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and sea surface temperature (SST) over the North Pacific 
Ocean (NP) has been noted, suggesting that SST variations 
over NP and the related Pacific Decadal Oscillation signifi-
cantly influenced the temperature variability over SSC. To 
better understand the climate variability during the LIA and 
the regional differences in temperature variations over SQS 
and northern Hemisphere, long data sets from more diverse 
areas of southern China are needed.

Keywords  Subtropical southeast China · Tree-ring 
width · Maximum temperature reconstruction · Spatial 
representativeness · North Pacific Ocean · PDO

1  Introduction

Temperature is one of the most important factors of global 
climate change. How temperature will change in the future 
is greatly concerned by governments and publics. Due in 
part to inadequate long-term observation, our knowledge of 
past temperature change mainly comes from natural prox-
ies (ice-cores, Speleothem, historical documents, tree rings, 
etc.) (Christiansen and Ljungqvist 2012; PAGES 2k Con-
sortium 2013; Shi et  al. 2013), which is fundamental for 
future climate projections.

Well replicated, accurately dated and annually resolved 
tree rings serve as one of the most important palaeocli-
matic archives, and have provided unique insight into the 
nature of past climate variability in the pre-instrumental 
era. As time goes on, more and more long-term regional-, 
even hemispheric-scale climate have been reconstructed 
based on improved local (site) tree-ring materials (Esper 
et al. 2002; Büntgen et al. 2011; Seftigen et al. 2013; Cook 
et al. 2013; Yang et al. 2014; Zhang et al. 2015). In spite 
of the similar climate pattern in different sites (or regions), 

Abstract  High-resolution long-term temperature recon-
structions in subtropical southeast China (SSC) are very 
scarce, yet indispensable for the comprehensive under-
standing of climate change in China, even in East Asia. 
We reconstructed the first previous growth-season tem-
perature in the Sanqingshan Mountains (SQS), southeast 
China since 1806 based on tree-ring width data. The recon-
struction accounts for 56.4  % of the total variance in the 
instrumental record over 1954–2009. Unlike the Northern 
Hemispheric warming during recent two centuries, the 
reconstruction captured a slowly cooling trend from 1806 
to 1980, followed by a rapid warming afterward. 2003–
2009 was the warmest period in the reconstruction. 1970–
2000 was colder than the last stage of the Little Ice Age 
(LIA). Most of the warm and cold periods in this recon-
struction could be found in the tree-ring based temperature 
reconstructions of vicinity area, indicating that the temper-
ature variations in SSC were almost synchronous at least 
at decadal scale. This regional coherence of temperature 
variation was further confirmed by the spatial correlation 
patterns with the CRU TS3.22 grid dataset. A strong posi-
tive relationship between the temperature over SQS region 
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there are still large disparities among the many existing 
reconstructions, leading to an uncertainty in the timing and 
amplitude of past climate change (Linderholm et al. 2015). 
Moreover, the insufficient spatiotemporal distribution of 
the tree rings used by these large-scale reconstructions may 
also limit empirical assessments of regional or hemispheric 
variability and make the reconstructions imperfect (Li et al. 
2015b). Therefore, more independent tree-ring studies from 
different climatic zone are necessary to gain a thorough 
understanding of the regional and hemispheric climate 
variability.

Subtropical southeast China (hereafter SSC, 22–34°N, 
>98°E) is a high-speed economic development region in 
China and is densely populated (population accounts for 
about half of the total population). It belongs to the warm 
and humid subtropical maritime monsoon climate. The 
annual mean temperature generally ranges from 17 to 
21  °C, and the annual mean precipitation is about 1400–
2000  mm. In recent years, climate anomalies and natural 
disasters frequently occurred in this region and severely 
threatened people’s life and property safety, as well as the 
social economic development (Ding et al. 2008). There is 
an urgent need to investigate the long-term climate history 
to understand the characteristics and causes of climate vari-
ation. Before 2010, tree-ring width based climate recon-
structions in SSC were scarce due to dating difficulty, as 
well as the complicated relationship between tree rings and 
climatic factors on one hand. On the other hand, SSC is not 
taken seriously because of the general understanding that 
subtropical regions are less sensitive to climate change and 
potentially have less impact on local climate than the arid 
to semi-arid regions (Duan et al. 2015; Rotenberg and Yakir 
2010). However, studying of the climate variation in SSC is 
indispensable for the comprehensive understanding of the 
climate change in East Asia. During recent years, there has 
been increasing evidences of the climatic potential of tree 
rings in this region (Zheng et al. 2012; Chen et al. 2015). 
Most studies focused on the winter-time temperature recon-
structions (Shi et  al. 2010; Chen et  al. 2012; Duan et  al. 
2012), few on growth seasons. However, growth season 
temperatures are more crucial than the winter-time temper-
atures for the vegetation growth and agricultural produc-
tion (Shi et al. 2015b). For instance, temperature variation 
during growth season can change the suitable rice cropping 
areas, cropping systems and crop water requirements in 
southern China (Ye et  al. 2015). High temperature above 
the tolerance threshold of crop growth can cause heat stress 
and therefore result in dramatic yield reductions (Liu et al. 
2013).

