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Intensified variability of the El Niño–Southern Oscillation
enhances its modulations on tree growths in southeastern China
over the past 218 years
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Lack of long-term tree-ring records in the core regions of the Asian summer mon-
soon in southeastern China limits our ability of evaluating the current climate
change in a historical context. In this study, we developed the first 218-year tree-
ring chronology (1798–2015) of Pinus massoniana in Zhangping area, Fujian
Province, humid subtropical China. This chronology is positively correlated with
winter–spring (January–March) temperature (r = 0.359, p < .01) and summer
(July–September) precipitation (r = 0.351, p < .01). Although the correlations
between our tree rings with sea surface temperatures (SSTs) are not very high, the
correlation pattern is very close to the correlation pattern with the El Niño–
Southern Oscillation variability (ENSO). These suggest that the ENSO could be
the major large-scale regulator on the growth of our tree rings. The strength of the
correlations between our tree rings and the ENSO (r = 0.30, N = 66) matches
closely with the ENSO variability during 1950–2015. The modulations of the
ENSO on regional tree growth have been the most conspicuous since the 1950s,
which corresponds to its enhanced inter-annual variability. The extreme growth
anomalies match quite well with the extreme years of the moisture-sensitive chro-
nologies. The dry epoch from 1935 to 1958 is the most severe long-lasting drought
in our tree rings, which is a widely distributed pattern in southeastern China and is
likely modulated by the La Niña-like modes in that period.
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1 | INTRODUCTION

Climate variability at inter-annual (1–10 years) and inter-
decadal (10–100 years) scales are key concerns for both the
scientific community and the public, because these time-
scales are closely related to livelihood and economic sustain-
able developments (Hartmann et al., 2013). The
instrumental data in China mostly started in the 1950s. This
limits our ability of understanding the inter-annual and inter-
decadal climate variability before the 1950s when the influ-
ences of the anthropogenic activities were weaker than the

present. Therefore, it is crucial to extend the instrumental
records back into centuries. Tree-ring is an invaluable bio-
logical proxy that takes advantages of both instrumental and
geological data in some extent. Relative to the instrumental
data, it is longer and can be extended back to the pre-
industrial periods. Relative to the geological data, it often
has higher resolution and is more accurately dated and can
be better calibrated with instrumental data. These advantages
allow us to employ the diagnostic tools in atmospheric sci-
ences to study its temporal features and the underlying cli-
mate regimes (Fang et al., 2014b; 2015). In addition to these
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temporal features, it is widely and densely distributed and
allows the detection of spatial features. Given these advan-
tages, long-term tree-ring data have been widely used to
infer the spatiotemporal variations of climate in China, par-
ticularly for its cold and arid northwestern part (Liang et al.,
2006; Shao et al., 2010; Wang et al., 2011; Yang et al.,
2014; Gou et al., 2015; Liu et al., 2014; Zhang et al., 2015).
However, only a few tree-ring-based climate proxies have
been presented for the hot and humid southeastern China
(Chen et al., 2012a; 2012b; 2012c; Li et al., 2016).

We hypothesize that tree rings in hot and humid regions
such as southeastern China are expected to provide more
information on the oceanic and atmospheric modes, such as
the El Niño–Southern Oscillation (ENSO) variability (Allan
et al., 1996), because the hot and humid regions, such as
southeastern China, are closer to the ocean or are more influ-
enced by the oceanic factors than the cold and arid regions.
Indeed, the tree-ring data from some hot and humid regions,
such as Indochina, showed high correlations with ENSO
(Buckley et al., 2010). On the other hand, developments of
long-term tree-ring proxies in southeastern China can help to
generate a full picture of the Asian monsoon as they are
located in the core areas of the Asian summer monsoon.

In this study, we developed a 218-year tree-ring width
chronology for Pinus massoniana in Fujian province, south-
eastern China. With the use of this chronology, we aim to
(a) reveal the relationships between tree growth and local cli-
mate and (b) the linkages between tree growth and oceanic
and atmospheric modes.

