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Abstract High-resolution winter temperature reconstructions
in China are rare, yet vital for the comprehensive understanding
of past climate change. In the present work, the first winter-half
year minimum mean temperature from previous November to
current April in northwestern Yichang, South Central China,
was reconstructed back to 1875 based on tree-ring material.
The reconstruction can explain 55 % of the variance over the
calibration period during 1955–2011. The temperature main-
tained at comparatively low level before 1958, and an abnormal
warming was seen since 1959. However, the warming trend
stagnated after 2000 AD. 2001–2010 was the warmest decade
not only during the instrumental period but also during the
whole reconstructed period. The reconstruction indicates good
spatial resemblance to other temperatures series in adjacent areas
and Northern Hemisphere, yet the recent warming in this study
is earlier and more prominent than that of Southeast China. This
work also manifests that the winter-half year minimum temper-
ature in study area has good agreement with summer (June–
September) maximum temperature variation in Southeast

China at decadal scale, except that the winter-half year warming
in recent decades is more evident than summer. This reconstruc-
tion is not only useful in improving our knowledge of long-term
temperature variation but also useful in predicting the tree
growth dynamics in the future in the study area.

Keywords Tree-ringwidth .PinusmassonianaLamb. .South
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Introduction

Temperature is not only one of the most crucial factors for
vegetation distribution and food production but also a prereq-
uisite to the stable development of human society (Liu et al.
2009a; Zhang et al. 2010; Büntgen et al. 2011). The global
warming trend, significant especially during recent 30 years
was reported by IPCC (IPCC 2013). Anxieties about the vul-
nerability of ecological environment and agricultural produc-
tions are increasing. Recent studies have shown that there was
obvious seasonal asymmetry of temperatures variation (Gou
et al. 2008; Cohen et al. 2012; Xia et al. 2014), indicating as
more obvious winter temperature increase than in summer
(Liu and Chen 2000; IPCC 2007; Liu et al. 2009b; Huang
et al. 2012), which will possibly in turn regulate almost all
biogeochemical processes (Schwartz et al. 2006; Piao et al.
2007). Therefore, evaluation of the status of modern warming
should consider this non-uniform rate of climate warming
between seasons (Xia et al. 2014), and more reconstructions
focused on different seasons are needed.

Long-term temperature reconstructions based on different
geological and biological proxies are very precious to extend
our understanding of past climate variability beyond instru-
mental period and to evaluate the status of current climate
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within the historical framework (Ljungqvist 2010; Zhang et al.
2010). Well-dated tree rings are such good natural archives
and have been widely used in regional to hemispheric climatic
reconstructions for the last hundreds to thousands of years
because of their accurate dating, high resolution, and wide-
spread coverage (Yadav et al. 1999; Büntgen et al. 2011;
Pederson et al. 2014; Yang et al. 2014).

Tree-ring-based temperature reconstructions have been
widely reported in Northern and Southwest China, however,
few in Southern China. In the existing researches mainly fo-
cused on spring-summer (Liang et al. 2008; Cai et al. 2010,
2013; Chen et al. 2013; Duan and Zhang 2014; Li et al. 2015)
and annual temperature reconstructions (Fan et al. 2008; Li
et al. 2014), the winter-time (hereafter refers to different
month combinations from previous September to current
May) temperature variations are rarely reported (Zhu et al.
2009; Gou et al. 2008; Liu et al. 2009a, 2009b). It is believed
that winter-half year temperature (October–April) was closely
related with the grain yield during the last two millennia in
China (Yin et al. 2014). Even though the existing studies
highlighted the temperature variations in China, the character-
istics of winter-time temperature have not been well recog-
nized so far. There is still a strong need for high-resolution
paleo-data on winter-time temperature to strengthen spatial
coverage and comprehensive understanding of past climate
and to reduce the uncertainty of climate change awareness in
history (Zheng et al. 2010).

Tree rings in Southeast China have great potential in
reflecting winter-time temperature variation (Shi et al. 2010;
Chen et al. 2012; Duan et al. 2012). How about the tree rings
in South Central China? The objectives of this study were (1)
to develop a new tree-ring chronology in Hubei Province,
South Central China, (2) to investigate tree growth-climate
relationship and reconstruct the winter-half year minimum
temperature variation from previous November to current
April since 1875, and (3) to detect the possible triggers of
temperature variation in the study area. Results of this study
are helpful to answer the following two questions: (1) Is recent
warming in the study area evident? (2) Does seasonal asym-
metry of temperature variation in Southern China exist?