Pinus taiwanensis Hayata is an important afforestation 
tree species in the middle and lower reaches of the Yangtze 
River region, southeast China, and has been demonstrated 
to be valuable in reconstructing historical climate (Chen 

et  al. 2012; Duan et  al. 2012). It is a photophilous, deep 
rooted plant, mainly grows on the limestone mountainous 
area at the elevation from 600 to 1800 m a.s.l., and gener-
ally grows well in conditions with relatively high humid-
ity. A previous study in southeast China indicated that the 
growth season of this species may happen during April–
November (He et al. 2012). In the present paper, Pinus tai-
wanensis tree-ring cores from the high elevation site of the 
Sanqingshan Mountains (SQS) were collected. We aim to: 
(1) examine the potential of Pinus taiwanensis Hayata as 
a proxy of past temperature variability, (2) develop a new 
growth-season temperature reconstruction in southeast 
China over the last two centuries, and (3) tentatively dis-
cuss the possible causes of temperature variability in south-
east China. We anticipate that our reconstruction will not 
only help to increase the network of temperature sensitive 
tree-ring chronologies in this region, but also help to pre-
dict the possible impact of future climate change on Pinus 
taiwanensis for forest management purpose.

2 � Materials and methods

2.1 � Study area and climatic data

SQS (Fig.  1) is located in the middle reaches of Yangtze 
River, northeast Jiangxi Province of the subtropical south-
east China. The main body of the mountains is about 
12.2 km stretching from north to south, and 6.3 km from 
west to east. It has a flat shape of a lotus leaf, and tilts from 
southeast to northwest. The bedrock of this mountain is 
mainly composed of granite, formed in the late Yanshanian 
period (Yin et  al. 2007). After that, it experienced long-
term erosion and denudation, forming a landscape of deep-
incised valleys, steep cliffs and stone columns and peaks 
standing upright as trees. The highest peak of SQS is Yujng 
peak, about 1816 m a.s.l.

SQS is characterized by subtropical monsoon climate, 
with mountainous climate characteristic, and is character-
ized by four distinct seasons. Instrumental temperature 
from Yushan (28o41′ N, 118o15′ E, 116.3  m a.s.l., 1951–
2009), the nearest meteorological station (about 30  km 
southeast of SQS), ranges from 5.52  °C in January to 
29.03 °C in July. The annual precipitation is 1819.31 mm, 
annual mean evaporation is about 1332  mm, and the 
humidity is relatively high (82  %) (Yin et  al. 2007). We 
estimate that the temperatures at the SQS sampling site 
(1545 m a.s.l.) is about 8.5 °C colder than Yushan station 
(about 1400  m lower) based on the altitude effect, and 
precipitation increases greatly at the sampling site accord-
ingly. Obviously, the sampling site is characterized by cool-
humid condition. Temperature should be the limiting factor 
of tree growth.
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Monthly climatic data including precipitation, maxi-
mum, mean and minimum temperatures are extracted 
from Yushan station and Jingdezhen (29o18′ N, 117o12′ 
E, 61.5 m, 1953–2009) station, respectively. The Jingdez-
hen station is about 100  km northwest of the study area. 
Figure  2 shows that the climatic factors of the two sta-
tions, temperature in particular, are accordant to each other, 
showing great similarity of climate in a larger area around 
the sampling site. Therefore, the climate data from these 
two meteorological stations were arithmetically averaged 
to represent the regional climate (1953–2009). The hottest 
months were found in July and August. 81 % precipitation 
concentrated on March through October. Although great 
difference exists between the altitudes of the meteorologi-
cal stations and the sampling site, the climatic records in 

the stations are thought confident indicators of the condi-
tions at the higher elevation and hence can be used for the 
calibration in the dendroclimatic reconstructions based on 
high-elevation tree-ring data (Liang et al. 2011).

