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Abstract Tree-ring records are a valuable source of information for understanding
long-term, regional-scale drought changes. In this study, a tree ring width chronology
spanning the last 330 years (A.D. 1681-2010) is developed for the northern fringe of
the Asian summer monsoon in north central China based on tree ring widths of the
Chinese pine (Pinus tabulacformis) at three sites in the Hasi Mountain (HSM). An
annual (running from the previous August to the present July) Palmer Drought Severity
Index (PDSI) series is reconstructed for the period A.D. 1698 to 2010 using a linear
regression model. This reconstruction accounts for 49 % of the actual PDSI variance
during the calibration period (A.D.1951-2005). During the last past 330 years, the year
1759 drought was the most severe and the 1926-1932 drought was the most long-
lasting. These drought episodes resulted in huge economic losses and severe famine.
Similar periods of drought are also found in the Great Bend of the Yellow River region,
northeastern Tibetan Plateau and northern China. Our drought reconstruction is consis-
tent with the dry-wet index derived from historical documents for the Great Bend of the
Yellow River region for the last three centuries, revealing that our annual PDSI
reconstruction reflects broad-scale climate anomalies and represents drought variations
in the northern fringe of the Asian summer monsoon. The PDSI reconstruction corre-
lates significantly with sea surface temperature (SST) in the eastern equatorial Pacific
Ocean and northern Indian Ocean at an annual timescale, implying that El Nifio-
Southern Oscillation and the Indian monsoon might be influencing drought variability
in the study area. Some extremely dry years of 1707, 1764, 1837, 1854, 1878, 1884,
1926 and 1932 coincided with major El Nifio events in historical times. The decadal-
scale variability is linked to Pacific Decadal Oscillation (PDO) and SST variations in
the Atlantic Ocean. The observed recent tree growth reduction is unusual when viewed
from a long-term perspective.
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1 Introduction

Drought events have significant socio-economic and ecological impacts particularly in
arid regions (Easter et al. 2000). Evidence from recent studies indicates that the rising
intensity of global warming may lead to droughts occurring more frequently and
persisting for longer (Cook et al. 2004; Dai et al. 2004; Trenberth et al. 2004).
Precipitation in China varies greatly on both annual and seasonal timescales (Zhang
and Lin 1992). In some years, flooding follows heavy rainfall, while in other years
the rainfall is insufficient to support agriculture in some regions. As result of its
monsoon climate, as well as its topography, China has one of the world’s highest
rates of drought and flood events. The report of damage in China (1949—1995) reports
that, of all the disaster categories listed, droughts lead to the greatest economic loss
(Damage Report 1995). Several studies have reconstructed the dryness/wetness indices
for eastern China for periods covering the last 530 years. These studies have shown
that the dry and wet anomalies appeared initially in northeastern China and have since
migrated to affect southern China (Hu and Feng 2001; Qian and Zhu 2001). For
example, in 2001, the worst drought since 1990 hit north central China, leaving vast
tracts of land parched depriving millions of people and livestock of drinking water
(People’s Daily, 31 May, 2001). During the 1920s and 1930s in northern China at
least 4 million people died because of the famine following the mega-drought (Shanxi
Committee of Natural Disasters Annals 2002). In the extreme drought year of 1997,
there was no outflow from the Yellow River to the sea for more than 300 days.
During this time, approximately 700 km of the lower reaches of the Yellow River
ceased to contain water. Meanwhile, the river’s major tributaries in its middle reach,
including the Fenhe River, Xinhe River, Yihe River, Yanhe River and Weihe River
were desiccated.

Therefore, it is extremely important to investigate the characteristics of drought
variability and its potential forcing mechanisms at the northern fringe of the Asian
summer monsoon in China, and to assess the likely occurrence of similar events in
the future. An understanding of drought disasters experienced in the past could help
in the evaluation of potential future regional hazards, and also facilitate the assess-
ment of the links between regional and worldwide droughts (Wilhite 2000). Our
understanding of drought regimes in this area is limited by the short length of
instrumental records. To describe moisture conditions in China, consideration of both
precipitation and potential evapotransportation is important, making PDSI a particu-
larly good indicator of drought (Li et al. 2008). At present, tree rings have been
widely used for longer time-scale drought reconstructions (Cook et al. 2010; Esper et
al. 2007; Li et al. 2006, 2007). In China, several climate reconstructions of using tree
rings have been conducted, for example in the Helan Mountains (Liu et al. 2005a, b)
and the Tibetan Plateau (Gou et al. 2008; Shao et al. 2010; Briduning and Mantwill
2004; Yang et al. 2010a, b), with some records extending back over 1,000 years
(Shao et al. 2010).

