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composition (δ18O) preserved in the tree ring cellulose of Pinus taiwanensis in the lower reaches of the
Yangtze River, southeast China, to explore its potential utility for precipitation reconstruction over the
period of 1855–2013. Intraannual variations of tree ring cellulose δ18O show distinct annual cycles that are
characterized by δ18O maxima in the early growth near the ring boundary and δ18O minima in the middle and
late portions of the ring. Seasonal patterns of tree ring δ18O were inﬂuenced by August–October typhoons.
The tree ring cellulose δ18O was measured in both young and old trees to test for the juvenile effect. The
results revealed no signiﬁcant differences in the mean values and long-term trends in δ18O in the old and
young trees. A response analysis indicated that tree ring δ18O correlated signiﬁcantly with precipitation and
relative humidity between May and October, and the δ18O chronology accounted for 37.4% of the actual
variation in the May–October precipitation between 1951 and 2013. The extremely dry and wet years
revealed by the tree ring δ18O-based reconstructed precipitation also corresponded to actual local drought
and ﬂood events from the documentary records. Reconstructed precipitation showed signiﬁcant relationship
with central tropical Paciﬁc sea surface temperature, which indicated that El Niño–Southern Oscillation
(ENSO) exerted inﬂuences on May–October precipitation in the lower reaches of the Yangtze River. In
addition, the relationship between ENSO and precipitation weakened between 1920 and 1940, and low
variance of ENSO from 1920 to 1940 may result in the damped ENSO’s inﬂuences on precipitation in
southeast China.

1. Introduction
The Asian summer monsoon (ASM) signiﬁcantly inﬂuences the agriculture and economy of monsoonal Asia.
However, current climate models are unable to simulate ASM variations with complete accuracy; for example,
the multimodel mean interannual rainfall anomalies for the El Niño–Southern Oscillation (ENSO) monsoon
teleconnection are weaker than the observed values [Sperber et al., 2012]. Extensive time series of precipitation data are vital for the evaluation of climate variability and change, but most observational precipitation
records obtained from Chinese weather stations only date back to 1951. Based on short precipitation records
from meteorological stations, it is difﬁcult to get ASM changes from multidecadal to centennial time scales,
which are important to understand the mechanism of ASM and assess possible changes of ASM. The geological and biological records which are affected by monsoon season precipitation could provide precipitation
information in multidecadal and centennial time scales.
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Tree ring data are commonly used to reconstruct climate records because of its widespread distribution
and accurate high-resolution dating [Fritts, 1976]. However, there have been few dendroclimatological studies in the subtropical regions of southeast China because old trees are scarce and cross dating is difﬁcult.
The lack of obvious factors controlling tree growth also makes it difﬁcult to extract climate information
from ring width. Nonclimatic disturbances usually have a major impact on the growth patterns of individual trees. Recently, winter temperatures were reconstructed using ring width data from the Taiwanese
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Figure 1. The study region and sampling location.

