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1.  INTRODUCTION

The climate in southeastern China exhibits great
variability in response to the dynamics of the Asian
summer monsoon, which has a strong impact on the
most populated region in China (Ding et al. 2010,
Chen et al. 2013a). However, the limited instrumen-

tal data that exists (i.e. that of a few decades) has
restricted our efforts to disentangle the influences of
human activities with those of nature, highlighting
the need to infer long-term climate variations from
proxies. Tree rings have been widely used to recon-
struct paleoclimatic changes due to their high sensi-
tivity to climate, accurate dating capacity and exten-
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ABSTRACT: A 210 yr tree-ring chronology (1804−2013) was developed from Pinus massoniana
trees at Gu Mountain of Fujian Province in southeastern China, which is the nearest chronology
to the coastal area of the East China Sea. The highest correlations with monthly climate variables
were observed for precipitation in the current (i.e. the same year as the tree-ring growth) July and
September, and the highest correlation with seasonal climate variables was found with precipita-
tion from the  current period June to September. We found a shift between the climate−growth cor-
relations before and after 1977. From 1953−1977, tree growth was mainly limited by precipitation
in the current June and September. In addition, the highest correlation with seasonal precipitation
was from the current June to September. However, from 1978−2013, tree growth was negatively
 correlated with temperature in the current June and July and positively correlated with January
temperature and July precipitation, with the highest negative correlation occurring with seasonal
temperature from June to August of the current year. A sharp increase in temperature and decline
in light precipitation with more frequent heavy rain and storm-associated rain enhanced the sum-
mer drought from 1978−2013. In addition, more cold snaps in January played a role in limiting tree
growth from 1978−2013. This chronology shows significant positive correlations with those of the
El Niño-Southern Oscillation (ENSO), Pacific Decadal Oscillation (PDO), and East Asia Summer
Monsoon (EASM) indexes, especially in their decadal variations. At an annual time scale, a warm
ENSO may cause a weak EASM in the positive PDO phase, and a weak EASM may decrease pre-
cipitation, raise temperature, and further limit tree growth. At a decadal time scale, the weaken-
ing EASM has promoted tree growth by the center-southward-moving monsoon rain since 1977.
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sive spatial coverage (Hughes et al. 2011). Although
numerous tree-ring chronologies have been pub-
lished in China, most have been created from loca-
tions in the arid, cold west and north of China (Gou et
al. 2007, Liang et al. 2010, Y. Liu et al. 2010, Shao et
al. 2010, Chen et al. 2013b, H. Liu et al. 2013, Yang et
al. 2014, X. Liu et al. 2014, Zhang et al. 2015). Few
tree-ring chronologies have been generated for the
hot, humid regions of southeastern China (Chen et
al. 2012a,b, Xu et al. 2013, Shi et al. 2015) because of
the limited number of old-growth forests that exist in
that area due to a long history of human activities. In -
deed, it is quite challenging to find long tree-ring
chrono logies in this area. 

Tree growth in subtropical (i.e. southeastern) China
is often limited by low temperatures that occur dur-
ing the winter and early spring prior to the start of the
growing season (Shi et al. 2010, Chen et al. 2012a,
Duan et al. 2012, 2013), whereas tree growth at sites
with shallow soil is often limited by drought (Chen et
al. 2012b, Dong et al. 2014). The complexity of growth
patterns in response to climate highlights the need to
study climate−growth relationships during different
periods and in different regions of southeast China. 

The climate of the southeastern coast of China is
strongly influenced by atmospheric and oceanic cir-
culations, such as the East Asia Summer Monsoon
(EASM), El Niño-Southern Oscillation (ENSO), and
Pacific Decadal Oscillation (PDO) (Chen et al. 2013a).
The strength of EASM is one of the most impor -
tant factors impacting China’s summer precipitation
(Ding et al. 2008), and the monsoon rainfall accounts
for 40−50% of the annual precipitation in southeast-
ern China (Zhou et al. 2009). Sea surface tempera-
ture (SST) anomalies that occur in the Pacific have a
significant impact on the strength of the EASM (Ding
et al. 2008, 2009, Chen et al. 2013a). ENSO also has a
close relationship with the climate of China, such
that the developing stage of a warm ENSO event
results in drought in southern and northern China
and flooding in central China; this relationship
appears to be reversed in the decaying stage of a
warm event (Huang & Wu 1989). Since the end of the
1970s, both the PDO and ENSO have moved from
cold to warm phases (Li et al. 2013).