2.2 � Tree‑ring data

The sampling site is located near the upper forest border of 
Pinus taiwanensis in SQS (28.9° N, 118.05° E, 1545 m). In 
the sampling site, Pinus taiwanensis is the dominant tree 
species and accompanied by dense shrubs and bamboos. 
The environment of the sampling site is comparatively 
open. The trees grow in thick layer of mountain yellow 
brown soil, which is rich in organic matter. In June 2010, 
we collected 62 tree-ring cores from 35 healthy Pinus tai-
wanensis using increment borer at breast height, with one 
or two cores from each tree. When we collected tree-ring 
cores, we tried to get to the pith to maximize our sample 
ages.

All the samples were dealt with standard dendrochro-
nological method (Cook and Kairiukstis 1990), includ-
ing air-drying, mounting, polishing with progressively 
finer sand paper to make the ring boundary discernable. 
Then visual crossdating was adopted to preliminarily 
assign the calendar years to each growth ring. The width 
of each annual ring from all the cores was measured using 
LINTAB machine to the nearest 0.01 mm, and the results 
of measurement and crossdating were further checked by 
the program COFECHA (Holmes 1983). The success-
fully cross-dated series were then conservatively stand-
ardized to remove non-climate trends due to tree age and 
stand dynamics via the ARSTAN program (Cook 1985). To 
retain as much low frequency as possible, negative expo-
nential curve or straight line of negative slope, or horizon-
tal line was applied to each tree-ring series. The raw data 
of each ring was divided by the corresponding year’s value 
of the fitted curve to give a dimensionless index. Finally, 
the standard chronology was generated by averaging all the 
indices (Fig. 3). In order to minimize the effect of sample 
size, the variance of the chronology was stabilized during 
the chronology development based on the Briffa Rbar-
weighted method (Osborn et  al. 1997). We adopted the 
threshold of 0.85 by Sub-sample signal strength (SSS) 
(Wigley et al. 1984) to determine the reliable starting year 
of chronology, neglecting the low quality earlier years due 
to low sample size. Common interval analysis of the chro-
nology was conducted between 1830–2000 AD (Table 1). 
The evaluated parameters included the mean sensitivity 
(MS), standard deviation (SD), first-order autocorrela-
tion (AR1), correlation coefficients among all series (r1), 
between trees (r2) and within trees (r3), the expressed popu-
lation signal (EPS), variance in first eigenvector (PC1) and 
signal-to-noise ratio (SNR).
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Fig. 1   Map showing the general locations of the sampling site (tri-
angle), meteorological stations (dots) and compared sites (stars). 
SQS Sanqingshan Mountains, JDZ Jingdezhen, YS Yushan, DWS 
Daowushan Mountain (Shi et al. 2015a); MC Macheng (Cai and Liu 
2013)
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2.3 � Climate‑growth analysis and temperature 
reconstruction

Tree growth-climate relationship was detected by the Pear-
son correlation analysis between tree-ring index of Pinus 
taiwanensis and climatic factors from the two stations, as 
well as the regional climate. The high AR1 of tree-ring 
chronology indicated that previous year climate also had 
significant effect on tree growth of the following year, thus 

climatic data including 22  months from previous January 
to current October were used in the following tree growth-
climate analysis. Based on this analysis, the limiting cli-
matic factor was reconstructed. The fidelity of reconstruc-
tion was checked by the split calibration-verification cross 
check (Meko and Graybill 1995). The statistical parameters 
for assessment include the Pearson’s correlation coefficient 
(r), R-squared (R2), sign test (ST), reduction of error (RE) 
and coefficient of efficiency (CE) (Fritts 1976; Cook et al. 
1999). Here RE and CE have a theoretical range of −∞ 
to +1, respectively. Usually positive RE and CE indicate 
reconstruction skill in excess of the verification period cli-
matology, and negative RE and CE indicate less skill than 
verification period climatology (Cook et al. 1999).

