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ARTICLE INFO ABSTRACT
Article history: We developed a tree-ring chronology (AD 1446-2008) based on 75 cores from 37 Abies squamata Mast. trees
Received 11 February 2013 from the Shaluli Mountains, southeastern Tibet Plateau, China, using signal-free methods, which are ideally suit-

Available online 30 August 2013 ed to remove or reduce the distortion introduced during traditional standardization. This chronology correlates

best with regional temperatures in June-July, which allowed us to develop a June-July temperature reconstruc-
tion that explained 51.2% of the variance in the instrumental record. The reconstruction showed seven cold pe-
Temperature reconstruction riods and five warm periods. Cold periods were identified from AD 1.472 to 1524, 1599 to 1653, 1661 to 1715,
Climate variability 1732 to 1828, 1837 to 1847, 1865 to 1876 and 1907 to 1926. Warm intervals occurred from AD 1446 to 1471,
Southeastern Tibet Plateau 1525 to 1598, 1716 to 1731, 1848 to 1864, 1877 to 1906 and 1927 to present. The reconstruction agrees well
with nearby tree-ring-based temperature reconstructions. Spatial correlation analyses suggest that our recon-
structions provide information on June-July temperature variability for the southeastern Tibetan Plateau and
its vicinity. Spectral analyses revealed significant peaks at 2-6, 10.7, 51.2, 102.2 and 204.8 yr. The temperature
variability in this area may be affected by ENSO, the Pacific Decadal Oscillation and solar activity.
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Introduction However, none of these studies are situated in the northern part
of the Shaluli Mountains, southeastern Tibet Plateau, so it is impor-

Global warming is a public concern because it has a significant im- tant to conduct tree-ring studies in this area. Moreover, some studies
pact on ecosystems and on the stability of the social economy. However, found that significant differences occur between seasons. For exam-
the observed temperature changes vary over the northern hemisphere; ple, in the North Atlantic, summers have warmed more rapidly than

therefore, understanding regional temperature variations is vitally winters since 1353 (Kamenos, 2010). Moreover, using data from ob-
important (IPCC, 2007). On the southeastern Tibet Plateau, precise servations and models, Cohen et al. (2012) identified that winter
instrumental measurements of temperature began only in the early temperature had decreased in the past few decades, despite the cur-
1950s; this short temperature record is inadequate for characterizing rent context of unprecedented global warming. Gou et al. (2008)

regional variability. Therefore, obtaining temperature variation infor- found that the maximum and minimum temperatures on the north-
mation from proxy data is essential to improving our understanding of eastern Tibetan Plateau have changed asymmetrically in the past
regional temperature variation. 425 yr.

Tree rings provide one of the best known and most used proxies for Here, we present a new chronology of tree-ring width for the Shaluli

reconstructing climate variation over the past centuries and millennia Mountains, southeastern Tibet Plateau over the past 715 yr. The purposes
(IPCC, 2007). In southeastern Tibet Plateau, several tree-ring-based of this study are to explore the climate factors that affect tree growth, re-
temperature reconstructions have been conducted. These previous construct the temperature reliably to extend the record beyond the in-
studies used quantities including tree-ring width, 6'C and the maxi- strumental period, identify the spatial validity of the reconstruction and
mum density of the latewood as proxies, to reconstruct climate vari- explore possible driving factors through spatial correlation and compari-
ables such as wintertime, summertime and extreme (both maximum son with other time series.

and minimum) temperatures over periods ranging from approximately

100 to 409 yr (Shao and Fan, 1999; Wu et al., 2005; Song et al.,, 2007; Materials and methods

Duan et al, 2010; Li et al, 2010; Xu et al, 2010; Li et al, 2011; Yu

et al., 2012). Study area
Our sampling site at Baiyu (31°08'48"N, 99°47'02"E, 4280-
* Corresponding author. 4325 m asl) is situated in the northern part of the Shaluli Mountains,
E-mail address: xhgou@lzu.edu.cn (X. Gou). southeastern Tibet Plateau (Fig. 1). The Indian monsoon system is the
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Figure 1. Location map of the tree-ring sampling site at Baiyu (31°08'48"N, 99°47'02"E, 4280-4325 m asl), nearby meteorological stations and other tree-ring sites used for comparison
(Liang et al., 2008; Zhu et al., 2011) (a); monthly mean temperature (b) and total precipitation (c) records at Ganzi and Xinlong meteorological stations, averaged over 1960-2007.

dominant component of climate in the area; it transports warm, moist
air from the Bay of Bengal to the study site in the summer (Domrds
and Peng, 1988). Over the 1960-2007 period, mean annual temperature
at Ganzi and Xinlong weather stations was 5.7°C and 7.5°C, and mean
annual total precipitation was 642 mm and 620 mm, respectively
(Fig. 1).