pine, Pinus taiwanensis, in southeast China [Shi et al., 2010; Duan et al., 2012]. In eastern China, historical
documents can be used to reconstruct precipitation. For example, the “Clear and Rain Records” preserved
in the Qing Dynasty Royal Archive contain daily weather reports and were used to reconstruct the seasonal
and annual precipitation in Nanjing, Suzhou, and Hangzhou during the eighteenth century [Zhang et al.,
2005]. However, such records that are helpful for climate reconstruction exist in only four cities.
Similarly, the Yu-Xue-Fen-Cun (ancient rainfall and snowfall data) archives from the Qing Dynasty are
robust proxies for the amounts of precipitation on different time scales [Ge et al., 2005; Wu et al., 2010]
but are only available for the period of 1736–1911 [Ge et al., 2005]. The dryness–wetness index (DWI)
[Zhang, 1988] contained in Chinese historical documents from eastern China also reﬂects the precipitation
variations in summer, but the DWI is only semiquantitative and noncontinuous at many sites [Song, 2000;
Qian et al., 2006].
Tree ring oxygen isotopes show a more robust and stronger climatic signal than ring width for trees in
tropical areas [Xu et al., 2011]. Climate information can typically be extracted from tree ring isotope series
even in situations where the ring width chronology shows no signiﬁcant correlation with climate parameters [Xu et al., 2011, 2013a]. Feng et al. [1999] showed that tree ring hydrogen isotopes can be used
as an indicator of Asian monsoon intensity, but hydrogen isotope series obtained from Cryptomeria fortune
in Tianmushan, southeast China, correlated positively with the October–November minimum temperature
[Qian et al., 2002a]. However, tree ring carbon isotopes from Cryptomeria fortune in Tianmushan are correlated positively with January, March, and June–July precipitation [Qian et al., 2002b] but showed a close
relationship with September precipitation and September–December temperatures [Zhao et al., 2005].
This inconsistent climate sensitivity shown by tree ring carbon isotopes is not useful for reconstructing
historical precipitation records.
Tree ring cellulose oxygen isotopes are mainly controlled by the isotopic composition of the source water
and the relative humidity [Roden et al., 2000]. The isotopic composition of the source water generally follows that of the oxygen isotopes in precipitation, which correlates negatively with the amount of rainfall
during the rainy season (i.e., the “amount effect”) [Dansgaard, 1964; Liu et al., 2010]. Relative humidity also
correlates positively with rainfall. Therefore, tree ring oxygen isotope series can potentially record the
amount of rainfall in areas where the amount effect occurs. Previous studies have shown that tree ring
oxygen isotopes reﬂect regional rainy season precipitation in Laos [Xu et al., 2013a], Thailand [Xu et al.,
2015], Bhutan [Sano et al., 2013], and Fujian, a subtropical region of southeast China [Xu et al., 2013b]. In
this study, we analyzed the tree ring cellulose oxygen isotopes preserved in young and old P. taiwanensis
from the lower reaches of the Yangtze River in southeast China over the period of 1850–2013, at both
annual and seasonal resolution, and explore the potential utility of tree ring cellulose δ18O in reconstructing
precipitation records.
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2. Materials and Methods
2.1. Sampling Sites and Cross Dating
Tree ring samples were collected using
increment borers (5 mm diameter) at
breast height from P. taiwanensis forests
near Anji (AJ) County (30.39°N, 119.43°E;
1482 m above sea level (asl)), which is
located 70 km west of Hangzhou City,
southeast China (Figure 1). P. taiwanensis
grows at moderate to high altitudes on
steep, rocky crags and is the dominant
tree species in the forest. The growth season is from April to October [He et al.,
2012]. P. taiwanensis has a shallow root
system, which is characterized by welldeveloped horizontal roots, and more
than 80% of large roots and 75% of ﬁne
roots are distributed between the surface
and a depth of 30 cm [Yen, 1972]. The
maximum depth of root development is
less than 60 cm [Yen, 1972]. Therefore, tree
ring cellulose δ18O is expected to record
the δ18O of the precipitation and relative
humidity during the growth season.
Cores were collected from 71 trees. The
cores were air dried and polished until
Figure 2. (a) Monthly climate in Hangzhou. (b) Interannual variations
the ring structure was clearly visible. The
and long-term trend of total precipitation, mean temperature, and
ring widths were measured at a resolution
relative humidity from April to October at the Hangzhou (black line)
of 0.01 mm using a sliding stage microand Tianmushan (red line) meteorological station.
meter linked to a computer (Velmex™,
ACU-RITE). Cross dating was performed
by matching variations in the ring widths in all cores, and the COFECHA software [Holmes, 1983] was used
for quality control.
2.2. Meteorological Data
Hangzhou meteorological station (30.23°N, 120.17°E; 42 m asl) is located about 70 km from the sampling
site. The mean annual precipitation was 1423 mm during the period of 1951–2014. The highest monthly
precipitation occurred in June, and the main rainy season was from May to September (Figure 2a). The
mean annual relative humidity was 77.4%, and the monthly relative humidity reached its peak in June
(81.3%). However, Hangzhou is a big city which may be affected by the urbanization; we compared
meteorological data from Tianmushan (30.35°N, 119.42°E; 1506 m asl) and Hangzhou during the common
period of 1957–1997. Tianmushan station is located about 25 km from the sampling site in rural area.
Interannual variations in the mean temperature, total precipitation, and relative humidity during the
growth season for both meteorological stations are illustrated in Figure 2b. Interannual variations of relative humidity, precipitation, and temperature from Hangzhou and Tianmushan station are similar, but
long-term trends of relative humidity and temperature are different (Figure 2b). Relative humidity in
Hangzhou shows a signiﬁcant decreasing trend, while there is no signiﬁcant trend for relative humidity
in Tianmushan, which may reﬂect the inﬂuences of urbanization in Hangzhou. However, precipitation
in Hangzhou and Tianmushan do not show any signiﬁcant trend during the period of 1956–1997.
Although climate data from Tianmushan station may not be affected by urbanization, it is not available
after 1998. Climate data from Hangzhou covering the period of 1951–2014 were used for climate
response analysis, and we removed the signiﬁcant trend for relative humidity and temperature before
correlation analysis.
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2.3. Stable Isotopic Analysis
Four cores from the young trees (AJ2, AJ303, AJ312, and AJ320) and from the old trees (AJ12, AJ17, AJ29, and
AJ21) were selected for isotopic analysis to test potential juvenile effect. The average ages of the young and
old trees were about 70 and 150 years, respectively. Most of the cores reached the pith of the tree. The rings
(1983–1993) that were relatively wide in core AJ8 were selected for intraannual isotope analysis. Each ring is
divided into six samples by hand with a razor knife. The modiﬁed plate method [Xu et al., 2011, 2013a], which
extracts the α-cellulose directly from the wood plate rather than from individual rings, was used to reduce the
time required for the procedure.
We loaded the cellulose samples (sample weight, 80–260 μg) into silver foil and measured the 18O/16O ratios
using an isotope ratio mass spectrometer (Delta V ADVANTAGE, Thermo Scientiﬁc, USA) interfaced with
pyrolysis-type elemental analyzer (TC/EA) at the Research Institute for Humanity and Nature, Japan. The
isotopic results for oxygen are presented in δ notation as per mil (‰) relative to the Vienna standard mean
ocean water: δ18O = [(Rsample/Rstandard) 1] × 1000‰, where Rsample and Rstandard are the 18O/16O ratios of
the sample and standard, respectively. The cellulose δ18O values were calculated by comparison with the
laboratory working standard (Merck cellulose, 27.4‰), which was inserted every eight samples during the
measurement runs. The analytical uncertainties associated with the repeated measurements of the Merck
cellulose and cellulose sample were 0.13‰ (n = 113) and ±0.3‰ (n = 10), respectively.
2.4. Climatic and Statistical Analyses
The gridded precipitation data sets from the Global Precipitation Climatology Centre (GPCC) Full Reanalysis
version 7 (v7) analysis (119–120°E, 30–31°N; ftp://ftp.dwd.de/pub/data/gpcc/html/), with a resolution of
0.5° × 0.5°, were used to evaluate the climatic sensitivity of the tree ring cellulose δ18O series. The Royal
Netherlands Meteorological Institute Climate Explorer (http://www.knmi.nl/) was also used to examine the
spatial correlation between the oxygen isotope chronology and the sea surface temperature (SST) from
the National Climatic Data Center v3b data set [Smith et al., 2008]. Gridded points for DWI near the study area
[Zhang, 1988; Yang et al., 2013], which were derived from historical documents from eastern China, were used
to test the reliability of the reconstructed May–October precipitation. DWI has ﬁve grades: very wet (grade 1),
wet (grade 2), normal (grade 3), dry (grade 4), and very dry (grade 5). The precipitation δ18O data from
Nanjing (1987–1992; 32°03′N, 118°46′E; International Atomic Energy Agency database: www.iaea.org) were
used to evaluate the seasonal variations in tree ring δ18O.
To test the typhoon’s inﬂuence on seasonal pattern of tree ring δ18O, typhoon activity history from documentary is used [Wen, 2006]. Based on August–October typhoons’ landing positions and inﬂuences on sampling
site, 1983, 1986, 1991, and 1993 are selected as nontyphoon years, while 1984, 1985, 1987–1990, and 1992
are identiﬁed as typhoon years [Wen, 2006] during the period of 1983–1993. The expressed population signal
(EPS) is higher than 0.85, which indicates that the composite record accurately represents the mean variance
of the population. EPS = (n × rmean)/[(n × rmean) + (1 rmean)], where rmean is the mean correlation coefﬁcient
among all samples and n is the number of trees that are measured at the study site. To evaluate the validity
of the linear regression model between tree ring δ18O and precipitation, two subperiods (1951–1982 and
1983–2013) were split for separate calibration and veriﬁcation. The Pearson’s correlation coefﬁcient (r),
explained variance (r2), reduction of error (RE), and coefﬁcient of efﬁciency (CE) were included in calibration
and veriﬁcation statistical tests [Cook et al., 1999]. Superposed epoch analysis (SEA) was used to examine
relationship between extreme events which are identiﬁed by tree ring δ18O and extreme events from
historical documentaries.