The climate fluctuations caused by atmospheric and
oceanic circulation patterns can be well-captured by
trees, especially those growing in coastal zones (Li et
al. 2013, Xu et al. 2013). Previous studies of climate
patterns based on tree-ring chronologies have found
that ENSO has had different impacts on the climate
of southeastern China during different periods (Xu et
al. 2013); the same phenomenon has also been found

in northwestern China (Yang et al. 2014). Fang et al.
(2010) found that the reconstructed historical climate
in north-central China was closely linked to the SSTs
of the Indian Ocean and West Pacific. Li et al. (2013)
reconstructed the variability of ENSO over the past 7
centuries based on 2222 tree-ring chronologies from
the tropics and mid-latitudes of both hemispheres.
D’Arrigo & Wilson (2006) reconstructed PDO history
based on the tree-ring net in the high latitudes of Asia. 

However, it is still unclear whether trees growing
on the southeastern coast of China have recorded
atmo spheric−oceanic information, or how the shift in
SSTs and abnormal atmospheric−ocean circulation
has in fluenced the climate and tree growth in this
region. In this study, we used tree-ring chronologies
to investigate the time-varying climate−growth rela-
tionships of trees growing on the southeastern coast
of China, and examined the influence of atmospheric
and oceanic circulation on the climate and climate−
growth relationships in this region. This study pres-
ents a tree-ring chronology of 210 yr of Pinus masso-
niana tree growth at Gu Mountain in Fuzhou City on
the southeast coast of China for the first time, and is
the nearest chronology to the coastal area of the East
China Sea, and so is likely to have captured major
atmospheric and oceanic circulation signals. 

2.  DATA AND METHODS

2.1.  Study area climate and tree-ring sampling

Fujian Province is located on the southeast coast of
China and has a typical subtropical marine monsoon
climate. The Gu Mountain (GM) sample site (26.04°N,
119.24°E) is located in Fuzhou City, adjacent to the
ocean (Fig. 1). Annual mean temperature and total
precipitation in the area are 19.9°C and 1366 mm,
based on data collected by the nearest meteorological
station (Fuzhou Station) spanning 1953− 2013. The cli-
mate of Fuzhou is characterized by the alternation of
rainy and dry seasons. The rainy season extends from
March to September and ac counts for 81.2% of the
annual precipitation (Fig. 2a). The highest amounts of
precipitation fall during May and June. The typhoon
season lasts from July to September and accounts for
31% of the annual precipitation, with high variability
in rainfall. July is a relatively dry month, with compar-
atively little precipitation (137 mm) and the highest
average monthly temperature (28.72°C). The second
highest temperature occurs in August (28.48°C). July
and August are also the months when extremely high
temperature events frequently occur (Fig. 2b).
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GM is close to the centre of Fuzhou City and is a
place of relaxation for local residents where trees are
mainly found near the temple and are well protected.
Old-growth Pinus massoniana is the dominant spe-

cies in the forest; however, there are
other species such as Castanopsis car-
lesii (Hemsl.) Hay and Schima superba.
The youn gest P. massoniana in the for-
est is more than 80 yr old with a dia -
meter at breast height greater than
~40 cm. Shrubs and vines also grow in
the forest and the soil is classified as
Humic Acrisols with a high moisture
content (Chen 2001).

