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a b s t r a c t

A MayeJuly temperature reconstruction is based on tree-ring widths of Chinese pine (Pinus tabu-
laeformis) from Ningwu, Shanxi Province, China. The reconstruction explains 45.1% of the variance in
observed MayeJuly temperature. The intervals with persistent decadal warmth include 1779e1792,
1827e1839, 1853e1865, 1898e1932, 1936e1948 and 1987e2003. Intervals with persistent decadal
cold include 1793e1807, 1814e1826, 1866e1888, 1949e1963 and 1976e1986. Spatial correlation
between the reconstruction and the gridded temperature datasets reveals that the reconstruction is
representative of temperature variability in semi-arid/arid regions of East Asia, including the Gobi
Desert, the Loess Plateau and the North China Plain. The regions are referred to as North China in this
study. Significant correlation with the JanuaryeAugust temperature reconstruction in the Helan
Mountains of Northwest China for the overlapping period of 1796e1999 suggests that the recon-
struction captures the regional temperature variability for a long-term period. The reconstructed
temperature series has a significantly negative correlation with the monsoon rainfall series at inter-
annual, decadal and multi-decadal time scales for the overlapping period of 1688e2003, suggesting
an influence of the East Asian Summer Monsoon (EASM) and the dominant climate regime consisting
of either cool/wet or warm/dry weather in the North China. Moreover, for the past three centuries,
synchronous variations are found for the reconstructed temperature as well as the reconstructed
Asian-Pacific Oscillation (APO) and the Pacific Decadal Oscillation (PDO) at decadal and multi-decadal
time scales, suggesting the influences of large-scale atmospheric circulations on temperature vari-
ability in the North China. The possible mechanisms behind these links are also explained with
observed climate data.

� 2012 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

Recent climate warming has become an issue of public concern
because of its obvious impacts on society, the environment and
various ecosystems. Some impacts include drying up of rivers and
lakes, decreasing crop yields, frequent extreme climate events and
increasing insect problems (Dillon et al., 2010; Piao et al., 2010). It is
essential to understand temperature variability in a historical
context to fully understand current climate warming. A historical
understanding of temperature variability will clarify the relative
roles of natural variability and of the anthropogenic impact on
global climate. Identifying possible factors that influence
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temperature variability will improve ability to predict climatic
change in the future, which will help to avoid disastrous environ-
mental and ecological problems.

Reconstruction of temperatures using natural archives (e.g., tree
rings, corals, ice cores and stalagmites) is essential to under-
standing temperature variability at the scale of the history of the
Earth. In particular, tree rings, with their high resolution and reli-
ability, play very important roles in temperature reconstructions
for various terrestrial regions of the world.

East Asia is one of the world’s most populated areas, home to
approximately one fifth of the world’s population. The climate is
largely influenced by the East Asian Summer Monsoon (EASM).
Strong EASM winds push the rainfall front northwestward, which
brings about heavy amounts of thermal water vapor from the
Pacific over East Asian countries (Lau and Li, 1984; Wang, 2001;
Wang and LI, 2007). EASM is also one of the most active compo-
nents of the global climate system (Wu and Wang, 2002; Ding and
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Wang, 2007; Zhou et al., 2011). Because of the direct impacts of
monsoonal precipitation on water resources and agriculture (Piao
et al., 2010), many dendroclimatological studies have focused on
precipitation (or drought) reconstructions in East Asia and these
reconstructions’ responses to large-scale atmospheric circulation
(Hughes et al., 1994; Liu et al., 2004, 2009a, 2010; Sheppard et al.,
2004; Shao et al., 2005; Garfin et al., 2005; D’Arrigo and Wilson,
2006; Li et al., 2006, 2011a; Buckley et al., 2007; Sano et al.,
2009; Cook et al., 2010). However, there are few long tempera-
ture reconstructions for East Asia, which limits exploration of the
relationship between temperature variability and large-scale
atmospheric circulations. This study employs living Chinese Pine
(Pinus tabulaeformis), the most widespread tree species in arid or
semi-arid China, to reconstruct the temperature variations from
1676 to 2003. Then, the reconstruction is used to explore the
possible links with large-scale atmospheric circulations such as
EASM, APO and PDO.
Fig. 1. Upper map showing topographic map of the study area; solid triangle and circle pr
Lower map showing the locations of the study area and Helan Mts.
2. Material and methods

