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Abstract. We utilised tree-ring cores, collected from three CLP was almost synchronous and closely related with large-
sites at Lingkong Mountain located in the southeast part ofscale land—ocean—atmospheric circulation and solar activity.
the Chinese Loess Plateau (CLP), to develope a regiondbpatial correlation analysis suggested that this PDSI recon-
ring-width chronology. Significant positive correlations be- struction could represent the moisture variations for most
tween the tree-ring index and the monthly Palmer droughtparts of the CLP, and even larger area of northern China
severity index (PDSI) were identified, indicating that the and east Mongolia. Multi-taper spectral analysis revealed
radial growth of trees in this region was moisture-limited. significant cycles at the inter-annual (2—7 yr), inter-decadal
The March—August mean PDSI was quantitatively recon-(37.9yr) and centennial (102 yr) scales. Results of this study
structed from 1703 to 2008 with an explained variance ofare very helpful for us to improve the knowledge of past cli-
46.4%. Seven dry periods during 1719-1726, 1742-1748mate change in the CLP and enable us to prevent and manage
1771-1778, 1807-1818, 1832-1848, 1867—1932 and 1993future natural disasters.
2008 and six wet periods during 1727-1741, 1751-1757
1779-1787,1797-1805, 1853-1864 and 1934-1957 were re-
vealed in our reconstruction. Among them, 1867-1932 and
1934-1957 were identified as the longest dry and wet ped Introduction
riods, respectively. On the centennial scale, the 19th cen-
tury was recognised as the driest century. The drying tenVarious studies have demonstrated that the development of
dency since 1960s was evident. However, recent drought ifiuman society was closely related with changes in climate
1993-2008 was still within the frame of natural climate vari- (Xu, 1998; Zhang et al., 2010, 2011; Biintgen et al., 2011).
ability based on the 306yr PDSI reconstruction. The dryWhen climate change reaches an extreme level, it causes dis-
and wet phases of Lingkong Mountain were in accordanceaster. Drought is one of the most devastating natural disasters
with changes in the summer Asian-Pacific oscillatidp) throughout the world, which also strongly influenced mon-
and sunspot numbers, they also showed strong similarity t@oon China. In 1999 and 2000, there was a persistent drought
other tree-ring based moisture indexes in large areas in anth north and northeast China, which caused a 20-30 % loss
around the CLP, indicating the moisture variability in the of agriculture productivity (Wei et al., 2004). At the end of
the 1920s, an extraordinary drought affected most parts of
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China, and subsequent drought-induced famines and disea$®m Lingkong Mountain in the southeast CLP. The main ob-

led to the death of 4 million residents in five provinces in jectives of this work were to (1) determine the response of

north China (Liang et al., 2006; Wang, 2006). An improved tree-ring growth to climate; (2) use of the ring-width chronol-

knowledge of the characteristics of climate change will en-ogy to develop a 306 yr Palmer drought severity index (PDSI)

able us to prevent and manage future natural disasters an@construction; (3) detect the temporal and spatial represen-

promote the sustainable development of our society. tations of this reconstruction as well as the possible driving
It is imperative to identify the features of climate changesfactors. Results of this work would be conducive to answer

in details based on long-term and continuous climatic prox-the following two questions: Did the drought severity or fre-

ies. Annually dated tree rings are preferable climatic prox-quency increase in response to the global warming? Is the

ies for extending the limited modern meteorological recorddrought condition nowadays in Lingkong Mountain unprece-

by analysing the relationship between tree-ring indexes andlented during the last three centuries?

climatic factors, thereby reconstructing the climate history

for centuries to millennia (Zhang et al., 2003; Yang et al., _

2009; Zhu et al., 2009; Linderholm et al., 2010; Biintgen et? Matérials and methods

al.,, 2011; Ohyama et al., 2013). Tree rings have been suc; 4 Study area and climate

cessfully used to investigate drought history throughout the ™

world (Esper et al., 2007; Cook et al., 2010), including arid Lingkong Mountain (1120111215 E, 36373643 N)
to semi-arid areas of China (Liang et al.,, 2006; Chen et al.jg |ocated in the southeast region of the CLP. The alti-

2011a; Fang et al., 2012; Cai and Liu, 2013). tude of Lingkong Mountain generally ranges from 1600 to
The Chinese Loess Plateau (CLP), one of the cradles Ofa”ISSOma.s.I., and the highest peak is 1953ma.s.l. At
cient Chinese civilization, covers a large region in the north, o st died sites, Chinese pine, generally 30m in height
of China and is one of the most intensive areas of soil and, 4 growing in mountainous brown soil, is the dominant
water loss in the world, partly due to limited water resources; oo species, accompanied by spa@eercus liaotungen-