3. Results and Discussion
3.1. Intraannual Variability of Tree Ring δ18O
The variations in the intraannual tree ring δ18O values, which are associated with the climate during the
growth season [Evans and Schrag, 2004; Managave et al., 2010; Xu et al., 2014, 2016], can provide climate
information at a high resolution (monthly, even weekly) and improve our understanding of the climatic implications of annual tree ring δ18O. The intraannual δ18O values for P. taiwanensis show well-deﬁned annual
cycles, which are characterized by δ18O maxima in the early growth near the ring boundary and δ18O minima
in the middle and late portions of the ring (Figure 3a). The range of the seasonal δ18O variations was around
XU ET AL.
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6‰. The seasonality of the tree ring cellulose δ18O generally followed the sea32
sonal pattern of precipitation δ18O in
Nanjing (Figure 3b). Based on the
30
monthly (Global Network for Isotopes
28
in Precipitation) and daily [Tang et al.,
2015] precipitation δ18O in Nanjing,
26
precipitation δ18O showed the most
24
depleted values in summer due to
strong convection and long-distance
22
a
vapor transport and enriched values in
September because of the ASM retreat
0.6
0.8
0
0.2
0.4
1
and transportation of water vapor from
Fractional distance from the previous ring boundary
inland area with enriched δ18O [Tang
et al., 2015]. However, seasonal patterns
0
of tree ring δ18O did not show the
enriched values in the late portion of
the whole ring (Figure 3a). We investi-4
gated the seasonal pattern of tree ring
δ18O for each ring and found that
enriched δ18O in the late portion of the
-8
whole ring happened in the years when
the study area was not inﬂuenced by
typhoon in late growing season, while
-12
nonenriched δ18O in the late portion of
b
the whole ring appeared in the years
7
4
1
2
5
8
9
10 11 12
3
6
when sampling site was affected by
typhoon (Figure 4). Cellulose δ18O
18
values in the late portions of ring in
Figure 3. (a) Intraannual variations in tree ring cellulose δ O.
18
typhoon years are lower than values
(b) Monthly precipitation δ O in Nanjing between 1987 and 1992.
obtained in nontyphoon years (Figure 4),
and the differences between typhoon years and nontyphoon years for subannual part 5 and part 6 are ~0.8‰
and ~2.4‰, respectively. Because δ18O of the precipitation and water vapor which are brought by typhoon
are depleted [Fudeyasu et al., 2008], 18O-depleted precipitation in autumn brought by typhoons was absorbed
by tree and 18O-depleted signal was ﬁnally transferred to cellulose. Tree ring latewood δ18O of longleaf pine in
southeast United States has the potential
to reconstruct tropical cyclone activity
[Miller et al., 2005], and seasonal pattern
34
of tree ring δ18O is useful to identify
paleo-typhoon activity in the study area.
32
However, to improve the understanding
of the processes that typhoons affect sea30
sonal pattern of tree ring δ18O, higher
sampling resolution (e.g., 20 subsamples
28
per ring) and more sampling sites from
coastal zone to inland are needed in
26
future study.
34