2.1. Sampling site and local climate

The sampling site is located on a rocky ridge of Ningwu (NW;
38�500N, 112�050E; 1600e2100 m above sea level) in Shanxi Prov-
ince, China (Fig. 1). This area is a typical semi-arid area. Ningwu lies
in the environmentally sensitive zone of China, in a transitional
area between humid and arid conditions, monsoon and non-
monsoon climates, as well as forest and steppe. The temperature
in this zone is extremely sensitive and could be affected positively
or negatively by climate changes (Liu et al., 2010). At the sampling
site, the vegetation is sparse and the soil is shallow.

According to records from the nearest meteorological station of
Yuanping (38�450N, 112�420E; 836 m above sea level, records from
1954 to 2003), themeanannual precipitationwas428mmduring the
observation period. The highest precipitation occurs in JulyeAugust,
esent the sampling site of Ningwu and Yuanping meteorological station, respectively.
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which accounts for more than half of the total annual precipitation.
The mean monthly relative humidity reaches a maximum in August
(73.3%). Detailed seasonal variations are shown in Fig. 2a. The inter-
annual variations of mean temperature, total precipitation and rela-
tive humidity during the growing season of trees (AprileSeptember)
are shown in Fig. 2b. The temperature in the study area has exhibited
a rapidly increasing trend, especially since the late 1970s. Inverse
trends between temperature and precipitation (r¼�0.342, p< 0.01)
and between temperature and relative humidity (r ¼ �0.548,
p < 0.0001) have been detected as well. Relative humidity varies
synchronously with precipitation (r ¼ 0.708, p < 0.0001).

2.2. Tree-ring samples

The dominant tree species at the sampling site is Chinese pine
(P. tabulaeformis). The site is fairly open, with 5e10m between trees
and a discontinuous canopy. The trees sampled generally grow on
thin and nutrient-poor soil or rocks at the top of the ridge. In total,
a

b

Fig. 2. Monthly mean precipitation, temperature and relative humidity (a) and inter-annua
growing season of AprileSeptember (b) at the Yuanping station from 1954 to 2003.
37 cores from 17 trees were sampled at breast height using 5-mm
increment borers in July 2004 (Li et al., 2006, 2011b).

2.3. Development of the chronology

The tree-ring cores were surfaced, cross-dated by the Skeleton
Plotmethod, andmeasured by the LINTAB of ring-width systemwith
a precision of 0.01mm (Stokes and Smiley, 1968). The quality control
of cross-datingwas carried out using theCOFECHAprogram(Holmes,
1983). The undesirable growth trends related to age and stand
dynamics but not related to climate variations were removed from
each individual tree-ring series using ARSTAN software (Cook and
Kairiukstis, 1990). In this step, each series was standardized using
negative-exponential or straight curve fitting to preserve the
maximum common signal related to climate. The mean ring-width
index for the site was subsequently engendered by combining all
series for each year using the bi-weight robust mean (Cook and
Kairiukstis, 1990).
l variations of total precipitation, mean temperature and relative humidity during the



Fig. 3. The correlation between tree-ring width indices and monthly mean tempera-
ture, monthly total precipitation and monthly mean relative humidity form previous
April to current October during 1954e2003. Meteorological data come from Yuanping.
Horizontal dashed lines are the 99% confidence level.
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The final standardized NW chronology extends from 1676 to
2003. The mean sensitivity indicates measurement of relative
difference inwidths between adjacent rings,whichwas 0.28 for NW
chronology. One of the important requirements for time series is to
determine the extent to which the mean value for each year is
accurately captured. The chronology signal strength was evaluated
using Subsample Signal Strength (SSS; Wigley et al., 1984). SSS is
ameasure of the quality of the tree-ring index curve, inwhich values
close to 1 are achieved when trees reflect strong common growth
variability at a site. To utilize the maximum length of the tree-ring
chronology and ensure the accuracy of the reconstruction, the
effective length of the chronology covered the period in which the
SSS was at least 0.75. This threshold corresponds to the period
1779e2003, with a minimum sample depth of 10 cores (5 trees) in
1779. The statistical items of theNWchronology are listed in Table 1.