Materials and methods

Study area and tree-ring materials

The study area belongs to the Dabashan Mountain extension.
It is located in the mountainous area of northwestern Yichang
Municipality, Hubei Province, in the south central region of
China (Fig. 1). It has a humid subtropical monsoon climate.
The annual mean temperature generally ranges from 16.5 to
22 °C, recorded from the two nearest meteorological stations
(Fig. 1). January (4.3 °C) and July (28.0 °C) are the coldest

and hottest months, respectively. The annual mean total pre-
cipitation is about 1280 mm, with 70.3 % mainly occurs from
May through October. Themean annual evaporation is around
950 mm, with relatively high humidity (82 %). The soil type
in the sampling site (named DC, 31.02° N, 111.00° E, 900–
940 m a.s.l.) is yellow soil, which is rich in organic matter.
Masson pine (Pinus massoniana Lamb.) is the dominant tree
species, generally growing up to more than 20 m high. It is
accompanied by young trees including Lindera megaphylla
Hemsl., Cinnamomum bodinieri Levl., and Ficus virens Ait.
var. sublanceolata (Miq.) Corner. and dense shrubs including
Lespedeza bicolorTurcz. and Vitex negundo L. The trees grow
in a small hill with flat top, and the tree canopies are compar-
atively open. Using increment borer, 55 cores from 33 healthy
Masson pine trees with one or two cores from each tree were
collected.

The tree-ring cores were processed according to standard
dendrochronological techniques (Stokes and Smiley 1996).
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Fig. 1 Map showing the locations of the sampling site (red triangle), the
meteorological stations (red dots), and the compared sites (blue
triangles). JZ Jingzhou, YC Yichang, SEC Southeast China (Duan et al.
2012), EQL eastern Qinling Mountains (Shi et al. 2009), MW Muwang
(Liu et al. 2009b) in the southern slope of Qinling Mountains, JiuZ
Jiuzhaigou region (Song et al. 2007), NETP northeastern Tibetan
Plateau (Gou et al. 2008)
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All cores were mounted to the special wooden frames after air
dried, and then they were polished with different mesh sand
paper until the tree-ring boundaries were clear. In case of
missing ring or false ring occurred, cross dating was done by
applying the traditional skeleton plot method to assign calen-
dar year to each growth ring. Then the tree rings in each core
were measured to the nearest 0.001 mm using the LINTAB
measuring device, which was connected with a binocular mi-
croscope and TSAP software (Rinn 1996). The results of cross
dating and ring-width measurements were evaluated by the
COFECHA program (Holmes 1983).

Standardization is a basic step in dendrochronology to re-
move the non-climate trend related to tree age or the effects of
stand dynamics in order to better isolate climate-related
growth variations (Fritts 1976). Conservative detrending
method (CDM) generally uses negative exponential curve or
straight line with negative slope as fitted curves to each raw
measurement series and index for each core is calculated by
dividing the actual ring width by the corresponding fitted val-
ue. Then all the single indexes are combined together to pro-
duce a standard tree-ring chronology. It is generally imple-
mented in the ARSTAN program (Cook and Kairiukstis
1990). However, this conservative method is thought to be
imperfect in preserving long-timescale climatic variance
(Briffa et al. 1992, 1996). In order to overcome this limitation,
Briffa et al. (1992) introduced the BRegional Curve
Standardization^ (RCS) method to dendroclimatology by ap-
plying one-regional-curve as fitted curve to all individual
measurement serials, and this RCS method was adopted in
many studies (Esper et al. 2002; Büntgen et al. 2008).
Recently, a BSignal Free^ (SF) method during standardization
approach was introduced (Melvin and Briffa 2008; Briffa and
Melvin 2011), which is thought to be useful to reduce or
remove the distortion in the expressed external forcing signal.
In the present work, the SF method combined with the CDM
and RCS methods were employed to produce the SF-CDM
and SF-RCS chronologies through the CRUST software (see
Melvin and Briffa 2014 for more details), respectively. The
reliable starting years of the chronologies were estimated
using the subsample signal strength (SSS) threshold (Wigley
et al. 1984) because few samples existed at the early years.
Usually, the tree-ring chronology is qualified when SSS
>0.85. To further evaluate the quality of the chronology,
inter-series correlation coefficient (Rbar) and the expressed
population signal (EPS) were calculated over 50 years lagged
by 25 years (Wigley et al. 1984).

