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Abstract
Precipitation from June to August is generally used to reflect the East Asian summer monsoon (EASM) variability. However, 
the principal modes of the EASM rainfall are different between May–June (MJ) and July–August due to the seasonal march 
of East Asian subtropical front. Therefore, it is necessary to study them separately. In this study, we reconstruct a 167-year 
MJ precipitation time series using tree-ring cellulose δ18O that explains 46.9% of the variance in the lower Yangtze River 
basin, Southeast China, that extends the meteorological data back more than 100 years and makes the precipitation study 
at decadal scales possible. The decades with 5 or more anomalously dry or wet years are the 1880s, 1890s, and 1910s, and 
the 1980s and 2000s have only one anomalous year per decade. MJ precipitation shows a significantly negative relationship 
with absolute Niño 3.4 sea surface temperature, especially during the developing phases of El Niño-Southern Oscillation, 
indicating that there is less rainfall during El Niño events. However, the relationship is not uniform throughout the period. 
Further analyses show that it is stronger when the Pacific Decadal Oscillation is in its positive phases.

Keywords  Tree-ring cellulose oxygen isotope · Pinus taiwanensis · May–June precipitation · Lower Yangtze River basin, 
China · El Niño-Southern Oscillation · Pacific Decadal Oscillation

1  Introduction

East Asian summer monsoon (EASM) rainfall has a pro-
found influence on the economy of the densely popu-
lated regions of East Asia (EA). Tremendous efforts 
have been made to understand the processes driving the 
EASM rainfall (Ding and Chan 2005). However, multi-
model ensemble predictions of summer precipitation in 
subtropical–extratropical EA have low skill (Wang et al. 
2009). The conventional seasonal forecasts of EASM usu-
ally focus on the June–July–August (JJA) anomalies, but a 
recent study showed that EASM exhibits remarkable dif-
ferences in its mean states and principal modes of rainfall 
between early summer (May–June, MJ) and late summer 
(July–August, JA) due to the seasonal march of EA sub-
tropical front (Wang et al. 2009). Therefore, it is necessary 
to study early and late summer rainfall variability sepa-
rately. Wang et al. (2009) identified three principal modes 
of early summer rainfall anomalies in EA and investigated 
the links between the principal modes and El Niño–South-
ern Oscillation (ENSO) based on observations during the 
period 1979–2007. Li and Zhou (2011) investigated the 
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predictability of ENSO-related MJ and JA rainfall modes 
using the output of 12 atmospheric general circulation 
models during the period 1980–1999. Xing et al. (2017) 
used an empirical orthogonal function (EOF)-based physi-
cal empirical model to investigate the relationship between 
Pacific sea surface temperature (SST) and MJ rainfall 
anomalies in EA during the period 1979–2010. The above 
studies only explore the relationship between ENSO and 
MJ rainfall anomalies in EA during the last three decades. 
In order to understand their long-term relationship, it is 
necessary to extend early summer precipitation records 
back over hundreds of years.

In EA, historical documents were used for paleo-precip-
itation reconstruction (Ge et al. 2007), and so were well-
dated annually resolved tree ring records (Shi et al. 2015; 
Xu et al. 2016a). Although the length of the dryness/wetness 
index (DWI) records from historical documents in eastern 
China is over several 100 years, DWI is only semi-quantita-
tive (Qian et al. 2006). The summer monthly precipitation 
in Nanjing, Hangzhou, Suzhou of the eighteenth century has 
been reconstructed using “Qing Yu Lu” (Zhang and Wang 
1989), and the rainfall amount has been reconstructed by the 
“Yu Xue Fen Cun” records of the Qing dynasty (Ge et al. 
2007; Zheng et al. 2016). However, they are limited to a few 
big cities and are not continuous. Tree ring width is gener-
ally temperature-sensitive in eastern China, and has been 
used to reconstruct temperature changes (Shi et al. 2010, 
2013; Duan et al. 2013). Recent research has shown that 
tree ring width at a low-elevation site in the lower reaches 
of the Yangtze River has the potential to reconstruct Febru-
ary–April precipitation (Shi et al. 2015). So far, however, 
reconstruction of MJ precipitation in eastern China has not 
been attempted.