24
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6

Figure 4. Intraannual cellulose δ O variations during typhoon years and
nontyphoon years.
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and young trees are shown in Figure 5.
There are some missing data in the tree
ring δ18O time series (Figure 5), which
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can mostly be related to either the loss
of several rings during the chemical
28
treatment or the loss of cellulose samples during the oxygen isotopic mea26
surement. The yearly δ18O standard
24
deviations for the four young and four
old trees vary between 0.1‰ and
1860 1880 1900 1920 1940 1960 1980 2000 2020
2.1‰ (mean = 0.5‰) and 0.2‰ and
30
1.9‰ (mean = 0.6‰), respectively.
b
Table 1 presents the correlation coefﬁ28
cients (r) for the oxygen isotope time
26
series used in the isotope analysis. The
mean correlation coefﬁcient for both
24
young and old cores was 0.77. The EPS
22
value for the δ18O chronology for both
1930 1940 1950 1960 1970 1980 1990 2000 2010 2020
old and young trees was 0.93, which is
higher than the 0.85 [Wigley et al.,
c
28
1984]. The δ18O chronologies for the
old and young trees were produced by
averaging four cores from each group.
26
The mean values (standard deviations)
for the δ18O chronologies of the young
24
and old trees during the common
1940
1950
1960
1970
1980
1990
2000
2010
2020
period of 1948–2013 were 26.17‰
(1.07‰) and 26.24‰ (1.11‰), respectively. The autocorrelations (1 year lag)
18
Figure 5. Annual tree ring cellulose δ O for (a) old and (b) young trees
of the δ18O chronologies for the old
18
and (c) the δ O chronologies of the young and old trees over the
and young trees were 0.21 and 0.19,
common period (1948–2013).
respectively. The correlations between
subannual parts of cellulose δ18O and annual δ18O are shown in Table 2, which reveal that from subannual
part 1 to part 4 of cellulose δ18O contribute the main variations for annual δ18O.

a

3.3. Juvenile Effect on Tree Ring δ18O
Cellulose δ18O values of young oak trees in France increase by 2‰ in the ﬁrst 30 years of growth [Labuhn
et al., 2013], but tree ring δ18O for Pinus uncinata in Spain changes by –0.089‰ per decade over the ﬁrst
100 years of growth [Esper et al., 2010]. In contrast, Sano et al. [2013] reported that there was no apparent
age-dependent bias for larch in Bhutan. Most tree ring chronologies (Pinus massoniana and P. taiwanensis)
from southern China extend over less than 200 years [Duan et al., 2013]. If we want to extract as much
climate-related information from these chronologies as possible, an understanding of the juvenile effect
on tree ring δ18O in P. taiwanensis is needed.
18

Table 1. Correlations of Tree Ring δ O Between Old Trees
r

AJ17

AJ12
AJ17
AJ21

a

0.686

AJ21
a

0.715
a
0.762

AJ20
a

0.795
a
0.796
a
0.863

18

Correlations of tree ring δ O between young trees
r
AJ303
AJ312
AJ2
AJ303
AJ312
a

XU ET AL.

a

0.745

a

0.816
a
0.734

p < 0.01.
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AJ320
a

0.737
a
0.743
a
0.844

The chronology obtained by averaging
the four cores from the old and young
trees showed similar interannual variations (r = 0.91, n = 55, p < 0.0001) during
the common period of 1948–2013, and
both the young and old trees showed
increasing trends. These increasing
trends in tree ring cellulose δ18O
over the last 50 years have also been
reported in northern China [Q. Li et al.,
2011], northern Laos [Xu et al., 2011],
northern Vietnam [Sano et al., 2012],
Nepal [Sano et al., 2011], and southwest
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18

18

Table 2. Correlations Between Annual Tree Ring δ O and Subannual Tree Ring δ O
r
18

18

Annual δ O versus subannual δ O
a

Part 1

Part 2

Part 3

Part 4

Part 5

Part 6

a

a

a

a

0.505

0.499

0.743

0.829

0.620

0.619

p < 0.05.