Climate data

There are two meteorological stations near the sampling site:
Jingzhou (JZ, 30.2° N, 112.11° E, 32.6 m a.s.l., 1954–2011)
and Yichang (YC, 30.42° N, 111.18° E, 134.3 m a.s.l., 1952–
2011). Monthly climatic records including the maximum

mean temperature (Tmax), minimum mean temperature
(Tmin), mean temperature (Tmean), and monthly total precipita-
tion (P) were collected. Climatic records from these two sta-
tions indicated almost uniform variations both onmonthly and
annual scale (Fig. 2). The mean annual total precipitation
amounts in these two stations showed comparatively stable
variation without obvious trends (Fig. 2c), while the annual
mean temperatures showed an increasing tendency (p < 0.01)
(Fig. 2d). The climate data in the two stations were highly
correlated. The correlation coefficient (r) between the mean
minimum temperature records from previous November to
current April from the two stations was 0.90 (p < 0.001)
(Fig. 2e), indicating good agreement of regional climate.
Therefore, the data from the two meteorological stations were
arithmetically averaged to represent the regional climate infor-
mation during 1954–2011.

Statistical analysis

Pearson’s correlation analysis between the tree-ring chronol-
ogies and meteorological records during their common pe-
riod was conducted to detect the climate-growth relationship
and to determine which climatic factor is the limiting factor
and suitable for final reconstruction. Monthly climatic data
within a time-window from previous October to current
September and seasonal combinations were analyzed against
the tree-ring chronologies. Based on the knowledge of
above tree growth-climate relationship analysis, a linear re-
gression model was therefore developed to reconstruct the
target climatic factor. To test the fidelity of our reconstruc-
tion in imitating the actual data, the data sets were divided
into two parts (1955–1982 and 1983–2011) for the calibra-
tion and verification cross check. The statistical parameters
included the Pearson’s correlation coefficient (r), R-squared
(R2), sign test (ST), product means (t), reduction of error
(RE), and coefficient of efficiency (CE) (Fritts 1976; Cook
et al. 1999). To estimate the expected range of variability of
11-year running mean that may arise stochastically, we
employed the Monte Carlo approach (Neumaier and
Schneider 2001; Schneider and Neumaier 2001) to generate
10,000 synthetic temperature time series, each of the same
length as the reconstructed temperature time series. For each
synthetic time series we calculated 11-year running mean
and the 2.5th and 97.5th percentiles of the 11-year average
values from all 10,000 synthetic time series were defined as
the 95 % confidence interval. To reveal the temporal and
spatial representativeness of the reconstruction, spatial cor-
relation analyses between the SF-RCS chronology, the re-
constructed temperature, and the CRU TS3.22 gridded
dataset were conducted according to KNMI Climate
Explore (http: / /cl imexp.knmi.nl) . Moreover, the
reconstructed temperature was compared not only with
several existing tree-ring-based winter-time temperature
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reconstructions in China (Song et al. 2007; Gou et al. 2008;
Liu et al. 2009b; Shi et al. 2009; Duan et al. 2012) but also
with the previous November–current April Northern
Hemispheric (NH) temperature variations (http://www.cru.
uea.ac.uk/cru/data/tem2/tavenh2v.dat). To investigate if
there exists seasonal temperature asymmetry in Southern
China, the reconstructed temperature was compared with
the summer (June–September) maximum temperature
variations in Macheng, Southeast China (Cai and Liu 2013).

Results

Tree-ring chronologies

The SF-CDM and SF-RCS chronologies spanning from 1857
to 2011 were finally developed based on 46 cores from 29
trees, respectively. The reliable starting year of the chronology
was 1875; 15 cores from 12 trees existed at that year (Fig. 3).
The mean EPS value during the common period 1900–2010
was 0.91, higher than the acceptable threshold 0.85 (Wigley
et al. 1984), and Rbar values were comparatively stable during
the whole period. The two chronologies showed accordant
variation (r = 0.983, p < 0.001).