Tree ring cellulose oxygen isotope (δ18O) contains infor-
mation on source water isotope compositions and atmos-
pheric vapor pressure deficit (Roden et al. 2000), which 
are related to precipitation δ18O and relative humidity, 
respectively (McCarroll and Loader 2004; Liu et al. 2017). 
Furthermore, precipitation δ18O and relative humidity are 
influenced by monsoon-related precipitation changes in 
monsoonal Asia (Araguás-Araguás et al. 1998; Liu et al. 
2010). Therefore, tree ring δ18O holds the potential for 
monsoon season precipitation reconstruction. The potential 
has been evidenced by interannual tree ring δ18O studies in 
Thailand, Bhutan, and Southeast China (Sano et al. 2013; 
Xu et al. 2015, 2016a), and further supported by a recent 
intra-annual tree ring δ18O study (Xu et al. 2016b). Tree ring 
oxygen isotopes have also been used to analyze interdecadal 
changes of summer precipitation and investigate the rela-
tionship between summer precipitation and ENSO in Japan 
(Kurita et al. 2016; Sakashita et al. 2016). In this study, 
we have analyzed tree ring cellulose δ18O of Pinus taiwan-
ensis in lower Yangtze River basin (LYRB) to investigate 

the potential utility of tree ring δ18O for MJ precipitation 
reconstruction, and to identify possible processes driving 
MJ precipitation over the past 167 years.

2 � Materials and methods

2.1 � Sampling site and isotope measurements

We collected radial increment cores of P. taiwanensis from 
Baimajian (BMJ, 31.12°N, 116.18°E, 1640–1760 m above 
sea level (a.s.l.); Fig. 1), which is close to the maximum 
elevation (1777 m a.s.l.) in the Dabie Mountains. The sam-
pling site is in a narrow distribution band of P. taiwanensis 
trees along mountain ridges above the deciduous forests. 
Pine trees are generally sparsely distributed. The core sam-
ples were dated using conventional techniques in the labora-
tory (Holmes 1983; Stokes and Smiley 1996). The detailed 
information on dating and the climatic implications of ring 
width in the study area can be drawn from Shi et al. (2013).

Four trees (BMJ06, BMJ19, BMJ29, BMJ37) with regu-
lar tree-ring width patterns and without missing rings were 
selected for the isotopic analysis. The modified plate method 
(Xu et al. 2011, 2013b), based on the chemical treatment 
procedure of the Jayme–Wise method (Green 1963; Loader 
et al. 1997), was used to extract α-cellulose. Cellulose sam-
ples (sample weight: 80–260 µg) were wrapped in silver foil 
and tree-ring cellulose oxygen isotope ratios (18O/16O) were 
measured using an isotope ratio mass spectrometer (Delta V 
Advantage, Thermo Scientific) interfaced with a pyrolysis-
type high-temperature conversion elemental analyzer (TC/
EA, Thermo Scientific) at the Research Institute for Human-
ity and Nature, Japan. Cellulose δ18O values were calculated 
by comparison with Merck cellulose (laboratory working 
standard), which was inserted after every eighth tree ring 
cellulose sample during the measurements. Oxygen isotope 
results are presented in δ notation as the per mil (‰) devia-
tion from Vienna Standard Mean Ocean Water (VSMOW): 
δ18O = [(Rsample/Rstandard) − 1] × 1000, where Rsample and 
Rstandard are the 18O/16O ratios of the sample and standard, 
respectively. The analytical uncertainty for repeated meas-
urements of Merck cellulose (working standard samples) 
was approximately ± 0.14‰ (n = 82). The mean inter-tree 
correlation (Rbar) and expressed population signal (EPS) 
were calculated to evaluate the consistency and signal 
strength of the δ18O time series from different trees (Wigley 
et al. 1984). EPS is a parameter to evaluate the extent of 
the average of a finite number of time series represent the 
population average, and generally, a value of 0.85 is one 
reasonable choice for EPS suggested by Wigley et al. (1984).
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2.2 � Climatic and statistical analyses