(Gao etal., 2011). Recent studies have shown that the warmgig k iqz. Populus davidiandode andBetula platyphylia
dry trend since the 1950s is clearly evident in the CLP (Yaog i This area has a typical temperate continental climate

et al., 2005; Ma and Fu, 2006) and will inevitably lead t0 51 s subject to the influence of the East Asian summer
the _ecofenwronmental dete_rloratlon of this vast region. In- s hsoon (EASM). It is characterised by large precipitation
vestigations of the natural climate background of the CLP arevariability, both annually and inter-annually. Thus, droughts
crucial for understanding the processes and characteristics of, fi0ods frequently occurred in this region. The annual
climate change in this region as well as the current status of,aan temperature of this region i€®, with the highest and
the climate, which will contribute to policy guidance from |5 est temperatures occurring in July (24°0) and Jan-
the government. To da_te, few dendroclimatological studiesuary (-4.53°C), respectively. The annual mean precipitation
have been conducted in the central part of the CLP (Du €tanges from 600 to 650 mm, mainly focused in July and Au-

al,, 2007; Cai et al., 2008; Koretsune et al., 2009) because of st \whereas the mean annual evaporation is approximately
the scarcity of old trees due to natural geographical condi-{ 5109 mm.

tions and historical reasons. However, previous studies in the
marginal area of the CLP (Gao et al., 2005; Fang etal., 20122 2 Tree-ring data
Cai and Liu, 2013; Cai et al., 2013) have greatly contributed
to our understanding of tree growth-climate relationships andn June 2009, Chinese pine tree-ring samples were collected
climate change in this region. Even though, additional effortsfrom three different sites in the Lingkong Mountain area
are required to increase the spatial and temporal coverag€fig. 1). The first sampling site (112.227 E, 36°35.588 N,
creating opportunities for a wide range of detailed local-to-1480-1700 ma.s.l.) was in the national nature reservation
regional climatological studies in this region (Linderholm, et park of Lingkong Mountain, labeled LKS, where 60 tree-
al., 2013). ring cores from 30 living trees were extracted using the in-
Chinese pine Rinus tabulaeformisCarr.), a two-needle crement borer. The second site (1220 E, 36°46.38 N,
conifer species which is endemic to China, is the most widely1450-1650 m a.s.l.) was located to the northwest of LKS,
distributed and the most important afforestation coniferand labeled WJW, 40 tree-ring cores from 20 living trees
species in northern China. It generally occurs in mountainwere collected from this area. At the third site (122.62 E,
areas at altitudes of 100-2600 m (Xu, 1990). It can tolerate36°53.97 N, 1450 ma.s.l.), trees older than 100yr are very
very low temperature<{25°C) and can adapt to live in low difficult to find, so only 8 cores from 4 old healthy trees were
soil water availability conditions with well developed root collected, this site was named JF. The distance between the
systems. This species has been widely used for dendroclithree sites was greater than 30 km.
matic researches in China (Liu et al., 2005; Liang et al., 2007; Tree-ring samples were processed according to the stan-
Cai and Liu, 2013). This paper describes the development oflard dendrochronological technique (Cook and Kairiukstis,
a new long regional tree-ring chronology of the Chinese pinel990). The Skeleton-plot cross-dating method (Stokes and
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Fig. 1. Location of the sampling sitea§, meteorological stations), Dai-PDS| @) and other tree-ring based PDSI reconstruction series
mentioned in the textyk). KT: Kongtong Mountain; TH: Taihang Mountain; GC: Guancen Mountain; OSL: Ortindag Sand Land. The area
highlighted in yellow indicates the general location of the Chinese Loess Plateau (CLP).
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Smiley, 1968) was adopted to preliminarily assign the cal- 140 TS— 30

endar years to each growth ring. All the tree rings in each - 120 Jiexiu temperature — g 25

core were measured to the nearest 0.01 mm. The COFECHAE 100 | ;ffﬁ“ﬂ:;:f:;?"