China [Xu et al., 2012] and can be interpreted as the impact of the weakening ASM. The reduced intensity of
the ASM may also increase the precipitation δ18O and tree ring cellulose δ18O [Vuille et al., 2005; Xu et al.,
2011]. Therefore, the increasing trends in tree ring cellulose δ18O in both the young and old trees sampled
here reﬂect the effects of large-scale atmospheric circulation rather than age-related factors. Furthermore,
there were no signiﬁcant differences in the mean values or long-term trends in δ18O between the old and
young trees (Figure 5c). Therefore, no juvenile effect on δ18O is present for P. taiwanensis that grow in the
study area.
3.4. Climate Response
The correlations between the δ18O chronologies obtained for the young and old trees and climatic parameters in Hangzhou station are shown in Figure 6. The tree ring cellulose δ18O series for both the young

Figure 6. Correlations between (a) precipitation, (b) relative humidity, (c) temperature in Hangzhou station, and tree ring
18
cellulose δ O from young and old trees; 31 year running correlations between (a) May–October precipitation/(e) June
18
relative humidity and tree ring cellulose δ O from old trees.
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Table 3. Calibration and Veriﬁcation Statistics for the Period of 1951–2013
Calibration Period
Full (1951–2013)
Early half (1951–1982)
Late half (1983–2013)

R

2
b

0.374
b
0.390
b
0.375

Veriﬁcation Period

r

RE

CE

Late half (1983–2013)
Early half (1951–1982)

b
0.612
b
0.624

a
0.332
a
0.356

a
0.326
a
0.352

a
RE,
b

CE > 0.
p < 0.01.

and old trees correlated signiﬁcantly negatively with precipitation and relative humidity from May to October
during the period of 1951–2013 (Figures 6a and 6b). The correlations between the regional precipitation data
from GPCC v7 or the Climatic Research Unit Time series 3.21 and tree ring cellulose δ18O showed similar
results (not shown). Such negative correlations between precipitation in the growth season and tree ring cellulose δ18O have also been observed at other sites in monsoonal Asia [Sano et al., 2012, 2013; Xu et al., 2013b,
2015]. The tree ring cellulose δ18O series for both the young and old trees do not show signiﬁcant correlations
with temperature (Figure 6c).
Based on the tree ring cellulose isotope fractionation model [Roden et al., 2000], negative correlations are
expected between tree ring cellulose δ18O and relative humidity. Low relative humidity usually enhances evapotranspiration, which enriches leaf water δ18O and also leads to the evaporation of soil water in the upper
layer, so the source water δ18O becomes heavier. Both these processes will lead to enriched tree ring
cellulose δ18O.
Precipitation inﬂuences tree ring cellulose δ18O mainly via relative humidity and precipitation δ18O.
Precipitation usually has a positive relationship with relative humidity in the rainy season [Xu et al.,
2013b]. For example, the correlation coefﬁcient between relative humidity and precipitation at Hangzhou
in June (highest monthly rainfall of the year) was 0.6. The negative relationship between the amount of
precipitation and the precipitation δ18O is known as the amount effect [Dansgaard, 1964] and has been
demonstrated in observational data from southern China (Guangzhou; r = 0.64, p < 0.001) [Liu et al.,
2010; Xie et al., 2011] and Southeast Asia [Araguas-Araguas et al., 1998], as well as in modeled data from
southern China [Yoshimura et al., 2008]. The amount effect is caused by the depletion of air by condensation
[Vuille et al., 2003]. Because the masses of H218O and H216O differ, isotope-enriched water vapor is more
easily removed during the condensation process, which causes the isotopic composition of the remaining
vapor to become lighter. Typically, the greater the amount of precipitation, the more depleted is the isotopic composition of this rainwater [Vuille et al., 2003]. Therefore, greater precipitation, which is associated
with higher relative humidity and more δ18O-depleted precipitation, can lead to lower tree ring cellulose
δ18O (Figure 6a). Precipitation in June showed the highest correlation with the annual cellulose δ18O
(r = 0.48, p < 0.001), because the rainfall in June (Figure 2a) is high, and time-delayed nature of oxygen isotope signal transfers rainfall water to leaf water to cellulose. Water at the trunk base takes 2.5 to 21 days to
reach the crown in coniferous species, and residence times ranged from 36 to 79 days [Meinzer et al., 2006].
The δ18O signal was transferred from the leaf water to the cellulose with time lags of about 2 weeks [Gessler
et al., 2009]. These caused the cellulose that formed in July and August to possibly contain the June rainfall
signal. Furthermore, the δ18O in both the young and old trees sampled here correlated similarly with precipitation and relative humidity.
Previous study [Kanner et al., 2013] revealed that tree ring δ18O in Southern California has unstable correlations with soil water δ18O and relative humidity. The climate shift happened in late 1970s in China [Zhou
et al., 2009; Huang et al., 2015]. So 31 year running correlation analysis is utilized to evaluate the temporal
correlation during the period of 1951–2013 between tree ring δ18O and precipitation/relative humidity
(Figures 5d and 5e). The stable correlations between tree ring δ18O and May–October precipitation indicates
the potential utility of tree ring δ18O for precipitation reconstruction (Figure 5d).
3.5. Precipitation Reconstruction
May–October precipitation is considered to be the strongest predictor of variance in tree ring cellulose δ18O
(r = 0.612, p < 0.001) in the study area (Figure 6a). Therefore, tree ring δ18O was used to reconstruct the
XU ET AL.
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18