Meteorological data from 19 meteorological stations in 
LYRB were arithmetically averaged to represent regional 
climate information (Table 1). The selected weather stations 
show high degrees of homogeneity in both temperature and 
precipitation (Li et al. 2004, 2012). Figure 2 illustrates the 
regional monthly total precipitation, monthly mean tem-
perature, and monthly mean relative humidity from 1951 
to 2011. Most precipitation falls from May to August, being 
highest in June (Fig. 2). To investigate the relationship 
between tree ring δ18O and climatic factors, Pearson’s cor-
relation and response functions were calculated between tree 
ring δ18O series and these three climatic variables, which are 
thought to be its potential influencing factors (Roden et al. 
2000), from January to October over the common period 
1951–2011 (Fritts 1976; Biondi and Waikul 2004). Correla-
tion coefficients were also calculated between tree ring δ18O 
series and possible monthly combinations to check out the 
strongest relationship. The strongest limiting factor, that is 
MJ precipitation in this study, was chosen as the reconstruc-
tion target.

A simple linear regression model was used to transfer tree 
ring δ18O to MJ precipitation. To evaluate the validity of the 
linear regression model between tree ring δ18O and precipi-
tation, two subperiods (1951–1980 and 1981–2011) were 
used for separate calibration and verification. The Pearson’s 
correlation coefficient (r), explained variance (R2), reduc-
tion of error (RE), and coefficient of efficiency (CE) were 
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Fig. 1   Overview of the study region. a Location of the BMJ sampling 
site (tree symbol), and the spatial correlations between BMJ tree ring 
δ18O chronology and GPCC v7 precipitation (MJ). b Locations of the 

19 meteorological stations (square) used for calibration, and the two 
dryness/wetness index grid points (triangle) used for comparison with 
our reconstructed MJ precipitation

Table 1   Details of the meteorological stations

Sequence Name Latitude Longitude Elevation 
(m a.s.l.)

Time span

1 Yingshan 30.73 115.67 124 1957–2014
2 Chaohu 31.62 117.87 24 1957–2014
3 Hefei 31.78 117.30 27 1953–2014
4 Huangshan 30.13 118.15 1840 1956–2014
5 Huoshan 31.40 116.32 86 1954–2014
6 Lu’an 31.75 116.50 61 1956–2014
7 Ningguo 30.62 118.98 89 1957–2014
8 Tunxi 29.72 118.28 143 1953–2014
9 Pinghu 30.62 121.08 5 1954–2014
10 Cixi 30.20 121.27 5 1954–2014
11 Shengsi 30.73 122.45 80 1959–2014
12 Dinghai 30.03 122.10 36 1955–2014
13 Shengxian 29.60 120.82 104 1953–2014
14 Yinxian 29.87 121.57 5 1953–2014
15 Hangzhou 30.23 120.17 42 1951–2014
16 Nanjing 32.00 118.80 7 1951–2014
17 Changzhou 31.88 119.98 4 1952–2014
18 Liyang 31.43 119.48 8 1953–2014
19 Wuxian-

dongshan
31.07 120.43 18 1956–2014
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included in statistical tests of calibration and verification 
(Cook 1985). Precipitation data from GPCC v7 (Schneider 
et al. 2015) were used to examine the spatial correlation 
between the oxygen isotope series and MJ precipitation.