programme (Holmes, 1983) was utilised to estimate the qual-8 so

ity of cross-dating and ring-width measurements. Series with £ ¢

short ages or that were abnormal in comparison with the 8 4 _

majority of series were discarded from the chronology con- 20 J J 1o

struction. Because the COFECH results showed that stron¢ " | J B AT

similarities existed among the ring-width series from dif- J FMaAaMJJ A S5 0ND

ferent sites, we finally combined all of the samples into Month

or.]e group to produce a regional ChrlonOIOgy' The tree'”ngFig. 2. Monthly precipitation and monthly mean temperature distri-

width chronology was developed using the ARSTAN pro- pytion of the two meteorological stations from 1954 to 2008 AD.

gram (Cook, 1985). To retain as much long-term climate

variance as possible, negative exponential curve or straight

line with negative slope was applied to each tree-ring mea2.3 Meteorological data

surement series to remove the non-climate trends related to

tree age or the effects of stand dynamics. We divided the rasfwo meteorological stations are located near the sampled

data of each ring width by the corresponding year’s value ofsites (Fig. 1). The nearest station is Jiexiu (B3E,

the fitted curve to give a dimensionless index. Finally, all in- 37°02' N, 743.9 ma.s.l.) and the other is Linfen (230 E,

dividual indices were combined to produce a standard STD36°04' N, 450.3 ma.s.l.). Both stations have 55 yr instrumen-

chronology by means of “biweight robust mean”. A subsam-tal records spanning from 1954 to 2008 AD. As shown in

ple signal strength (SSS) threshold of 0.85 (Wigley et al.,Fig. 2, monthly precipitation and mean temperature records

1984) was applied to assess the reliable starting year of that the two stations showed similar variation, indicating a re-

chronology, excluding the low quality of earlier years due gional coherence of climate. Therefore, the monthly precip-

to low sample size. The signal strength of the chronologyitation amount and monthly mean temperature records from

was also evaluated over time using statistics of the calculatethe two stations were extracted. Palmer drought severity in-

running series of average between-tree correlations (RBARYex (PDSI) is a metric that can be used to effectively evalu-

(Briffa and Jones, 1990) and the running express populatior@te moisture condition in an area (Dai et al., 2004) and has

signal (EPS) (Wigley et al., 1984) based on a 50 yr window. been applied in dendroclimatological studies to determine
moisture conditions worldwide (Cook et al., 2010; Tei et
al., 2013). In the present paper, Dai-PDSI data from 1954 to
2005 AD from the nearest point (11125, 36.25 N) were
also chosen to compare with the tree-ring index.
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Fig. 4. Correlations of the ring-width indices witfa) the monthly
mean temperature (black bars) and monthly precipitation (white
bars) records obtained from the Jiexiu station during 1954-2008 AD
and (b) PDSI data during the interval of 1954—2005 ADindi-
cates correlations exceeding the 0.05 confidence l&Veéfdicates
correlations exceeding the 0.01 confidence lepebrevious year;

c: current year.
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Fig. 3. (a) The regional tree-ring chronology of Lingkong Moun-
tain, (b) number of cores anft) EPS and RBAR statistics.

2.4 Statistical analysis

Climate-growth relationships were investigated using Pear1617 to 2008 AD (Fig. 3). The most credible starting year
son correlation analysis between the tree-ring chronologyof the chronology was 1703 AD, corresponding to 10 cores
and the meteorological records as well as the Dai-PDSI datéhased on the SSS0.85 criterion. During the reliable pe-

A simple linear regression model was adopted to reconstructiod of the chronology, the mean EPS value was greater than
the mean PDSI value from March to August. The fidelity of 0.94, far higher than the acceptable threshold of 0.85 (Wigley
the reconstruction was verified by comparison with the Dai-éet al., 1984), and RBAR also showed high and stable value
PDSI data and checked by the split calibration—verification(Fig. 3). The signal to noise ratio (SNR) was 36.36, and vari-
method (Meko and Graybill, 1995). Furthermore, the sta-ance in the first eigenvector (PC1) was 42.52, demonstrat-
bility of the regression model was also tested by applyinging strong signal strength among all trees involved in the
the Bootstrap (Cook and Kairiukstis, 1990) and Jackknifechronology.

(Efron, 1979) statistical methods, which have been adopted

in dendroclimatology (Liu et al., 2013). The temporal and 3.2 Ring growth-climate relationship

spatial representativeness of the PDSI reconstruction was

tested by comparisons with other tree-ring-based moisturdecause the tree-ring chronology had similar response to
indexes from nearby area and spatial correlation analysishe climatic factors of the two meteorological stations, we
between the Dai- and reconstructed March—August PDSbnly showed the results between the tree-ring index and cli-
and the PDSI grid dataset according to KNMI Climate Ex- matic factors from the Jiexiu station. As shown in Fig. 4a,
plore http://climexp.knmi.nl. Multi-taper spectral analysis the regional tree-ring chronology showed positive correlation
(MTM) (Mann and Lees, 1996) was conducted to identify with the monthly precipitation amount of previous Septem-
the periodicities in the reconstructed series. ber (0.48) and current May (0.42) at the 0.01 confidence
level. Additionally, significant negative relationships were
found with the monthly mean temperature of Maret0(41),

May (—0.5) and June—-0.45) at the 0.01 confidence level
and with the monthly mean temperature of Februat§.G1)

and July (0.28) at the 0.05 confidence level.