Tree growth-climate relationship

As shown in Fig. 4, both the SF-CDM and SF-RCS chronol-
ogies indicated similarly positive correlations with monthly
temperatures from previous November through current July,
particularly significant with the monthly mean and minimum
mean temperatures (Fig. 4a, c), while no significant relation-
ship was found between the chronologies and monthly
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precipitation (Fig. 4b, d). Moreover, the SF-RCS chronology
was a little bit superior to the SF-CDM chronology in re-
sponse to climate. The highest correlation was found between
the SF-RCS chronology and the different combination of
winter-time temperatures. The correlation coefficient (r) with
the mean minimum temperature from previous November to
current April (Tmin_N-A) was 0.741 (p < 0.001) and 0.738
(p < 0.001) with the mean temperature from previous
December to current April (Tmean_D-A). Our results are consis-
tent with previous tree-ring studies of P. massoniana in neigh-
borhood of Southeastern China (Duan et al. 2012) and Taiwan
Pine from the Yangtze River (Shi et al. 2010), demonstrating
that winter-time temperature is the most important factor that
influences the radial growth of trees in South Central through
Southeastern China.

Spatial correlation analysis between the SF-RCS chronol-
ogy and the CRU TS3.22 gridded data disclosed that the tree-
ring chronology had significant correlations not only with the
Tmin_N-A in the studied area but also with the concurrent tem-
perature of a wide range of China (Fig. 5a), which was very
similar to that of the observed temperature (Fig. 5b). We
should also point out that after detrending the tree-ring chro-
nology and CRU gridded temperatures, the spatial correlation
patterns still existed at least in Southeastern China, although
the significance reduced (Fig. 5c). Thus, the following tem-
perature reconstruction in the study area will be regionally
representative to a great extent.

The winter-half year minimum temperature
reconstruction and variability

According to the above analysis, the winter-half year mini-
mum mean temperature from previous November to current
April (Tmin_N-A) was reconstructed based on a simple linear

regression model using the SF-RCS chronology as the predic-
tor.

Tmin N‐A ¼ 4:048þ 1:588� SF‐RCSt
r ¼ 0:741; n ¼ 57;R2 ¼ 55%;R2

adj ¼ 54:2%; F ¼ 67:149
� �

Here, t refers to the current year. This regression model
extended the instrumental Tmin_N-A back to 1875. The recon-
struction accounted for 55 % (54.2 % after adjustment for the
loss of degrees of freedom) of the instrumental temperature
over the calibration period from 1955 to 2011. The recon-
structed temperature exhibited well agreement to the observa-
tion (Fig. 6a) and considerable fluctuations on both the annual
and decadal scales (Fig. 6b).

The results of split calibration-verification test are shown in
Table 1. Both Pearson’s correlation coefficients (r) and the
product means test (t) values for all the calibration and verifi-
cation periods were significant at the 0.01 level. ST results
were significant at the 99 % confident level during calibration
periods and significant at the 95 % confident level during
verification periods. Both parameters, i.e., RE and CE were
positive, indicating sufficient skill existed in the reconstruc-
tion in predicting the observation (Cook et al. 1999).

Given the reconstruction can explain 55 % variance in the
instrumental temperature, and the correlation coefficient (r)
between the two first difference series of reconstructed and
instrumental temperature was 0.48 (p < 0.01), the low-
frequency variation of the reconstruction is more reliable than
high-frequency. Therefore, the reconstruction was 11-year
moving averaged to highlight the decadal-scale variation
(Fig. 6b). The results of the Monte Carlo approach indicated
the confidence interval of the reconstruction lay between
4.7038 and 6.5885 °C. The decadal variance of the recon-
structed temperature before the late 1980s may arise stochas-
tically (Fig. 6b). A pronounced warming since 1959 was seen
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in the reconstruction, which indicated that our reconstruction
had the ability to capture global warming signal. However, the
warming trend stagnated after 2000 AD. 2001–2010 was re-
corded as the warmest decade (mean value = 6.74 °C) not only
during the instrumental period from 1955 to 2011 (mean value
was 6.07 °C) but also during the whole reconstructed period
since 1875 (mean value was 5.62 °C) (Fig. 6b). The recon-
structed temperature remains low before 1958. Even though,

the temperature values during 1875–1895 and 1925–1948
were comparatively higher than the temperature value during
1898–1912. The reconstructed temperature indicated consid-
erably synchronous variations with the winter-time tempera-
tures in different regions of Southern China (Fig. 8).

Discussions

Why tree-ring growth is limited by winter-half year
temperature?