In this study, we present a drought (PDSI) reconstruction for the Hasi Mountains
(hereafter HSM) at the northern fringe of the Asian summer monsoon in central China
and discuss the underlying drought regimes, on the basis of a tree-ring width series
developed with Pinus tabulacformis. Because the Asian summer monsoon affects moisture
conditions over this region, we investigate linkages between drought and atmosphere-ocean
circulation of the Indian and Pacific Oceans and Asian monsoon in the HSM region in order
to examine the regional climate variability.
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2 Materials and methods
2.1 Study area and climate datasets

Our sampling site (Fig. 1, Table 1) is located in the HSM (104°13' to 104°35" E, 36°58’
to 37°02" N, 2400-2740 ma.s.l.) in Jingyuan Country, Gansu Province. It is character-
ized by a semi-arid, continental climate. The HSM formation is mainly a process of the
uplift from the eastern part of the fold fault belt on the north side of the Qilian
Mountains. The study area lies at the current northern fringe of the Asian summer
monsoon, so it may be sensitive to variations in the strength of the atmospheric
circulation pattern. The region enjoys a temperate and dry climate with an annual
mean temperaturein the range 6.0-7.0 °C. Mean annual precipitation ranges from 350
to 400 mm, with the majority of rainfall occurring from July to September. The windy
season is mostly from December to February. Pinus tabulaeformis are the dominant tree
species, growing on north-facing slopes. The study location is located in the transition
zone between arid and humid climate (Chinese Committee of Agricultural Resources
Planning 1984).

The closest meteorological station, Jingyuan (36.57°N, 104.67°E, 1398 ma.s.l.), provided
monthly temperature and precipitation data which were used for the calibration of the tree
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Table 1 Tree-ring sites and instrumental data locations

Site Latitude Longitude Elevation (m) Core/Tree No. Period

HSM 37.03°N 104.47°E 2,400-2,740 180/110 1681-2010
Y 36.57°N 104.67°E 1398.2 - 1951-2008
PDSI 38.75°N 103.75°/106.25°E - - 1950-2005

HSM, sampling site at Jingyuan County; JY, Jingyuan meteorological station; PDSI, the two closest PDSI grid
points from Dai et al. (2004)

growth-climate relationships (Fig. 2). The mean annual temperature was 9.06 °C and the
mean annual precipitation was 234 mm for the period 1951-2008 at Jingyuan. There are four
Palmer Drought Severity Index (PDSI; Palmer 1965) grid points (Dai et al. 2004) to
encompass our sampling sites in HSM. Analysis showed the PDSI values from the two
grids south of HSM exhibit a high degree of variability (the largest amplitude), which are
very different from the two grids north of HSM. Moreover, the PDSI series from the two
PDSI grid points north of HSM show the best agreement among the four PDSI grid points,
and had higher correlations with the tree-ring chronology. Taking into account of regional
representation and maximum correlation with tree ring chronology, we used two PDSI grid
points north of HSM (Fig. 1), which span the period of 1950-2005, to investigate the
combined effects of temperature, precipitation and soil moisture on tree growth. The final
conclusions are not altered in the case of the inclusion/exclusion of the two PDSI gridded
data south of HSM. The gridded monthly PDSI values were derived using monthly temper-
ature (Jones and Moberg 2003; 2.5°x2.5°rid) and precipitation data as well as the soil-
water holding capacity. The calculation for the PDSI values also takes the precedent
condition into account. Precipitation data were obtained from the National Centers for
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Fig. 2 Mean monthly temperature and precipitation for Jingyuan meteorological station during the period
19512008
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Environmental Prediction (NCEP) Climate Prediction Center (Chen et al. 2002; Dai et al.
1997). For the soil-water holding capacity, Dai et al. (2004) used a soil texture—based water-
holding-capacity map from Webb et al. (1993). The PDSI model also needs some other fixed
parameters.

Correlation functions (Fritts 1976) between the tree-ring width and monthly values of
temperature and precipitation from the Jingyuan meteorological station were calculated by
using the DendroClim 2002 software (Biondi and Waikul 2004). In addition, correlations
and response functions between the monthly PDSI dataset (mean of the two PDSI grid series
north of HSM) and tree-ring width were also calculated by using the same procedure.