Figure 7. Spatial correlations between (a) tree ring cellulose δ O-based May–October precipitation reconstruction/(b)
observed May–October precipitation and May–October precipitation from GPCC v7 over the periods of 1901–2013
and 1951–2013. The triangle indicates the sampling site, and the dot indicates the Hangzhou meteorological station.

May–October precipitation based on the transfer function between precipitation and tree ring δ18O. The
linear regression model explained 37.4% of the actual variance in the May–October precipitation. The reduction of error (RE) and coefﬁcient of efﬁciency (CE; Table 3), which are the two most rigorous tests [Cook et al.,
1999], were both positive. These tests conﬁrm the validity of the linear regression model derived here. In
addition, tree ring δ18O-based May–October precipitation reconstruction shows signiﬁcant positive correlations with May–October precipitation in the Zhejiang and Jiangsu Provinces (Figure 7a) during the period
of 1901–2013, and observational precipitation in Hangzhou shows similar results (Figure 7b).
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Table 4. Extremely Wet Years Detected by the Tree Ring δ O-Based May–October Precipitation Reconstruction With Extremely Wet Events From Documentaries
and Classiﬁed La Niña Events From Gergis and Fowler [2009]
Extremely Wet Years

Reconstructed May–October
Precipitation (mm)

1875
1878
1879
1881
1882
1893
1897
1906
1910
1911
1917
1918
1936
1937
1938
1942
1946
1949
1951
1952
1954

1082.25
1115.94
1112.24
1123.43
1047.62
1057.12
1130.23
1090.08
1048.85
1174.15
1056.00
1106.41
1128.92
1057.49
1061.48
1168.52
1059.94
1104.26
1063.65
1122.99
1247.26

1962
1976
1984
1999

1134.54
1079.49
1079.71
1056.66

b

Flood Events in Documentaries

La Niña Year
a

Flood in May and August at Lin’an
Persistent rain at Gui’an
c
NA
NA
Flood in July at Lin’an, Deqing
A great deal of rainfall in summer and autumn at Yuqian
NA
Flood in August at Deqing
Persistent rain from May to August at Deqing, a reduction in the grain yield
Flood in Autumn at Lin’an, a reduction in the grain yield
Flood in May at Jiaxing
NA
Persistent rain at Changhua resulted in ﬂash ﬂoods and huge economic losses
Flood in June at Zhejiang Province
Flood in June at Changhua
Persistent rain in summer at Fenshui
Flood in late June at Lin’an, Hangzhou, Deqing
Persistent rain in June at Hang County; 20% of rice ﬁelds were ﬂooded in Hang County
Flood in July at Huzhou, Jiaxing
Flood in August and September in Huzhou
Longer Meiyu season (from May to July) at Zhejing Province; rainfall was 1.9 times than
normal year
NA
NA
Flood in June at Hangzhou, Huzhou
Longer Meiyu season, rainstorm and ﬂood in June at Hongzhou, Huzhou

a
Sites that appear in the above table are located at Zhejiang Province.
b
E: extreme; VS: very strong; S: strong; M: moderate; W: weak from Gergis
c

S, S (1874)
W
W (1878)
VS (1880)
NA
VS, S (1892)
W (1896)
NA
VS
VS (1910)
VS, S (1916)
S, VS (1917)
NA
NA
NA
NA
S, W (1945)
NA
M, E (1950)
M (1951)
E (1953)
W
S (1975)
M
E (1998)

and Fowler [2009].

NA means not available.
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Table 5. Extremely Dry Years Detected by the Tree Ring δ O-Based May–October Precipitation Reconstruction With Extremely Dry Events From Documentaries
and Classiﬁed El Niño Events From Gergis and Fowler [2009]
Extremely Dry Years

Reconstructed May–October
Precipitation (mm)

1873

661.10

1876
1891
1899
1902
1914
1928
1934
1945
1958
1965
1966
1967
1968
1972
1974
1979
1986
1987
1992
1997
2000
2003
2004
2005
2007

781.89
775.80
787.47
627.82
667.26
762.60
723.30
780.20
696.06
670.94
706.29
654.97
743.80
746.00
734.53
714.19
738.07
697.80
705.20
727.11
783.69
643.20
662.06
778.28
758.10