Different from dendroclimatological investigations in Northern
China, where tree growth was mainly limited by current growth
season climatic factors (Liang et al. 2008, 2010; Fang et al. 2012;
Cai et al. 2014), most recent studies in Southern China suggested
that radial growth of coniferous trees were mainly limited by
previous winter-time temperature (Liu et al. 2009b; Shi et al.
2010; Duan et al. 2012). This is also true in our study site, where
tree growth positively correlated with winter-half year mean
(minimum) temperature at significant level. The study site be-
longs to a humid area with annual precipitation above 1000 mm,
precipitation amount from May to October accounts for about
70.3 % of annual mean. Good combination of sufficient water
and heat during the growth season is beneficial for tree growth.
Thus, neither precipitation nor temperature in the growth season
limits the radial growth of the tree. In previous winter, although
the cambium activity has stopped, high temperature can protect
the tree root from low-temperature frostbite on the one hand, and
on the other hand, the warm winter is favorable for producing
non-structural carbohydrates and other organic material, which
were stored in tree and might be used for tree growth in the
following growth season (Shi et al. 2009). On the contrary, low
winter temperature may increase freezing injury to tree roots and
then destroy and limit the normal activity of tree (Duan et al.
2012). Furthermore, high temperature in spring can stimulate the
meristematic activities in the following growth season to start in
advance;, therefore, the growth season will be prolonged and
wide ring will appear, and the contrary when the spring
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Fig. 5 Spatial correlation fields between the SF-RCS chronology (a),
instrumental Tmin_N-A in the study area (b) and CRU TS3.22 gridded data
during 1955–2011. Spatial correlation pattern between the detrended
series of the tree-ring chronology and CRU gridded temperatures (c).

The plots are created through KNMI Climate Explorer (http://climexp.
knmi.nl). The black dot shows the general location of the sampling site
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temperature is low. From what has been discussed above, the
limitation of previous winter-half year temperature on the tree
growth of following year has specific physiological signifi-
cances. If the previous winter-half year temperature keeps rising
in the future, it will greatly favor theP.massoniana tree growth in
the study area.

The limiting effect of previous winter-time temperature
was widely reported for different species in humid Southern
China, such as Pinus taiwanensis Hayata and P. massoniana
in Southeast China (Shi et al. 2010; Chen et al. 2012; Duan
et al. 2012) and Abies fargesii in Shennongjia (Dang et al.
2013; Zheng et al. 2016). The significant positive relationship
between winter-time temperature and tree growth was also
reported in eastern QinlingMountains forPinus tabulaeformis
(Liu et al. 2009b), Pinus armandii Franch (Shi et al. 2009),
and Abies chensiensis (Chen et al. 2015), and in Northeastern
China for Pinus koraiensis (Zhu et al. 2009).

Spatial coherence of the winter-time temperature
variations

Further spatial correlation fields showed that the reconstructed
Tmin_N-A not only had significant correlation with concurrent
temperature in most part of China but also global-scale corre-
lation (Fig. 7a, b), indicating covariability of temperature in
the study area and global temperature.

Comparisons between the reconstructed Tmin_N-A and other
tree-ring-based winter-time temperature reconstructions in
Southern China are provided to further reveal the spatial resem-
blance of winter-time temperature variation (Fig. 8). The Tmin_N-
A in our study site (Fig. 8a) showed more synchronously warm-
cold variations as that in the Southeastern China (SEC) (Duan
et al. 2012; Fig. 8b) and the eastern Qinling Mountains (EQL)
(Shi et al. 2009, Fig. 8c). All these three series indicated compar-
atively low temperatures around 1946–1955 and high tempera-
tures during 1939–1944 and 1978–1985. During 1925–1934,
our study area and EQL exhibited warm condition, while low
temperature was seen in SEC (Fig. 8). Though all these series

indicated warming trends during recent decades, the warming
phenomenon in our study site started since the 1950s, earlier than
the other two regions, and the magnitude of warming was more
prominent. It seems that the recent warming over the study area
appeared intense with respect to global warming compared with
its neighboring areas. In addition, the winter (November–
February) maximum temperature reconstruction in Fujian,
Southeast China, also witnessed the evident warming since the
early 1950s (Chen et al. 2012).