Similar to studies in other areas of northern China (Fang
All of the final 88 ring-width measurements (the mean seg-et al., 2009; Cai et al., 2013), correlations of tree rings with
ment length is 180.5yr) from the three different sites weremonthly Dai-PDSI were much higher than with precipitation
highly correlated« = 0.71), and were successfully combined or temperature (Fig. 4b). The most significamt<{ 0.01) cor-
to develop a regional tree-ring chronology spanning fromrelations was found in May (0.68) and June (0.69) followed

3 Results

3.1 Tree-ring chronology

Clim. Past, 10, 509521, 2014 www.clim-past.net/10/509/2014/
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Table 1. Statistics of the regression model.

Calibration (1954—-2005 AD) Verification (1954—2005 AD)

Jackknife
Mean (range)

Bootstrap (80 iterations)
Mean (range)

ra 0.681 0.68 (0.63-0.71) 0.68 (0.47-0.85)

R2P 0.464 0.46 (0.40-0.51) 0.47 (0.22-0.73)

Rggj 0.453 0.45 (0.38-0.50) 0.46 (0.20-0.72)
Standard error of estimate  1.939 1.94 (1.82-1.96) 1.89 (1.53-2.27)
Fd 43.26 42.47 (32.18-51.06)  48.30 (13.94-132.75)
pe 0.0001 0.0001 (0.00-0.00)  0.0001 (0.00-0.00)

2y: correlation coefficient of the regression modeR2: explained variance of the regression moﬂwgdj: explained

variance of the regression model after adjustment for loss of degrees of fre&donf; test result® P: significance

level.

4 (a) R 2= 46.4% Reconstructed ;(b) Iét:f’:;;l;tud R2= 43.56%
L \ Dai-PDSI g L ) ‘
S L
z 5 o0 |l A M
7 L |
a2 | £ 0F /
~ o /
4 7 2 -
4 -
\ \ \ \ L \ \ \ \ \
1950 1960 1970 1980 1990 2000 2010 1950 1960 1970 1980 1990 2000 2010
Year Year

Fig. 5. Comparisonga) between reconstructed PDSI and Dai-PDSI, éndbetween the first differences of reconstructed and Dai-PDSI
over their common period of 1954—2005 AD.

by July (0.62) and March (0.6). Although the highest correla-high coherence between high frequency variation of the re-
tion was observed between tree rings and the monthly combieonstructed and Dai-PDSI series.

nation of Dai-PDSI from May to June € 0.697,p < 0.001), Result of the split period calibration-verification test
March—August PDSIA{=0.681,p < 0.001) was chosen for showed that the regression model is stable over time. The ex-
the reconstruction considering that both the moisture condiplained variance?) for the verification period 1983—2005
tions in spring (March to May) and summer (June to August)was 52.1 %, and reduction of error (RE) and coefficient of
are pivotal for agricultural production (Ma et al., 2006; Xiao efficiency (CE) were 0.603 and 0.375, respectively, when the
et al.,, 2007) and tree growth in northern China (Du et al.,data during 1954-1982 was used to establish the regression
2007; Cai et al., 2008; Koretsune et al., 2009; Cai and Liu,model. R?, RE and CE were 32.3%, 0.411 and 0.113, re-
2013). spectively for the verification period 1954-1973, when data
during 1974-2005 was chosen as calibration. RE and CE, the
two rigorous verification statistics during verification periods

) ) ) showed positive values, indicating sufficient similarity exists
Using the tree-ring chronology from Lingkong Moun- henveen the reconstruction and Dai-PDSI data (Cook et al.,
tain (RC) as predictor, a simple linear regression model)ggg) The statistical results of Bootstrap and Jackknife anal-
(PDSkg=7.517x RC—8.631) was designed to reconstruct ygijs are shown in Table 1. The values-oR2 (R2,), standard
March—August PDSI (PDg4) variation. Figure 5a demon- oo of estimateF and P closely resemble the statistics de-
strates that the reconstructed PDSI simulates the Dai-PDSkmined for the total dataset. The above tests indicate that
record very well, though the high PDSI values during the ¢ regression model is stable and suitable for further PDSI

