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ABSTRACT: Wood from Balfour spruce [Picea likiangensis var. balfouriana (Rehd. et Wils.)] was collected at three
sites in eastern Tibet. Maximum latewood densities (MXD) were measured by X-ray densitometry; individual series were
first cross dated and then combined to form a standard chronology. This chronology was significantly correlated with late
summer temperatures on the eastern Tibetan Plateau. It was used to reconstruct the August–September mean temperature
for the period 1695–2000 A.D., and it explained the 63.5% of the total temperature variance. Wavelet analysis of the
reconstructed temperature series suggested the existence of a 20-year climatic cycle during the period 1800–1860 and a
∼50-year cycle at the beginning of the twentieth century. Copyright  2009 Royal Meteorological Society
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1. Introduction

One of the immense geomorphic features on Earth, the
Tibetan Plateau, affects macro-scale atmospheric circula-
tion and global climate. Consequently, the climate history
of the Tibetan Plateau is an important component in the
reconstruction of the Earth’s climate history. Several tree-
ring chronologies, as climatic proxy records, have been
developed from the Tibetan Plateau in recent decades.
For example, Shao and Fan (1999) reconstructed the win-
ter mean minimum temperature from 1650 to 1994 with
Picea balfouriana; Gou et al. (2006) presented summer
maximum temperatures from 1230 to 2000 using Junipe-
rus przewalskii ; and Huang and Zhang (2007) rebuilt
spring precipitation (May–June) from A.D. 1322 to 2001
with Sabina przewalskii. A temperature reconstruction
of 379 years was established with Balfour spruce in the
source region of the Yangtze River on the Tibetan Plateau
by Liang et al. (2008). These climate reconstructions
make it possible to describe the climate history of the
Tibetan Plateau (Garfin et al., 2005). However, compared
to other continents, such as Europe and North Amer-
ica, the number of tree-ring investigation sites from Asia,
and from the Tibetan plateau, in particular, is low. More
chronologies are needed to interpret the past climate vari-
ability over long temporal and large spatial scales.
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Balfour spruce (Picea likiangensis var balfouriana
(Rehd. et Wils)) is one of the dominant species on the
eastern Tibetan Plateau (Chen, 1988). Tree-ring parame-
ters of Balfour spruce, especially the maximum latewood
density (MXD), responded very well to temperature dur-
ing the growing season (Bräuning and Mantwill, 2004).
This study presents an August–September temperature
reconstruction from the standard chronology of Balfour
spruce maximum density, obtained from three sites in
eastern Tibet. We also applied wavelet transform analy-
sis to examine the oscillation patterns of the cycle, both
in static and dynamic types, and in the occurring period
and intensity, which were contained in the reconstructed
chronology. This may indicate the potential periodicities
of El Niño, of solar activity or of Pacific decadal oscilla-
tion (Mantua, 2002; Yang and Zhang, 2003; Huang et al.,
2004; Moberg et al., 2006), for which no study related to
Tibetan Plateau has yet been reported.

2. Data and methods

2.1. Study area

Zuogong and Mangkang are located in the Hengduan
mountain range in the eastern part of the Tibetan Plateau.
The region is intensively dissected by deep gorges of
three rivers: Jinshajiang (Jantse Kiang), Lancangjiang
(Mekong) and Nujiang (Salween). The topography is
characterized by extremely steep high-mountain physiog-
nomy (Figure 1). The climate is mainly influenced by the
southwest Asian monsoon. Temperature and precipitation

Copyright  2009 Royal Meteorological Society



TEMPERATURE RECONSTRUCTION FROM TREE-RING MAXIMUM DENSITY OF BALFOUR SPRUCE 973

vary spatially according to topography. Records from
the meteorological station in Changdu (31°04′N, 96°58′E,
3275 m a.s.l.) show that the 1954–2008 mean annual pre-
cipitation is about 482 mm and the mean annual temper-
ature is 7.6 °C (Figure 2). Balfour spruce is the dominant
species, sporadically accompanied by Flaky fir (Abies
squamata Masters). Changdu is located upstream of Lan-
cangjiang, which is less deeply incised than the other
two valleys. Spruce forests are distributed only on shady
slopes with northern aspects.

The available local meteorological instrumental records
cover a very short period for calibrating tree growth

Figure 1. Locations of the sample sites and grid sites.

with climate (record spans of three local stations are
1991–2000, 1978–2000 and 1954–2000), and the mete-
orological stations in this region are generally located
along the valleys. In order to emphasize the spatial rep-
resentation, we used grid temperature and precipitation
data, averaged from the five grid sets located within the
sampling area (Figure 1) collected by New et al. (2000).
The correlation coefficients between grid data and avail-
able instrumental records (51 years) from local weather
stations were 0.993 (monthly temperature) and 0.947
(monthly precipitation).