Moreover, the unusual winter-half year warming during
recent decades in our study is supported by tree-ring-based
temperature reconstructions (Fig. 8d–f) from Muwang
(MW), southern slope of Qinling Mountains (Liu et al.
2009b), Jiuzhaigou region (JiuZ) (Song et al. 2007), and
northeastern Tibetan Plateau (NETP) (Gou et al. 2008),
though their temperature variations during the earlier periods
were not well matched. It is worth mentioning that roughly all
the winter-time temperatures before 1970 in MW, JiuZ, and
NETP (Fig. 8d–f) remained cool compared with recent
warming, which are very similar to our study. Except for the
above evidence from tree rings, our temperature reconstruc-
tion is also supported by the historical evidence (Hao et al.
2012b). Using the information regarding snowfall days from
historical documents of the Yu-Xue-Fen-Cun archive, Hao
et al. (2012b) reconstructed the winter (December–February)
mean temperature for the middle and lower reaches of the
Yangtze River (our study area was included). It indicated that
the later half of the nineteenth century was extremely cold,
and temperature in the early half of the twentieth century was
also low compared with the later half of the twentieth century
(please refer to Fig. 2 in Hao et al., 2012b). It convincingly
corroborated that cold winter in the early part of our recon-
struction did exist in South Central China.

The reconstructed Tmin_N-A also had good agreements with
the Northern Hemispheric (NH) winter-half year temperature
variations (http://www.cru.uea.ac.uk/cru/data/tem2/tavenh2v.
dat) with r = 0.542 (N = 125, p < 0.001) (Fig. 8g) and further
proved that our temperature reconstruction not only contained

Table 1 Calibration and
verification statistics for the tree-
ring reconstruction of winter-half
year temperature

Calibration
(1955–1983)

Verification
(1984–2011)

Calibration
(1983–2011)

Verification
(1955–1982)

Full calibration
(1955–2011)

r 0.589** 0.682** 0.683** 0.586** 0.741**

R2 34.7 % 46.6 % 46.7 % 34.3 % 55 %

CE – 0.124 – 0.143 –

RE – 0.683 – 0.613 –

t 5.394** 5.517** 6.075** 6.472** 6.643**

ST 24+/5** 20/8−* 23/6−** 19+/8* 40+/17−**

r Pearson’s correlation coefficient, R2 R-squared, ST sign test, t product means, RE reduction of error, CE
coefficient of efficiency (Fritts 1976; Cook et al. 1999)

*Significance at the 95 % confidence level

**Significance at the 99 % confidence level
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local climate signal but also well-matched hemispheric tem-
perature variation, as shown by the spatial field analysis
(Fig. 7a, b).

Does winter temperature increases more evident than
summer?

Although there are massive temperature reconstructions
around the world, analysis of the seasonal difference of tem-
perature variation is not extensively reported. Among the
existing researches, some believed that the recent warming
trend could be attributed to the temperature changes during
winter (Liu and Chen 2000), while others thought that winter
temperature did not show clearer warming than the other three
seasons (Cohen et al. 2012).

In our present work, the reconstructed winter-half year min-
imum temperature showed good agreement with the summer
maximum temperature variations inMacheng, Southeast China
(Cai and Liu 2013) (Fig. 9a) at decadal scale. However, dis-
crepancy emerged since the 1970s when the winter-half year
temperature in this study increased rapidly while the summer
temperature in Macheng decreased till the end of 1980s and
then increased. Obviously, the increasing amplitude of winter-
half year temperature was much larger than that of summer.
Moreover, the instrumental records of the study area also
disclosed an evident increasing trend of winter-half year mini-
mum temperature, while a decreasing trend was seen in

Macheng summer temperature before 1980, followed by a
slowly increasing trend (Fig. 9b). Tree-ring evidence in the
nearby Qinling Mountain range, Central China, also demon-
strated more pronounced abnormal warming in winter (previ-
ous September–current April) than in summer (May–July) dur-
ing recent decades (Liu et al. 2009b). Dendroclimatological
study in northeastern Tibetan Plateau indicated an asymmetric
variation patterns between the winter-half year (previous
October–current April) minimum temperature and summer-
half year (April–September) maximum temperatures, and the
winter-half year minimum temperature increased more evident
than the summer-half year maximum temperature (Gou et al.
2008). All the above cases likely manifest that winter-time
warming may be the main contributor of recent warming in
Southern China, but more evidences are needed to fully support
such conclusion.

