their mean and standard
deviation. Thus, we developed 12 standardized series
for the Qilian Mountains in which large index values
correspond to wide rings, and low values to narrow
rings, optimized for high-frequency climatic signals.
To represent regional tree growth conditions, these
12 standardized series were combined to form a com-
posite tree-ring width index series by calculating the
arithmetic mean for each year. Finally, the composite
tree-ring width index series was normalized. The
standardized composite tree-ring width index series
(hereafter referred to as the TWI) was used to reflect
the climate variability in the region. The statistic of
the expressed population signal (EPS) (Wigley et
al. 1984) was used with a threshold value of 0.85 to
determine the period for which each chronology was
sufficiently replicated to be deemed reliable.

To evaluate the spatial representation of the 12
standardized series, the composite means of the 12
tree-ring series in prominent drought years during
the instrumental data period (i.e. 1962, 1968, 1971,
1974, 1981, 1995 and 2001) were compared spatially
with those of normalized precipitation series for the
13 meteorological stations.

To measure spatial variability among the indi-
vidual tree-ring sites, we counted the number of the
standardized series with negative values for each
year and used the proportion of the number of the
standardized series with negative values as a mea-
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Table 3. Summary of the historical documents used in this study

Original sources

Description

Spatial coverage

Climatic information

Historical periods

covered

Reference

Number

7835 types of historical

document

Excerpts

China (mainly in
eastern China)

Weather, climatic conditions, atmo-

Zhang et al. 2004 23rd century BC-

(1]

spheric physical phenomena, and

AD 1911

relevant records (drought, flood,
snow, insect damage, plagues,

famine, and others)

Historical documents

and meteorological
records in Qinghai

Province

Qinghai Province Excerpts

Natural disasters (drought and

Shi et al. 2003 AD 89-2000

(2]

flood, hail, earthquake, debris flow,

and others)

Historical documents

and meteorological
records in Qinghai,

Gansu and Ningxia

provinces

Excerpts

Gansu, Qinghai

and Ningxia
Provinces

Meteorological disasters (drought,
flood, dust, snow and others)

Wen et al. 2005 71 BC-AD 2000

(3]

More than 2100 types
of local/regional

gazettes

Charts with classification

China

AD 1470-1979 Drought and flood

CMA 1981

(4]

of droughts and floods

(5 grades, from 5 to 1)

sure of spatial consistency for drought years. We
designated this series as the index of spatial con-
sistency (ISC). An ISC value of 1.0 means that all
individual tree-ring series exhibited low-growth
conditions for that year, while lower values sug-
gest a reduced level of spatial consistency among
the tree-ring series as indicators of climate condi-
tions.

Droughts are extended periods of below-normal
moisture conditions that have adverse impacts on
plants and crops (Dracup et al. 1980). The impacts
of droughts can be measured by their intensity and
severity, with the latter parameter considering
both the intensity and duration (Palmer 1965).
In this study, the narrowness of ring-widths was
used to represent drought severity in the study
region. For analyzing the severity and frequency of
droughts, the TWI series was graded based on
its mean (0) and standard deviation (o = 1). Val-
ues between -0.506 and -1.56 were defined as
moderate droughts (labeled as 1); values between
-1.56 and -2.56 were considered as severe
droughts (labeled as 2); and values below -2.5¢
were classified as extreme droughts (labeled as 3).
Prior to this classification, the 1-sample K-S test
(Conover 1971) was employed to check the nor-
mality of the TWI series, thus ensuring the reli-
ability of classification.

2.6. Cluster analysis

After the severe and extreme drought years
were identified for the study region, we examined
the spatial patterns of moisture conditions for all of
central and eastern China during those years using
cluster analysis.