2.2 Tree-ring data and chronology development

In October 2010, a total of 187 cores from 110 living trees were extracted with increment
borers at breast height along an altitudinal gradient of 2400-2740 m. All the cores were air
dried and mounted on grooved sticks with transverse surfaces facing up (Phipps 1985).
Cores were prepared with razor blades to expose ring details to cellular level (Stokes and
Smiley 1968). A LINTAB 6 measuring system was used to register ring widths at a
resolution of 0.01 mm, and visual inspection facilitated cross-dating of all series (Stokes
and Smiley 1968) using the software package TSAP-Win (Rinn 2003). The quality of visual
cross-dating was further checked by the COFECHA program (Holmes 1983). These meth-
ods ensure the exact dating for each ring-with series. The master series covers the past
330 years from 1681 to 2010, and was constructed from individual series witha mean series
length being of 181 years. The mean correlation between single series and the master
chronology was 0.67 and the average mean sensitivity was 0.443, confirming the reliable
dating of these samples and indicating that tree-ring widths are subject to strong common
climatic forcing.

The program ARSTAN (Cook 1985) was used to develop ring width chronologies,
and a data-adaptive power transformation was applied prior to standardization in order
to remove bias caused by so-called heteroscedasticity (Cook and Peters 1997). There
is a biological trend inherent in the raw data series, which is removed by a two-step
process. Firstly, an exponential or linear regression curve of any slope was applied to
each tree ring-width series. A cubic spline function was then used to detrend the
resulting tree ring sequences, subject to a 50 % frequency-response cutoff equal to
67 % of the series length. The residual (or difference) between the transformed ring
width measurements and the fitted spline functions were used as tree indices. Tree
indices for each year were averaged using the biweight robust mean (Cook and
Kairiukstis 1990) to create chronology values. To account for changes in variance
attributable to the decline in sample size with time, variance stabilization (Osborn et
al. 1997) was applied. The sample size is smaller for the early portion of the tree-ring
chronology, and so the expressed population signal (EPS; Wigley et al. 1984) was
calculated using a 30-year moving window with 15-year overlaps to assess the
reliability of the chronology over time.

The STD chronology from ARSTAN program is the standard version that contains low-
frequency information originating from persistent variance of a single tree (Cook 1985). It is
computed to enhance the common signal while removing the effects of endogenous stand
disturbances. Recent studies indicate that the frequencies retained may be as little as one
third of the mean segment length in the chronology (Cook et al. 1995). The mean segment
length of our STD chronology is 181 years, and therefore approximately 60 years of
variability could be retrieved. The mean sensitivity (MS) was 0.25 for the STD chronology,
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Fig. 3 Standard chronology for HSM (black line) and sample size expressed as number of cores (blue line)

it can be considered to be an indicator of relative changes in the variance of the ring-widths
over consecutive years. An assessment of the effects of previous growth is achieved using
first-order autocorrelation (AC1), which is 0.54 for the STD chronology (Fritts 1976). As a
result, we use the STD version to calculate the response of PDSI to climatic variables in
further analysis (Fig. 3). Based on an expressed population signal (EPS) threshold value
exceeding 0.85, the most confident period of the standard chronology was from 1698 to
2010 (A.D.).
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Fig. 4 Correlation and response function analysis of the HSM standard chronology: a correlation with
temperature (light bars) and with precipitation (solid bars) measured at the Jinyuan meteorological station
from 1951 to 2008, and b relationship with the mean value of two PDSI grid points from 1951 to 2005,
expressed as correlation (solid bars) and response function (/ight bars). The asterisks indicate significant
correlation at 95 % confidence levels
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3 Results
3.1 Response to climate variables

Climate-growth analyses were undertaken for the common period 1951-2008 when both
tree-ring data and meteorological records were available. As shown in Fig. 4a, significant
negative correlations (at the 0.05 level) with temperature were found in September of the
previous year (»=—0.338), and in January (»=—0.344), February (r=—0.306), March (»=—0.280),
May (r=-0.361), June (»=—0.318) and August (=—0.340) of the current year. By contrast, there
was a positive correlation between precipitation during the current growing season and tree
growth, this was particularly evident for August (#=0.229) of the current year. The other
significant correlations with precipitation were found in August (»=0.401) and September
(r=0.456) of the previous year, and April of the current year (»=0.207). This positive
correlation with precipitation combined with negative correlation with temperature indicates
a moisture stressed growth pattern in the drought region (Fritts 1976). Precipitation and
temperature are both significant to the modulation of tree growth in the area studied, as both
have an effect on soil moisture availability. A further influence on soil water balance is the
potential evapotranspiration demand, which is directly modulated by temperature and has
been found to correlate strongly with tree growth (LeBlanc and Terrell 2001).