2 | MATERIALS AND METHODS

2.1 | Study area

The study area is located in Zhangping county of Fujian
province in southeastern China. The sampling site of
Makeng (MK) (25�340N, 117�210E, 1,000 m a.s.l.) is located
in the stretching branch of the Daiyun Mountain, the highest
mountain of central Fujian province (Figure 1). It has a
humid subtropical monsoon climate. The mean annual tem-
perature of the study region is 19.5 �C and the mean annual
total precipitation is 1,545 mm according to the meteorologi-
cal records from the Yong’an station (25�580N, 117�210E,
206 m a.s.l., 1954–2015). The mean monthly temperature
ranges from 9.4 �C in January to 28.3 �C in July. While the
temperature in July and August are the hottest months, the
precipitation is about half of that in May and June
(Figure S1, Supporting Information). In general, it is cool
and humid for late spring and hot and dry for summer (Chen
et al., 2015). The study region is covered by the yellow soil,
which is rich in organic matter. The MK sampling site is
dominated by Masson pine (P. massoniana) trees, mixed
with bamboo and broadleaf–coniferous forests.

2.2 | Tree-ring data

Two to three tree-ring cores were taken from the breast
height of 45 old living P. massoniana trees. The samples
were mounted, air dried and smoothed with sand-paper until
the cellular structure could be clearly identified (Stokes and
Smiley, 1968). Each core was cross-dated, assigning each
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FIGURE 1 Locations of our sampling site Makeng (red triangle), the locations of the published tree-ring sites (red rounds) in southeastern China and
Yong’an meteorological station (black star). The Bidoup Nui Ba National Park (BDNP) site is not shown since the limiting typesetting [Colour figure can be
viewed at wileyonlinelibrary.com]

5294 WANG ET AL.

http://wileyonlinelibrary.com


ring to calendar years by checking the total matches of the
growth patterns of the tree-ring widths. The cross-dated
series were measured to an accuracy of 0.001 mm using a
LINTAB 6.0 measuring station. The quality of cross-dating
was checked using the program COFECHA (Holmes,
1983). The poor quality samples which were broken seri-
ously were abandoned. Overall, 56 tree-ring series out of
34 trees from the total 96 samples were selected for further
analysis.

In order to remove the age-related growth trends in the
tree-ring data, the measured tree-ring series were fitted by a
smoothed cubic spline curve with two-thirds of the mean
lengths of each series. The detrended tree-ring indices were
then averaged to produce the standard chronology following
the biweight robust mean method (Cook, 1985) by the
ARSTAN program (Cook et al., 2003). To account for the
decrease in sample size back in time, we used the statistic of
the sub-sample signal strength (SSS) higher than 0.85 to
determine the reliable portion of the tree-ring chronology
(Wigley et al., 1984).

2.3 | Climate data

The instrumental data of monthly temperature and precipita-
tion in Yong'an station were obtained from China Meteoro-
logical Data Center (http://data.cma.gov.cn/). The weather
station is approximately 46 km from our sampling site with
the data starting from 1954. Our sampling site locates in the
stretch of the highest mountain in Fujian without obstruction
of mountains between our site and Pacific Ocean which may
response to the oceanic and atmospheric modes better. This
study uses the monthly sea surface temperature (SST) data
from the Hadley Centre Global Sea Ice and Sea Surface
Temperature (HadISST; Rayner et al., 2003). We use SST
averaged over the equatorial Pacific (Niño3: 5�S–5�N,
150�–90�W; Niño3.4: 5�S–5�N, 170�–120�W; Niño4: 5�S–
5�N, 160�E–150�W) to track ENSO, which is referred to as
the ENSO index. The SST data are more reliable since 1950
(Du and Xie, 2008; Xie et al., 2010). We employed the geo-
potential heights (GPH) data from the reanalysis product of
the National Centers for Environmental Prediction–National
Center for Atmospheric Research (NCEP–NCAR; Kalnay
et al., 1996). Only the GPH data since 1968 have been used
in this study because of the low data quality over Asia prior
to 1968 (Yang et al., 2002). The Pacific Decadal Oscillation
(PDO) from 1907 to 2015 were the time series of the first
principal component obtained by EOF of SST northwards of
20�N in the North Pacific, which are available online at
http://climexp.knmi.nl/data/ipdo_hadsst3.dat (Kennedy
et al., 2011).

The Atlantic Multidecadal Oscillation (AMO) index used
for comparison data set is obtained from http://climexp.
knmi.nl/data/iamo_hadsst.dat.

2.4 | Methods

Because tree growth may be influenced by climate condi-
tion of previous year, the climate–growth correlations
between observed monthly climate variables from Yong’an
meteorological station and the tree-ring width chronology
were calculated from last January to current December.
The running correlations were calculated with a 21-year
moving window to study the time-varying relationships.
The first-order differenced data were calculated as the
residual of the values of consecutive years. The first-order
differenced data can highlight the inter-annual variability
of the time series. The correlations between the chronology
with ENSO indices of the Niño3, Niño3.4 and Niño4 are
calculated, respectively.