Cluster analysis is an effective statistical tool for
objectively grouping individual members into
homogeneous clusters based on certain metrics,
and has been widely used in different types of cli-
matological research. In this study, we used an
agglomerative hierarchical technique with Euclid-
ian distance (the square root of the sum of the
squared distances between all variables) as the
distance metric (Jain & Dubes 1988). In hierarchi-
cal clustering analysis, specific measurements of
dissimilarity are used to characterize the relation-
ships among the individuals and to search for the
most similar pairs to merge. Based on previous
studies (Unal et al. 2003, Carnelli et al. 2004,
Friedrichs et al. 2009), we chose Ward's method
(Ward 1963), in which the criterion for the choice
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of linkage between a pair of individuals is the least
increase in the sum of the squared deviations from
the cluster means. Most applications of cluster
analysis in climatological studies are employed to
identify homogeneous spatial zones or locations
based on certain climatic attributes (e.g. Stahl &
Demuth 1999, Dezfuli 2011, Fu et al. 2011). How-
ever, we used it as a means of temporal-spatial
analysis to identify clusters of drought events (years)
that exhibited similar spatial patterns in the updated
dryness-wetness index dataset (Hao et al. 2009).
There were 91 stations/locations in central and east-
ern China with available data for the study period.
Rather than identifying homogenous stations or spa-
tial zones, we attempted to identify groups of years
that showed similar spatial structures. Thus, there
were initially N events or members (drought years)
that were treated as variables, and each included
91 observations (stations or locations). These events
were successively merged in N — 1 steps until all
events were included as members of a single group.
With each progressive step, the within-group vari-
ance increased as more members were included in
a given cluster. However, Ward's method minimizes
increases in the within-group variance (sum of the
squared errors). Euclidian distance, rather than
correlation, was considered as the distance metric
because we were interested in the similarities of
absolute measures of drought/wetness. For exam-
ple, a north-dry, south-wet spatial pattern may be
matched with a north-dry, south-wet pattern with
minor variations, but not with a north-wet and
south-extremely wet pattern. Jain & Dubes (1988)
noted that choosing an appropriate number of
classes is a critical, yet frustrating part of cluster
analysis. Certain criteria (e.g. those proposed by
Dezfuli 2011), although they are subjective, must be
defined in accordance with the purpose of the ana-
lysis and the characteristics of the data. In our case,
the criteria were:

(1) We wanted to avoid a final cluster with only one
member, as this reduces the representativeness of
the cluster, and preferably have a relatively even
distribution of the members in the final clusters.

(2) We set our intended number of clusters as 3 to
5 considering the total number of events and the
ease of interpretation.

(3) We wanted to ensure the homogeneity of the
clusters as much as possible, which was the main
reason for our choice of Ward's method.

(4) Resultant clusters should render spatial patterns
that are physically meaningful and relatively easy to
interpret.

3. RESULTS

3.1. Climatic implications of the 12 tree-ring
chronologies

Analysis of the relationships between tree growth
and climatic factors at the 2 new tree-ring sites KL3
and DDS3 showed some variances between the 2
chronologies for individual months (Fig. 2). Never-
theless, the consistent pattern of highly positive cor-
relations with monthly precipitation during May and
June, along with the negative correlations with tem-
perature for the same months, indicated that tree
growth at these 2 sites was indeed sensitive to mois-
ture variations, especially in the early growing sea-
son. Similar patterns have also been found at other
moisture-sensitive sites in the Qilian Mountains, the
eastern Qaidam Basin and the Anyemagen Moun-
tains (Shao et al. 2005, Gou et al. 2007, Liu et al. 2009,
Zhang et al. 2011). During the period of cambial
activity, sufficient soil moisture must be available for
tree growth when evapotranspiration rates are high
and the trees are in full vigor. Temperature is a proxy
for insolation and has been used as an important
factor, or even as the single factor, in calculations
of potential evapotranspiration (Xu & Singh 2002).
Additionally, high temperature in the early growing
season would enhance the physiological activities of
trees, which could create biological water-use stress
associated with the limited moisture availability in a
semi-arid environment (Fritts 1976). Therefore, the
combined pattern of positive correlations with pre-
cipitation and negative correlations with tempera-
ture in the early growing season is an indicator that
tree growth in the study region is moisture-sensitive.

The correlation analysis for all of the tree-ring series
with the May-June precipitation and temperature
showed that all of the tree-ring series were positively
correlated with May—-June precipitation, and most of
the tree-ring series were negatively correlated with
May-June temperature (Fig. 3). The correlation coef-
ficients of the tree-ring series at sites JG, BGH and
HX2 (see Fig. 1) with May-June precipitation and
temperature were relatively low and were not statisti-
cally significant at the 0.05 level. However at HX2 and
BGH, strong correlations were found between tree
growth and the Palmer's Drought Severity Index
(PDSI) in May and June (Liang et al. 2010). Further-
more, tree growth at JG showed a strong positive
correlation (r = 0.628) with a climate index (described
in Barber et al. 2000), which is based on the positive
contribution of precipitation and negative influence
of temperature during the growing season (Zhang
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2009). Therefore, tree growth at all 12 sites was con-
firmed to be moisture-sensitive, which allowed us to
develop a new tree-ring network for reconstructing
the regional drought history and ensured a sufficient
sample size and a relatively even spatial distribution
of tree-ring sites across the study region.