A total of 186 tree-ring samples from
87 trees were collected from old-growth
P. massoniana; 2 to 3 samples were col-
lected from each tree using in crement
borers at different orientations. The
samples were air-dried, finely sanded
and cross-dated using standard den-
drochronological techniques (Stokes &
Smiley 1968). The exact calendar years
of each growth ring were assigned

through visual cross- dating (Fritts 1976). Tree rings
were cross-dated, and the ring width measured to
the nearest 0.001 mm using a linear table (LINTAB;
RINNTECH) and the program TSAP-Win (Rinn 2003).
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Fig. 1. Fujian Province in China, showing the location of the study region

Fig. 2. Monthly total precipitation and mean temperatures in the research area based on Fuzhou weather station data from
(a,b) 1953−2013, (c,d) 1953−1977 (light grey) and 1978−2013 (dark grey). Horizontal line in box: median (middle number of the
data set, i.e. the monthly precipitation/temperature of the periods 1953–2013, 1953–1977 and 1978–2013). Top and bottom of
box: 75th  and 25th percentile of the data, respectively. Upper/lower whiskers: 75th/25th percentile ± 1.5 times the difference
between the 75th and 25th percentile, indicating the main distribution range of the data set. Dots: extremes; asterisks: outliers
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The program CO FECHA (Homes 1983) was used to
verify and control the cross-dating quality. Samples
that exhibited ab normal growth, short ages and
lower correlation with the main series were removed
by combining the abnormal microhabitats of the
trees inferred from photos and field records. A total
of 119 tree-ring samples from 62 trees were retained
for further analysis.

2.2.  Tree-ring and climate data

The age-related growth trends were removed by
using the ratio between the raw measurements and
smoothing splines with a 50% frequency-response
cutoff of two-thirds of the series length. The width
measurements of ~12 trees showed growth releases in
which the tree-ring width exhibited a sudden in -
crease for ~20 yr and then gradually restored to a
 normal state. These growth releases were scattered
among different segments in different trees and were
more frequent in recent decades; they may have been
caused by sudden increases in light and nutrients due
to the natural death of adjacent trees, or by the cre-
ation of pathways in woods. The Friedman variable
span smoother curve with a tweeter sensitivity of 5
was applied to remove these growth releases. Because
each series was smoothed with a locally adaptive
curve, it was useful in modeling the growth curves of
the disturbed tree-ring series thatdid not evolve through
time in a homogeneous way (Cook et al. 1995). Finally,
the de-trended tree-ring series were averaged to gen-
erate a standard (STD) chronology through bi-weight
robust-mean estimations (Cook 1985).

The chronology included the common and uncom-
mon variance of the series. The expressed population
signal (EPS) and subsample signal strength (SSS)
were used to estimate the strength of the signal com-

mon to all trees, generally attributed to shared
growth-limiting conditions, especially climate. EPS is
defined by the mean inner-series correlation of all
the series, while SSS is defined by the correlations
between the mean of part of the series and the mean
of all of the series (Wigley et al. 1984b). Thus, in -
creasing EPS and SSS were tacitly associated with a
more accurate estimation of climate−growth relation-
ships, with values exceeding the suggested threshold
of 0.85 leading to conclusions of a strong climate sig-
nal and an accurate climate sensitivity assessment
(Mérian et al. 2013). The threshold of 0.85 in both
SSS and EPS in this chronology corresponded to the
reliable years of 1804 (14 samples) and 1805 (18 sam-
ples), respectively. Additionally, SSS was used to
assess the robustness of the chronology, i.e. 1804 to
2013, 1 yr longer than EPS. The mean sensitivity
(MS) of the chronology was 0.201, the first-order
autocorrelation (AC1) was 0.675, and the all-series
correlation was 0.280. The high values of the running
means of EPS indicated that stable, common signals
occurred for different segments (Wigley et al. 1984a)
(Fig. 3). However, the running Rbar (a measure of the
signal strength of the chronology) was relatively low
(Fig. 3), which is a common phenomenon in subtrop-
ical climates (Chen et al. 2012b) and probably due to
the relatively complacent growth of the trees.