In light of the above analysis, we explored the correlation between ring width and monthly
PDSI over their common observation period of 1951-2005, thereby taking both precipitation
and temperature into account (Palmer 1965). It was found that tree rings showed stronger
correlations with PDSI than with meteorological records (Fig. 4b). At the 95 % confidence
level, most of the correlations were significant, except for those in September and October of
the current year, and in May—July of the previous year. Peak correlation occurred in September
(r=0.619) of the previous year. The correlation and response function results indicated that
PDSI is the limiting factor for tree growth in the study region. Consistent with other findings in
the north central China (Li et al. 2007; Fang et al. 2009), higher correlations were found
between tree ring width and PDSI rather than temperature and precipitation.

It is recognized that the PDSI averaged over a single growing month may be less represen-
tative of moisture conditions for the growing season than the seasonally averaged PDSI (Cook
et al. 1999). We therefore tested several seasonal combinations of PDSI for the purposes of
drought reconstruction. The highest correlation between tree ring width and seasonal PDSI was
found for the period from August of the previous year to July of the current year (»=0.7), which
agrees well with the pattern of individual monthly correlations in Fig. 4b. This period was
therefore used in the subsequent reconstruction of drought episodes. We also investigated the
correlation between ring width and dry-wet index constructed by using instrumental records.
Liu et al. (2002, 2005a, b) constructed a dry-wet index (DWI) based on the ratio of temperature
to precipitation. Qian and Zhu (2001) defined a dry-wet index DI=AT/St—AP/Sp, where DI is
the dry-wet index; AT and AP are the anomalies of surface air temperature and precipitation
respectively; Stand Sp are the standard deviations of temperature and precipitation respectively.
The highest correlation was found with the DWI (»=-0.62) and DI (»=—0.59) respectively,
averaged from July of the year prior to growth to current June over the instrumental period from
1952 to 2008. These correlations were lower than that with PDSI. Additionally, the PDSI
approximates the response of tree growth and the soil moisture reservoir to current and
antecedent climatic conditions, and enable direct spatiotemporal comparison of moisture
variability for diverse climates and different areas (Dai et al. 2004; Palmer 1965). Therefore,
we argued that the PDSI is a more reasonable parameter for climate reconstruction than the dry-
wet index derived by observational precipitation and temperature records.
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3.2 Regression model and reconstruction

A linear regression model between tree-ring width of HSM and annual PDSI from the
previous August to current July (p8-c7) was developed as follows:

PDSI(p8 — ¢7) = 4.776  STD — 5.7237

where PDSI is annual PDSI and STD is the tree ring index.

During the calibration period with both ring width and PDSI data (1951-2005), the
reconstruction accounted for 49 % of the total PDSI variance (Table 2). As shown in Fig. 5a,
our reconstruction successfully captured both the high- and low-frequency variations in local
moisture availability. These results are presented notwithstanding the general observation
that tree-ring widths tend to provide an under-estimation of the extremes of climate con-
ditions, particularly on the wetter side of the model.

The statistical fidelity of our reconstruction model was evaluated using split-sample
calibration-verification and leave-one-out cross-validation methods (Michaelsen 1987) (Table 2).
The positive values of reduction error (RE) and coefficient of efficiency (CE) demonstrate that
the model yields accurate estimates (Fritts 1976; Cook et al. 1999). CE is more rigorous than RE,
and values of CE are normally lower than those of RE indicated good regression model ability
(Cook et al. 1999). On the basis of this model, the drought history in HSM region (expressed as
conditions from the previous August to current July) was reconstructed for the period A.D.
1698-2010 (Fig. 5b).

4 Discussion
4.1 Drought variability and drought events

Our reconstruction quantitatively extends the drought history for Jingyuan back to 1698,
proving a longer background with which to evaluate local moisture variability. Low-
frequency variations in PDSI in the HSM were elucidated by applying a 21-year fast Fourier
transform (FFT) (Fig. 5b). During the past 300 years, relatively wet years with above-average
PDSI occurred in 1760—1812 and 1934—1988, whereas relatively dry years with below-average
PDSI prevailed during 1698—1759, 1813—1933 and 1989-2010. The 1810 s—1930s appeared to
constitute the most prolonged dry stage.