To test the validity of our reconstruction, regional MJ pre-
cipitation from GPCC v7, the dryness/wetness index (DWI) 
(Yang et al. 2013), and relevant historical documents were 
used for comparison. The selected GPCC v7 dataset covers 
the region 31°–32°N, 115°–122°E, and DWI was averaged 
from two grid points at 31.25°N, 118.75°E and 31.25°N, 
116.25°E. To understand the background circulation condi-
tions associated with MJ precipitation, the SST from the 
Extended Reconstructed Sea Surface Temperature (ERSST) 
v4 dataset (Huang et al. 2014), and the 500 hPa geopotential 
height and 850 hPa wind from the NCEP/NCAR reanalysis 
dataset (Kalnay et al. 1996), were selected for analysis. In 
addition, the MJ Niño 3.4 absolute index from the ERSST 
v4 dataset (Huang et al. 2014) and the reconstructed Pacific 

Decadal Oscillation (PDO) index (D’Arrigo and Wilson 
2006) were used to explore the possible impact of remote 
oceans on MJ precipitation.

3 � Results and discussion

3.1 � Signal strength of tree ring δ18O

Individual tree-ring cellulose δ18O time series from the four 
cores measured in this study are shown in Fig. 3a. The mean 
values of the four δ18O time series from BMJ06, BMJ19, 
BMJ29, and BMJ37 are 25.49, 25.69, 25.63, and 25.86‰, 
respectively, during the common period 1876–2010, while 
the corresponding standard deviations are 1.10, 1.13, 1.43, 
and 1.30‰. The yearly δ18O standard deviations for the 
four trees vary between 0.11 and 1.82‰ (mean = 0.55‰). 
Inter-tree δ18O variations show high coherence (Fig. 3a). 

Fig. 2   Monthly total precipita-
tion, monthly mean tempera-
ture, and monthly mean relative 
humidity averaged from the 19 
selected meteorological stations 
for the period 1951–2011
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The mean correlation coefficient is 0.77, and the Rbar of 
the cores are in the range 0.72–0.82 (Table 2). The EPS is 
0.93 during the common period 1876–2010, which is higher 
than 0.85, suggesting that the composite record accurately 
represents the mean variance of the population (Wigley et al. 
1984).

Because the mean value and standard deviation of δ18O 
for the four trees are similar and the δ18O time series from 
the four trees are highly correlated, the four series were then 
arithmetically averaged to produce the regional δ18O chro-
nology (Fig. 3b). The first-order autocorrelation of the δ18O 
chronology is 0.15, which is comparable with the first-order 
autocorrelation (0.20) of the δ18O chronology of P. taiwan-
ensis in Anji, Southeast China (Xu et al. 2016a). A low auto-
correlation of the δ18O chronology indicates that the δ18O of 
the current year is not significantly influenced by processes 
in the previous year. Our δ18O chronology from P. taiwan-
ensis trees is positively correlated with the δ18O chronology 

of P. taiwanensis in Anji, Southeast China (r = 0.67, n = 157, 
p < 0.001; Fig. 3b) (Xu et al. 2016a).

3.2 � Climatic response of tree ring δ18O 
and precipitation reconstruction

Correlation and response analyses between the chronology 
and regional monthly climatic parameters were carried out 
(Fig. 4). The chronology is significantly negatively corre-
lated with June precipitation and June relative humidity at 
the 0.01 level, but not significant with any monthly tempera-
ture (Fig. 4). May precipitation influences tree ring δ18O in 
the same way as does June precipitation, and so does May 
relative humidity, even though both at a weaker extent. The 
correlation coefficient between the chronology and MJ pre-
cipitation is − 0.69, higher than that between the chronology 
and June precipitation, which is − 0.66. Partial correlation 
analysis was used to evaluate the impact of MJ precipitation 
on tree ring δ18O. The coefficient is − 0.61, significant at 
the 0.01 level when controlling MJ relative humidity. When 
MJ precipitation was controlled, the partial correlation coef-
ficient between MJ relative humidity and the chronology is 
− 0.06, not significant even at the 0.05 level. Therefore, MJ 
precipitation was the strongest influencing factor on tree ring 
δ18O. A spatial correlation analysis was further employed to 
test the regional representativeness of the chronology, show-
ing that it records MJ precipitation in LYRB (Fig. 1a).