The spatial pattern of the reconstructed temperature was 
investigated through the spatial correlation analysis with 
CRU TS3.22 gridded concurrent temperatures (http//www.
knmi.nl) over the period of 1954–2009. Comparison of the 
reconstructed temperature with nearby tree-ring based tem-
perature reconstructions was further conducted to support 
the spatial representativeness of the reconstruction.

3 � Results

3.1 � Tree‑ring chronology

After series with short age or ambiguity are discarded, 54 
cores from 34 trees are successfully cross-dated with the 
mean series intercorrelation of 0.55. There are 35 tree-ring 
cores were dated back at least to 1828. 8 series are less than 
100  years because the early parts were twisted too much 
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and undiscernable. As shown in Fig. 3, the resulting tree-
ring chronology spans from 1747 to 2009, whereas the 
reliable chronology only covers the time interval of 1806–
2009, with a mean length of series of 167.4  years. The 
high value of each parameter in Table  1 denotes the reli-
able quality of the chronology for further analysis. Among 
them, the high values of correlation coefficients (r1, r2, 
r3), SNR, PC1 and EPS indicate the strength of the com-
mon signal contained in all the ring-width series from each 

individual core. MS is a metric to evaluate the variance 
between adjacent ring widths, high value of MS suggests 
that tree rings are sensitive to external force (e.g. climate), 
and more climatic information is possibly retained in the 
chronology. The MS value in this study is 0.218, which 
could meet the general requirement of dendroclimatology 
in southeast China (Zheng et  al. 2012; Shi et  al. 2015a). 
The running Rbar (moving correlations among series) is 
above 0.31 during the whole period of chronology, and 
the running expressed population signal (EPS) values are 
above 0.9, indicating good quality of this chronology (Wig-
ley et al. 1984).

3.2 � Climate‑growth relationship

The tree-ring width chronology has statistically similar 
response to the climatic factors in both stations (Fig.  4). 
The obvious feature is that tree rings respond to monthly 
(maximum and mean, in particular) temperatures much 
stronger than to monthly precipitation. The tree-ring chro-
nology has positive correlations with both current and 
previous years’ monthly maximum mean temperatures in 
March, April, June, July and September at the 0.01 signifi-
cant levels. On the seasonal scale, the tree-ring chronology 

Table 1   Statistics of the tree-ring index and common period (1830–
2000 AD) analysis

Mean sensitivity (MS) 0.218

Standard deviation (SD) 0.319

First-order autocorrelation (AR1) 0.677

SSS > 0.85 1806–2009

Mean correlation among all series (r1) 0.235

Mean correlation between trees (r2) 0.230

Mean correlation within trees (r3) 0.421

Expressed population signal (EPS) 0.915

Variance in first eigenvector (PC1) 28.99 %

Signal-to-noise ratio (SNR) 10.812
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indicated very high correlations with the regional maxi-
mum mean temperatures from March to October of current 
growth year (r = 0.66, p < 0.001) and from previous March 
to previous October (r = 0.751, p < 0.001). Moreover, the 
tree-ring chronology also showed significant correlations 
with regional annual mean maximum temperature from 
previous July to current June with r = 0.72 (p < 0.001).

In contrast, the tree-ring chronology shows weak cor-
relations with monthly and seasonal precipitation amounts. 
It only has significant correlations (p < 0.01) with monthly 
precipitations in previous March, July at Yushan station, 
and has significant correlations (p  <  0.05) with monthly 
precipitation in previous June, current March and June 
in Yushan station, previous March, October and current 
March in Jingdezhen station, respectively.

3.3 � Maximum temperature reconstruction of previous 
March–previous October

The multiple linear regression Eq.  (1) considering both the 
maximum mean temperature of current March–October 
(Tmax-MO) and previous March–previous October (Tmax-pMO) 
can explain 72.3 % of the variance of tree-ring width (STDt).

r = 0.851, r2 = 72.3 %, r2
adj = 71.3 %, F = 69.314, p < 0.001.