Table 2 Regression model statistics for different calibration and verification periods

Calibration Verification Calibration Verification Full Calibration
(1951-1987) (1988-2005) (1981-2005) (1951-1980) (1951-2005)

R 0.67 0.68 0.72 0.57 0.7

R? 0.45 0.46 0.52 0.33 49 %

Rugi® 0.43 - 0.50 - -

RE 0.62 - 0.60 - 045"

CE - 0.45 - 0.32 -

R—correlation coefficient; R —variance explained by the regression model; RE—reduction of error statistic;
CE—coefficient of efficiency; L—denotes the leave-one-out verification
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Fig. 5 a Reconstructed and observed PDSI during the full calibration period, 1951-2005. b The annual (thin
line) and 21-year FFT (thick line) values of the reconstructed PDSI during the period from 1698 to 2010

The mean value of our reconstructed PDSI was —1.08, which is not within the range of
the defined normal moisture status (PDSI=0.0+0.5) (Palmer 1965). The quantitative inter-
pretation of dryness or wetness for a given PDSI value depends on local climatic conditions.
For example, in the United States, a PDSI value of +4 may imply floods, while the same
value would correspond to only moderate rainfall in northern Africa (Dai et al. 2004). In our
study, we redefined PDSI values of —1£0.5 to represent 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), respectively. Based on this new definition we interpret our reconstruction as
follows. The extremely dry and wet years (PDSI <=3 or >1) accounted for totals of 7.03 %
(22 years) and 5.11 % (16 years), respectively. In Fig. 5b, persistent extremely drought
periods were found in the early-1710 s (1713-1714), early-1720 s (1724-1726), mid-1760 s
(1763-1766) and late-1920s (1928-1929); persistent extremely wet periods occurred in the
1780 s (1781-1782, 1784—1787). In addition, there are some isolated drought years and wet
years: for example, 1707, 1759, 1811, 1815, 1837, 1840, 1854, 1878, 1884, 1926 and 1932
were dry years while 1703, 1731, 1733, 1755, 1802, 1804, 1807, 1828, 1946 and 1950 were
wet years.

The extreme wet years appear to be less marked than extreme drought years, which may
be because tree-ring widths generally preserve drought conditions better than wet conditions
(Fritts 1976). Over the length of our reconstruction, the year 1759 appears to be the most
severe drought year, and coincided with a similar dry period that occurred at the northern
fringe of the East Asian summer monsoon in China—Great Bend of the Yellow River
(hereafter GBYR) area (Qian et al. 2011). Extremely dry conditions in 1713-1714, 1766 and
1728 of our reconstruction coincided with periods of reduced tree-ring growth in the
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northeastern Tibetan Plateau (Yang et al. 2010b). Extreme drought periods in the 1720 s
were also reported in the nearby northeastern Tibetan Plateau (Li et al. 2008) and north
China (Liang et al. 2006). It is noteworthy that the drought epoch from 1926—-1932, which
was the most long-lasting reconstructed drought in HSM, has been found to extend over a
large geographic area by many studies in the surrounding areas (Liang et al. 2006). In
addition, the 1920s were reported as a severe drought epoch with high temperature and low
precipitation in Northwestern China (Yuan 1984; Liang et al. 2003, 2006; Zhang et al. 2005).
The year 1928 was the most recent mega-drought, and was associated with two to three
million deaths and the low levels in the Yellow River (Xu et al. 1997). In the GBYR region
the most severe drought occurred in 1928-1929 (Qian et al. 2011), which agrees with
persistent extremely dry epochs inferred from the HSM. Occurring simultaneously, sustained
drought and a plague of locusts, resulted in repeated crop failure, leading to severe famine in
northern China from 1927 to 1929; 34 million people suffered and 10 million died as a direct
consequence of this event (Deng 1937). In addition, we found that another extreme drought
occurred in 1878 in our study area. During the period 1876—1878, thirteen provinces were
affected, including Gansu Province in North China (Zhang and Liang 2010). The severity of
this drought disaster exceeded even that of the 1928—-1930 drought which is considered as
the most disastrous event in the 20th century (Zhang and Liang 2010). Comparing the
similarities between extreme drought events in the HSM and those in the surrounding
regions suggests that a common forcing is associated with drought variations in the GBYR
region, the northeastern Tibetan Plateau, north China and our region.