3.2. The temporal and spatial features of the new
tree-ring network

Fig. 4 shows the 12 individual standardized
chronologies used in this study. According to the EPS

Meteorological stations
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Fig. 3. Correlation coefficients of the 12 tree-ring series used in the
study with May-June temperature and precipitation at nearby
meteorological stations

values for the 12 tree-ring series (Table 1), chronolo-
gies for the eastern and western sections of the study
region were generally reliable (EPS > 0.85) from the
early nineteenth century onwards, whereas chrono-
logies for the middle part of the region were reliable
farther back in time, to the seventeenth century. Com-
pared to the instrumental data, the droughts recorded
in the tree rings demonstrated a similar spatial pattern
over the study area, especially for the middle section
where the droughts were most severe (Fig. 5). Good
agreement between the drought severity recorded by
the tree rings and the instrumental data suggested
that this tree-ring network can be used to represent
the spatial characteristics and evolution of
regional extreme droughts.

Fig. 6a shows the TWI series, in which several
large-scale slow-growth years can be identified,
such as 1714 (TWI = -2.78), 1824 (-3.01), 1884
(-2.65) and 1928 (-3.16), as well as the large-
scale fast-growth years 1736 (1.87), 1804 (1.82)
and 1924 (2.42). Furthermore, the 11 yr moving
averages showed fluctuations at the decadal
timescale, including the fast-growth period of
1802-1814 and the slow-growth period of 1923-
1936. However, sample depth, i.e. the number of
series available in different periods, fluctuated
over time (Fig. 6). A decrease in sample depth
would reduce the reliability of the TWI series.

The TWI series was then compared to regional
May-June precipitation during the period 1955-
2005 (Fig. 7). May—June precipitation at each of
the 13 meteorological stations was first normal-
ized based on its long-term mean and standard
deviation, and the arithmetic mean for each year
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extreme drought

was then calculated to produce the regional May-
June precipitation series. For the purpose of compar-
ison, the 2 series shown in Fig. 5 were normalized
to their respective means for the reference period
1955-2005.

As shown in Fig. 7, the TWI series corresponded
well to the regional May-June precipitation varia-
tion, especially for the pre-1985 period. After 1985,
the discrepancies between the 2 series became
larger, and the agreement between the TWI and the
precipitation series weakened, especially for rela-
tively wet years. The correlation between the 2 series
was 0.513 during the period 1955-2005, which is
significant at the 0.01 level. The correlation during
the period 1955-1984 was higher at 0.662 (p < 0.01),
while the correlation coefficient for 1976-2005 was
only 0.377 (p < 0.05). The weaker correlation during
the latter period was mostly caused by large differ-
ences in the relatively wet years. Because the sites
used to construct the network chronology are mois-
ture-sensitive, tree growth in wet years will become
more limited by factors other than moisture condi-
tions. In general, the low-value years in the TWI
series matched well with the low-precipitation years
in the instrumental data, especially for years with
more prominent drought conditions, such as 1962,

1968, 1971, 1974, 1981, 1995 and 2001. This indicated
that the TWI series can preserve signals of major
regional droughts very well, but it may have a limited
ability to record the wet conditions.

In the analysis of regional variability among the
individual tree-ring series, the ISC series presented a
value of 1.0 for 13 years during the period 1700-2005
(Fig. 6b). Thus, for these 13 years, all individual
series indicated the same moisture conditions as the
composite series. For all the years with negative TWI
values, the mean ISC was 0.72, suggesting a high
level of spatial consistency among the individual
series as indicators of drought conditions. Good agree-
ment was observed between the TWI and ISC series
with a correlation coefficient of -0.92 (p < 0.001),
suggesting higher spatial consistency for more severe
drought events.

3.3. Frequency and severity of droughts in the
Qilian Mountains since 1700

The result of the 1-sample K-S test shows that by a
relatively large margin (p = 0.44) the null hypothesis
of TWI having a normal distribution cannot be re-
jected. Therefore, we can assume that the TWI has a
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near-normal distribution and classify the TWI series
to reflect different levels of drought severity. Accord-
ing to this classification, we identified 98 drought
years for the study period 1700-2005 (Table 4,
Fig. 8a). Among these years, there were 5 extreme
drought years (1714, 1721, 1824, 1884 and 1928) as
well as 78 moderate and 15 severe drought years.
Based on examination of 30 yr moving windows
(Knight et al. 2010), a minimum of 6 droughts might
occur in each 30 yr period. Moreover, there was a

1
2010

high drought frequency during the period 1924-
1954, whereas the drought frequency during the
period 1714-1765 was low (Fig. 8b).