3 | RESULTS

3.1 | Tree-ring chronology

The mean segment length of the tree-ring series is
~140 years. The tree-ring chronology spans from 1785 to
2015 based on 56 cores from 32 trees and its reliable portion
started in 1798 when over 14 series are available (Figure 2).
Extremely high values (>mean + 2 SD) are observed in
years of 1857, 1885, 1920 and 1987 and extremely low
values (<mean –2 SD) are seen in year of 1852 and 1870
(Table 1). Continuously high growth values (>mean + 1
SD) for the low-passed data (>10 years) of the chronology
are observed in periods during 1798–1804, 1819–1821,
1879–1888, 1903–1913 and 2013–2015 and low growth
values (<mean –1 SD) are seen in periods during
1865–1873 and 1935–1958 (Table 2 and Figure 2).

FIGURE 2 Time series of tree-ring standard chronology (black line), the
10-year low-passed data of the standard chronology (red bold line) and the
sample size (shadow region) developed from P. massoniana of Makeng
from 1785 to 2015. 1867, 1885, 1920 and 1987 are extremely high values
years (>mean + 2 SD) of standard chronology, 1852 and 1870 extremely
low values years (<mean −2 SD). The (pink shaded area) error ranges were
derived from the signal strength of the 20-year low-passed data [Colour
figure can be viewed at wileyonlinelibrary.com]
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3.2 | Climate–growth relationships

Significant positive correlations are found between tree
growth and temperature in previous January, March, current
February, March and October at the p < .05 level of signifi-
cance (Figure 3a). The highest correlation (r = 0.36,
p < .01) with seasonal temperature was found in winter–
spring from current January to March followed by from cur-
rent January to October (r = 0.34, p < .01). Tree growths
are positively and significantly correlated with precipitation
in current summer-autumn (July–September) (r = 0.35,
p < .01). As shown in Figure 3b, correlations among the
tree-ring indices, precipitation and temperature based on
first-order differenced data are similar to the correlations cal-
culated from the raw data. Slight differences are seen that
the correlation between tree ring and temperature from
January to October is higher than the correlation from
January to March and the highest correlation with precipita-
tion was in July. Taken together, tree growths are mainly
controlled by the temperature in winter–spring and the pre-
cipitation in summer.

Figure 4a shows that tree growths are positively corre-
lated with the SST in eastern equatorial Pacific and nega-
tively correlated with SST in the western Pacific Ocean. The
correlation pattern resembles an El Niño pattern of sea sur-
face temperature anomalies in the tropical Pacific (Allan

et al., 1996; Sturman, 2010), suggestive of the potential
modulations of ENSO on our tree rings. Note that tree
growths are also positively correlated with the SST in the
tropical Indian Ocean. These suggest that the Indian SST
may be an important factor linking the ENSO and climate of
our study region. Indian SST plays a crucial role in modulat-
ing the strength of the Indian summer monsoon, which influ-
ences summer climate over most of southern China
including our study region. On the other hand, the Indian
SST is closely linked to the ENSO. For example, in response
to the ENSO matured in winter, the Indian Ocean often has a
capacitor effect that can store the ENSO signal till summer
and cause anomalies in Indian summer monsoon (Xie et al.,
2003; 2010). It is also possible that the Indian SST alone
may also strongly influence our study region as it is a key
regulator for the Indian summer monsoon. The correlations
between the first-order differenced data are similar but much
stronger, which indicates the modulations of El Niño on
regional tree growths are more conspicuous at short timescales
(1–10 years). As is shown in Figure 4c, the El Niño-like corre-
lation pattern is more significant when the correlations
(r = 0.30, N = 66) with SST have been calculated during the
period since 1950 because the quality of the SST data is more
robust (Xie et al., 2010). The highest correlations (r = 0.44,
N = 65) with the El Niño-like correlation pattern have been
observed for the first-order differenced data during their
common period since 1950 (Figure 4d).

Although the correlations with SST and the ENSO indi-
ces are not high, the spatial correlation pattern is very similar
to the correlation pattern between the ENSO and SST.
Because limited correlations with SST are not related to the
ENSO, we conclude that the ENSO is the major regulator on
tree growths of this region. Moderately high correlations
with regional climate and the ENSO may be due to the
growth disturbances. For example, higher correlations with
regional climate and the SST are found for the first-order dif-
ferenced data, which reflect the correlations at short time-
scales (1–10 years). This agrees with the notion that the
growth disturbances play a less influential role on tree
growth at short timescales relative to the inter-decadal time-
scales (Fang et al., 2017).