We found that the extremely dry years in 1707, 1764, 1837, 1854, 1878, 1884, 1926 and
1932 of our reconstruction coincided with major El Nifio events (Quinn and Neal 1992), of
which the years 1878 and 1926 had event strengths and El Nifio confidence ratings of ‘very
strong’ and 5, respectively. Zhang and Xue’s (1994) study of dry-wet periods and historical
El Nifo periods from 1500—1990 A.D. in China then showed that the areas deficient in rain
were distributed in the Inner Mongolia—Gansu Provinces and the Lower Middle Chang-
jiang River during the El Nifio years (Zhang and Xue 1994). Our study region lies in Gansu
Province near Inner Mongolia and is within the region suffering rainfall deficiency in El
Nino years. Therefore, dry years in the HSM may be correlated with El Nifio events. Of
course, not all of the drought years are necessarily El Nifio years, as drought can also be
influenced by other factors.
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Fig. 6 Spatial correlations of instrumental (/eff side) and reconstructed annual (August to July) PDSI (right

side) with regional gridded August to July PDSI for the period 1951-2005. The analyses were performed
using the KNMI Climate Explorer (Royal Netherlands Meteorological; http://climexp.knmi.nl)
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4.2 Spatial correlations and comparisons among neighboring areas

To indicate that our drought reconstruction and meteorological records reflected regional-
scale PDSI variability, we correlated our reconstruction with the UCAR PDSI available for a
user-definde region over the calibration period 1951-2005. The analyses were achieved
using the KNMI Climate Explorer (Royal Netherlands Meteorological Institute; http://
climexp.knmi.nl) (Fig. 6). Instrumental records of annual PDSI for the region containing
our study area, as well as reconstructed August—July PDSI, were correlated significantly
with gridded PDSI on a regional scale. Spatial correlation fields were similar for both
reconstructed and instrumental PDSI variability. The highest correlation fields were confined
to our study regions. These results demonstrated that our annual PDSI reconstruction
captured climatic variations over the wide region at the northern fringe of the Asian summer
monsoon in north central China, including a large portion of the GBYR region. A
comparison of STD chronology between the HSM and Helan Mountains, which are also
located in the GBYR region, suggests that the drought variations between these two
regions have been closely correlated over the past three centuries (#=0.38, p=0.01). For
example, droughts during the 1920s to 1930s in our reconstructed series were also
identified at the Helan Mountains (Liu et al. 2005a, b) (Fig. 7); the spatially correlated
drought variability that exists in this area further suggests that our PDSI reconstruction is
representative of a large area.

Yang et al. (2010b) analyzed spatial and temporal growth variations of Qilian Junipers
over the northeastern Tibetan Plateau during the period 1450-2001 by applying the
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Fig. 7 Comparison of various reconstructions derived from tree-ring records. a PC1 of seven moisture-
sensitive ring-width chronologies over the Qilian Mountains (PC1, Yang et al. 2010b); b Helan Mountains (Li
et al. 2007), ¢ HSM d dry-wet grades in the GBYR region. The black line indicates the annual reconstruction
and the red line indicates the 11-year FFT-smoothed values. Common periods are indicated by shaded bars
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empirical orthogonal function (EOF) technique to seven moisture-sensitive tree ring-width
chronologies, of which the first principal component (PC1) accounts for 51.58 % of the total
variance and was adopted as a good indicator of regional precipitation variations on the
northeastern Tibetan Plateau. Significant correlation (»=—0.26; p=0.01, n=300) was found
between our reconstruction and that of Yang et al. (2010b), probably reflecting long-term
similarities between the northeastern Tibetan Plateau and HSM (Fig. 7).

We compared our regional PDSI reconstruction with the gridded PDSI reconstructions by
Cook et al. (2010). Their tree-ring network included 327 chronologies for the reconstruction of
534 PDSI points in the domain monsoon Asia, which is strongly exposed to the South Asian
summer monsoon. For comparison, the three closest reconstructed PDSI points (36.25°N,
103.75°E; 38.75°N, 103.75°E; 36.25°N, 106.25°E) were extracted from the Cook et al. (2010)
dataset for the northern fringe of the Asian summer monsoon in central China. This revealed that
patterns of drought variation in the HSM were consistent with the gridded PDSI reconstruction
by Cook et al. (2010). In the common period 1698-2005, the correlation coefficient between the
present HSM reconstruction and that of Cook et al. (2010) was 0.28 (p=0.01). The dry phases
during 1830-1850, 1870-1900 and 1920-1940 as identified by the Cook et al. (2010) recon-
struction agreed well with our PDSI reconstruction. During these three in-phase periods, the
corresponding correlation coefficients were 0.33, 0.44 (p=0.05) and 0.62 (p=0.01), respectively.
These similar variations recorded by both our reconstruction and that of Cook et al. (2010) reflect
a common pattern of regional climatic variations during the past three centuries.