Superficial analysis of the possible mechanism
of winter-half year minimum temperature variation

Mechanisms that cause the winter temperature variations in
South Central China remain under study. Many studies
showed that winter temperature variation in China was strong-
ly impacted by the East Asian winter monsoon (EAWM), an
important component of the climate system in East Asia, orig-
inating from the Siberian high, characterizing by a sudden
establishment, a rapid southwardmovement, and strongwinds

(a) (b)

(c) (d)

1955-2010 1901-2010

1955-2010 1876-2010

Fig. 7 Spatial correlation fields between the reconstructed temperature and global land gridded temperature (a, b) and global SST (c, d) at different time
spans
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(Ding et al. 2014). When the EAWM is strong, winter temper-
ature in China was comparatively low, and the contrary when
the EAWM is weak (Zhu et al. 2009; Duan et al. 2012). In
Fig. 6, the increasing trends of both the observed and recon-
structed Tmin_N-A were roughly opposite to the decreasing
trend of EAWM index (Zhu 2008). It is worth noting that
the decreasing trend of EAWM since mid-1980s was not ob-
vious, while the increasing trend of winter-half year minimum
temperature in our study area was still apparent. As we know,
the EAWM index refers to the period from December of cur-
rent year to February of next year (Zhu 2008), while our tem-
perature reconstruction refers to the period from November of
previous year to April of current year. The difference in sea-
sons may be responsible for the discrepancy between them.
Another possibility is that in addition to the EAWM influence,
human activity or other undetected factors may also be re-
sponsible for the recent winter warming in South Central
China. Similar conclusion was also drawn by Zheng et al.
(2016) in the nearby Shenongjia region. Moreover, the run-
ning variance of the temperature reconstruction since the late
1980s exceeded the 95 % confidence interval for stochastic

variations (Fig. 6b), implying that the recent warming in the
study area may be attributed to special external forcing, e.g.,
anthropogenic activity.

The anomalous distribution of ocean heat source is gener-
ally responsible for the large-scale circulation and the long-
term climate anomalies. Previous studies proved that sea sur-
face temperature (SST) anomalies in the Indo-Pacific region
were closely associated with the strength of EAWM, by
changing the land-sea thermal contrast, the fundamental driv-
ing force for the winter monsoon (Wang and He 2013). Chen
et al. (2014) also pointed out that the winter temperature mode
in China was closely related to the northeastern Siberian high
(origin of EAWM) and SSTs over the Atlantic and Indian
oceans. In this study, spatial correlation patterns also disclosed
that the winter-half year minimum temperature variation was
significantly and positively influenced by the concurrent SST
in the tropical Indian Ocean (TIO), North Atlantic Ocean
(NAO), and tropical western Pacific Ocean (TWPO)
(Fig. 7c, d). By analyzing the 500 hPa geopotential height
field and 850 hPa wind field, Hao et al. (2012a) suggested that
the abnormal warming in winter-time SST in the TIO would
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Fig. 8 Comparisons between this
reconstruction (a) and other tree-
ring-based winter temperature
reconstructions in China (b–f) and
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(http://www.cru.uea.ac.uk/cru/
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cause the weakening of EAWM. By applying the rotated
varimax orthogonal rotation method and wavelet
transformation, Qu et al. (2006) found that winter SST anom-
alies in central North Atlantic (CAN) had close relation with
the winter temperature variation in China by motivating
Eurasian circulation of EU pattern. When winter SST in
CNA was abnormally high, the winter temperature in China
(including our study area) was also high, and vice versa.
Therefore, the abnormal SST variations in the TIO, NAO,
and TWPO regions influence the winter-half year temperature
variation in South Central China, possibly by influencing the
strength of EAWM. About this theory, further researches are
needed.

Conclusions

Using tree-ring cores collected from P. massoniana Lamb.
in northwestern Yichang, South Central China, the mini-
mum mean temperature from previous November to current

April during 1875–2011 was reconstructed. The new recon-
struction exhibited cold winter before 1950s and abnormal
warm winter since 1959. Comparisons indicated that the
winter-half year temperature variation in the study area re-
sembled the winter-time temperature variations in adjacent
Southeast China and eastern Qinling Mountains and also
have good agreement to the NH winter-half year tempera-
ture variation. However, the recent winter-half year
warming in our study area was more pronounced than
winter-time or summer warming in Southeast China. The
abnormal recent winter warming and cold winter before
1959 is not only supported by the winter-time temperature
reconstructions based on tree rings elsewhere but also his-
torical documents in Southern China. EAWM could be the
direct driving force of winter-half year temperature varia-
tion. Human activity may also play a role on the warming
since the mid-1980s. In addition, abnormal SSTs in the
TIO, TWPO, and NAO regions influenced the winter-half
year minimum temperature variation in the study area by
influencing the strength of EAWM.
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