2.4. Climate data

For the climate response analysis of the tree-ring chronology,
precipitation, relative humidity, maximum, minimum and mean
temperatures were derived from the Yuanping meteorological
station (38�450N, 112�420E; 836 m above sea level, records from
1954 to 2003). The data have been verified by Li et al. (2006, 2011b).
In addition, precipitation, maximum, minimum and mean
temperatures from the Climatic Research Unit TS3 (CRU TS3, http://
badc.nerc.ac.uk/browse) dataset were also employed as a reference
to investigate the climate responses. These climate parameters
were used for climate-growth analysis over the common period
1954e2003. The CRU TS3 gridded temperature datasets, NCDC Sea
Surface Temperature (SST) version 3b dataset (http://www.ncdc.
noaa.gov/oa/climate/research/sst/ersstv3.php) and Hadley Centre
Sea Level Pressure (Had SLP) version 2r dataset (http://hadobs.
metoffice.com) were used to investigate the spatial correlation
patterns, which were performed using the KNMI Climate Explorer
(http://climexp.knmi.nl).

3. Results

3.1. Climate responses of the tree-ring width index

Pearson’s coefficients of correlation were computed for climatic
data and the tree-ring width chronology from the previous April to
October of a given year. The results are shown in Fig. 3. As a whole,
the tree-ring width index is positively correlated with precipitation
and relative humidity, but negatively correlated with temperature
during the growing season. Relative humidity is controlled by
precipitation and temperature. For example, relative humidity has
shared a similar trend with precipitation at the Yuanping meteo-
rological station during the last 50 years (r ¼ 0.708, n ¼ 50,
p< 0.0001). Therefore, only the precipitation/temperatureegrowth
relationships are discussed. More specifically, summer months
show a significant peak of correlation, indicating that the combi-
nation of precipitation and temperature during summer months
Table 1
Statistical items of the standardized chronology of NW.

Statistical items NW

Mean sensitivity 0.28
Standard deviation 0.32
First-order autocorrelation 0.31
% Variance in 1st PC 41.13%
Mean correlation between all cores 0.363
Mean correlation between trees 0.343
Mean correlation within a tree 0.395
Subsample Signal Strength (SSS) � 0.75 (trees) 1779 (5)
controls the tree-ring growth in this region. By integrating different
months, the highest correlation coefficient appears during the
MayeJuly temperature interval (r ¼ �0.672, n ¼ 50, p < 0.001)
when using observed temperature from the Yuanping meteoro-
logical station, whereas the highest correlation coefficient
is �0.548 (n ¼ 50, p < 0.001) when using the CRU TS3 temperature
data.

The significant negative correlation between the Chinese pine
ring width and temperature in summer months has also been
detected in northwestern China (Cai and Liu, 2007) and central
China (Liu et al., 2001; Cai et al., 2008). As investigated by Xu
(1990), Chinese pine mainly is distributed in regions in which the
mean annual precipitation is approximately 500 mm. At the
sampling site, the mean annual precipitation (428 mm) is less than
500 mm. The growth of trees is therefore very sensitive to soil
water. As a result of shallow soil layers and the rocky environment
of the sampling site, the soil has a limited ability to preserve water.
Consequently, increasing summer temperature results in high
evaporation rates of soil water and high transpiration rates inside
leaves, leading to lower than normal growth.
3.2. Reconstruction of temperature variations

To reconstruct temperature variations, observed temperature
recorded in the Yuanping meteorological station were regressed
against the tree-ring width chronology for the period 1954e2003.
Adjusting parameters of the regression model finally fixed the
transfer function, which could explain 45.1% (44% after adjustment
for loss of degrees of freedom) of the total variance for the actual
MayeJuly temperature during 1954e2003. In the model, n ¼ 50,
r ¼ 0.672, F ¼ 39.454, standard error ¼ 0.641 and p < 0.0001. The
comparison between observed and reconstructed MayeJuly
temperature is shown in Fig. 4a.