Since our reconstruction represents variations in drought intensity at the northern fringe
of the Asian summer monsoon in north central China, we compared our results with the dry-
wet grade series for the GBYR region during the period from 1680 to 2010 (Fig. 7). The dry-
wet grade series was derived by averaging index records of ten sites chosen from 120 dry-
wet grade sites. These ten stations provide a good spatial coverage of the GBYR region and
exhibit spatial coherence. The dry-wet index was categorized into five grades, namely
extremely wet (grade 1), wet (grade 2), normal (grade 3), dry (grade 4), and extremely dry
(grade 5). It was found that the drought variabilities of the HSM and GBYR region were
reasonably well matched, with a correlation coefficient of —0.25 (p=0.05). Therefore, it was
concluded that the drought variability of the HSM is representative of the temporal and
spatial patterns of the wider GBYR region. Similarly, the dry-wet variability of the GBYR
region was found to strongly depend upon whether the southerly monsoon flow can reach
northern China (Qian et al. 2011). The sequence of dry-wet years in our study area is
therefore discussed with reference to the strength of southerly monsoon.

4.3 Linkages to large-scale atmospheric circulations patterns

The Multi-taper method (MTM) of spectral analysis (Mann and Lees 1996) was used to
investigate the variability of local drought in the frequency domain. The analysis was carried
out over the full exntent of our reconstruction from 1698 to 2010 (Figure omitted). An inter-
annual broadband power (at the 95 % level), peaking at 3.4 years, was found for local drought
variability. The waveform of the 3 year cycle, as extracted by the MTM method, accounts for
16.8 % of the total variance. We also found other significant peaks at 2.0a, 2.4-2.6a (at the 95 %
level) and 5—6a (at the 90 % level). All these significant high-frequency peaks fall within the

Fig. 8 Correlation patterns of the actual, reconstructed and 10-year running mean PDSI with the concurrent P
NCDC v2 SST over their overlapping periods. a Actual Aug-Jul averaged PDSI with concurrent NCDC v2
SST (1951-2004). b Reconstructed annual PDSI with concurrent NCDC v2 SST (1951-2004). ¢ 10-year
running mean of reconstructed annual PDSI with concurrent NCDC v2 SST (1951-2004)
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range of El Nino-Southern Oscillation (ENSO) variability (Allan et al. 1996; Sun and Wang
2007), indicating strong teleconnections between drought variability in the HSM and ENSO.
This result is consistent with prior studies that have demonstrated the strong effects of ENSO on
the variation in rainfall in northern China (Zhang et al. 1999; Feng and Hu 2004) and other areas
(Yakir et al. 1996; Schongart et al. 2004; Lopez et al. 2006; Brienen et al. 2010). Some studies
have also shown that the Pacific Decadal Oscillation (PDO) has 15-25a and 50-70a cycles
(Tourre et al. 2001; Minobe 1997). At the decadal scale, peaks significant at the 90 % level
at 12a, 17-18a and 25a have periods close to those of solar activity and the PDO,
respectively. Overall, these cycles suggest a strong association between moisture variability
in the study area and large-scale ocean—atmosphere—land circulation systems.

In Fig. 8a and b, the significant negative correlations of both the actual and reconstructed
HSM PDSI with surface sea temperature (SST) in the equatorial eastern Pacific Ocean and
Indian Ocean support a possible connection between drought variability and major
moisture source for HSM. When the SST of the middle-east Pacific Ocean and Indian
Ocean is low, the West Pacific subtropical high becomes weak and retreats northeast-
ward. Under these conditions, monsoonal China is mainly controlled by the tropical
monsoon through, for example, the Intertropical Convergence Zone (ITCZ) (Tan 2009).
As a result the moisture flux from the Indian Ocean increases, leading to increasing
rainfall intensity in the Chinese monsoon zone. The all-Indian rainfall was significant
positively correlated with the HSM tree-ring index (#=0.351, p=0.01) from 1950 to
2005, which showed that moisture convergence in the HSM is correlated with atmo-
spheric moisture originating from the Indian monsoon. When the temperature of the
middle-east Pacific Ocean and Indian Ocean is high, the West Pacific subtropical high
becomes strong and subsequently extends southwestward. The moisture flux from the
Western Pacific then increases (Tan 2009). These patterns suggest that the variability in
HSM rainfall is correlated with variability in the Chinese monsoonal region, reflecting
changes in the Indian/Pacific Ocean circulation.