TABLE 1 The comparison of extreme positive and negative years of
standard chronologies

Extreme year (MK) Source

Positive Negative BDNP XDC04 RC NML GS FGY

1852 / /

1857

1870 √

1885 √ √ √

1920 √

1987 √

Note. / represents no data in this year. BDNP = Bidoup Nui Ba National Park
site, the BDNP chronology multiplied by negative one (Buckley et al., 2010);
FGY = Fangguangyan site (Guo et al., 2018); GS = Gushan site (Li et al.,
2016); NML = Niumulin site (Li et al., 2017); RC = regionally composite sites
(Duan et al., 2011); XDC04 = a chronology in nearby Zhejiang province (Shi
et al., 2015).

TABLE 2 The comparison of extreme positive and negative years based on 20-year low-passed data of seven standard chronologies

Extreme periods (MK)

BDNP (1304) XDC04 (1856) RC (1851) NML (1836) GS (1804) FGY (1853)Positive Negative

1798–1804

1819–1821

1865–1873 √ √

1879–1888 √ √

1903–1913 √ √ √

1935–1958 √ √ √ √

2013–2015 √

Note. The year with every site represents effective starting year of every chronology. BDNP = Bidoup Nui Ba National Park site, the BDNP chronology multiplied by
negative one (Buckley et al., 2010); FGY = Fangguangyan site (Guo et al., 2018); GS = Gushan site (Li et al., 2016); MK = sampling site; NML = Niumulin site
(Li et al., 2017); RC = regionally composite sites (Duan et al., 2011); XDC04 = a chronology in nearby Zhejiang province (Shi et al., 2015).
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Apart from significant correlations with SST, positive
correlations are seen between our chronology with the GPH
at 850 hPa in western Pacific Ocean and negative correlative
area centers in the central eastern tropical Pacific Ocean
from January to March during 1969–2015 (Figure 5a). This
correlation pattern is similar to an El Niño-like pattern,
which can result in low (high) GPH in central and eastern
(western) tropical Pacific Ocean due to the warm (cold) SST
induced upwards (downwards) motion of the air mass
(Wang et al., 2013). In the upper-troposphere (at 200 hPa),
the tropical trough associated with SST anomalies in the
western Pacific expands to the eastern Pacific (Figure 5c).
This GPH belt resembles the ENSO circulation model
(Yancheva et al., 2007; Fang et al., 2014a; 2014b). The El
Niño-like pattern correlation pattern with GPH is more con-
spicuous for the first-order differenced data (Figure 5b),
agreeing with the correlation patterns with SST.

Correlations with oceanic and atmospheric factors sug-
gest that ENSO plays a dominant role on shaping our tree
rings. We additionally calculated 21-year window based run-
ning correlations with tree-ring chronology to examine their
relationships through time. As shown in Figure 6, our tree-
ring chronology show high correlations with ENSO indices
but the strength of the correlations vary through time. The
running correlations with ENSO indices decrease gradually
from 1860s to the 1930s, and the correlations increase
sharply afterwards reaching a plateau after the 1960s
(Figure 6). It is readily understood that the correlations
between our tree rings and different ENSO indices are simi-
lar as the different ENSO indices are also highly correlated.
Moreover, the running correlations with ENSO agree well
with the time-varying inter-annual variability as indicated by
the changing standard deviations (Figure 6). This indicates
that the modulation of ENSO on our tree growth is enhanced
in periods with strengthened inter-annual variability.