Monthly precipitation and temperature (1953−
2013) data were obtained from Fuzhou Station,
which was the closest meteorological station. The
EASM index (1948−2013) is an area-averaged sea-
sonal (June−August, JJA) dynamical index at 850 hPa
within the East Asian monsoon domain (10−40°N,
110−140°E) (Li & Zeng 2002). The PDO is a dominant
internal oscillation in the climate system for Pacific
areas, with phase shifts developing on decadal time
scales. During the positive phase of the PDO, the
upper oceans are warmer than during the preceding
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Fig. 3. The Gu Mountain chro-
nology indices and the running
Rbar (running based upon a
50 yr  window with a 25 yr lag)
and statistics of the running ex -
pres sed population signal (EPS).
The reliable portion of the chro-
nology was determined by a sub -
sample signal strength (SSS)
value greater than 0.85 (vertical
line: year [1804] when SSS is 0.5)
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decades along the west coasts of North and South
America and across the equatorial Pacific, and are
colder over the western and central North Pacific
(Graham 1994, Mochizuki et al. 2010). The ENSO
index is represented by the Niño-3 SST, which is
defined as the January−March SST anomaly aver-
aged over the re gion (5°S−5°N, 90−150°W). The
PDO index (December−February, DJF) for the period
from 1901−2013, and ENSO indices (DJF) (Smith &
Sardeshmukh 2000) for the period from 1872−2013
are available from www.cpc.ncep.noaa.gov/.

2.3.  Data analysis

Relationships between the GM site tree-ring in dices
(STD) and climatic variables were analyzed by a cor-
relation function, response function and partial corre-
lation analysis. The response analyses can ac count for
the multi-collinearity among monthly climatic param-
eters via a calculation of the relationships between
tree rings and the major principal components (PCs)
of the climate variables only. The response function
analysis was performed using the program Dendro-
Clim2002 (Biondi & Waikul 2004), which employs a
bootstrap procedure to evaluate significance level.
Partial correlation analysis was performed by the
‘Seascorr’ method in MATLAB (MathWorks), which
can separate the confounding influence of the inter-
correlation of the primary and secondary climate vari-
ables (Meko et al. 2011). The climate−growth rela-
tionships were analyzed over the whole instrumental
collection period (1953−2013) and in different climate

backgrounds before and after the SST shift (i.e. the
periods of 1953−1977 and 1978−2013). However, the
‘Seascorr’ analysis could not be performed on the
1953−1977 data because it was a period shorter than
30 yr (Meko et al. 2011). Climate−growth analyses
were performed from the previous September to the
current December in corre lation and response func-
tion analyses, and from the previous November to the
current December for the partial correlation analysis.

The correlation analysis among the GM chrono logy,
PDO, ENSO and EASM was performed during their
positive (1925–1946, 1978–2013) and negative (1890–
1924, 1947–1977) PDO phases at interannual and in-
terdecadal scales. The division of PDO positive/ negative
phases was inferred from previous studies based on
the Pacific SST shift (Mantua et al. 1997, Minobe 1997).

A multi-taper method (MTM) spectral analysis was
employed to examine the characteristics of drought
variability in the frequency domain (Mann & Lees
1996). The significant spectra were determined
based on a confidence level of 90% and the red noise
assumption (Mann & Lees 1996).

3.  RESULTS

For the period from 1953−2013, the correlation
function analysis showed that the GM tree-ring
indices were significantly and positively correlated
with July (p < 0.05) and September precipitation (p <
0.01) (Fig. 4a), a result which was also evident in the
response function analysis (Fig. 4b). The highest cor-
relation with a seasonal climate variable occurred
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Fig. 4. Climate−growth (a) correlation function and (b) response function between Gu Mountain tree-ring chronology and
 pre cipi tation (P) and temperature (T) from the Fuzhou weather station using data from September to December in the follow-
ing year during the period from 1953−2013. JS: the combination of June to September (period with highest degree of statistical
significance). Dashed and dotted lines: 95 and 99% confidence levels, respectively. *Values above 95% confidence level
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with precipitation from June−September (p < 0.01)
(Fig. 4a). Partial correlation analysis with precipita-
tion alone (removing the influence of temperature)
showed that there was still a significant positive cor-
relation between September precipitation and tree-
ring indices (p < 0.05) (Fig. 5b). The highest partial
correlation with seasonal precipitation also occurred
in June−September (p < 0.01) (Fig. 5b). Partial corre-
lation analysis with temperature, removing the in -
fluence of precipitation, showed no significant rela-
tionship between temperature and tree-ring indices
(Fig. 5a).