Temperature found in the reconstruction is approximately 0.8 �C
lower than the temperature observed from 1997 to 2001, for which
the actual temperature increased rapidly and reached the highest
levels observed during the last 50 years. Yonenobu and Eckstein
(2006) reported that tree-ring width in central Japan also did not
follow a warming trend, which most likely resulted from anthro-
pogenic SO2 emissions. Furthermore, D’Arrigo et al. (2008)
reviewed recent temperature reconstructions based on tree-ring
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a

b

Fig. 4. Comparison between observed (Obs.) and reconstructed (Rec.) temperatures.
Reconstructions based on different periods by ring-width indices and observed data
from Yuanping meteorological station; (a) Reconstruction by ring-width indices and
the CRU TS3 temperature data (b).

Fig. 5. Reconstructed May to July temperature variations (top). Thin and solid lines are
annual and 11-year moving average data, respectively. Sample depth also is shown
(bottom). Subsample Signal Strength (SSS) is higher than 0.75 since 1779.
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width and suggested that tree-ring width demonstrates the loss of
temperature sensitivity in Northern Forests under rapid warming
in the last few decades. This phenomenonmay correlate withmany
factors such as temperature-induced drought stress, limitation of
transfer function or uneven records of temperature used in transfer
function, but the recognized mechanism has not identified until
now. As shown in Fig. 2b, the temperature in the study area
represents a rapid increase since the end of the 1980s. To under-
stand the rapid warming trend better, three reconstruction models
were established by linear regression between the ring-width
index and the observed temperature during 1954e1978,
1979e2003 and 1954e2003, respectively. Then, the reconstructed
results from those three models are compared with all period
(1954e2003) of observation (Fig. 4a). Three reconstructions show
the same variation and correlation (r ¼ 0.672) as the observation
during 1954e2003, revealing that the reconstruction based on
1979e2003 does not avoid the underestimated temperature of
1997e2001. The sampling site is located in a mountainous region
and at a higher altitude (>2400 m above sea level), whereas the
Yuanping meteorological station is located in a flat region and at
a lower altitude (836 m above sea level). As a result of different
actual temperatures at the sampling site and the Yuanping mete-
orological station, the average MayeJuly temperature in the
38e39�N, 111e113�E region was derived from the CRU TS3 gridded
dataset, to reconstruct the temperature based on the tree-ring
width chronology (Fig. 4b), which did not eliminate the under-
estimated temperature found during 1997e2001.

High correlation between the tree-ring width indices and
observed temperature during 1954e2003 was observed, Therefore,
MayeJuly temperature was reconstructed to emphasize the low-
frequency variability and to investigate temperature responses to
large-scale atmospheric circulations.

Fig. 5 shows the inter-annual to inter-decadal (11-year moving
average data) variations of reconstructed May to July temperature
for the NW. The period 1779e2003 represents an effective recon-
struction, while the reconstruction in 1676e1778 remains a refer-
ence because of small sample sizes. The mean temperature is
20.96 �C in the reconstruction during 1779e2003. Several extended
warm and cold periods (�11 years) are detected. Warm periods
occurredduringapproximately1779e1792,1827e1839,1853e1865,
1898e1932, 1936e1948 and 1987e2003, while cold periods
occurred during 1793e1807, 1814e1826, 1866e1888, 1949e1963
and 1976e1986.
4. Discussion

4.1. Spatial representative of the reconstructed temperature

To understand how large-area temperature variations could be
represented by the reconstruction, spatial correlation analysis
between reconstructed MayeJuly temperature and the concurrent
CRU TS3 temperature gridded dataset was carried out for the
common period of 1901e2003. The results are plotted in Fig. 6, and
indicate that the reconstruction is representative of a large-area,
including three geographical regions. One region is the semi-arid
North China Plain (NCP), which has been recognized as one of the
most water-scarce regions in the world (Fu et al., 2009). Second is
the semi-arid Loess Plateau (LP); the LP is the largest deposition
zone of loess in the world (Liu et al., 2009c). Another region is the
extremely arid Gobi Desert (Gobi), located at the boundary
between China and the State of Mongolia. The Gobi is one of the
largest deserts in Asia. Furthermore, the correlation field extends to
the northwestern region of the State of Mongolia. For convenience,



Fig. 6. Spatial correlation pattern between reconstructed May to July temperature and
concurrent CRU TS3 temperature gridded dataset during 1901e2003. Dashed boxes
showing schematic locations of the Gobi Desert (Gobi), the Loess Plateau (LP) and the
North China Plain (NCP); solid triangle showing the sampling site.
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this significant correlation region in Fig. 6 is referred to as North
China.