4 | DISCUSSION

4.1 | Tree growths and local climate conditions

One limiting factor on tree growths at the sampling site is
the winter–spring temperature, which has been widely
observed in nearby hot and humid regions or remote cold
and arid regions in China and surroundings. For example,
tree growths are sensitive to winter–spring temperature in
Changting (Chen et al., 2012b), in the lower reaches of the
Yangtze River (Shi et al., 2010), and in other sites of south-
eastern and south central China (Duan et al., 2011). This
winter–spring temperature limit is also evidenced in cold
and humid regions such as Abies chensiensis trees in the
Jiuzhaigou region of southwest China (Song, 2007), Pinus
koraiensis trees in Changbai Mountain of northeast China
(Zhu et al., 2009) and Chamaecyparis obtusa in central
Japan (Yonenobu and Eckstein, 2006). In addition, tree
growths in cold and arid regions were also found to be lim-
ited by temperature in winter–spring, such as Sabina prze-
walskii and Picea crassifolia trees on northeast Tibetan
Plateau (Liang et al., 2006; Gou et al., 2007; Zhu et al.,
2008). These indicate that winter–spring temperature limits
growth pattern is a large-scale feature. A cold winter–spring
may reduce root and buds activities and even cause damage
to them, such as frost desiccation (Pederson et al., 2004;
Zhu et al., 2009; Shi et al., 2010). On the other hand, a
warm winter–spring can avoid the freezing of leaf tissue
ensuring metabolic activity normal (Kimmins, 2005; Chen
et al., 2016). Second, a cold winter–spring can delay the
beginning of the growing season and thus cause a narrow
growth (Shutova et al., 2006; Karlsen et al., 2007).

Although precipitation in the humid study area is gener-
ally sufficient for tree growth, it is distributed unevenly and
there can be seasonal drought stress for tree growth (Chen

FIGURE 3 Correlations between climate variables and (a) the tree-ring
standard chronology, and (b) the first-order differenced tree-ring chronology
and the temperature and precipitation from the start of previous growing
season (previous February) to the end of current growing season (current
December) at Yong’an station for the period of 1954–2015. JM represents
the mean from January to March. JO represents the mean from January to
October. JS represents the mean from July to September. The black (red)
horizontal dashed lines represent the 95% (99%) confidence level [Colour
figure can be viewed at wileyonlinelibrary.com]
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et al., 2012b). The summer drought limiting growth patterns
have been widely observed in nearby sites (Dong et al.,
2014; Chen et al., 2016; Li et al., 2016). The precipitation
from March to June in the study region accounts for 57.6%
of annual precipitation, while precipitation in the hot July
and August accounts for only 17% of annual precipitation
(Figure S1). Hot and dry summer can intensify soil evapora-
tion and stomatal closure, leading a narrow ring (Wieser and
Tausz, 2007; Popa and Kern, 2009; Chen et al., 2012c).

4.2 | Tree growth and ENSO

Similar to the results of many studies in eastern China, the
tree-ring is correlated with tropical Pacific sea surface temper-
ature (SST) (Wu et al., 2003; Wang et al., 2000; Zhou and
Wu, 2010; Chen et al., 2012b). As an oceanic and atmospheric
mode far from the study region, ENSO can only indirectly
modulate our tree growth via first causing regional climate
anomalies and the regional climate anomalies then leading to
growth anomalies. The ENSO causes anomalies of a combina-
tion of climate variables and the combination of climate vari-
ables happen to be closely related to tree growth. That is, both

ENSO and tree growth are linked to a similar combination of
climate variables instead of a single climate variable, such as
temperature or precipitation. As revealed above, tree growth is
limited by a combination of low winter–spring temperature
and dry summer. Indeed, a cold phase of ENSO is often
related to a cold winter–spring and a dry summer.

A warm (cold) phase of the ENSO is related to a weak
(strong) Walker circulation and thus the retreat of the warm
water of the western tropical Pacific Ocean to its eastern
part, which is associated with a larger (smaller) warming
area of the tropical Pacific Ocean and enhanced (weakened)
transport of heat from the tropics to the middle and high lati-
tudes (Fu et al., 2006). Therefore a generally warmer
(colder) climate during the warm (cold) phase of the ENSO
is expected for the tropical Pacific as whole. This can be par-
ticularly the case in winter–spring when the El Niño is in its
mature and decay phase. For our study region in southeast
China, the winter–spring temperature is strongly modulated
by the East Asian winter monsoon. As shown in Figure 5,
anomalous high GPH is observed in western Pacific Ocean
correspond to an El Niño year. This anticyclone-like pattern
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in western Pacific Ocean was found to weaken the East
Asian winter monsoon (Wang et al., 2000). Both regimes
indicate a warm (cold) phase of the ENSO is associated a
warm (cold) winter–spring, which can promotes tree growth.