(1)

STDt = 0.208× Tmax - MO + 0.284× Tmax - pMO − 12.431

If we control the Tmax-pMO, the correlation coeffi-
cient between tree-ring chronology and Tmax-MO is 0.605 
(p  <  0.001), and the correlation coefficient is 0.701 
(p  <  0.001) between tree-ring chronology and Tmax-pMO 
when Tmax-MO is controlled. It robustly confirmed that both 
the maximum temperatures of previous March–previous 
October and current March–October significantly influ-
enced tree growth in SQS region, and the influence of cli-
mate in the previous year was superior to current year.

Therefore, a simple linear regression model (2) is 
designed to reconstruct the previous growth season maxi-
mum mean temperature (Tmax-pMO) as

N = 56, r = 0.751, r2 = 56.4 %, r2
adj = 55.6 %, F = 69.821, 

p < 0.001.
The reconstruction can explain 56.4  % of the vari-

ance in the instrumental records. Figure  5a indicates that 
there exists good linear relationship between the tree-ring 
width index and Tmax-pMO. The reconstruction simulates 
the observed temperature over their common period 1954–
2009 in good skill (Fig. 5b).

As shown in Table  2, the r values at both the calibra-
tion and verification periods are significant (p < 0.01), and 
r values of later periods are stronger than the earlier peri-
ods. The strengthening relationship between tree rings and 
the target factor during recent modeling period was also 

(2)Tmax - pMO = 1.529× STDt + 25.757
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widely reported in elsewhere of China (Fang et  al. 2010; 
Chen et al. 2013; Cai et al. 2015). Similar to the r values, 
the results of sign test at each verification period were sig-
nificant, and the significance of the latter period is higher 
than the earlier period. Moreover, RE and CE, the two rig-
orous verification statistics showed positive values, indicat-
ing enough skill in the regression model.

Based on the above regression model (2), the maximum 
mean temperature of previous March–October in SQS 
region was reconstructed back to 1806 (Fig.  5c), greatly 
extended the instrumental record. The reconstruction indi-
cated considerable variability on annual to multi-year epi-
sodes of cool and warm, with the mean value of 27.33 °C 
and standard deviation (σ) of 0.42 °C.

4 � Discussions

4.1 � The limiting factor for tree growth

Previous study in the adjacent Zhejiang province, southeast 
China suggested that the growth season of coniferous tress 
generally started in early April and ended in early Novem-
ber (He et  al. 2012), and the start day usually delayed 
with elevation increase, while the end day remained sta-
ble. Therefore, March–October roughly covers the whole 
growth season of Pinus taiwanensis in SQS and the tree 
growth-climate relationship is meaningful in terms of tree 
physiology.

For most tree species, the lowest temperature for phy-
tosynthesis is 5–8  °C, the most suitable temperature is 
25–30  °C (Pan 2007). Generally the tree growth will 
enhance with the increase of temperature in a certain tem-
perature range. The location of our sampling site is on the 
top of the SQS Mountains, where the monthly mean tem-
perature ranges from −2.98 to 20.53 °C, deduced from the 
temperature record of Yushan station (about 1400 m lower) 
based on the adiabatic lapse rates. In the sampling site, 
March is the first month of a year with average temperature 
above 5  °C, and the highest temperature during a year is 
in July (20.53 °C). Therefore, warm temperatures in spring 

can stimulate the meristematic activities in the follow-
ing growth season to start early and result in a prolonged 
growth season, and warm temperature during growth sea-
son is in favor of the photosynthetic activity of trees and 
therefore accelerates tree growth. In one word, trees can 
benefit from the warm climate during March–October 
and produce wide rings in growth seasons in study site of 
SQS region, and vice versa. Our result meets the general 
assumption that trees growing at high elevation or high lat-
itude were temperature limited (Yadav et  al. 1999; Liang 
et al. 2008; Davi et al. 2015).

The annual precipitation in study site is above 1820 mm. 
Compared with the strong limitation of temperature, pre-
cipitation has weak impact on tree growth. Pinus taiwan-
ensis is a photophilous species. Too much precipitation 
during growth or pre-growth season can greatly reduce 
the sunshine radiation that is favorable for leaf photosyn-
thesis on one hand. On the other hand, it can also lower 
the maximum temperature during the daytime. Moreover, 
cloud generally comes along with precipitation. The clouds 
cover can obscure the sun and block the direct rays of the 
sun (Suehrcke 2000). When the cloud cover is thick, it 
can significantly reduce the level of radiation received on 
the earth’s surface and result in low temperature, and vice 
versa. A further spatial correlation pattern indicated that 
the maximum temperature in SQS region was negatively 
related to the cloud cover over the study area (Fig. 6d).