To check the regional representatives of MayeJuly temperature
reconstruction during a longer period, other temperature recon-
structions in North China were compared. Cai and Liu (2007)
reconstructed January to August temperature in the Helan Moun-
tains (38�270Ne39�300N, 105�200E�106�410E) during 1776e1999.
The correlation coefficients are 0.356 (n ¼ 224) for the inter-
annual scale, 0.283 (n ¼ 214) for 11-year moving average data and
0.393 (n¼ 200) for 25-year moving average data (Table 2). In Fig. 7a
and Fig. 7b, the reconstruction presents a synchronous variation
with the reconstructed temperature for the Helan Mountains,
although the distance between the sampling site and the Helan
Mountains is very far (approximately 500 km; Fig.1). In the last half
century, thewarming trend in the HelanMountains is more obvious
than that revealed by the reconstruction. Thisfinding is attributed to
the differences found in reconstructed seasons. The JanuaryeAugust
temperature found in the Helan Mountains comprise some
temperature signals inwinter that have amore rapidwarming trend
than that of summer. For example, observed mean winter temper-
ature variation in all of China is approximately 4 times than that of
summer temperature during 1960e2006 (Piao et al., 2010). In
addition, the summer warming trend in North China (<0.01 �C per
year) is the lowest in comparison with other regions of China (Piao
et al., 2010).

4.2. Link with EASM

The broad representation of regions in this reconstruction
implies that large-scale atmospheric circulations influence
Table 2
Correlation coefficients (r) between reconstructed MayeJuly temperature and
January to August temperature in the Helan Mountains (HL T18), previous
August to current July precipitation in the Ningwu (NW P87), Summer APO (JJA
APO) and annual PDO in inter-annual, decadal (11-year moving average data)
and multi-decadal (25-year moving average data) time scales in the overlapping
period.

HL T18
(1796e1999)

NW P87
(1688e2003)

JJA APO
(1676e1985)

Annual PDO
(1676e1996)

Inter-annual 0.356 �0.312 �0.044 0.057
Decadal 0.283 �0.266 �0.249 0.244
Multi-decadal 0.393 �0.488 �0.684 0.660
temperatures in North China. In contrast to many studies of
precipitation-atmospheric circulation relationships, there are very
few investigations concerning the relationship between tempera-
ture and large-scale atmospheric circulation. Zhu et al. (2009)
reconstructed FebruaryeApril temperature by using tree-ring
widths in Changbai Mountains, located in Northeast China. They
suggested that the reconstruction might be a good indicator of the
East AsianWinter Monsoon intensity. Liu et al. (2010) detected that
the reconstructed May to June temperature of the Chifeng-
Weichang region, Northeast China, using tree rings showed
a significant (p < 0.0001) negative correlation with monsoon
rainfall since 1884, suggesting that the dominant climate regime is
either cool/wet or warm/dry.

The East Asian Monsoon exerts a large influence on climate in
East Asia. In the summer, EASM brings large amounts of water
vapor to North China, where summer precipitation accounts for
approximately 60e80% of the total annual precipitation (Fig. 2a; Liu
et al., 2010). The summer precipitation in this region thus can be
seen to be an indicator of EASM intensity, namely, strong EASM
results in heavy precipitation amounts. Han and Wang (2007)
defined an EASM index as the normalized zonal wind shear (or
difference) between 850 hPa and 200 hPa averaged over 20�Ne40�

N and 110�E�140�E in summer (JuneeAugust), which is signifi-
cantly negatively correlated with the reconstructed MayeJuly
temperature (r ¼�0.262, p¼ 0.06, n¼ 50 at the inter-annual scale;
r¼�0.397, n¼ 40 at the decadal scale and r¼�0.695, n¼ 26 at the
multi-decadal scale). Because the EASM index is very short (50
years), it is not shown in Fig. 7. Instead, the reconstructed annual
(previous August to current July) precipitation in Ningwu using
tree-ring width (Fig. 7c; Li et al., 2006) was employed to investigate
the relationship between the reconstructed MayeJuly temperature
in this study andmonsoon precipitation during the common period
of 1688e2003. Although there are some slight differences in trends
that may be caused by differences in reconstructed seasons, the
MayeJuly temperature is generally synchronous and significantly
negatively correlated with the annual precipitation (Fig. 7a and c).
The correlation coefficients are �0.312 (n ¼ 316) for the inter-
annual scale, �0.266 (n ¼ 306) for the decadal scale and �0.488
(n ¼ 292) for multi-decadal scale (Table 2). The results suggest that
the climate regime in North China is either cool/wet or warm/dry,
and implies that the MayeJuly temperature might be influenced by
EASM.