Although ENSO is peak in winter time, its influences on
precipitation can be delayed in the coming summer on the
East Asian summer monsoon. During the warm phase of the
ENSO, high GPH anomalies in western Pacific Ocean are
associated with weak upwards motion in the western Pacific
Ocean and thus a weak Hadley circulation (Genio, 1997). A
weak upwards motion of the western tropical Pacific Ocean
can be associated with a weak downwards motion over the
western subtropical Pacific Ocean, resulting in a weak west-
ern Pacific High. Our sampling site is controlled by the
western Pacific High in summer and a weak one can pro-
mote precipitation in summer at our study region (Yang and
Sun, 2003). In addition, a warm phase of the ENSO is often
associated a weak East Asian summer monsoon, which
causes a delayed shift of the rain belt from southern to north-
ern China (Huang and Wu, 1989). This can cause a wet
southern China, including our study region, and a dry north-
ern China. Tree-ring based study suggested that such a
dipole precipitation pattern between southern and northern

China is prominent over the past six centuries, which is
mainly regulated by the ENSO (Fang et al., 2014a).

During the mature and decay phase of an El Niño event,
a warmer winter–spring (January–March) usually occurs in
East Asia (Chen et al., 2012c). Reversely, a cooler winter–
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FIGURE 5 Correlations between raw and the first-order differenced chronologies and the geopotential height (GPH) (a, b) at 850 hPa and (c, d) 200 hPa
between January and March from the National Centers for Environmental Prediction–National Center for Atmospheric Research (NCEP–NCAR) during
1968–2015 [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 6 Running correlations between the tree-ring chronology and the
ENSO indices derived from the Met Office Hadley Centre’s sea surface
temperature (SST) data set, HadISST1 and the standard deviation of the
tree-ring chronology (pink line) based on a 21-year window [Colour figure
can be viewed at wileyonlinelibrary.com]
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spring occurs during the mature and decay phase of a La
Niña event (Chen, 2002; Kang, 2008; Yuan et al., 2014).
We compared years with El Niño (La Niña) events and cli-
mate in Yong’an. As shown in Table 3, most of the years
with El Niño (La Niña) events correspond to years with
warm (cold) winters in the study region. Since 1954,
15 (14) years with El Niño (La Niña) out of 21 (22) years
correspond to years with extreme warm (cold) winters with
temperature naught point five standard deviation above
(below) their mean in the study region (Table 3). The warm
winter years (1956, 1966, 1973, 1982, 1987, 1997, 1998 and
2003) were also reported in neighbouring site Changting
(Chen et al., 2012b). We share four (1955, 1956, 1957 and
1963) cold winter years out of nine with the reconstruction
of Changting since 1954 (Chen et al., 2012b).

Taken together, a warm (cold) phase of the ENSO can
cause a warm (cold) winter–spring and a wet (dry) summer
in our study region, both of which are favourable climate
conditions for tree growth at our site (Kang and Jeong,
1996; Tao and Zhang, 1998). Because the ENSO is most
conspicuous on the inter-annual scales, it is expected that its
modulation on large-scale climate anomalies is more con-
spicuous when its inter-annual variability is enhanced.
Therefore, the correlations between our tree rings and the
ENSO are more conspicuous in recent decades when the
ENSO variability is intensified. It is not rare for presence of
higher correlations between tree rings and oceanic and atmo-
spheric modes than with single climate variables, which is
particularly the case for the hot and humid regions with more
than one limiting factor for tree growth. These were termed
as “oceanic and atmospheric modes tree-ring chronologies,”
such as the chronologies in Himalayan areas (Fang
et al., 2017).

To further detect the frequency-dependent relationships
between STD and hydroclimate through time in the study
area, we calculated the WTC between STD and PDO, AMO.
There is common power between STD and PDO on inter-

decadal timescales from 1915 to 1925 (Figure S2a). The
WTC plot (Figure S2b) also indicates correlations between
STD and AMO from 1854 to1885 on inter-decadal timescale
(Grinsted et al., 2004). However, most periods of the corre-
lation between STD and PDO, AMO appear to be unrelated.