2.2. Sample collection

Three tree-line Balfour spruce sites with little evidence
of fire or human disturbance in the eastern part of the
Tibetan Plateau were chosen (Figure 1). Between twenty-
one and twenty-five trees were selected at each site,
and, from each tree, two increment cores were sampled
(Table I). All the sampling sites were at 4150–4500 m
elevation a.s.l.; on eastern slopes, they were with an
inclination of 30–37°.

2.3. Data analysis

Tree-ring samples were prepared for the densitometric
analysis (Lenz et al., 1976; Schweingruber et al., 1988).
Resin was extracted with 95% alcohol for 48 h. Cores
were cut into 1.0-mm-thin sections with a twin-blade
DENDROCUT, with the angles vertical to the wood
fiber, adjusted by a DENDROSCOPE. The thin wood
sections were then put into a constant-temperature-and-
humidity room for at least 2 h before X-ray photography
was taken in the same room. The grey-scale variations of
the X-ray film were then measured by the DENDRO2003
instrument. We used maximum latewood density in this
study. The COFECHA (Holmes, 1983) program was used
for cross dating, and was verified with thin wood sec-
tions when inconsistencies appeared. Detrending was car-
ried out with 80-year smoothing splines with ARSTAN

Figure 2. Climate diagram for the meteorological station in Changdu in eastern Tibet.
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Table I. Information about the sampling sites and grid sets in eastern Tibet.

Sites Latitude Longitude Elevation Time span Years Trees(cores)

Changdu 31°04′N 96°58′E 4150 1688–2000 313 21(39)
Mangkang 29°42′N 98°30′E 4350 1622–2000 384 23(42)
Zuogong 29°59′N 97°54′E 4500 1510–2000 491 25(45)
Grid set 1 29.75 °N 98.25 °E – 1950–2000 51 –
Grid set 2 29.75 °N 97.75 °E – 1950–2000 51 –
Grid set 3 30.25 °N 97.75 °E – 1950–2000 51 –
Grid set 4 30.75 °N 97.25 °E – 1950–2000 51 –
Grid set 5 31.25 °N 96.75 °E – 1950–2000 51 –

Figure 3. MXD standard chronologies from three sites(Changdu, Zuogong and Mangkang) and the regional chronology with 15-year smoothing
(thick line) and sample depth. The beginning year with EPS <0.85.

version August 2006 software, (Cook, 1985). Such a
detrending method allows to maximize the common sig-
nals among individual tree-ring series and it can reveal
the best correlation with climate factors.

We combined all of the MXD series from the three
sites to one standard chronology (Figure 3; Table II).
Pearson correlation and partial correlation were employed
to test the relationship between the MXD chronology
and temperature and precipitation from the grid data. We
reconstructed August–September temperatures based on
the MXD chronology. Owing to the short period of the
available climate series, cross verification (leave-one-out)
was used to verify the validity of the derived temperature
reconstruction (Table III).

2.4. Wavelet analysis

Wavelet analysis can give information about the time
evolution of the spectral properties of a quantity. Its use is

now becoming increasingly more common in climatology
(Oh et al., 2003). The potential value of this method
is supported by several recently published studies in
the field of atmospheric sciences (Torrence and Compo,
1998; Aydin and Markus, 2000). In China, several reports
on precipitation analysis have been also applied this
technique (Zhang et al., 2003; Lu et al., 2004; Yu and
Sun, 2004).

We uploaded the reconstructed temperature series to
an interactive program on a wavelet website (http://paos.
colorado.edu/research/wavelets/) for calculating the oscil-
lations cycles along with time.

3. Results

The three sites of MXD chronologies and the combined
MXD chronology are presented in Figure 3. High corre-
lation was found between the MXD standard chronology
and August–September temperature (Figure 4). It was
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Table II. Statistics for the regional MXD standard chronology.

Time
span

Corr. between
trees

Auto.
correlation

Std.
deviation

Signal-to-noise
ratio

Expressed
pupulation signal

SSSa >0.85

1510–2000 0.265 0.038 0.122 12.06 0.923 1695–2000

a SSS means subsample signal strength

Table III. Statistics of the leave-one-out calibration results for the common period 1950–2000.