1960s were not well predicted. The reconstruction could ex~aconstruction.

plain 46.4 % of the Dai-PDSI record (45.3 % after adjustment o subsequently extended the March—August mean PDSI
forthe loss of degrees of freedom) over the calibration period 5 riation back to 1703 AD (Fig. 6a), the longest series in the
from 1954 to 2005 AD. In case of high correlation caused by eastern part of the CLP to date. The reconstruction exhib-

trends, the correlation coefficient)(between the two first a4 considerable fluctuations on both the annual and decadal
difference series of reconstructed PDSI and Dai-PDSI Waggles.

also calculated (Fig. 5b). Thevalue was 0.66, indicating a

3.3 PDSI reconstruction

www.clim-past.net/10/509/2014/ Clim. Past, 10, 50921, 2014
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Fig. 6. (a) March—August PDSI reconstruction from 1703 to 2008 AD. The thick red line is the 11 yr moving average, the long horizontal
line is the mean PDSI value of 1703—-2008 AD, and the short horizontal lines are the mean PDSI values for different dry/wet periods;
(b) accumulated anomalies (AC) of the PDSI reconstruction.

4 Discussions of dryness which was calculated based on a water balance
_ _ _ equation, depending on not only temperature and precipita-
4.1 Climate-growth relationship tion, but also other parameters such as evapotranspiration and

recharge rates. Thus, it is unsurprised that the monthly PDSI

Lingkong Mountain belongs to the semi-arid area where an-f previous year had significant influence on tree growth due
nual evaporation is more than twice of annual precipitation.to the well-known lag effect, though climatic factors in pre-
High precipitation during the growth season actually benefitsyious year (except the precipitation of September) showed
the radial growth of tree by providing necessary water for theyyeak correlation with tree growth.
radial cell division and elongation, while low precipitation |nterestingly, the period of limiting months coincided with
limited the radial growth. Inversely, increased temperaturethe results of cambial activity of trees in northern China.
before and during the growth season inevitably strengthemrree-ring anatomical analysis disclosed that the radial wood
the water stress by accelerating water consumption in thgormation of Chinese pine usually started at the end of April
soil and trees through evaporation and transpiration, result¢zhang et al., 1982), and fast growth usually happened from
ing in the formation of narrow rings, and vice versa. Reason-pmay to August (Zhang et al., 1982; Liang et al., 2009). Sim-
ably, positive correlation of tree rings with monthly precipi- jjar finding was reported frorharixprincipis-rupprechtij a
tation and negative correlations with monthly mean temper-gjfferent coniferous species from Liupan Mountain, north-
ature in current growth year was identified in this study, andcentral China (Guan et al., 2007). Location of our studied
this climate-growth pattern was generally reported in the aridsjtes is far south than the above reported sites, and it is
to semi-arid CLP (Gao et al., 2005; Liu et al., 2005; Cai andyarmer and wetter, therefore, it is possible that the radial
521672)013) and other areas of northern China (Liang et al.,growth of tree in Lingkong Mountain may start earlier.

In the present work, monthly mean temperature from4.2 Annual, inter-annual and centennial variation of the
March to August exerts more important influences upon tree PDSI
growth than monthly precipitation (Fig. 4), which is simi-
lar to studies in the Kongtong Mountain (Fang et al., 2012), The mean PDSI value of the reconstruction over the entire
Guiging Mountain (Fang et al., 2010a) and the Ortindagstudy period (1703-2008 AD) was1.45, and the standard
Sand Land (Liang et al., 2007), showing the temperature-deviation ¢) was 2.23. By defining extremely wet years as
induced water stress was likely the key factor limiting tree those having values greater than 0.78 (medir) and ex-
growth. The correlation analysis between Dai-PDSI and treetremely dry years as values lower thai3.68 (mean- 1o),
ring chronology further tested the above hypothesis. Signif-the 10 driest yeas were identified as 18107 (50), 1900
icant correlation is identified from March to August, espe- (—7.20), 1721 {7.16), 1916 {6.52), 2000 {6.45), 1759
cially significant in May and June when the temperature is(—6.41), 1747 £6.38), 1902 {£6.29), 1892 {6.25) and
comparatively high and precipitation is very low (Fig. 2), in- 1870 (6.18), and the top 10 wettest years were 1857
dicating an intensified drought stress. PDSI is a measuremer{6.51), 1948 (4.86), 1950 (4.58), 1949 (4.18), 1946 (3.92),

Clim. Past, 10, 509521, 2014 www.clim-past.net/10/509/2014/
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1956 (3.16), 1934 (3.15), 1938 (2.86), 1736 (2.85) and 1782rable 2. Persistent dry and wet periods during 1703—2008 AD.
(2.78), respectively. However, we should point out that low-
frequency variation of the reconstructed PDSI was more re- Dry periods Wet periods
liable than high-frequency variation.