Table 2   Correlation coefficients for the four tree ring δ18O time series 
over their common period 1876–2010

BMJ06 BMJ19 BMJ29

BMJ19 0.78
BMJ29 0.73 0.72
BMJ37 0.80 0.82 0.77

Fig. 4   Correlation and response 
coefficients between the 
BMJ δ18O chronology and a 
monthly mean temperature, 
b monthly total precipitation, 
and c monthly mean relative 
humidity over 1951–2011. Bar: 
correlation coefficient; line 
with dot: response coefficient; 
horizontal dashed line: the 0.01 
significance level for correla-
tion; asterisk: 0.05 significant 
for response

a

b

c
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Negative correlations between tree ring δ18O and summer 
precipitation have also been found in other areas of monsoonal 
Asia, such as northern Laos (Xu et al. 2013a), northern Viet-
nam (Sano et al. 2012), northern Thailand (Xu et al. 2015), 
the Himalayas (Sano et al. 2013), southeast, southwest and 
northern China (Grießinger et al. 2011; Li et al. 2011; Xu 
et al. 2013b, 2016a, 2017), and Japan (Yamaguchi et al. 2010; 
Sakashita et al. 2016).

Precipitation δ18O and relative humidity are the main fac-
tors affecting tree ring δ18O (Roden et al. 2000), and both are 
related to precipitation amount in summer. Relative humid-
ity usually has a positive relationship with precipitation 
amount, e.g., the correlation coefficient between regional 
relative humidity and precipitation in LYRB in MJ was 0.54 
(p < 0.001) during the period 1951–2011. Increased relative 
humidity may reduce evapotranspiration, resulting in the 
source-water and leaf-water being less enriched in isotope 
composition; consequently, the tree ring δ18O becomes lighter 
(Roden et al. 2000). A negative relationship is usually found 
between precipitation amount and precipitation δ18O in sub-
tropical regions during the rainy season (Dansgaard 1964). 
This relationship known as the amount effect has also been 
reported in Nanjing (Tang et al. 2015) and several other sites in 
Southeast China (Liu et al. 2010). The amount effect is caused 
by the rainout process, during which condensation processes 
lead to the preferential removal of heavy water isotopes, 
thus making the isotope composition of the remaining vapor 
increasingly lighter (Vuille et al. 2003; Kurita et al. 2009). 
However, it should be noted that tree ring δ18O in BMJ shows 
a negative correlation with MJ precipitation not only at local 
sites, but also in the surrounding regions (Fig. 1a). This can 
be ascribed to the fact that local precipitation δ18O is associ-
ated with large-scale factors (i.e., upstream atmospheric condi-
tions). Therefore, the use of regionally averaged precipitation 
would help to identify a clearer relationship with precipitation 
δ18O (Kurita et al. 2009).

MJ precipitation shows the highest correlation with tree 
ring δ18O (Fig. 4), probably because MJ is the peak precipi-
tation period during the growing season. As Zheng et al. 
(2012) suggested, P. taiwanensis in this area grows rapidly 
in April–July. Of the total rainfall for this stage, 54% falls in 
MJ and nearly 32% falls in June alone (Fig. 2). Accordingly, 
MJ precipitation accounts for a larger proportion of rainwater 
taken up by the trees, and makes the largest variance contribu-
tion to tree ring δ18O.

On the basis of the above analysis, we conclude that MJ 
precipitation (Pre5–6) is the most appropriate predictand 
for reconstruction. Thus, a simple linear regression model 
is used to estimate the transfer function between precipita-
tion and the chronology:

The model explains 46.9% of observed precipitation 
variance over the common period 1951–2011. Results of 
the split calibration–verification test are listed in Table 3. 
For both sub-periods, statistics such as r and R2, are sig-
nificant (p < 0.01), and RE and CE are positive, suggesting 
the model is valid.