Extremely Dry Events in Documentaries
a

Severe droughts in summer and autumn at Deqing and Gui’an caused a reduction in the
grain yield
Drought in summer at Hangzhou
c
NA
Drought at Hangzhou
A severe drought in the summer at Changhua
Drought in summer at Lin’an, Fenshui, Hangzhou
NA
No rain from 5 August to 22 September
Drought at Chunan
Drought from June to late August in Hangzhou
NA
Drought from mid-July to October in western and northern Zhejiang Province
Drought from June to October at Zhejiang Province
NA
NA
NA
NA
Drought in July and August at Changhua
NA
Drought from mid-July to early August at Zhejiang Province
Drought from January to June at Hangzhou, Huzhou
Drought at Anji County
Drought in July and August at Hangzhou
NA
NA
NA

a
Sites that appear in the above table are located at Zhejiang Province.
b
E: extreme; VS: very strong; S: strong; M: moderate; W: weak from Gergis
c
NA: not available.
d

b

El Niño Year
NA

W
VS
S
VS, S (1901)
VS, VS (1913)
NA
W (1933)
S (1944)
M, S (1957)
S, S (1964)
M, S (1965)
W, M (1966)
S, W (1967)
M
W (1973)
M
W (1985)
VS
VS, VS (1991)
W
NA
E (2002)
d
NA*
NA*
NA*

and Fowler [2009].

NA*: The El Niño event history from Gergis and Fowler [2009] ended in 2002, so there is no recorded El Niño event from Gergis and Fowler [2009] after 2003.

The mean value and standard deviation (SD) of the reconstructed May–October precipitation for 1855–2013
were 917 mm and 129 mm, respectively. Extremely wet years were deﬁned with a value above one SD and an
extremely dry year with a value below one SD. Based on this criteria, 26 extremely dry years and 25 extremely
wet years were identiﬁed (Tables 4 and 5). The main wet periods from precipitation reconstruction were
identiﬁed as 1875–1882 and 1936–1954.
To assess the accuracy of the reconstructed May–October precipitation, we compared it with the regional
precipitation from GPCC v7 and the regional DWI (Figure 8). The correlation coefﬁcient for the reconstructed precipitation and the regional precipitation from GPCC v7 was 0.48 (p < 0.01; 1901–2013).
However, the relationship was not stable, and the correlation coefﬁcient (r = 0.68, p < 0.001) for the period
of 1951–2013 was higher than that for 1901–1950 (r = 0.12, p = 0.26). This low correlation between the
reconstructed precipitation and the precipitation from GPCC v7 before 1951 has also been observed in
Fujian, southeast China [Xu et al., 2013b], and the lack of measured precipitation data before 1951 may
explain the reduced reliability of the GPCC data before 1951 in southeast China. The tree ring cellulose
δ18O series may be helpful to extend the precipitation records in this area. The reconstructed
precipitation records correlated negatively (r = 0.45; 1870–2000) with DWI from four grid sites near
the sampling site (Figure 8b), which indicates that the reconstructed precipitation reﬂects the regional
hydroclimate. Although reconstructed May–October precipitation shows signiﬁcant correlations with
regional precipitation from GPCC v7 and DWI data, there are some differences between them. The reason
that caused these differences may be that regional precipitation and DWI data reﬂect the climate at
regional scale, while reconstructed May–October precipitation record detailed rainfall information at
local scale.
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Major local drought/ﬂood events within
100 km of the sampling site (recorded
in historical documents) are also
shown by red/blue triangles in
Figure 8c and Tables 4 and 5. For example, severe droughts in summer and
autumn at Deqing and Gui’an caused
a reduction in the grain yield in 1873
[Wen, 2006]. There was a severe
drought in the summer of 1902 in
Changhua, which is 35 km from the
sampling site [Wen, 2006], and the
reconstructed May–October precipitation was 628 mm (>2σ conﬁdence
level). There were ﬂood events in May
and August 1875 at Lin’an, which is
about 20 km from the sampling site
[Wen, 2006], and the reconstructed
precipitation was 1082 mm (>1σ conﬁdence level). Persistent rain at
Changhua resulted in ﬂash ﬂoods and
huge economic losses in 1936 [Wen,
2006], and the reconstructed May–
October precipitation was 1129 mm
(>1σ conﬁdence level). In total, approximately 76% of wet years identiﬁed by
precipitation reconstruction were idenFigure 8. Comparison of the reconstructed precipitation (black line) and
tiﬁed by documentary events [Wen,
(a) precipitation data from GPCC v7, (b) the regional DWI, (c) local
ﬂood events (blue triangles), and drought events (red triangles) from
2006]. Also, of 26 dry years identiﬁed
documentary records.
by precipitation reconstruction, 58%
were identiﬁed by documentary events
[Wen, 2006]. The SEA was used to evaluate the relationship between extreme events from tree ring δ18Obased May–October precipitation reconstruction and extreme events from documentaries (Figure 9). The
reconstructed May–October precipitation decreased/increased by around 200/170 mm when the extremely
dry/wet events which were recorded in documentaries happened (Figures 9a and 9b). It also validates our
precipitation reconstruction.
3.6. Relationship With ENSO
Spectral power analysis using the multitaper method [Mann and Lees, 1996] indicated that signiﬁcant peaks
in May–October reconstruction occurred at ~6.3, ~5, ~3.7, ~2.6, and ~2.3 years (Figure 10); all of the peaks fell
within the range (2–7 years) of ENSO variability. Because ENSO-monsoon relationship was not stable [Kumar
et al., 1999], we employed the 31 year running correlation analysis between them to explore the ENSO’s inﬂuence on precipitation (Figure 11a). Negative correlations between reconstructed precipitation during the period of 1870–2013 existed, but it weakened during the period of 1920–1940 and before 1885. ENSO happened
in tropics and affected climate in midlatitude areas by teleconnections. When variance of ENSO was high,
ENSO teleconnection was strong [J. Li et al., 2011]. Because ENSO variance was relative low during the period
of 1920–1960 [Mason, 2001; Torrence and Webster, 1999], which may result in weaken ENSO teleconnection in
extratropical latitudes, other factors (e.g., SST in adjacent oceans and temperature in Tibetan Plateau) would
exert the main inﬂuences on local climate. Figure 11c showed the signiﬁcant positive correlation between
precipitation reconstruction and SST in western Paciﬁc during the period of 1920–1940. When summer SST
in western Paciﬁc is high, western Paciﬁc subtropical high is strengthened, which results in more precipitation
in the middle-lower valleys of Yangtze River [Liu and Li, 2011].
ENSO variance was relative high during the periods of 1875–1920 and 1961–2013 [Torrence and Webster,
1999], and SST in central tropical Paciﬁc has signiﬁcant inﬂuences on precipitation reconstruction
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Figure 9. Reconstructed precipitation anomaly after extremely (a) dry and (b) wet years recorded in the documentaries; the
bar indicates the one standard deviation.