We further examined the timing of droughts based
on their different severities and the intervals since
the previous drought years. The intervals between
drought years were usually short with recurrence
being observed in the next year or 1 to 2 yr thereafter
(Table 4). However, there was one period (1802-
1817) in which more than 10 yr elapsed between
drought years. Severe and extreme droughts were
associated with an average interval of 16 yr, but
they often occurred during persistent dry periods. The
drought event with the longest duration occurred
during 1925-1932.

The frequency of drought occurrence was
assessed for different severity levels in 50 yr and
100 yr intervals. The occurrence of drought years
became more frequent in the first half of the 20th
century on a 50 yr timescale, while there were rela-
tively fewer droughts in the 18th and the first half
of the 19th centuries (Table 5). On the 100 yr time-
scale, however, the frequencies of moderate drought
years per century increased gradually, and a larger
number of severe droughts occurred during the
20th century. Although there was only one extreme
drought year in the 20th century, the total number
of drought years was the highest among the 3
centuries compared.
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Table 4. Occurrence of droughts in the Qilian Mountains
during 1700-2005, indicating the year of occurrence, sever-
ity class of the drought (M = moderate, S = severe, E = ex-
treme), and the interval between droughts (i.e. the number
drought-free years following the previous drought)

Year Severity Interval Year Severity Interval
(yr) (yr)
1701 M 1861 S 3
1706 M 4 1866 M 4
1711 M 4 1867 M 0
1712 M 0 1877 M 9
1713 S 0 1878 M 0
1714 E 0 1883 S 4
1715 M 0 1884 E 0
1721 E 5 1885 M 0
1727 M 5 1886 M 0
1729 M 1 1891 M 4
1731 M 1 1895 S 3
1734 M 2 1898 M 2
1745 M 10 1900 M 1
1748 M 2 1908 M 7
1749 M 0 1910 S 1
1750 S 0 1916 M 5
1754 M 3 1918 M 1
1763 M 8 1919 M 0
1766 S 2 1925 M 5
1769 M 2 1926 S 0
1770 M 0 1927 M 0
1771 M 0 1928 E 0
1777 M 5 1929 M 0
1779 M 1 1930 M 0
1787 M 7 1931 M 0
1791 M 3 1932 M 0
1795 M 3 1934 M 1
1796 S 0 1940 M 5
1797 M 0 1941 M 0
1799 M 1 1947 M 5
1800 M 0 1950 M 2
1801 M 0 1951 M 0
1818 M 16 1953 M 1
1821 M 2 1957 M 3
1823 M 2 1960 M 2
1824 E 0 1962 S 1
1826 M 1 1963 M 0
1829 M 2 1966 S 2
1831 M 1 1968 M 1
1833 M 1 1971 S 2
1836 M 2 1974 M 2
1837 M 0 1976 M 1
1838 M 0 1978 M 1
1840 M 1 1981 M 2
1847 M 6 1991 M 9
1850 M 2 1992 M 0
1853 M 2 1995 S 2
1854 S 0 2000 M 4
1857 M 2 2001 S 0

3.4. Temporal and spatial evolutions of an extreme
drought event

The drought event that occurred in north China from
the late 1920s to the early 1930s has attracted much at-
tention (Li et al. 1994, Xu 1997, Li et al. 2006, Liang et
al. 2006). The spatial extent of this multi-year drought
event covered the entire region of north and northwest
China and part of the People's Republic of Mongolia.
Although the this event occurred shortly before the
notorious North American dust bowl drought, it is
much less well known due to the lack of documentation
at the time, when China was plagued by civil wars and
a foreign invasion. According to the TWI series, this
event was the one with the longest duration during the
study period 1700-2005, lasting from 1925 to 1932.
However, the spatial structure of this event was not
uniform, as can be seen in the variations among the 12
tree-ring sites. Fig. 9 shows that the drought condi-
tions began in the western part of the study region in
1925 and progressed eastward over time. The severity
peaked in 1928, when there were nation-wide drought
conditions. Afterward, the drought severity abated in
the western part of the study region, while drought
conditions lingered in central and eastern areas. By
1932, only the central part of the study region was still
under drought conditions, and the entire region re-
turned to normal or wet conditions in 1933.