Tree-ring data

To develop a chronology of tree-ring width, tree-ring samples were
collected from Abies squamata Mast. trees in Baiyu (Fig. 1). One to four
cores were obtained from per tree by an increment borer at breast
height (1.3 m). A total of 75 radii from 37 trees were collected. In the
laboratory, all increment cores were glued to wooden core mounts to
dry, then sanded with progressively finer sandpaper, up to 600-grit.
Each core was cross-dated to assign each tree ring the exact calendar
year of its formation. All tree-ring widths were then measured with
0.001 mm precision with the software Measure J2X. The computer pro-
gram COFECHA was used to ensure the accuracy of both the cross-
dating and measurements (Holmes, 1983).

Age-related trends were removed from the raw data using a cubic
smoothing spline with 50% variance reduction at 260 yr, which corre-
sponds to approximately 70% of the mean (375.7 yr) and median
(371 yr) segment length. A signal-free version of the computer program
ARSTAN (E. R. Cook, personal communication) was used to calculate
standard tree-ring chronologies. To reduce the influence of outliers,
bi-weight robust means were used to calculate the mean ring-width
index (Cook and Kairiukstis, 1990). To reduce the influence of decreas-
ing sample size in the older parts of the chronologies, the chronology
variance was stabilized using the “running Rbar” parameter. The inter-
series correlation (Rbar) and expressed population signal (EPS) were
employed to evaluate the most reliable periods of the chronologies,
and satisfactory quality was defined as EPS > 0.85 (Wigley et al.,
1984). Both Rbar and EPS were calculated for 51-yr moving windows
with 50-yr overlaps. The software provided four chronologies: the
standard chronology (StdCrn), the signal-free chronology (SsfCrn), the
stabilized standard chronology (StdStb) and the stabilized signal-free
chronology (SsfStb). The signal-free chronologies were calculated
according to the signal-free standardization approach described by

https://doi.org/10.1016/j.yqres.2013.08.002 Published online by Cambridge University Press

Melvin and Briffa (2008). Signal-free standardization was used because
it is ideally suited to remove or reduce the distortion introduced during
the traditional standardization. The distortion is most prevalent at the
ends of the chronology (Melvin and Briffa, 2008). Only the Rbar-
stabilized chronologies were used in following analysis.

Climate data

The closest meteorological stations to the sampling site are Ganzi
(31°37’N, 100°00’E, 3394 m asl, Fig. 1) and Xinlong (30°56’N, 100°19’
E, 3000 m asl, Fig. 1), both approximately 56 km from the study site.
Because our study site is situated between the two stations, we calculat-
ed a regional climatological mean for the calibration of our chronology
from the climate data from these stations. Climate variables for
climate-growth analyses include monthly means of temperature and
precipitation for the 48-yr period of 1960-2007. For comparison, the
reconstructed North Hemisphere temperature (D'Arrigo et al., 2006)
and El Nifio-Southern Oscillation (ENSO; Wilson et al., 2010) index,
downloaded from http://www.ncdc.noaa.gov/paleo/, were used. The
monthly 0.5° x 0.5° gridded temperature dataset from CRU TS 3.1
(Mitchell and Jones, 2005) was also used to assess the spatial represen-
tation of the reconstruction.