(Figures 11b and 11d). ENSO can affect rainfall in the lower reaches of the Yangtze River by Indian summer
monsoon (ISM) and East Asian summer monsoon (EASM), because water vapor in study area was supplied
by ISM and EASM [Zhou and Yu, 2005; Tang et al., 2015]. The analysis between precipitation in East China
and ENSO showed that there was less summer rainfall over the middle and lower reaches of the Yangtze
River when El Niño happened [Kong and Tu, 2003]. The unstable relationship between tree ring δ18O-based

Figure 10. Multitaper method power spectra for the reconstructed precipitation from 1870 to 2013.
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Figure 11. The 31 year running correlations between reconstructed May–October precipitation and May–October Niño3.4 index; (a) the conﬁdence level was calculated by a Monte Carlo method. Spatial correlations between reconstructed May–October precipitation and May–October SST in the periods of (b) 1870–1920,
(c) 1921–1940, and (d) 1941–2013.

monsoon season climate and ENSO was also found in southwest China [Liu et al., 2011], southeast China [Xu
et al., 2013b], Himalaya [Sano et al., 2013], and Japan [Sakashita et al., 2015].
We investigated the relationship between ENSO and local extreme events in study area based on the extreme
events derived from tree ring δ18O and documentary and classiﬁed ENSO events from Gergis and Fowler
[2009]. In Table 4, we can see that most of the extremely wet years of the study area followed La Niña
events in the previous or current year. Several extremely wet events from 1936 to 1942 were not corresponding to La Niña events, because the correlations between SST in central tropical Paciﬁc and precipitation weakened. There was a similar connection between extremely dry years and El Niño events (Table 5).
Such correlation suggested that both El Niño and La Niña events strongly affect the local extreme events in
the study area.

4. Conclusions
In this study, we investigated the interannual and intraannual variations in tree ring cellulose δ18O in P. taiwanensis in the lower reaches of the Yangtze River in southeast China to explore its potential use in reconstructing
precipitation. We found that the intraannual variations in tree ring cellulose δ18O of P. taiwanensis show welldeﬁned annual cycles, which generally followed seasonal patterns of precipitation δ18O. By comparing seasonal
pattern of tree ring δ18O in typhoon and nontyphoon years, seasonal patterns of tree ring δ18O were inﬂuenced
by August–October typhoons, which was helpful to identify typhoon in the past. Based on comparison between
the δ18O chronologies of young and old trees, we found that no juvenile effect on δ18O was present for
P. taiwanensis in the study area.
A correlation analysis between the tree ring δ18O and precipitation indicated that the tree ring cellulose
δ18O is a suitable proxy for reconstructing May–October precipitation. The extreme events identiﬁed by
tree ring δ18O-based reconstructed precipitation had been consistent with extreme events recorded from
documentaries. Most of the extremely wet/dry events that were recorded by tree ring δ18O and documentaries in the study area followed La Niña/El Niño events in the previous or current year. In addition, reconstructed precipitation showed signiﬁcant relationship with central tropical Paciﬁc SST. Both of which

XU ET AL.

TREE RING δ18O IN SOUTHEAST CHINA

3966

Journal of Geophysical Research: Atmospheres

10.1002/2015JD023610

indicated that ENSO had inﬂuences on May–October precipitation from the lower reaches of the Yangtze
River. However, the relationship between ENSO and precipitation weakened between 1920 and 1940, and
low variance of ENSO from 1920 to 1940 may be the reason that caused the reduced ENSO inﬂuences on
precipitation in southeast China.
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