In general, EASM anomalies are considered to be results of the
atmospheric response to changes in thermal contrast between the
East Asian domain and its adjacent oceans (Webster and Yang,
1992; Li and Yanai, 1996; Zhou et al., 2009a). To understand the
mechanism of this relationship between temperature of North
China and EASM, spatial correlation patterns between actual May
to July temperature at the Yuanping meteorological station and Sea
Surface Temperature (SST) datasets from NCDC (http://lwf.ncdc.
noaa.gov/oa/climate/research/sst/sst.php) were investigated. In
Fig. 8a, two fields are significantly positively correlated with the
temperature of North China. One field is located in the Western
North Pacific. When ocean warming was abnormal in this region,
the enhanced Western Pacific Subtropical High (WPSH) extended
westward (Zhou et al., 2009b). The other field is in the Philippine
Sea. It was suggested that the increased SST of the Philippine Sea
strengthened tropical convection, which also enhanced WPSH (Wu
and Wang, 2002). The WPSH that was enhanced and extended
westward also shifted southeasterly winds to northeasterly winds
in North China, and EASM precipitation thus decreased below the
normal level (Ninomiya and Kobayashi, 1999; Wu andWang, 2002;
Zhou et al., 2009c). Consequently, temperature in North China
increased. In contrast, cooling SST of the oceans adjacent to East
Asia induced a temperature decrease in North China.
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Fig. 7. Comparison between reconstructed May to July temperature in this study (a) and January to August temperature in the Helan Mts. (b), previous August to current July
precipitation in Ningwu (c), summer APO (d) and annual PDO (e). Thin and solid curves are smoothed by 11- and 25-year moving average, respectively.
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Moreover, the relationship between temperature in North
China and EASM can be explained by investigating the spatial
correlation between the actual MayeJuly temperature and
concurrent Sea Level Pressure (SLP) from the HadSLP2 dataset
(http://hadobs.metoffice.com/hadslp2/). EASM strength, which is
defined by the summation of SLP gradients between the land and
sea, is the most widely used index in EASM studies (Guo, 1983;
Wang and LI, 2007; Zhou et al., 2009b). Fig. 8b shows a signifi-
cantly negative correlation field in the Western Pacific between
the temperature and SLP. Depressed SLP in this region implies that
EASM becomes weaker than normal, which results in low
precipitation amounts and high temperature in North China
(Wang et al., 2008).

4.3. Link with APO

The Asian-Pacific Oscillation (APO), a zonal teleconnection
pattern over the extratropical Asian-Pacific region, has been iden-
tified (Zhao et al., 2007). APO index was defined as the summer
upper-tropospheric (500e200 hPa) temperature difference
between the Asian domain (15�Ne50�N, 60�E�120�E) and the
North Pacific (15�Ne50�N, 180�We120�W). It showed a decadal
variation. Several studies have indicated that APO has a significant
impact on climate in China (Zhao et al., 2007, 2008; Zhou et al.,
2009a; Zhou and Zhao, 2010). Zhou et al. (2009a) have recon-
structed summer (JuneeAugust) APO index over the past
millennium, which is shown in Fig. 7d. The correlation between
reconstructed MayeJuly temperature and summer APO index at an
inter-annual scale is not significant (r ¼ �0.044, n ¼ 310). At decal
andmulti-decadal time scales, however, the correlation coefficients
increase greatly to �0.249 (n ¼ 300) and �0.684 (n ¼ 286),
respectively (Table 2); this is reasonable because APO is closely
correlated with PDO characterized by decadal to multi-decadal
cycles (Mantua et al., 1997; Zhao et al., 2007; Zhou and Zhao,
2010). The physical mechanism for such a relationship (recon-
structed temperature-APO) could be explained as follows. A posi-
tive phase of APO, with characteristics of a positive anomaly in
upper-tropospheric temperatures over Asia and a negative anomaly
over the North Pacific, results in an anomaly of the low-level
southerlies prevailing at the mid-latitudes of East China during