Methods

To minimize the effect of significantly differing means and variances,
the climate data were normalized (zero mean and unit variance) before
averaging. These averaged values were then converted back to ‘abso-
lute’ values using the means and standard deviations of the regional
mean climate series, which are calculated by simply averaging the
original climate data of the two stations. Pearson correlation coefficients
were calculated between the tree-ring chronologies and regional
monthly climate variables (precipitation, mean temperature) from
prior May to current August. This period contains two growing seasons.
In addition, various seasonal means (e.g., June-July) of climate variables
and their correlations with tree-ring data were also calculated. The tem-
poral variations of the relationship between the tree-ring chronology
and the climate factor were determined using a moving correlation
with a 30-yr window and a one-yr step; correlations with a varying
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start year and a fixed end year, as well as correlations with a fixed start
year and a varying end year, were also calculated. The multi-taper
method (MTM; Mann and Lees, 1996) was used to identify the domi-
nant periods in the reconstructed temperature series. The MTM with
resolution = 2 and tapers = 3 were used. Relevant peaks were identi-
fied relative to a red noise background with p < 0.05.

Results and discussion
The chronologies

A standard chronology made with conventional detrending methods
and a final (after 33 iterations) signal-free chronology were established
over a 715-yr period spanning AD 1294 to 2008. The signal-free chro-
nology exhibits a few subtle differences from the standard chronology,
all at low frequencies. The signal-free chronology has higher values in
the 16th and 20th centuries and lower values from the 1600 s through
the 1870 s. The running Rbar and running EPS were almost identical for
the two chronologies. Running EPS values were generally high (Fig. 2),
and the threshold of 0.85 was reached at a sample depth of seven
cores (three trees) after AD 1446 for both chronologies, with the excep-
tion of the period 1491-1498. The following analyses are based only on
the reliable portion of the chronology, which runs from 1446 to 2008.

Climate-growth relationship

The correlation of the chronologies with the regional monthly cli-
mate data is shown in Figure 3. The StdStb and SsfStb chronologies
show generally similar results. The correlations of the SsfStb chronology
with climate were generally higher in the tree ring's current growing
season, which may be because the traditional standardization process
eliminates some of the climate signal. Therefore, the SsfStb chronology
was used in the following analysis. A significant (p < 0.05) relationship
with temperature was found at the current June, the current July, the
previous July (although the latter was not significant for the SsfStb
chronology) and the previous August, with p < 0.01 significance at the
current June and previous August. The correlation coefficients for
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Figure 2. The chronology indices before (blue line) and after (red line) signal-free itera-
tions and the sample depth (number of cores; gray shape) (a), as well as the running
Rbar and the running expressed population signal (EPS) (based on a 51-yr window with
1-yr lag) (b). The shaded yellow box indicates the period from 1294 to 1445 when the
sample depth is low and less confidence is placed in the chronology. The reliable portion
of the chronology is defined as times with an EPS value greater than 0.85 (dashed black
line).
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Figure 3. Correlation between tree-ring chronologies and time series of temperature
(a) and precipitation (b). P and C mark the previous and current year, respectively. Num-
bers indicate months; for example, C6 indicates the current June and C67 means current
June to July.

precipitation were not significant. The highest correlation (r = 0.629)
was found between the SsfStb chronology and the regional mean June
to July temperature.

Because temperatures in the boreal and temperate forests are cur-
rently below the trees' temperature optimum (Way and Oren, 2010)
and the forests in the study area are at high elevation, warmer temper-
atures would increase the trees' growth rates. Correlation of tree growth
with early-summer temperature has been found at many sites in the
southeastern Tibet Plateau: e.g., Shao and Fan (1999) found that
tree growth in the western Sichuan Plateau, a part of the southeastern
Tibetan Plateau, was significantly related to the June mean temperature
and the mean winter minimum temperature. In Maerkang, Yu et al.
(2012) found that the tree-ring data most significantly correlated with
the July temperature. Li et al. (2010, 2011) found that tree growth in
the western Sichuan Plateau was dominated by June to August temper-
ature in Wolong and by June to July temperature in Miyaluo. In
Jiuzhaigou, Song et al. (2007) found that tree growth significantly corre-
lated with the mean June temperature and the minimum temperature
of the winter half year.