3.5. Large-scale spatial structure of moisture
conditions

Spatial linkages of the drought conditions in the
study region to other regions in East Asia may provide
insight into the physical processes associated with
drought occurrence. Using cluster analysis, we sum-
marized the spatial characteristics of the moisture
conditions in central and eastern China corresponding
to the 19 severe and extreme drought years during
1700-2000 recorded in the TWI series (Table 4). We
grouped the 19 drought years into 3 clusters with rela-
tively similar spatial structures (Fig. 10):

Pattern I: This pattern represents the largest spatial
extent of droughts, covering almost all of central and
eastern China.

Pattern II: The droughts in these years occurred
mainly in northwestern and southwestern China
(provinces of Gansu, Ningxia, Inner Mongolia, Yun-
nan, Guangxi and Guizhou). The belts of dry and wet
conditions running northwest to southeast showed an
alternating dry-wet pattern from southwestern China
to the northeast.
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Fig. 8. (a) Occurrence of droughts of different severities (Class 1: moderate; Class 2: severe; Class 3: extreme) based on the re-
gional tree-ring width index master series (TWI). Dates of extreme events are shown. Symbols above lines representing severe
and extreme droughts show drought events recorded in these years by different historical documents: (s): CMA (1981); (0): Shi
(2003); (*): Zhang (2004); (q, n, g): volumes on Qinghai, Ningxia and Gansu, respectively, in Wen (2005). (b) Number of drought
years in the preceding 30 yr moving window (for example, the value in 1730 indicates the number of dry years from 1701 to 1730)

Pattern III: Other than the droughts in our study
area and northern China, droughts occurred mainly
in the region south of the Yangtze River, while the
region just north of the Yangtze River was wet. The
spatial distribution of moisture conditions showed
a dry-wet-dry pattern from the southeast to the
northwest.

4. DISCUSSION

4.1. Comparisons between tree-ring records and
historical documents

Severe drought events usually have long durations
and impact large areas, and therefore they have

Table 5. Frequency (number of years) of droughts of differ-
ent severities in the Qilian Mountains for 50 yr and 100 yr

intervals

Interval Periods Moderate Severe Extreme Total

50yr  1700-1749 12 1 2 15
1750-1799 12 3 0 15
1800-1849 14 0 1 15
1850-1899 11 4 1 16
1900-1949 15 2 1 18
1950-1999 13 4 0 17

100 yr  1700-1799 24 4 2 30
1800-1899 25 4 2 31
1900-1999 28 6 1 35

historically been well documented in China. We re-
viewed historical documents (CMA 1981, Shi 2003,
Zhang 2004, Wen 2005) for evidence of droughts to
corroborate those events indicated by the TWI series
and found that almost all of the severe and extreme
droughts revealed by the TWI series were recorded by
the historical documents as occurring in and around
the study region (Fig. 8a). Of the 78 moderate droughts,
70 were also recorded in the historical documents;
however, the regional coverage was less extensive. In
contrast, extreme droughts tended to be recorded by
multiple historical documents, reflecting the greater
large-scale homogeneity of extreme droughts com-
pared with moderate and severe droughts.

Some differences were also observed between the
TWI and the historical documents. For example, ac-
cording to the TWI series, the droughts that occurred
in 1877 and 1878 were moderate in severity, while
the historical documents indicated that these were
extreme droughts, at least in north-central China,
where they were associated with a death toll of more
than 10 million people due to famine in Shaanxi,
Gansu and Ningxia provinces (Wang 2009). This
demonstrates that large-scale drought events may
exhibit a variety of spatial structures and the drought
severity in one area may not be representative of the
entire region impacted by these events. In addition,
several droughts in the TWI series were not con-
firmed by the historical documents. One such exam-
ple is the period 1883-1884, which was associated
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dataset. A moderate drought was also
recorded in the adjacent area of Ning-
xia, east-central Inner Mongolia, and
northern China. Additionally, a tree-
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Comparison between the TWI and
the dryness-wetness index record at

Fig. 9. Temporal and spatial evolution of the multi-year drought event during
1925-1932. Columns show tree-ring sampling sites arranged from west to east.