Period R R2 R2
adj F r Sign test Pmt RE

1950–2000 0.801 0.642 0.635 87.8a 0.765 38/13a 3.49a 0.58

R is correlation coefficient; R2 and R2
adj are coefficients of determination and adjusted coefficients of determination of regression analysis;

r is the correlation coefficient between the recorded data and the leave-one-out-derived estimates. Pmt is the product mean test. Sign test is
sign of paired observed and estimated departures from their mean on the basis of the number of agreement/disagreements; F is the F statistic
for the statistical significance of the regression models; RE is the reduction of error, any positive value indicates there is some sense in the
reconstruction (Fritts, 1976).
a Significant at p<0.01.

Figure 4. Correlation coefficients between the regional chronology and the grid sets temperature(a) and precipitation (b) from previous April
to current October and August–September. White bars are Pearson correlation coefficients, black bars are partial coefficients; horizontal dotted

lines indicate statistical significance of 0.01.

positively correlated with the monthly mean temperature
in August and September at the 0.01 significance level.
Although the chronology was significantly negatively
correlated with monthly precipitation of September, par-
tial correlation demonstrated that the coincident variation
of MXD was controlled by temperature (Bräuning and
Mantwill, 2004). The temperature in previous Decem-
bers was also significantly correlated with the maximum
tree-ring density.

The regression and verification test results for the
reconstruction of temperature (August–September) are
shown in Table III with leave-one-out cross validation,
the positive value of the reduction of error (RE) statis-
tic, the results of the product mean test and the sign test
indicating the validity of the reconstruction (Michaelsen,
1987). As can be seen in Figure 5, the reconstructed
temperature fits very well with the original tempera-
ture curve, except for some extraordinary high value
points.

A 15-year-smoothing curve of the reconstructed MXD
(Figure 6) shows obvious warm periods during 1864–
1899 and 1927–1945. Cold periods occurred during
1752–1772 and 1900–1927. Extremely warm summer
temperatures occurred during the years 1805, 1847,
1892, 1896, 1937 and 1994; and singularities for low
temperature summers were 1762, 1790, 1810, 1836,
1857, 1893, 1962 and 1987.

3.1. Wavelet analysis

The Morlet wavelet transform from temperature recon-
struction presented different periodicities, as shown in
Figure 7. High-frequency cycles were not detected by the
wavelet analysis in this study. This is possibly because
this method is not suitable for high-frequency cycle anal-
ysis. Therefore, we have focused on decadal and multi-
decadal timescales in this study. Cycles of approximately
20 and 50 years of low-frequency tendency were apparent
in the reconstructed summer temperatures (Figure 6). The
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Figure 5. Comparison of the actual (black line) and reconstructed (grey line) August–September temperature.

Figure 6. Reconstructed August–September temperature from MXD with 15-year smoothing (thick line).

Figure 7. (a) 8–9 Temperature (b) The wavelet power spectrum. The power has been scaled by the global wavelet spectrum (at right). Black
contour is the 10% significance level, using the global wavelet as the background spectrum. (c) The global wavelet power spectrum.
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Figure 8. Graphical comparison between the August–September temperature reconstructed in this study and the other two tree-ring records.
(a) Mean summer minimum temperature reconstructed in the source region of the Yangtze Revier (Liang et al., 2008); (b) August–September
temperature reconstructed from this study; (c) first principal component (PC1) of the four tree-ring width chronologies in west Sichuan on the
eastern Tibetan Plateau (Shao and Fan, 1999). The thick curves are smoothed values with a 15-year adjacent average and the horizontal lines

are the long-term means.

strongest periods for a 20-year cycle appeared around the
period 1800–1860, as can also be seen in Figure 3 from
a sine-like pattern of the smoothed regional chronology.
A ∼50-year cycle exists in the twentieth century.

4. Discussion

The maximum latewood density at the upper tree-line
sites is positively correlated with the temperature of
the growing season (Briffa et al., 1988; Schweingruber
et al., 1991; Luckman et al., 1997). In Arctic regions,
the highest correlation may occur in August and Septem-
ber, indicating that this is the most important period
for tracheid cell wall thickening (Wang et al., 2002).
In this study, the synchronized variations responding
to August–September temperature suggest that Balfour
spruce forests growing at the upper tree-line, above
4000 m altitude, also reflect similar information about cli-
mate changes, as observed in records from high latitude
regions. Therefore, the Balfour spruce has great potential
for estimating temperature variations on a larger spatial
scale.