Using the regression model, the annually resolved MJ 
precipitation was reconstructed for the period 1845–2011 
(Fig. 5a). The mean value and standard deviation (σ) of 
the reconstructed MJ precipitation series are 347.64 and 
70.67 mm, respectively. Anomalously wet (dry) years were 
defined as those with precipitation greater (less) than the 
mean + σ (mean − σ). With these criteria, 28 anomalously 
wet years, and the same number of dry years, were identi-
fied from the 167-year series (Tables S1 and S2). Anoma-
lous events frequently occurred in the 1880s, 1890s and 
1910s (5 events per decade), but seldom in the 1980s and 
2000s (only 1 event per decade). The reconstructed series 
was further smoothed using a 10-year window to high-
light the fluctuations at decadal time scales (Fig. 5d). Wet 
periods with precipitation above the mean value occurred 
in 1845–1891, 1907–1917, and 1935–1959. Dry periods 
occurred in 1892–1906, 1918–1934, and 1960–2011.

The correlation coefficients between the reconstructed 
series and MJ precipitation from GPCC v7 and DWI 
are 0.51 (p < 0.001, 1901–2011) and − 0.38 (p < 0.001, 
1845–2000), respectively (Fig. 5b, c). Extensive historical 
documentation recorded these defined anomalous precipi-
tation events in Anhui, Jiangsu, Zhejiang, and Hubei prov-
inces, and Shanghai city. Most of the anomalous events 
had corresponding descriptions in historical documents 
(Tables S1 and S2; Fig. 5d). All these comparisons suggest 
that the reconstructed regional MJ precipitation data are 
reliable and accurate.

Pre5−6 = −60.45𝛿18O + 1895.95;
(

R
2
= 0.469, n = 61, p < 0.001

)

Table 3   Calibration and 
verification statistics for the 
common period 1951–2011

Calibration period r R2 Verification period RE CE

Full period (1951–2011) − 0.685 0.469 – –
Early half (1951–1980) − 0.737 0.543 Late half (1981–2011) 0.403 0.402
Late half (1981–2011) − 0.638 0.408 Early half (1951–1980) 0.537 0.537
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3.3 � Relationship with remote oceans

Multi-taper method (MTM) spectral analysis shows that our 
reconstruction is dominated by significant periodicities at 
3.5–3.6 years, 3.8 years, and 6.1–6.2 years (Fig. 6), which 
fall within the periodicities of ENSO (Li et al. 2013), indi-
cating that MJ precipitation in LYRB may be modulated by 
ENSO. This is supported by the fact that regional anoma-
lously dry (wet) early summers generally occurred when El 
Niño (La Niña) events happened in the previous or same 
year (Tables S1 and S2).

To quantify the influence of ENSO on MJ precipita-
tion during its decaying and developing phases, we calcu-
lated the correlation coefficients between MJ precipitation 
and Niño 3.4 SST in precedent winter (prior December to 

February), concurrent MJ, and following winter (Decem-
ber to next February) over the period 1854–2011, which are 
− 0.24 (p < 0.01), − 0.35 (p < 0.001), and − 0.33 (p < 0.001), 
respectively. These correlations show that MJ precipitation 
is more strongly influenced by the developing ENSO than by 
the decaying ENSO. Composite SST anomalies of anoma-
lously dry and wet years were calculated and are presented 
in Fig. 7. Positive and negative SST anomalies in the central 
equatorial Pacific correspond to dry and wet years, respec-
tively. This may be ascribed to the different strength and 
location of the West Pacific Subtropical High (WPSH) dur-
ing El Niño and La Niña events. When El Niño (La Niña) 
events occur, the positive (negative) SST anomalies in the 
central Pacific and negative (positive) anomalies in the west 
Pacific weaken (strengthen) the WPSH (Chung et al. 2011; 

Fig. 5   Comparison of the 
reconstructed MJ precipitation 
(black line) with a observed MJ 
precipitation (red line), b MJ 
precipitation from GPCC v7 
datasets (blue line), c the dry-
ness/wetness index (green line), 
and d documented MJ floods 
(blue triangle) and droughts (red 
triangle). The thick grey line in 
d denotes the 10-year smoothed 
values, and the dashed lines 
denote the mean ± 1 standard 
deviations (σ) of the recon-
structed precipitation
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Wang et al. 2013; He et al. 2015; Fig. 7g, h). As a result, 
there is less (more) water vapor supply from the tropical 
ocean as indicated by the northerly (southerly) wind anoma-
lies (Chang et al. 2000; Fig. 7i, j). Thus, El Niño (La Niña) 
events cause dry (wet) weather conditions during early sum-
mer in LYRB.