Tree growth is subjected not only to the influence of 
current year climate, but also previous years (Fritts 1976). 
The earlywood formed and manufactured during the early 
period of growth season at least partly uses stored photo-
synthate from previous year (McCarroll and Loader 2004). 
In the present work, both current and previous years’ tem-
peratures limited tree growth, and the prior March–Octo-
ber temperature imposed much stronger influence on tree 
growth than that of current year. The lag effect of tempera-
ture on tree growth has been widely reported for different 
species (Davi et  al. 2015). In northwest China, the whole 
previous year temperature was the limiting factor for Qil-
ian juniper (Liu et  al. 2009). In southeast China, winter-
time temperature limitation before the growth season was 

Table 2   Calibration and verification statistics for the tree-ring reconstruction of the previous March–October maximum mean temperature

*, ** Significance at the 95 and 99 % confidence levels, respectively

Calibration  
(1954–1983)

Verification  
(1984–2009)

Calibration  
(1980–2009)

Verification  
(1954–1979)

Full calibration 
(1954–2009)

r 0.584** 0.884** 0.857** 0.558** 0.751**

R2 0.341 0.781 0.735 0.312 0.564

RE – 0.761 – 0.292 –

CE – 0.752 – 0.291 –

Sign test 22 +/4-** 19 +/7-* –
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mostly reported (Shi et  al. 2010; Duan et  al. 2012; Chen 
et al. 2012). The previous study in two different regions of 
southeast China also reported that tree-ring width growth 
of Pinus taiwanensis was strongly related to the mean tem-
perature of June and July of previous year in positive phase 
(Li et al. 2014), and the lag effect of prior temperature on 
tree growth was stronger than current year climatic factors.

4.2 � Temperature variability through time

The reconstruction exhibits obvious decadal-scale varia-
tion after 11-year moving average smoothing. There are 
four evident cold periods in the reconstruction includ-
ing 1860–1898, 1909–1918, 1930–1944 and 1970–2000, 
and five warm periods including 1814–1837, 1844–1858, 
1919–1926, 1945–1965 and 2003–2009. Among them, 
2003–2009 is the warmest period in the reconstruction, 
about 0.93  °C higher than the mean temperature for the 
whole reconstruction (1806–2009), and 0.97 °C higher than 
the mean temperature for the instrumental period (1954–
2009). 1970–2000 (mean value was 26.93 °C) is the cold-
est period in the reconstruction, about 0.40 °C lower than 
the mean temperature for the whole reconstruction, and 
0.36 °C lower than the mean for the instrumental period.

Another obvious feature of the reconstruction is that 
the temperature in SQS experienced a slowly cooling pro-
cess from 1806 to 1980 (the slope is −0.0019), which was 
interrupted by a slow warming during 1885–1948. The 
cooling trend in SQS is opposite to the warming trends 
in elsewhere of Asia (Pages 2K Consortium 2013; Davi 
et al. 2015) and Northern Hemisphere (Mann et al. 2009). 
Moreover, our reconstruction indicates significantly nega-
tive correlation with the observed Northern hemisphere 
maximum mean temperature of previous March–October 
(http://www.cru.uea.ac.uk/cru/data/tem2/tavenh2v.dat) dur-
ing 1856–1997 (r = −0.274, p < 0.001). Even during the 
instrumental period, the SQS region didn’t exhibit direct 
warming. It underwent a cooling trend from 1962 to 1980, 
followed by an abrupt warming since 1981. The cooling 
trend of climate reported here was not the first case. Similar 
to our result, Yadav and Singh (2002) has reported a long-
term cooling trend of spring temperature in western Hima-
laya, which started from the late 17th century and ended 
early in the 20th century. Even during the latter part of 

the 20th century, western Himalayas defied global warm-
ing (Yadav et  al. 2004). Moreover, the recent two centu-
ries warming trend wasn’t captured by the tree rings on the 
eastern Tibetan Plateau (Xing et al. 2014). Global climate 
change is complex. Regional climate changes are largely 
independent, rather than globally synchronous change. The 
existence of such regional differences in temperature varia-
tions over different geographic regions warrants the need to 
develop long data sets from more diverse areas of the world 
to achieve a more accurate hemispheric view of climate 
change (Yadav and Singh 2002).