The tree-ring indices showed a significant positive
correlation with previous and current September
precipitation from 1953−1977, and the highest sea-
sonal correlation appeared from June−September for
precipitation (p < 0.01) (Fig. 6a). However, a signifi-
cant positive correlation with tree-ring indices in
June and September precipitation was found in the
response function analysis (Fig. 6b).

For the 1978−2013 period, the tree-ring indices
showed a significant positive correlation with Janu-
ary temperature and July precipitation, and a signi -
ficant negative correlation with June and July tem-
perature, although the highest seasonal correlation
appeared from June−August for temperature (r =
−0.436, p < 0.01) (Fig. 6c). In the response function
analysis, a significant positive correlation only oc cur -
red for January temperature and July precipitation,
and a significant negative correlation appeared for
July temperature (Fig. 6d). The partial correlation
between tree-ring indices and temperature, with the
precipitation influence removed, showed a signifi-
cant positive correlation with January and March
temperatures (p < 0.05) and a significant negative

correlation with July temperature (p < 0.05) (Fig. 7b).
However, there was no significant correlation be -
tween tree-ring indices and precipitation in the
 partial correlation analysis when the influence of
temperature was removed (Fig. 7a).

The MTM spectral analysis revealed that signifi-
cant (p < 0.01) spectral peaks in the tree-ring chro-
nology occurred at 2.6, 4.9, and 6.6 yr (Fig. 8). We
also identified a cyclic pattern (p < 0.1) at 2.2, 2.5−2.7,
3.7, 4.1−5.0, 5.8−6.2, 6.5−7.3, 15.3−16.3, 17.4−19.7,
and 21.8−33.0 yr (Fig. 8). The cycles of 2−8 yr may be
related to ENSO (Allan et al. 1996), while the cycles
of 17.4−19.7 and 21.8−33.0 years may have a rela-
tionship with the PDO (Mantua & Hare 2002).

The GM tree-ring chronology showed the same
variances with the EASM, ENSO, and PDO indices in
the common period and a significant positive correla-
tion, especially on a decadal time scale (Table 1). A
significant positive correlation of GM chronology
with ENSO and PDO at the decadal time scale is
shown in Fig. 9, except during the period of 1978−
2013. However, a significant correlation was not
found in the annual correlation analysis. A consistent
positive correlation between GM and EASM was
found both at an annual and decal timescale during
the period of 1947−2013, and the coherency was
enhanced in 1978−2013.

4.  DISCUSSION

4.1.  Climate−growth relationship

The similar patterns observed in the correlation
(Fig. 4a) and response function analyses (Fig. 4b) for
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Fig. 5. Partial correlations be tween Gu Mountain chronology and (a) temperature with the influence of precipitation removed
and (b) precipitation with the influenced of temperature removed, for the period of 1953−2013. rx,T,P: partial temperature–
growth correlation with precipitation unchanged; rx,P,T: precipitation–growth correlation with temperature unchanged. 

1, 2, 3, 4 months: seasonal climate variable averaged for 1, 2, 3, and 4 mo, respectively
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the period from 1953−2013 indicate that July and
September precipitation are the major limiting fac-
tors for tree growth (especially September) in south-
eastern coastal China. The significant positive corre-

lation with September precipitation in the partial cor-
relation analysis indicated the influence of Septem-
ber precipitation on growth beyond that explainable
by the covariation of precipitation with temperature
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Fig. 6. (a,c) Climate− growth
correlation function and (b,d)
response function ana lysis
between Gu Mountain tree-
ring chronology and precipi-
tation (P) and temperature
(T) from the Fuzhou weather
station showing data from
Sep tem ber to December of
the following year for the
periods (a,b) 1953− 1976 and
(c,d) 1977−2013. JA and JS:
the combination of data from
June to August and June
to September, respectively
(periods with highest degree
of statistical significance).
Dashed and dotted lines: 95
and 99% confidence levels;
respectively. *Values above 

95% confidence level

Fig. 7. Partial correlations between Gu Mountain chronology and (a) temperature with the influence of precipitation removed
and (b) precipitation with the influence of temperature removed for the period 1978−2013; other details as in Fig. 5
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(Fig. 5d). The high seasonal positive correlation with
June−September precipitation indicated that sum-
mer drought severely limits tree growth, which is
similar to the results of studies conducted in nearby
Changting City (Chen et al. 2012b, Dong et al. 2014).