Zhangye (Fig. 11) indicates good
agreement, especially for years of se-

(®) Negative tree-ring width index series values, indicating dry conditions. ~ vVere and extreme droughts. Based on
Large circles indicate greater severity of drought. (O) Positive values, indi- the 3 yr moving average series, 2 dis-

cating wet conditions

with an extreme drought event according to the
TWI series. The 500 yr dryness-wetness index
dataset (CMA 1981) showed that the moisture condi-
tions during 1883-1884 were normal or wet in the
provinces close to our study area; while a moderate
drought occurred 1 yr earlier (in 1882) at Zhangye,
which is the closest station to the tree-ring sites

tinct dry periods were recorded in both

series (approximately in the 1710s and
1920s), along with 2 wet periods (approximately in
1880-1900 and the 1980s). We found that 34 out of all
56 droughts recorded in Zhangye are represented in
the tree-ring data (60.7 %) and 10 out of the 16 severe
droughts are recorded (62.5%). These agreements
confirmed the reliability of the drought signals in the
TWI series.
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Fig. 11. Comparison between the tree-ring width index master series (TWI) (top) and the dryness-wetness index series at
Zhangye (bottom). Black bars show annual values; red lines indicate the 3 yr moving averages; shaded areas are examples
when the moisture conditions in both smoothed series are well matched

Discrepancies between the 2 series were also
noticed for several periods (e.g. 1720-1740, 1740-1880,
and the 1990s), for which, however, good explana-
tions can be found. From 1740-1880, there are sev-
eral gaps in the historical documents. Although Chi-
nese historical documents are well known for their
continuity and completeness, it is inevitable that
gaps will exist due to interruptions of civil services
caused by wars and shifts of power in central and/or
local governments. With respect to climatic informa-
tion, the TWI series represents the moisture condi-
tions within the tree-ring network, which extended
for approximately 500 km across the study region,
while the dryness-wetness index series at Zhangye
mainly reflects local conditions. Additionally, the
strong correlation between the TWI and regional
May-June precipitation indicates that the TWI mainly
reflects the moisture conditions during late spring
and early summer, i.e. in May and June, whereas the
historical documents consider the entire growing
season (i.e. May through September). Furthermore,
as most of the historical documents in China are
focused on the impacts of droughts from the perspec-
tive of agricultural production, the recorded moisture
conditions may consider water sources other than
precipitation, such as irrigation and inter-basin water

transfers; this is especially true for Zhangye and its
surroundings where melt-water streams are a major
source of water supplies for irrigation.

To further confirm the validity of the TWI series, we
extracted the summer reconstructed PDSI data at 3
grid points (Points A, B, and C in Fig. 1) from the
Monsoon Asia Drought Atlas (MADA) dataset (Cook
et al. 2010b) for the period 1700-2005. This dataset is
based on tree-ring data and includes sampling sites
close to our study region. We found good agreement
between the TWI and the 3 PDSI series, with correla-
tion coefficients of 0.423 (Point A), 0.463 (Point B)
and 0.374 (Point C). These results show that the TWI
can represent the major characteristics of historical
droughts very well, including both their intensity and
timing. Thus, tree-ring networks are a good proxy for
climate conditions across spatial and temporal scales.
This proxy is especially useful in western China,
where continuous historical documents are lacking.

4.2. Possible linkages between regional droughts
and atmospheric circulations

The causes of droughts in China are very complex.
Multiple causes are often associated with region-
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wide severe drought events. These include monsoon
intensity (e.g. Qian et al. 2007, Ding et al. 2008, Cook
et al. 2010a), El Niho Southern Oscillation (ENSO)
(e.g. Feng & Hu 2004, Tong et al. 2006) and other
tropical sea surface temperature forcing mecha-
nisms, and continental-scale snow cover (e.g. Ding et
al. 2009, Immerzeel & Bierkens 2010, Yim et al. 2010).
The 3 spatial patterns of moisture conditions in cen-
tral and eastern China provide additional information
regarding the possible linkages between regional
droughts and atmospheric circulation.