. o . Time span Mean Time span Mean
A persistent drought event usually has more significant im- PDSI PDSI
pact on agricultural products and social stability than that of value value

a single year (Xiao et al., 2011). Overall, seven compara-
tively dry and six comparatively wet periods were observed
based on the 11 yr moving average of the reconstruction (Ta-

1719-1726 -3.11 1727-1741 —-0.39
1742-1748 —-2.94 1751-1757 0.93
1771-1778 —2.44 1779-1787 0.28

ble 2). It is visible that the severity and duration of dry or 1807-1818 —3.21 1797-1805  0.03
wet events seemingly strengthened after 1800 AD compared 1832-1848 —2.78 1853-1864 0.57
with the earlier stages, possibly due to the impact of global 1867-1932 —2.62 1934-1957  1.36
warming. Even so, the recent drought in 1993-2008 was still 1993-2008 —3.03

within the historical framework.

During the past 306 yr, 1867—1932 AD was the longest dry
period in the reconstruction (with 10 yr disturbance of nor-
mal years from 1880-1890 AD); the mean PDSI value ofwhich is much lower than the mean PDSI value of this recon-
this duration was-2.62, and the mean value of its early struction. This drought was also recorded by a joint investi-
part (1867-1879 AD) was-3.88, indicating that this was gation based on drought/flood index and tree-ring records in
the driest period in the reconstruction (Fig. 6a). Historical 1720-1722 at Luya Mountain (Yi et al., 2012), which is ap-
documents recorded three distinguished consecutive droughroximately 700 km north of studied area. The above analy-
events in northern China caused by climate change sincsis demonstrated the ability of this PDSI reconstruction to re-
the Qing Dynasty during 1719-1723, 1876-1878 and 1927-produce the drought history in the Lingkong Mountain area,
1930, respectively (Z. Z. Zeng et al., 2009; Hao et al., 2010).even northern China.

Among them, the 1876-1878 and 1927-1930 drought events Moreover, 1934-1957 AD was the longest and wettest pe-
ranked as two of the most severe natural disasters in Chiriod in the reconstruction, with a mean PDSI value of 1.36,
nese history and have drawn significant attention from sciencorresponding to a strong EASM stage (Liu et al., 2003b).
tists due to their devastating consequences on society (Hadhis wet phenomenon was also captured by tree-ring records
et al., 2010; Zhou et al., 2010). These two recent extremelyfrom different areas of Inner Mongolia and Korea (Liang et
dry events, the 1920s drought in particular, have been capal., 2007; Chen et al., 2012) as well as by studies from other
tured by many other tree-ring reconstructions in the CLP andegions of northern China (Fig. 7).

other regions of China (Liu et al., 2003a, b, 2005, 2010; The PDSI reconstruction indicates a decreasing trend since
Liang et al., 2007; Chen et al., 2011a, 2012; Deng et al., 1958 AD, especially after the mid of 1960s, implying a grad-
2013; Kang et al., 2013) as well as Mongolia (Pederson eually deteriorating moisture condition in the studied area
al., 2001). The 1920s drought was also revealed by a weakagainst the background of global warming. The evident dry
ened signal of the EASM indicated by a dry-wet mode indextime appeared during 1993-2008 AD, however, it is still
(Qian et al., 2012). In the present paper, these two droughtvithin the frame of natural climate variability. The drying
events were also revealed by very low PDSI values duringrend at Lingkong Mountain in recent decades is also ac-
1876-1878+5.02) and 1928-19313.86) (Fig. 6a). How-  corded with the weakening of East Asian monsoon since the
ever, the drought in 1719-1723 is seldom mentioned in premid of 1960s (Guo et al., 2004; G. Zeng et al., 2009).