A significant negative correlation of tree growth with the late sum-
mer temperature of the previous year has not been noted in prior stud-
ies in the southeastern Tibet Plateau. This correlation with the previous
year's temperatures may indicate the trees' ability to use the previous
year's photosynthesis product for the next year's growth. Because re-
gional precipitation peaks in June and temperature peaks in July
(Fig. 1), the soil moisture condition should be wetter in June than in
the following months. Therefore, the negative correlation with temper-
ature probably occurs because of soil moisture conditions. This infer-
ence is supported by the positive, though not significant, correlation
of tree growth with the precipitation of the previous July, August and
September and the current July. This possible temperature-induced
drought effect can also be observed in the current July, as the positive
correlation between the tree growth and July temperature decreases
and the positive correlation with July precipitation increases (although
not significantly) compared to June, indicating that suitable tempera-
ture and soil moisture are very important factors for tree growth at
this high-elevation site. In conclusion, low temperature in June to July
is the major limiting factor for tree growth, and extremely high temper-
ature in July may also limit tree growth.

Another important difference between our results and those of pre-
vious studies is the limited correlation (r < 0.2) with winter tempera-
ture. A possible explanation is the high elevation of our study site
(~4300 m asl), which means it may be covered by insulating snow in
winter, raising and stabilizing the soil temperature (Decker et al.,
2003). Therefore, higher winter temperatures have a limited benefit to
the trees in our study site. Previous studies (Shao and Fan, 1999; Song
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Figure 4. Correlation coefficients between the tree-ring chronology and June-July temper-
ature. Circles (blue) show the 20-yr running correlations, with the values plotted at the
end of the 20-yr windows (lower axis); triangles (green) show the correlations for periods
from 1960 to the years on the lower axis; inverted triangles (red) show the correlations for
periods from the years on the upper axis to 2005.

et al,, 2007; Li et al,, 2011; Yu et al,, 2012) were at lower elevations
(approximately 3000-3900 m asl) that may have less snow and would
thus be more sensitive to winter temperature.

The running correlations between the SsfStb chronology and the
best-correlated climate variable, the current June to July mean tempera-
ture, show that the correlation abruptly decreased in the last three years
(Fig. 4). The unstable relationship with the climate variables, especially
temperature, has also been noted in many other studies (e.g., D'Arrigo
et al,, 2008; Gao et al.,, 2013). Several mechanisms have been proposed
to explain this phenomenon, including more stress from temperature-
induced drought, exceeding the optimal growing temperature due to
recent global warming, and decreases in the amount of solar radiation
available for photosynthesis and plant growth (‘global dimming’),
among others (D'Arrigo et al.,, 2008). In this study, we found that 2006
was the warmest year in the past 49 yr. Because higher temperatures
would increase moisture elimination, this consistent with the increase
(decrease) of correlation between growth rates and precipitation
(temperature) in July compared to June.

Correlation analysis with a fixed start year (1960) and a varying end
year (ranging from 1979 to 2008) showed that an overall correlation
decrease occurred over the last several years (Fig. 4). Correlation co-
efficients with a fixed end year (2005) and a varying start year (rang-
ing from 1960 to 1976), though, varied little over the entire period.
Therefore, we eliminated the last three years and used only the interval
1960-2005 for calibration and verification.

Calibration and verification of the reconstruction model

We used the instrumental data from 1960 to 2005 to design a linear
regression model to describe the relationship between tree-ring index
(I) and regional mean temperature in June to July (Ts7). The model is

as follows:

Ts; = 3.708 « 1 + 9.864.

The correlation coefficient of the function is 0.715 (n = 46,
p <0.001). The regression model accounts for 51.2% (Rzadj = 50.1%,

F = 46.15) of the variance in instrumental temperature over the cali-
bration period from 1960 to 2005 (Table 1). A split-period calibration
verification scheme was applied. The statistics used were Pearson corre-
lations, the sign tests of undifferenced data (ST) and first-differenced
data (ST1), the reduction of error (RE) and the coefficient of efficiency
(CE). As shown in Table 1, the statistics were all passed (p < 0.05 or
positive RE/CE), indicating that the reconstruction was stable over
the entire period (Cook and Kairiukstis, 1990). The reconstructed tem-
perature variations were very consistent with the instrumental data at
low frequency (Fig. 5a), but at high frequency, the reconstruction
could not fully capture the magnitude of the extremely cold years
(e.g., 1982, 1985 and 1990); this may be partly because in cold years,
trees can use material and energy stored from the previous year.