However, the negative relationship between reconstructed 
precipitation and ENSO was not uniform throughout the 
158-year period. Based on a 21-year moving correlation 
analysis, the relationship was strong (p < 0.05) in the 1870s, 
late 1930s–1940s, and 1980s–1990s (Fig. 8a), which cor-
respond to positive PDO phases (Fig. 8b). Analysis based 
on instrumental records suggest that ENSO’s influence on 
EASM became stronger after the late 1970s when PDO 
shifted from cool phase to warm phase (Li and He 2001; 
Xie et al. 2010). These indicate that the stability of ENSO’s 
influence on MJ precipitation may be modulated by PDO at 
interdecadal timescales. The interdecadal modulation effect 
of PDO has also been reported when studying the stabil-
ity of ENSO’s influence on early summer precipitation in 
Japan (Sakashita et al. 2016). The interdecadal change in the 
relationship between EASM and ENSO during its decaying 
phase in the late 1970s is attributed to the changes in loca-
tion and intensity of anomalous convection over the western 
North Pacific and India (Wu and Wang 2002). However, 
it remains unclear how PDO modulates the relationship 
between MJ precipitation in LYRB and ENSO during its 
developing phase, and the underlying mechanisms should be 
investigated with coupled atmospheric and oceanic general 
circulation models.

4 � Conclusion

Precipitation is an important issue in LYRB because it can 
produce floods and can be used to indicate the strength 
of the EASM which influences lives of billions of peo-
ple. It is hard to understand its decadal scale variability 
and driving forces over past several centuries due to the 
lack of reasonable natural proxies. We have constructed a 
167-year P. taiwanensis tree-ring cellulose δ18O chrnol-
ogy for LYRB, Southeast China. Unlike tree-ring width 
chronologies which usually reflect temperature variabil-
ity, the δ18O chronology is significantly negatively cor-
related with regional MJ precipitation over the period 
1951–2011. Based on this relationship, a simple linear 
regression model, with an explained variance of 46.9% 
of the observed values, has been developed to extend the 
estimates of MJ precipitation back to 1845. Three dec-
ades with 5 or more anomalous precipitation years are 
recorded in the series. The reconstructed MJ precipitation 
can be validated by other regional hydroclimatic records 
around the study region. Even though MJ precipitation is 
significantly negatively correlated with Niño 3.4 SST over 
the period 1854–2011, especially in the developing phases 
of ENSO, the significant relationship is manifested only 
when PDO is in its warm phases. With the input of longer 
precipitation reconstructions from more sites in LYRB 
in the near future, we can have a better understanding of 
the spatial–temporal characters of the relations at decadal 
scales.

Fig. 6   Multi-taper method 
(MTM) spectral analysis of the 
reconstructed MJ precipita-
tion. Red lines denote the 0.05 
and 0.01 significance levels, 
respectively
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Fig. 7   Composite maps of the precedent winter sea surface tempera-
ture (SST) anomalies (a, b), the MJ SST anomalies (c, d), the follow-
ing winter SST anomalies (e, f), the MJ 500 hPa geopotential height 
(g, h), and the MJ 850 hPa wind anomalies (i, j). a, c, e, g and i are 

for dry years, and b, d, f, h and j are for wet years. The SST anoma-
lies were averaged over the period 1854–2011, while 500  hPa geo-
potential height and 850  hPa wind anomalies were averaged over 
1948–2011. The blue triangle represents the BMJ sampling site
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