July is the driest summer month with the highest
temperature for this region (conditions that can result
in summer drought); it is also an important month for
tree growth. Thus, the lower amounts of precipitation
can severely limit tree growth. Because late wood
accounts for a large part of ring width (up to 2/3 of
the total width) and mainly forms in September, a
lack of precipitation in this month will limit late wood
formation.

As shown in Fig. 6a,b, from 1953−1977 the tree-
ring indices were generally positively correlated with
precipitation, especially in June and September, but
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GM GM GM
(decadal (annual 

time scale) time scale)

ENSO (n = 142) 0.113 0.354** 0.016
EASM (n = 66) 0.243* 0.321** 0.245*
PDO (n = 159) 0.167* 0.309** 0.048

Table 1. Correlation coefficients of Gu Mountain (GM) tree-
ring chronology with the El Niño-Southern Oscillation
(ENSO), East Asia Summer Monsoon (EASM), and Pacific 

Decadal Oscillation (PDO) indices. *p < 0.05, **p < 0.01

Fig. 8. Multi-taper spectral analysis of the tree-ring recon-
struction and confidence limits at the 0.01 and 0.1 levels. 

Numbers/ranges: statistically significant cycles

Fig. 9. The correlation of the Gu Mountain (GM) tree-ring chronology with EASM, ENSO and PDO indices, and the correlation
of EASM with precipitation from June−September (P69) and temperature from June−August (T68) during the different PDO 

phases at (a) annual and (b) decal time scales
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correlations with temperature are not so obvious.
The greater the precipitation in June and September
(the main growing season for trees in this area), the
greater the promotion of tree growth as a premise of
sufficient heat. Therefore, June and September pre-
cipitation were the main limiting factors for tree
growth from 1953−1977.

A positive correlation with precipitation and a
 negative correlation with temperature during the
summer months from 1978−2013 was more obvious
than the corresponding correlations from 1953−1977
(Fig. 6c), suggesting an enhanced drought response
in recent decades. This effect is also apparent in the
increasing temperatures and heavy rainfall events
and declining light rain for most months from
1978−2013, especially in July and August (Fig. 2c,d).
A negative correlation with July temperatures and a
positive correlation with precipitation indicate that
drought in July severely limited tree growth with
increasing temperature (Fig. 6c,d). Although the
precipitation in July between 1978−2013 was
slightly higher than the previous period, it tended to
be composed mainly of heavy rainfall and storm
rain, with few light rain events (Fig. 2c) (Cai et al.
2010). The loose, permeable soil in this area can
only maintain a portion of the heavy precipitation,
thus little of it is available for tree growth. Further-
more, the increasing temperature with more fre-
quent extreme high temperature events could lead
to strong evaporation (Fig. 2d). Therefore, the bene-
fits of increasing precipitation during this period
disappear, and the limits of drought on tree growth
are more serious.

During June, the temperature clearly increases,
with more extremely high temperature events
(Fig. 2d), which would induce stomata to close and
limit photosynthesis and tree growth (Figs. 6c,d &
7b). The June precipitation in 1978−2013 was less
than that in 1953−1977, but it was still the highest
monthly precipitation throughout the year with more
light rain and more rain retention in the soil (Fig. 2c).
Hence, June precipitation would provide less of a
limitation for tree growth (Fig. 6c,d).

January is the coldest month of the year, and the
positive correlation between January temperatures
and tree-ring indices indicates that warmer temper-
atures could reduce the influence of cold snaps that
occur in winter (Fig. 6c,d & 7b). A positive correla-
tion was not shown in 1953−1977, even appearing
as a negative (non-significant) correlation (Fig. 6a,b),
although the mean temperature in 1953−1977 was
colder than in 1978− 2013 (Fig. 2d). However, the
minimum temperature in January during 1978−2013

was lower than that in 1953−1977, with the occur-
rence of extreme low temperature events (Fig. 2d).
Some studies have repor ted that cold surges are
increasing because of the more fast-developing
cases of Siberian Highs and the more frequent neg-
ative phase of the Arctic Oscillation during recent
de cades (Chen et al. 2004, Ou et al. 2015). Trees
growing in a warm environment are more sensitive
to cold events; thus, the more frequent cold events
in January during 1978−2013 have severely limited
tree growth (Duan et al. 2012, 2013). The significant
positive correlation that was found with September
precipitation disappeared in the latter period, which
is probably because increased amounts of precipita-
tion in the more recent period satisfied the require-
ments for tree growth (Fig. 2).