vious dendroclimatological reports due to the limited length  The accumulative anomalies of the PDSI (AC), achieved
of reconstruction (Fang et al., 2010a, 2013). 1721 was docby calculating the cumulative departure from the arithmetic
umented as an extremely dry year in the whole region ofmean for the period of reconstruction (Wei, 2007), can in-
Shaanxi province, a neighbourhood of Lingkong Mountain tuitively and effectively evaluate the long-term trend of dry-
(Yuan, 1994). In this year, the farmers reaped nothing at harness and wetness (Tian et al., 2007). The long-term trends
vest time due to low precipitation in spring and summer, andof decreasing and increasing movement of AC indicate the
many people died of starvation due to this drought-inducedpersistently dry or wet conditions. As shown in Fig. 6b, the
famine. By analysing historical documents of eastern Chinareconstructed March—August PDSI showed clearly centen-
Zhang (2004) identified 1721-1723 as one of the tenth typ-hial variations. The studied area was comparatively wet dur-
ical dry period during the last 1000yr. This drought eventing the 18th century, with a slight increasing trend of AC
affected at least four provinces in eastern China, includingfrom 1703 to 1806. From 1807 to 1932, AC generally in-
our studied area. In this study of Lingkong Mountain, 1721 dicated a long and sharp decreasing trend, demonstrating a
was identified as the third driest years, and 1719-1726 wagpersistent dry time. From 1932 to the end of the 1950s, a
identified as one of the dry periods during the past 306 yr (Tasharply increased AC was observed, followed by a compar-
ble 2). The mean PDSI value from 1721 to 1723 wak39, atively stable stage of AC during the 1960s—-1980s, showing
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560 km away from the studied sites, respectively. The dry pe-
riod at 1870s-1880s and the end of the 1920s and the wet
period around the 1950s are observed in almost all of the se-
ries. Compared with the comparatively longer PDSI recon-
‘ struction in the Kongtong Mountains (Fig. 7e), the wet dura-

: tions during 1727-1741, 1751-1757, 1779-1805 and 1853—
MW 1864 AD were approximately synchronous at these two sites,
and the dry periods during 1742-1748, 1771-1778, 1807—

1818 and the longest dry period during 1867-1932 AD were
comparable, although differences existed in the intensity and

| |

| |
M length of their durations. Moreover, our PDSI reconstruction

| |

|

|

Ao
%

Do oA

PDSI

]

was also comparable to a nearby tree-ring-based March—July
runoff reconstruction for the upper Fenhe River basin (Sun et

| | al., 2013) and tree-ring based precipitation reconstruction of
M } Helan Mountain in north-central China (Liu et al., 2005).

: \w The March—August Dai-PDSI exhibited significant and

| 1 positive correlation with the March—-August PDSI grid
: ; dataset over a sizable region around the studied site in the

5 ' ; CLP, and also showed significant positive correlations with

:4 m that of middle-east Inner Mongolia and east Mongolia during

L 118 | | 1954-2005 AD (Fig. 8a). A similar correlation pattern was
1700 1750 1800 1850 1900 1950 2000 observed between the reconstructed March—August PDSI

and the PDSI grid dataset (Fig. 8b), which tentatively in-
dicated that our PDSI reconstruction successfully simulated
Fig. 7. Comparisons of the March—August mean PDSI reconstruc-the Dai-PDSI values and can be used to indicate the mois-

tion (a) with the April-July PDSI reconstruction of the Guancen y,re conditions for a broad region surrounding the Lingkong
Mountain (Sun et al., 2012p), the May—June mean PDSI of the M -

: . ) ; ountain in the CLP over the past 306 yr.
Taihang Mountain (Cai and Liu, 2018}), the May—July PDSI re- P y

construction in the Ortindag Sand Land, east Inner Mongolia (Liang
et al., 2007)d), and(e) the May—July mean PDSI reconstruction
for the Kongtong Mountain, Gansu Province (Song and Liu, 2011).
The lines are the 11 yr moving average. Green and grey bars show
the dry and wet periods, respectively. Locations of these compared he climate in northern China is known to be strongly af-
PDSI series were shown in Fig. 1. fected by the EASM system, which was induced by large-
scale thermal difference between the land and sea. The ab-
normal behaviours of the EASM often result in floods or
a comparatively wet condition; however, after the 1990s, ACdroughts in the monsoon region. Zhou et al. (2009) re-
decreased sharply, which meant a clearly dry time appeared:onstructed a June—August Asian—Pacific Oscillation index
Therefore, we could say that the 19th century was the dri{Iapo) to investigate the long-term variation of the EASM.
est century of the past three centuries at Lingkong MountainThe Asian-Pacific oscillation (APO) is defined as a zonal see-
Similar conclusions have also been drawn concerning Monsaw of the tropospheric temperature in the mid-latitudes of
golia (Pederson et al., 2001) and northeastern China (Chethe Asian-Pacific region (Zhao et al., 2008). When the tro-
et al., 2011, 2012), as well as the eastern central High Asigosphere is cooling (warming) in the mid-latitudes of the