Central and eastern China is recognized as the
region that is most influenced by the East Asian sum-
mer monsoon, and monsoon intensity can produce
distinct regional patterns of precipitation anomalies.
For example, a weakened (enhanced) East Asian
summer monsoon can cause below-normal (above-
normal) summer precipitation in northern China and
above-normal (below-normal) precipitation in the
middle and lower reaches of the Yangtze River
(MLYR) (Ding et al. 2008). In this study, we examined
the values of 4 different monsoon indices (Table 6)
for the years with different spatial patterns of mois-
ture conditions identified in Fig. 9 during the instru-
mental data period. Guo's summer monsoon index
(SMI) is based on the mean differences in sea-level
pressure fields between land (at 110°E) and sea (at
160°E) in East Asia averaged between 10° and 50° N
(Guo 1983); strong monsoon years are associated
with large land-sea pressure differences. We calcu-
lated Guo's SMI (June—-August) for the period
1951-2004, giving a mean value of 1.0 for this period,
using NCEP/NCAR Reanalysis data (Kalnay et al.
1996). Li & Zeng (2002) constructed an East Asian
summer monsoon index (EASMI) based on the nor-
malized seasonality of the 850 hPa wind field within
the East Asian monsoon domain (10°-40°N and
110°-140°E). This index is negatively correlated with
summer precipitation in the MLYR region. The
Indian monsoon index (IMI) is based on zonal wind
field differences at the 850 hPa level between 2

Table 6. Monsoon index values for the events of different

spatial patterns in Fig. 8 during the instrumental data pe-

riod. See Section 3.5 for descriptions of spatial patterns and
Section 4.2 for full names of monsoon indices

Spatial Year SMI EASMI IMI WNPMI WYMI
pattern

PatternI 1966 1.18 -0.739 -1.195 -1.133 -0.453
PatternIl 1962 1.39 0.655 -1.050 0.165 -0.850
Pattern III 1971 0.94 -0.868 0.173 -0.244  0.058

1995 0.68 -1.240 -0.694 -1.367 -0.535

regions: the tropical Indian Ocean and northern
India (Wang & Fan 1999); whereas the western North
Pacific monsoon index (WNPMI) is based on the 850
hPa wind field differences between the region from
the southern Indo-China Peninsula to the Philippines
and another region including subtropical eastern
China and the East China Sea (Wang et al. 2001).
Finally, the Webster and Yang monsoon index
(WYMI), which is considered to represent a broad
measure of the South and Southeast Asian monsoon
intensity, is based on differences between the zonal
wind fields at the 850 and 200 hPa levels from tropi-
cal eastern Africa to the Indochina Peninsula (Web-
ster & Yang 1992). All of these indices, except for
Guo's SMI, are normalized with large positive values
indicating strong monsoon intensities.

Because we are limited by the sample size avail-
able, as there are only one or 2 cases since 1948 in
each weather event category, we can only employ a
case-study approach for comparison with the values
of the monsoon indices. Pattern I represents nation-
wide severe droughts, including the years 1721,
1928, and 1966, all of which have been mentioned as
extreme or exceptional drought events in previous
studies (Zheng et al. 2006, Shen et al. 2007). For the
Pattern I event during the instrumental data period
(1966), the SMI presented a near-normal value, while
all of the other monsoon indices were negative,
suggesting weak intensities for all components of
the Asian monsoon system. Apparently, the reduced
overall monsoon intensity limited the transport of
moisture from the surrounding oceans to the entire
region and caused large-scale drought events.

Both Pattern II and Pattern III show sub-regional
connections between the occurrence of severe
droughts in the Qilian Mountains region and other
regions in central and eastern China. For Pattern II,
using 1962 as an example, SMI indicates a strong
monsoon year and EASMI is also positive. Under
these conditions, the monsoon rain belt pushed far-
ther north than normal, well into northeast China.
Additionally, a weak Indian monsoon and generally
weak monsoon intensity in southern and south-
eastern Asia limited precipitation in south and south-
west China. Qian et al. (2007) proposed a conceptual
wave-train model to explain the wet-dry spatial pat-
tern of precipitation anomalies in eastern China as
the product of the monsoon circulation in combina-
tion with westerlies. The interactions between the
East Asian monsoon and westerlies generate 4 east—
west running dry-wet zones from south to north,
matching the alternating pattern of wet and dry
zones in our Pattern II category almost exactly.
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In Pattern III, the MLYR and Huaihe River region
experienced wet conditions while drought conditions
occurred in the regions to the north and south. Both
the SMI and EASMI suggest a weakened East Asian
monsoon in 1971 and 1995, while the other compo-
nents of the Asian monsoon system were close to
normal in 1971, but relatively weak in 1995. Yu & Lin
(2007) considered this pattern to be one of the 2 spa-
tial patterns associated with flooding events in the
MLYR region. They analyzed the 500 hPa composites
of multiple years for the period 1951-2004 and iden-
tified the corresponding circulation pattern. When
this pattern occurred, the South China Sea high was
merged with the northwest Pacific high and formed a
strong high-pressure system in the South and East
China Seas that directed warm and humid airflows
to eastern China. At the same time, cold air originat-
ing from a deepened trough over the Ural Mountains,
formed in connection with the development of Ok-
hotsk blocking, invaded China from the northwest,
and met the warm and humid air in the MLYR and
Huaihe River region, forming a persistent rainy belt
running in a SW-NE direction, whereas the areas
to the north and south of this belt received below
normal precipitation.