June-July temperature variations

Based on the linear regression model, we reconstructed regional
June to July mean temperatures for the southeastern Tibet Plateau
back to AD 1446 (Fig. 5b). The mean of the reconstructed temperature
from 1446 to 2008 is 13.54 °C. Extremely warm years (at least two stan-
dard deviations above the mean, where one standard deviation is 0 =
0.49°C) occurred in 1542, 1543, 1546, 1547, 1583, 1595, 1853, 1938,
1949, 1951, 1983, 1987 and 1999. Extremely cold years (at least 20
below the mean) were found in 1485, 1776, 1777, 1779, 1793, 1798,
1800, 1801, 1819, 1840, 1912 and 1915. It appears that the extremely
warm years were concentrated in the 16th and the 20th centuries. To
highlight the multi-decadal temperature variations, the annual values
were smoothed with a 20-yr low-pass filter (Fig. 5b). We defined a
cold spell as a period with filtered temperature continuously below av-
erage for more than 10 yr, and a warm spell as an interval with filtered
temperature continuously above average for more than 10 yr. Using
these metrics, we identified seven cold periods and six warm periods
in the reconstruction. Cold periods were from AD 1472 to 1524, 1599
to 1653, 1661 to 1715, 1732 to 1828, 1837 to 1847, 1865 to 1876 and
1907 to 1926. Warm intervals occurred from AD 1446 to 1471, 1525
to 1598, 1716 to 1731, 1848 to 1864, 1877 to 1906 and 1927 to present.
The temperature was generally low from about 1600 to 1850, coinciding
with the little ice age which has been documented from many regions of
the globe.

Spatial field correlations between instrumental records and a
gridded 0.5° x 0.5° June-July temperature dataset for a self-defined re-
gion (CRU TS 3.1; Mitchell and Jones, 2005) for the period 1960-2005
reveal significant (p < 0.05) temperature correlations across a large
geographic region (Fig. 6a). Spatial correlations derived from our
reconstructed temperature and the CRU gridded dataset show a similar
general pattern, although the correlations are stronger for the instru-
mental records (Fig. 6b). This discrepancy could be due to the loss of
variance in our reconstruction model. These results suggest that our re-
constructions provide some information about the June-July tempera-
ture variability for the region around the southeastern Tibetan Plateau
and the Yungui Plateau (Fig. 6).

To test the spatial representation of the reconstruction further, we
compared our reconstructed temperature series with two other summer
temperature series reconstructed from tree rings. These records are cir-
cumjacent to our study region and extend considerably far into the

Table 1

Statistics of the split calibration-verification model for the temperature reconstruction in the southeastern Tibet Plateau.
Calibration Verification
Period r R? R4 ST ST1 Period r ST ST1 RE CE
1960-1982 0.621 0.386 0.357 17/6 19/3 1983-2005 0.717 19/4 20/2 0.677 0.496
1983-2005 0.717 0514 0.491 20/3 20/2 1960-1982 0.621 18/5 19/3 0.594 0.380
1960-2005 0.715 0.512 0.501

Symbols: r, Pearson correlation coefficient; R?, explained variance; Rzadj, explained variance after adjustment for the loss of degrees of freedom; ST, the sign test of the undifferenced data;
ST1, the sign test of the first difference; RE, reduction of error; CE, coefficient of efficiency. All correlation coefficients and sign test values are statistically significant (p < 0.05).
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the SsfStb chronology from 1446 to 2008 (b). The thick line in (b) indicates the 20-yr low-pass filtered time series.

past (Fig. 7). The results show that our temperature series corresponds
closely with the reconstructed summer minimum temperature in the
source region of the Yangtze River (Liang et al., 2008) (Fig. 7a) and
with the reconstructed August temperature of the southeastern Tibetan
Plateau (Zhu et al.,, 2011) (Fig. 7b). The records share common cool pe-
riods from 1905 to 1925 and 1965 to 1980, comparable warm periods
from 1925 to 1965 and 1980 to present and similar temperature fluctu-
ations from 1765 to 1890. Our series also agrees well with the recon-
struction by Zhu et al. (2011) from 1590 to 1660 and from 1680 to
1750 (Fig. 7b) and exhibits a significant cool period from 1660 to 1680
that also appears in the reconstruction by Liang et al. (2008).