The early-half of the 19th century belongs to the last 
stage of Little Ice Age (LIA), but in the SQS region, the 
reconstructed temperature wasn’t low. In contrary, it exhib-
ited warm stage, showing difference from the global cli-
mate (Pages 2K Consortium 2013; Davi et al. 2015). 1860–
1898 was the second coldest period in our reconstruction. It 
is consistent with the timing of the coldest stage of the LIA 
(1861–1890) in China (Ge 2011). Coincidentally, 1860–
1900 is also the high-incidence years of frozen injury of 
citrus in the middle and lower reaches of the Yangtze River 
(Gong and Zhang 1983; Ge 2011), evidencing the low tem-
perature during this period over southeast China. The LIA 
has been conventionally defined as a period extending from 
the sixteenth to the nineteenth centuries (Michael 2003) or 
alternatively, from about 1300 to about 1850 (Matthews and 
Briffa 2005). However, several controversial issues remain 
including the timing of the onset (and end) of the LIA and 
the amplitude and timing of temperature variations within 
the LIA (Matthews and Briffa 2005). In China, Zheng et al. 
(2002) defined the timing of the LIA from 1501 to 1910, 
and the temperature variability during LIA was regional 
independent (Wang et  al. 1998). Therefore, the high tem-
perature during the early 19th century in this study could 
be a warm fluctuation during the LIA, and 1860–1898 only 
represented a cold period, instead of the coldest period dur-
ing LIA in the study area. This finding supports that LIA 
was a period of fluctuating climatic conditions, rather than 
a long period of several centuries of sustained cold (Brad-
ley and Jones 1993). The above analysis indicates that our 
temperature reconstruction in SQS remains considerable 
hemispheric temperature signal, while also shows great dif-
ference to the large-regional temperature variation.

4.3 � Spatial representativeness and comparison 
with other records

The reconstruction has a considerable spatial representa-
tiveness as shown in Fig.  6a, which simulates the spatial 
field correlation between the instrumental temperature 
and concurrent global temperature (Fig.  6b) to a certain 
degree. In order to eliminate the illusion caused by trend 
correlation, the linear trends of the reconstruction and grid 

Fig. 6   Spatial correlation patterns of the reconstructed a and 
observed b Tmax-pMO with the concurrent CRU TS3.22 land maxi-
mum temperature grid dataset (http://climexp.knmi.nl), c Spatial 
correlation patterns of the detrended Tmax-pMO reconstruction and the 
CRU TS3.22 land grid dataset, the spatial correlation pattern of d the 
reconstruction with the cloud cover and e global sea surface tempera-
tures (SST) over their common period (1954–2009). MC represents 
Macheng (Cai and Liu 2013), DWS represents Daowushan (Shi et al. 
2015a)

◂

http://www.cru.uea.ac.uk/cru/data/tem2/tavenh2v.dat
http://climexp.knmi.nl
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temperatures were subtracted. It should be stressed that the 
spatial representativeness of the reconstructed temperature 
was still exist (Fig. 6c), indicating high-frequency climatic 
coherence in large areas around the study area.

In order to further test the reliability of our reconstruc-
tion, as well as the spatial and temporal coherence of tem-
perature variations in southeast China, we compared our 
reconstruction with other two tree-ring based growth-sea-
son temperatures in the adjacent areas: (1) the June–Sep-
tember maximum temperature in Macheng (MC), Hubei 
province (Cai and Liu 2013, Fig.  7a); (2) the June–Sep-
tember mean temperature in Daowushan (DWS), Hunan 
province (Shi et al. 2015a, Fig. 7c). All the compared series 
were adjusted with one-year lag to indicate the previous 
growth-season temperatures to keep the same timescale 
with our reconstruction.