o v Ao

1
[\
T [ T

0

L L B
©

Year

4.4 Possible linkage with summer Asian-Pacific
oscillation and solar activity

(Fang et al., 2010b) based on tree-ring materials. Asian continent, it is warming (cooling) in the mid-latitudes
of the central and eastern North Pacific. The calculated cor-
4.3 Temporal and spatial representation of the PDSI relation coefficient) between our reconstructed PDSI and
reconstruction the Iapo was 0.29 (1703-1985; < 0.001), and- was 0.44

(p < 0.001) after the two series were smoothed using an 11 yr
The dry (wet) durations in our reconstruction not only agreemoving average (Fig. 9a), showing the long-term variation
well with the nearby PDSI reconstructions (Figs. 1 and 7) forcharacteristics of the two series are similar. All of the se-
the Guancen Mountain (Fig. 7b, Sun et al., 2012) and the Tairies in Fig. 7 correspond to special regions influenced by the
hang Mountain (Fig. 7c, Cai and Liu, 2013), about 260 andEASM, and thus, the isochronous variation of the moisture
200km away from the studied sites, respectively , but areindicators at different sites is intuitively shown. Moreover,
also comparable to those from the Ortindag Sand Land, eas2—7 yr cycles were not only detected by the MTM analysis of
Inner Mongolia (Fig. 7d, Liang et al., 2007) and Kongtong the PDSI reconstruction (Fig. 10), but also existed infitie
Mountains (Fig. 7e, Song and Liu, 2011), which are 840 andseries (Chen et al., 2011b). The above analysis suggested that
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Fig. 9. Comparisonga) between the 11yr moving average of the |imits, respectively.

PDSI reconstruction and the summgpg (Zhou et al., 2009) and

(b) between the 35yr moving average of the PDSI reconstruction

and the sunspot number time series.

Year

et al., 2010b). Considering the limited length of our recon-
struction (306 yr), the 102 yr cyclep(< 0.01) may not be re-

our reconstructed PDSI variation was influenced by the largediable. However, century-scale variations were important cy-
scale land—ocean—atmospheric circulation systems. cles of solar activity, which complexly influence the Earth’s

Theoretically, on the decadal scale rather than the annuatlimate (Liu et al., 2011). A similar centennial spectrum peak
scale, wherapo Was in stronger stages, the thermal contrastwas identified in the Heng Mountain area of northern China
between eastern Asia and the North Pacific was strengthengai et al., 2013) and the northeastern Tibetan Plateau (Liu
because the low-pressure system of lower-troposphere ovest al., 2011). Both the 37.9 and 102 yr cycles resemble the
eastern Asia strengthens, and the western Pacific subtro@5yr Bruckner (Raspopov et al., 2004) and Gleissberg cy-
ical high strengthens with its location shifting northwards cles of solar activity (Sonett et al., 1990; Braun et al., 2005),
(Zhao et al., 2007, 2008). Therefore, lower-troposphere ofrespectively.
the East Asian region was dominated by stronger southwest- Sunspots are temporary phenomena on the photosphere of
erly winds, in other words, stronger EASM, resulting in more the sun that appear visibly as dark spots compared to sur-
rainfall and wet condition in North China, and vice versa.  rounding regions. Itis one of the most basic and obvious phe-

The 37.9yr cycle detected by the MTM analysis (Fig. 10) nomenon of solar activity. To further study the influence of
was very similar to the 38 yr cycle in the 2485 yr temperaturesolar activity on the dry/wet conditions in Lingkong Moun-
reconstructions in the northeastern Tibetan Plateau (Liu etain, the sunspot time series from 1700 to 2009 were derived
al., 2011), to the 35-38yr cycle in a tree-ring-based streamfrom National Geophysical Data Centérttp://www.ngdc.
flow reconstruction for the upper Yellow River (Gou et al., noaa.goy to compare with our PDSI reconstruction. The
2010) and to the 34.1yr cycle in a tree-ring network-basedow-frequency variations of the two series, after 11 and 35yr
spatial drought reconstruction for central high Asia (Fangsmoothing, significantly correlated with each other,0.35
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p <0.01) and 0.68 j < 0.01), respectively. As shown in References
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