http://hadobs.metoffice.com/hadslp2/


Fig. 8. Spatial correlation patterns between observed May to July temperature in study area and concurrent SST dataset from NCDC (a) and SLP from HadSLP2 dataset (b) during
1954e2003.
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the summer. This condition is favorable for the transport northward
of water vapor, leading to increased precipitation in North China
(Zhao et al., 2007; Zhou and Zhao, 2010). The temperature may
become cool because of the climate regime of either cool/wet or
warm/dry in North China, and vice versa.

4.4. Link with PDO

Mantua et al. (1997) have detected a robust recurring pattern of
oceaneatmosphere climate variability with multi-decadal cycles
centered over the mid-latitude North Pacific basin (the Pacific
Decadal Oscillation or PDO), and many studies found the influence
of observed PDO on hydroclimate parameters (precipitation or
PDSI) in Asia (D’Arrigo and Wilson, 2006; Ma, 2007; Sano et al.,
2009; Fang et al., 2010). Little is known, however, about the
impact of PDO on temperatures in Asia.

It has been suggested that there were three regime shifts of PDO
in the 1920s, 1940s and 1970s (Mantua et al., 1997; Hare and
Mantua, 2000) and one climate regime shift in 1750s by recon-
struction (Biondi et al., 2001). The climate regime shifts above
correspond with four temperature shifts in the reconstruction
(Fig. 7a). Furthermore, a comparison of the reconstructedMayeJuly
temperature in this study and reconstructed PDO by MacDonald
and Case (2005) suggests that there is a close link in the past
three centuries (Fig. 7e). The correlation at the inter-annual scale is
very low (r ¼ 0.057, n ¼ 321). The correlation is significantly high
(r ¼ 0.660, n ¼ 297) at the multi-decadal scale by a using 25-year
moving average because of a 20e30 year cycle of PDO. Liu et al.
(2009b) also reported a significant correlation between PDO and
the reconstructed May to June temperature inWeichang, Northeast
China, during 1884e2002.

PDO is defined as warm or cool surface waters in the North
Pacific (north of 20�N). During a warm phase, the west Pacific
becomes cool and part of the eastern ocean warms; during a cool
phase, the opposite pattern occurs. Because climate in the North
China is mainly controlled by the East AsianMonsoon influenced by
a landesea thermal contrast, PDO thereforemust have some impact
on climate in North China. Ma (2007) summarized that a warm
phase of PDO in the last 50 years corresponded with high
temperature in North China. The physical mechanism of this link is
still not well understood (Ma, 2007).

5. Conclusions

A tree-ring width chronology from 1686 to 2003 was developed
using 37 tree-ring cores in Ningwu, Shanxi Province, China. The
chronology is most reliable after 1779, for the period in which SSS
equals 0.75. Because of significantly negative correlation
(r ¼ �0.672, n ¼ 50, p < 0.001) between the chronology and local
MayeJuly temperature, this chronology was employed to recon-
struct the temperature variability from May to July. The spatial
correlation pattern indicates that the reconstruction is represen-
tative of large-area temperature variability in some regions of China
and the State of Mongolia, including the Gobi Desert, the Loess
Plateau and the North China Plain. The reconstructed temperature
is in agreement with reconstruction of JanuaryeAugust
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temperature in the Helan Mountains, which are approximately
500 km away from Ningwu.

The reconstruction of temperature is significantly negative
correlated with monsoon rainfall at inter-annual, decadal and
multi-decadal time scales, suggesting the dominant climate regime
is either cool/wet or warm/dry in North China, which is the same as
the climate regime in Northeast China (Liu et al., 2010).

In addition, a significantly negative (positive) correlation
between the reconstruction of temperature in North China and APO
(PDO) at both decadal and multi-decal scales in the past three
centuries suggests the influences of large-scale atmospheric
circulations on regional temperature in North China.
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