It is also important to consider the influence of
the anomalous westward extension and northward
movement of the North Pacific subtropical high. Pre-
vious studies have found that droughts (floods) gen-
erally occur over northern China (the MLYR) when
the position of the subtropical high is farther east
and/or south (west and/or north) than normal (Bi
1990, Ding 1991, Wang et al. 2000). Therefore, the
locations and orientations of the dry and wet areas in
eastern China are expected to have resulted from the
combined effects of the strength of the East Asian
summer monsoon and/or the position of the North
Pacific subtropical high (Qian et al. 2002, Nan & Li
2003, Guo et al. 2004, Chou et al. 2009, Yu et al.
2009).

As an important ocean-atmosphere coupled pheno-
menon, ENSO has been considered as representing
one of the major causes of droughts and floods in
China in various regional studies. However, its
effects are both spatially and temporally inconsistent
(Feng & Hu 2004, Tong et al. 2006). We examined the
relationship between the TWI and an annually
resolved 1100 yr reconstruction of the ENSO varia-
tion (Li et al. 2011) for 1700-2005. We found that the
composite mean of the ENSO record was close to 0,
or neutral conditions (ENSO = 0.069), for the 20
severe and extreme drought years in the TWI. Addi-
tionally, cross-correlation analysis between TWI and

the ENSO record did not render any statistically sig-
nificant relationships when the year lagged from 0
to 7 yr. This indicates that the relationship between
drought occurrence in our study region and ENSO
events, if any, may be very complex and that many
factors other than ENSO affect the drought pattern in
East Asia. For example, some researchers have sug-
gested possible influences of middle- and high-latitude
circulation patterns on precipitation in the Qilian
Mountains (Liu et al. 2009, Zhang et al. 2009, Zhao et
al. 2011).

We can conclude that some historical droughts in
the Qilian Mountains have been associated with
severe drought events across all of central and
eastern China and are related to the Asian summer
monsoon intensity, while others might be regional
or isolated local events related to the westerlies
or other factors. It should be noted that the above
discussion does not provide an exhaustive and
comprehensive synthesis regarding the spatial pat-
terns of moisture conditions in central and eastern
China. Instead, our intention is to establish large-
scale spatial linkages between severe drought
events in the Qilian Mountains with other regions
in China to aid in understanding the complex forc-
ing mechanisms associated with major drought
events.

5. CONCLUSIONS

Using a network of 12 moisture-sensitive tree-ring
series, a regional ring-width index series in the Qil-
ian Mountains of the northeastern Tibetan Plateau
was developed. Based on comparison with instru-
mental data, the ring-width data could accurately
capture the spatiotemporal characteristics of the
major past droughts in the study region. This dataset
was then used to analyze the temporal and spatial
characteristics of droughts during the period 1700—
2005. We found that 98 drought years had occurred
during the period 1700-2005, with reoccurrence of a
drought event often being observed 1 to 2 yr there-
after. Among these drought years, 15 were ranked as
severe and 5 as extreme in our classification. During
the 20th century, the occurrence of moderate and
severe droughts became more frequent in compa-
rison to the 18th and 19th centuries. The tree-ring
network effectively displayed the evolution process
of the extreme drought event in the late 1920s to
early 1930s, showing a progressive pattern from west
to east in our study region for both the onset and
termination of this event.
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Through comparisons with the historical documents
and instrumental data, we found that the regional
tree-ring network could provide continuous drought
histories and represent the characteristics of severe
droughts well, including the frequency, intensity and
impact areas of these droughts. Three spatial pat-
terns were identified for the 19 severe and extreme
drought years in central and eastern China during
1700-2000. It was found that some of the major
droughts recorded by the tree-ring network repre-
sent large-scale events, including a few that influ-
enced the entire country, while others were clearly
regional or local events with only a limited spatial
coverage. It is also of note that there were spatial pat-
terns of moisture conditions that showed the linkages
or teleconnections between different parts of the
country during these drought years. This finding
requires further evaluation through reconstruction of
the associated atmospheric circulation patterns in
order for the mechanisms that produced these spatial
patterns to be fully understood.
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