Our reconstruction also agrees well with other reconstructions in
the larger region. For example, our series is similar to the reconstructed
July temperature at Maerkang in the early 18th century, the 19th centu-
ry and the middle 20th century (Yu et al,, 2012). The peaks and troughs
of our reconstruction from 1700s to 1950s correspond closely with
warm and cold periods of the reconstructed summer temperature vari-
ations in the central Hengduan Mountains (Li et al., 2012). Our series

95°E

100° E 105l° E

is also similar to tree-ring-recorded temperature variations in May
through August in the Gaoligong Mountains (Fan et al,, 2010) in the
17th century. The warm temperatures in the 16th century and the
warming of the last two centuries seen in our record also appear in
the reconstructed Northern Hemisphere temperature series (D'Arrigo
et al., 2006) (Fig. 7d).

The above analysis shows that our reconstruction agrees well with
other summer temperature reconstructions in the study area, in nearby
regions of the continent, and in the Northern Hemisphere in general.
This suggests that our reconstruction has good spatial representation.

Possible forcing mechanism

MTM analysis reveals significant (95% confidence level) cycle peaks
at 2.0,2.2-24, 2.7, 3.0-3.3, 3.7, 5.6-6.0, 10.7, 51.2, 102.2 and 204.8 yr
(Fig. 8). The 2-6 yr signals correspond to the El Nifio Southern Oscilla-
tion timescale (Philander, 1983). Low-frequency temperature varia-
tions in the southeastern Tibet Plateau also show a clear resemblance
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Figure 6. Spatial correlation of June-July temperature for the southeastern Tibet Plateau from the concurrent CRU TS3.1 0.5° x 0.5° grid (Mitchell and Jones, 2005) with the regional in-
strumental record (a) and our tree-ring reconstructed record (b). Temperature data are over the period AD 1960-2005. Only significant (p < 0.05) correlations are shown.
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to the reconstructed ENSO series (Wilson et al., 2010) (Fig. 7e), indicat-
ing that ENSO may affect the temperature of the study area. During a
warm phase of ENSO, the strength of the Indian monsoon is reduced
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Figure 8. Multi-taper method (Mann and Lees, 1996) power spectrum of the
reconstructed June to July temperature for the period AD 1446-2008. The 95% confidence
level relative to red noise is shown by the dashed curve. The numbers refer to the signifi-
cant peaks in yr.
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due to the subsidence of the tropical Walker circulation extending
from the western Pacific to the Indian subcontinent (Kumar et al.,
1999). A weaker Indian monsoon will decrease precipitation, thus re-
ducing the cooling effect of precipitation and subsequent evaporation
on the regional surface air temperature (Ding and Chan, 2005), which
results in above-normal temperatures. Similarly, the cool phase of
ENSO should result in cooler-than-normal temperatures in our study
area. Nearby studies also found a negative correlation between the
ENSO index and regional drought severity (Fang et al., 2010).

The decadal variability peaks found at 10.7 yrand 51.2 yr may corre-
spond to the Schwabe cycle of solar activity (Braun et al., 2005) and
Pacific Decadal Oscillation (PDO) (Minobe, 1997) time scales, respec-
tively, whereas the centennial cycles at 102.2 yr and 204.8 yr may be re-
lated to the Gleissberg and the Suess solar cycles (Braun et al., 2005),
respectively. There has been evidence of the solar effect on climate
change at many nearby sites (e.g., Wang and Zhang, 2011).

Conclusions

We have developed a 715-yr tree-ring-width chronology using
the signal-free method, which we have applied to reconstruct the
June-July temperature for the southeastern Tibet Plateau over the past
563 yr. This reconstruction explains 51.2% of the variance of the instru-
mental temperature record over the period from 1960 to 2005. Spatial
correlation analyses suggest that the temperature reconstruction is the
representative of the southeastern Tibetan Plateau, the Yungui Plateau
and their vicinity. The reconstructed temperature series corresponds
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well with other tree-ring-based temperature reconstructions on the de-
cadal scale, further indicating that the reconstructed temperature series
may also reflect regional temperature variability. Spectral analyses and
the comparison of time series both suggest that the temperature vari-
ability in this area may be affected by ENSO, the PDO and solar activity.
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