4.2.  Climate change and potential climate regimes

Consistent decadal (frequencies < 0.1) variations
between GM tree-ring chronology and the EASM,
ENSO and PDO indices indicate that the tree-ring
variations are likely correlated with large-scale
atmospheric− oceanic circulations (Fig. 10). We also
found significant positive correlations of our tree-ring
chronology with ENSO, PDO and EASM at the de -
cadal time scale (Table 1). Additionally, the signifi-
cant positive correlation between the GM chrono -
logy and EASM were significant both at annual and
decadal time scales (Table 1).
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Fig. 10. Comparison of the Gu Mountain (GM) tree-ring
chronology, EASM, ENSO and PDO indices using a 10 yr 

low frequency filter



Clim Res 67: 209–220, 2016

ENSO is one of the most important modulators of
the strength of EASM (Ding et al. 2008, 2009, Chen et
al. 2013a), which can further impact precipitation
and tree growth in our study area. At an annual time
scale, ENSO was significantly negatively correlated
with EASM from 1978−2013 (p < 0.01), but the corre-
lation was not obvious during the 1947−1977 period
(Fig. 9a). This indicates that a warm ENSO event can
lead to a weak EASM, and that the influence is
stronger in the positive PDO phases than in the neg-
ative PDO phases (Chan 2005). This same pheno -
menon was also found in a previous study, whereby
the positive PDO phase would enhance the influence
of warm ENSO events and usually lead to a dry mon-
soon (Chan 2005). EASM showed a significantly
 positive correlation with precipitation during June−
September (p < 0.05) and a significant negative cor-
relation with temperatures in June−August (p < 0.01)
during 1978−2013, while a significant correlation
was not found in 1947−1977 (Fig. 9a). This indicates
that the influence of EASM on local precipitation and
temperature is enhanced during the positive PDO
phases when the influence of ENSO on EASM is
enhanced.

At a decadal time scale, the GM chronology
showed a significant positive correlation with EASM
from 1947−2013. The correlation coefficient was
higher in the positive PDO phase from 1978−2013
than in the negative phase from 1947−1977 despite a
rising trend of the GM and a declining trend of
EASM during this period. Previous studies have
shown that with the weakening of EASM, the main
rain center moves gradually southward with the
increasing precipitation in southeast China (Ding et
al. 2008, 2009), which is also evidenced by the sig -
nificant negative correlation between EASM and
precipitation in June−September from 1978−2013,
and a significant positive correlation from 1947−2013
(Fig. 9b).

5.  CONCLUSIONS

The GM tree-ring chronology spanning 1804−2013
from the southeastern coast of China is the closest
tree-ring site to the ocean studied thus far in China,
and so is likely to have captured major atmospheric
and oceanic circulations signals. The lower amounts
of precipitation and higher temperatures in summer
limit tree growth in this area; precipitation during
June−September was the main limiting factor for
growth between 1953−1977. However, since 1978
the climate has been drier, with increasing tempera-

ture and decreasing light precipitation, and thus tree
growth has been limited by high temperatures in the
summer. At the same time, increasing cold snap
events during the winter also limit tree growth;
hence, tree-ring indices showed a significant positive
correlation with January temperatures during the
1978−2013 period.

The GM chronology accurately reflected the fluc-
tuations of ENSO, PDO, and EASM, especially on a
decadal time scale. At an annual time scale, a warm
ENSO causes a weak EASM in the positive PDO
phase, and a weak EASM results in decreased
amounts of precipitation and higher temperatures,
which further limit tree growth. At the decadal time
scale, weakening EASM has promoted tree growth
by the center-southward movement of the monsoon
rain since 1977.
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