4.3 | Climate change over the past 200 years

Above analyses revealed that the growths of our tree rings
are related to winter–spring temperature, summer precipita-
tion and the ENSO. We further study the historical climate
signals and its large-scale features, via comparing the
extreme years and periods in our tree-ring chronology with
nearby tree-ring chronologies in subtropical and tropical
parts of the East Asia. We select three chronologies from the
same province as our chronology, that is, the closest chro-
nology at Niumulin (NML) site that is sensitive to summer
precipitation (Li et al., 2017), two chronologies at Gushan
(GS; Li et al., 2016) and Fangguangyan (FGY; Guo et al.,
2018) in Fuzhou area that are sensitive to precipitation in
summer and autumn precipitation, respectively. We also
selected a chronology in nearby Zhejiang province (XDC04)
that is controlled by winter–spring precipitation (Shi et al.,
2015) and a regionally composite (RC) chronology for
nearby Jiangxi and Hunan provinces that is sensitive to
winter–spring temperature (Duan et al., 2011). In addition, a
well-known chronology from Bidoup Nui Ba National Park
(BDNP) in Vietnam that is sensitive to spring (March–May)
drought and prior winter (December–February) ENSO is
also included for comparisons (Buckley et al., 2010). The
BDNP chronology is inversely correlated with prior winter
(December–February) ENSO, so the BDNP chronology mul-
tiplied by negative one will be used in comparisons
(Figure 7). Climate in Vietnam and southeastern China often
have reverse responses to ENSO as Vietnam is under the
direct control of ENSO, while southeastern China is modu-
lated by ENSO via teleconnections. During the positive

TABLE 3 Comparisons between the El Niño (La Niña) events and winter–spring (January–March) temperatures in Yong’an station since 1954. Temperature
anomalies were calculated as the residual of temperatures and naught point 5 SD of the mean (1954–2015) in the study region. El Niño and La Niña events
(1954–2015) are based on ENSO monitoring briefing (periods of 18–53) in National Climate Center and some articles (Gergis and Fowler, 2009; Zhang and
Zhao, 2012; Zhang et al., 2015)

El Niño year and
magnitude classification

Warm winter
years Anomaly (�C)

La Niña years and
magnitude classification Cold winter years Anomaly (�C)

1965 (strong) 1965 0.73 1955 (strong) 1955 −0.77

1966 (moderate) 1966 1.39 1956 (very strong) 1956 −1.11

1973 (weak) 1973 1.99 1957 (weak) 1957 −1.71

1982 (moderate) 1982 0.73 1962–1963 (weak) 1962–1963 −1.99

1987 (moderate) 1987 2.13 1968 (weak) 1968 −1.61

1991 (moderate) 1978 1.13 1970–1971 (moderate) 1970–1971 −1.19

1997–1998 (very strong) 1997–1998 0.85 1974 (extreme) 1974 −1.57

2002–2003 (weak) 2002–2003 1.61 1984 (moderate) 1984 −1.84

2006–2007 (weak) 2006–2007 1.33 1985–1986 (weak) 1985–1986 −1.39

2009–2010 (strong) 2009–2010 2.06 1995–1996 (moderate) 1995–1996 −0.95

2014–2015 (weak) 2015 1.39
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(negative) phase of ENSO, the convective activities in the
western Pacific Ocean are suppressed (enhanced), which
leads to dry (wet) for regions in its surroundings such as
Vietnam (Buckley et al., 2010; Tokinaga et al., 2012). On
the other hand, the positive phase (negative) of ENSO is
often associated with a southwards (northwards) placement
of the western Pacific High, which leads to a delayed
(advanced) northwards shift of the rain belt and thus a wet
(dry) condition over southeastern China including our study
region (Newton et al., 2006; Fang et al., 2014a;
Zong, 2017).

The extreme negative growth of our tree rings in year
1870 is found in a nearby tree-ring moisture-sensitive chro-
nology (FGY) in Fuzhou area. It suggests that the extreme
low growth at our site may be related to dry conditions
(Table 1).

High growth in 1885 appears most widely distributed
because it has been revealed in three other tree-ring sites,
including tree rings from nearby summer–precipitation-
sensitive chronology (FGY) and the moisture-sensitive chro-
nology (XDC04) as well as the composite temperature-
sensitive chronology (RC) in southeastern China. Although
this chronology mainly reflects temperature, it also has

correlations with precipitation. High growths of our chronol-
ogy in 1920 and 1987 are only found in moisture-sensitive
site (XDC04). These high-growth years correspond to posi-
tive anomalies in moisture-sensitive tree rings but match less
well with the temperature-sensitive chronology. This sug-
gests that the extremely high growths of our tree rings
mainly reflect wet conditions and the wetness in 1885 appear
widely spread. It is interesting that our chronology does not
share extreme years with the other chronologies (NML and
GS chronologies) in Fujian province. It may be because the
local-climate signals are different and the disturbance of
non-climatic factors while there are mountains and hills in
Fujian. Unfortunately, our chronology does not share
extreme years with a moisture- and ENSO-sensitive chronol-
ogy (BDNP) in Vietnam either. This suggests that the years
with extreme growths are modulated by climate patterns that
have not been extended to southeastern Asia (Table 1).