Studies by Fu and Li (1978) and Li and Chen (1979) have shown that when SST
in the eastern equatorial Pacific Ocean becomes warmer during El Nifio years, the
Hadley circulation intensifies. A stronger Hadley circulation will induce a stronger
western Pacific subtropical high, which together with a westward shift of the location
of the subtropical high can lead to a decrease in the northerly extent of the Indian
summer monsoon. This results in reduced precipitation in the semi-arid region of
north China. The negative correlation between our reconstructed PDSI and eastern
equatorial Pacific Ocean SST from 1951 to 2004 suggests a connection to ENSO.
Monsoon dynamics are closely related to ENSO, and influence conditions over much
of China (Zhang et al. 1999). Therefore, we concluded that the regional drought
variability is possibly related to ENSO and that the region’s moisture source may be
controlled by the Indian/Pacific Ocean circulation.

We can also see from Fig. 8c that the decadal-scale variability in SST is closely
related to the occurrence of drought in the central of north China. The 10-year running
mean of PDSI shows significant negative correlation with northern Pacific and Atlantic
Ocean SST, suggesting the possible impacts of PDO and NAO on droughts in HSM.
The warm phase of the PDO (positive PDO index) corresponds to low precipitation and
dry conditions in central North China (Ma 2007). Over the last 55 years, the annual
PDO showed a clear shift from a cold to a warm phase during 1976/1977; a shift in
precipitation anomaly from positive to negative then followed one year later in 1977/
1978 (Ma 2007). Because the intensity of the Asia summer monsoon is closely related
to the thermodynamic discrepancy between the East Asian continent and the Pacific
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Fig. 9 Variation of 11-year running mean about tree-ring index of HSM (upper graph) and PDOI (lower graph)

Ocean, the PDO is likely to be the factor controlling the weaker Asian summer
monsoon since the mid to late 1970s. In light of these prior studies, we analyzed the
relationship between the HSM tree-ring index and 10-year running mean of PDO index
(PDOI, http://jisao.washington.edu/pdo/PDO.latest) (Fig. 9). We got a significant cor-
relation (r=-0.33, p=0.01) from 1881 to 2000. We assumed that the PDO is an import
factor influencing tree growth in the HSM in north central China. In particular, the
reduction in tree growth over the last 50 years is related to the decadal-scale shift in
PDO (Fig. 9).

Physical mechanisms controlling fluctuations in the various modes of atmosphere—ocean
circulation are still poorly understood, especially for the Asian continent. Nevertheless,
while the negative correlation presented in Fig. 9 may be explained by the atmospheric
circulation influenced drought variability in this region, the statistical evidence presented
above suggests that the drought in our region is related to SST, ENSO, Indian summer
monsoon and PDO. Possible forcing mechanisms for regional climate change need further
investigation from the perspectives of atmospheric and oceanic circulation systems.

5 Conclusions

A new tree-ring width chronology spanning the period 1681-2010 was established for the
northern fringe of the Asian summer monsoon in central China. We used STD index series
for reconstruction. Following standard dendroclimatological procedures, an annual PDSI
(August-July) series was reconstructed. The reconstruction explained 49 % of the observed
PDSI variability for the calibration period 1951-2005. Persistent, extremely dry epochs were
identified in the early 1710 s, early 1720 s, mid 1760 s and late 1920s, while persistent,
extremely wet periods occurred in the 1780 s (17811782, 1784—1787). The severe droughts
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in 1878 and the 1920s corresponded to major El Nifio events. The PDSI reconstruction in the
HSM is representative of the large-scale regional moisture variability at the northern fringe
of the Asian summer monsoon in China. Correlation between the reconstructed HSM PDSI
and SST in the equatorial eastern Pacific Ocean and Indian Ocean suggests that the regional
moisture variability is influenced by linkages with ENSO, the Indian summer monsoon and
PDO.

Our results demonstrate the critical importance of further developing large-scale and
long-term drought reconstructions over this and surrounding areas, to extend the tree-ring
network and enable a more detailed assessment of the spatio-temporal characteristics of
extreme drought events. This will allow deeper insights into the atmospheric circulation
patterns that influence PDSI patterns over the semi-arid areas at the northern fringe of the
Asian monsoon in central China.
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