The SQS temperature showed great similarity with the 
DWS temperature (Fig.  7b and 7c), as indicated by the 
spatial field analysis (Fig. 6a–c). The warm periods during 
1844–1858, 1919–1926 and 1945–1965, and the cold peri-
ods during 1909–1918, 1930–1944 and 1970–2000 in SQS 
appeared almost synchronously in the DWS series. Moreo-
ver, the SQS temperature also showed good accordance 

with the MC temperature, especially during 1920–2009 
(annual scale r =  0.282, p  <  0.01). We should also point 
out that the synchronicity of temperature variations at the 
early compared periods were not perfect. We speculated 
two possibilities: (1) the sample size at the early period of 
each series is comparatively low; (2) the seasons they rep-
resent are not completely the same. More reconstructions 
are needed to answer this difference. Excluding the early-
period noise, the regional comparison leads strong sup-
port that the temperature variation in southeast China was 
almost synchronous at least at decadal scale.

It’s worth noting that the cold period during 1970–2000 
and the abrupt warming since the late 1970s were evident 
not only in southeast China (Fig.  7a–c), but also in the 
north of western Sichuan Plateau (WSP) (Li et al. 2015a; 
Xiao et al. 2015) (Fig. 7d, e) and the source region of the 
Yangtze River on the Tibetan Plateau (Liang et  al. 2008). 
Moreover, the warm periods during 1919–1926 and 1945–
1965, and the cold period during 1909–1918 in SQS were 
very similar to the warm period during 1934–1963 and 
the cold period around 1920 in the WSP (Li et al. 2015a, 
Fig.  7d), respectively. It may indicate a large-scale tem-
perature synchronicity at least during recent few decades in 
southern China.

4.4 � Linkage with the North Pacific SST and PDO

Oceans play great role on modulating air circulation and 
world climate change. Therefore, more and more attentions 
were given to the relationship between sea surface tempera-
ture (SST) and regional climate (Li 2009; Cai et al. 2015). 
China is adjacent to the North Pacific ocean (NP), NP-SST 
and related Pacific Decadal Oscillation (PDO) significantly 
influence climate on this vast land (Wei et  al. 2004; Ma 
2007), especially the adjacent southeast China. Figure  6e 
clearly shows that temperature variation in SQS is closely 
related to the SST in the central part of NP. A high SST 
in central NP will lead to a high temperature in SQS, and 
vice versa. Similar result was also reported in the tree-ring 
researches in the eastern Qinling Mountains (Tian et  al. 
2011) and other site of southeast China (Chen et al. 2015).

PDO is often described as a long-lived El Niño-like 
pattern of Pacific climate variability (Zhang et  al. 1997). 
When the PDO is in a warm phase, SST in central NP will 
be extremely cold, and the contrary when PDO is in a cold 
phase (Mantua and Hare 2002; Ma 2007). Therefore, high 
temperature in SQS should be related to the cold-phase 
PDO (abnormal high SST in central NP), and low temper-
ature to the warm-phase PDO (abnormal low SST in cen-
tral NP). The PDO index (http://research.jisao.washington.
edu/pdo/PDO.latest) and the reconstructed March–October 
maximum temperature in SQS delineated negative corre-
lations on both annual (r = −0.29, p < 0.01) and decadal 
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scale (r = −0.68, p < 0.01) at significant level (Fig. 8), con-
vincingly supported the above hypothesis. Similar conclu-
sion was also drawn in the DWS region (Shi et al. 2015a). 
However, the physical mechanism that how does SST in 
NP or PDO influence temperature variation in southeast 
China is unclear (Ma 2007). More researches in this area are 
needed in the future.

5 � Conclusions

A new temperature-sensitive tree-ring width chronology 
from Pinus taiwanensis Hayata is developed in south-
east China. The maximum mean temperature from pre-
vious March to previous October is correspondingly 
reconstructed since 1806 based on the climate-growth 
analysis. There are four evident cold periods (1860–1898, 
1909–1918, 1930–1944 and 1970–2000) and five warm 
periods (1814–1837, 1844–1858, 1919–1926, 1945–1965 
and 2003–2009) in the reconstruction, and 2003–2009 
is the warmest period. Opposite to the warming trend of 
the Northern Hemisphere during the last two centuries, 
the temperature in SQS experienced slowly cooling from 
1806 to 1980, followed by a rapid warming afterward. The 
reconstructed temperature in SQS not only contains local 
climate signal, but also shows large-scale temperature rep-
resentativeness of southeast China. This work preliminary 
indicates that the SST variation over the North Pacific 
Ocean and related PDO have great impact on the tempera-
ture change in SQS. But the physical mechanism that how 
does SST in NP or PDO influence temperature variation in 
southeast China need to be studied in the future.
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