The extremely low-growth period in our tree rings from
1865–1873 is also found in chronologies from nearby
moisture-sensitive sites in Fujian province. The low-growth
period in our tree rings from 1935–1958 appears to be more
related to large-scale climate anomalies, which have also
been found in chronologies of a large area, including nearby

FIGURE 7 Comparison of between the inter-decadal (20 years) variations of our chronology with other chronologies: (a) the Bidoup Nui Ba National Park
(BDNP) chronology in the highlands of Vietnam multiplied by negative one (Buckley et al., 2010), (b) the Xiaodai village (XDC04) chronology for the lower
reaches of the Yangtze River in southeastern China (Shi et al., 2015), (c) the regionally composite (RC) chronology made from five sampling sites in Jiangxi
and Hunan province (Duan et al., 2011), (d) the Makeng (MK) chronology in the study area, (e) the Niumulin (NML) chronology in Quanzhou (Li et al.,
2017), (f) the Gushan (GS) chronology near the coastal area of the East China Sea (Li et al., 2016), (g) the Fangguangyan (FGY) chronology in Yongtai,
Fujian (Guo et al., 2018). The pink column charts represent consistent positive periods, the blue column charts represent consistent negative periods [Colour
figure can be viewed at wileyonlinelibrary.com]
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chronologies (NML and FGY) from Fujian province,
XDC04 chronology, as well as BDNP chronology (Table 2
and Figure 7). Because both our tree rings and the tree rings
from Vietnam are sensitive to the ENSO. This dry epoch
may suggest the La Niña-like mode during this period. At
the same time, we found the years of 1941–1943 and August
1948 to February 1949 during this epoch are recorded
droughty in Zhangping in historical documents (Li, 1995).

Positive growth periods from 1798–1804 and
1819–1821 in our tree rings are not seen in other climate
sensitive tree rings because they have not extended back into
these periods. The other two high growths periods of
1879–1888 and 2013–2015 are found in nearby moisture-
sensitive chronologies (GS and FGY). The high-growth
period in our tree rings from 1903 to 1913 has also been
found in chronologies of a large area, including nearby GS
chronology, a temperature-sensitive chronology (RC) as well
as BDNP chronology. Converse to the low-growth period
from 1935 to 1958, this wet epoch may suggest the El Niño-
like mode during this period. In general, both the low- and
high-growth periods corresponding to moisture-sensitive tree
rings. Keeping in mind that the extreme years of our tree
rings better reflect the moisture changes, we state that the
extreme growth years and periods are mainly caused by
moisture anomalies. The influence of temperature may cause
moderate changes of our tree rings. In addition, it appears
that the high-growth periods are less widely distributed than
the low-growth periods.

5 | CONCLUSIONS

We developed the first 218-year tree-ring width chronology
over the period of 1798–2015 in the Zhangping area in
Fujian province, humid subtropical China. The tree growth
is positively correlated with winter–spring temperature
(January–March) and summer (July–September) precipita-
tion. These climate-growth relationships are widely observed
in the southeastern Asia because although the temperature in
this subtropical area is high but the cold winter–spring con-
dition can play a limiting role on tree growth. Although it is
generally wet in the core area of Asian summer monsoon,
the summer precipitation can be low due to the control of
the western Pacific High in this time.

Our tree-ring chronology is significantly correlated with
ENSO when the ENSO and tree growth are linked to the
similar combination of the temperature and precipitation.
The linkages between our tree rings and the ENSO are
enhanced when the inter-annual variability of the ENSO is
increased during the past several decades. As the major regu-
lator of inter-annual climate variability, it is readily under-
stood that its influences can be more conspicuous when its
inter-annual variability is enhanced.

The extreme growth years and periods match better with
the moisture sensitive chronologies, suggesting that the

precipitation shortages is more likely to cause growth anom-
alies than temperature. The low-growth period from 1935 to
1958 is the most long-lasting dry period in our chronology,
which covers much of the southeastern China. Good
matches between our chronology and one ENSO-sensitive
chronology in Vietnam suggested the influence of a La
Niño-like mode. This dry period in our tree rings corre-
sponds to wet periods in a moisture sensitive chronology in
Vietnam, both of which are inversely related to the ENSO.

This study provides one of the longest tree-ring chronol-
ogies in southeastern China, one of the core areas of Asian
summer monsoon, which can aid in revealing the full picture
of dynamics of the Asian summer monsoon.
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