In the temperature reconstruction (Figure 8), cold and
warm periods after 1850 were very similar to those
found in Chuanxi (29–30 °N; 101 °E) (Shao and Fan,
1999) (Figure 8(c)). The presence of cold decades around
1860s, 1910s and 1960s, and warm decades around
1890s and 1930s, was also reported by Bräuning (2001)
and Bräuning and Mantwill (2004). Our reconstruc-
tion also agrees with the summer minimum temperature
reconstruction on the Tibet Plateau (Liang et al. (2008)
(Figure 8(a)). The common cold periods of our recon-
struction with Liang are around the 1910s and 1760s and
the common warm periods are in the1930s, 1890s, 1800s
and 1740s. In our reconstruction, the cold year, 1962, was

identical to the above-mentioned reconstructions. As his-
torical reports from the Tibetan Plateau are very rare, we
compared a study on historical climate data from eastern
China. We found that only two cold signal years (1762
and 1893) matched the cold year list in this report (Gong
et al., 1987). These cold winters either occurred on a
large spatial scale or might only have been coincidental
events that have not yet been clearly identified.

The worldwide registered cold years in 1816 and
1817 (Filion et al., 1986; Lamb, 1995) were also below
average in this series. The low temperature signal for
‘the year without summer’, 1816 and 1817, especially
for 1817, was shown in the reconstructed temperature
series. In addition, there was no signal in 1992 – another
cold year triggered by volcanic activity (Xu, 1995). This
cold year has been shown to result in remarkably light
rings in over 80% of the spruce trees along the arctic
treeline in the northern Quebec province, Canada (Wang
et al., 2000). An explanation for this finding is that
the atmospheric circumfluence distributes volcanic dust
from low-latitude sources towards the northwest. Thus,
its principal impact is on Europe, North America, and
then the polar regions, and it never reaches the Tibetan
plateau (Yang et al., 2005). The grid climate data used in
this study have provided a complementary opportunity
for dendroclimatology where instrumental records are
lacking or are only very short for remote regions like
the Tibetan Plateau.

Cycles of approximately 20 and 50 years existed in
the reconstructed summer temperatures (Figure 9). The
strongest periods of the 20-year cycle appear around
1800–1860, and the ∼50-year cycle exists in the twen-
tieth century. These two cycles are similar to the
Pacific decadal oscillation (PDO) that occurred during
the twentieth century (Huang, 2000; Mantua, 2002). PDO
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Figure 9. Graphical comparison of the MXD index reconstructed in this study with two PDO indexes: (a) Instrumental spring (March–April–May)
PDO index from 1900–2000 (D’Arrigo and Wilson, 2006) and (c) reconstructed PDO index for the past millennium (MacDonald et al., 2005).

fluctuations were most energetic in two general peri-
odicities, one from 15–25 years and the other from
50–70 years.

A comparison has been made between our MXD
and the two PDO series (Figure 9). A high correla-
tion was found (r = 0.21, p < 0.05) between August
and September temperatures reconstructed in this study
and the instrumental spring (March–April–May) PDO
index (D’Arrigo and Wilson, 2006), and the two series
(Figure 9(a) and (b)) show a rather similar variation trend
from 1900 to 2000. A significant correlation (r = 0.116,
p < 0.05) also has been in existence between our MXD
and the reconstructed PDO index for the past millennium
(MacDonald et al., 2005) during 1695–2000, and the
reconstructed PDO series indicated that a ∼50 to 70 year
periodicity is typical for the past 200 years (MacDon-
ald et al., 2005), which agrees with our ∼50-year cycle
in wavelet analysis. As shown in Figure 9, our MXD
series also agrees with the reconstructed PDO varia-
tion (Figure 9(c)), especially for the periods 1930–2000s,
1830–1870s and 1740–1800s. Thus, the large-scale and
distinct expression of the PDO (D’Arrigo and Wilson,
2006) is further supported by our tree-ring data.

Causes for the PDO or for the periodicities in this
study are currently unknown. However, these time series
analyses offer the possibility of developing macro-scale
reconstructions of climate history on different temporal
and spatial domains, even though the biological meaning
of the oscillations of the recognized cycles is not clear
at the moment. Thus far, only a few results derived
with these relatively new methods have been reported in

dendrochronological research. Further studies are needed
to evaluate their applicability in tree-ring research.

5. Conclusions

1. Balfour spruce forests at the tree-line can be used
for reconstructing late summer temperatures, both
temporally and spatially.

2. The standard chronology of the maximum latewood
density from Changdu, Mangkang and Zuogong, in
eastern Tibet, can explain 63.5% of the variance in
the August–September temperatures.

3. Wavelet analysis showed that intensive variation peri-
ods of 20-year frequencies appeared during the period
1800–1860, and ∼50-year cycles occurred during the
twentieth century. These two cycles are similar to the
previously reported Pacific decadal oscillation.
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