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1.  INTRODUCTION

The Tibetan Plateau (TP) plays a key role in climate
change in China (Shi et al. 1999), owing to its ex -
treme topography and its location in subtropical lati-
tudes. It creates an important climatic force as a
result of its influence on the large-scale atmospheric
circulation in Asian monsoons (Webster et al. 1998).

To understand spatial and temporal climate varia-
tions over the TP, it is thus vital to improve our
knowledge of Asian monsoon dynamics. However,
relatively short instrumental records (spanning only
the last 50 yr or so) and the scarcity of meteorological
stations hinder access to long-term (decadal to cen-
tennial) climatic variations on the TP. As tree rings
can provide annually resolved and precisely dated
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1934−1993. Spatial correlation revealed that the annual precipitation reconstruction contained a
strong regional precipitation signal for the southern Tibetan Plateau (TP). Coherent moisture vari-
ations on the southern TP over the past 700 yr were identified by comparison with other tree-ring-
based drought reconstructions of the nearby regions. The reconstructed series showed that high
(low) precipitation periods on the southern TP corresponded with dry (wet) spells on the northern
TP during most of the past 500 yr, suggesting the influence of different moisture sources from the
Westerlies and the south Asian summer monsoon on the northern and southern TP, respectively.
The possible mechanism was related to the shift of the convergence shear line and a teleconnec-
tion of the North Atlantic Oscillation (NAO) through controlling moisture via the Westerlies.

KEY WORDS:  Tree ring · Climate change · Tibetan Plateau · Westerlies · South Asian summer
monsoon · North Atlantic Oscillation

Resale or republication not permitted without written consent of the publisher



Clim Res 53: 25–41, 2012

climate information, they have been widely used
for climate reconstructions. Previous studies on tree
rings on the TP have been carried out in the north-
eastern (Sheppard et al. 2004, Tian et al. 2007, 2009,
Gou et al. 2008, Zhang et al. 2009, 2010, Qin et al.
2010, Liu et al. 2010a, Shao et al. 2010, Yang et al.
2010a, 2011) and southeastern regions (Bräuning
2001, Liang et al. 2008, Yang et al. 2010b,c, Li et al.
2011). Nevertheless, regional climatic variations over
the past centuries on the TP are still not well under-
stood.

Here we developed a new millennium-long tree-
ring chronology at the Langxian region in the interior
part of the southern TP. We worked on a regional
perspective, combining the new Langxian samples
with 2 previous tree-ring data sets from the Sangri
and Lang kazi regions (Liu et al. 2010b, 2011) in cen-
tral Tibet to form a new composite chronology. We
compared our climatic reconstruction with the mon-

soonal Asian Palmer drought severity index (PDSI)
reconstruction from Cook et al. (2010) and other  tree-
ring reconstructions in nearby areas to reveal
regional climatic variations over the past 700 yr and
their possible dynamics.

2.  MATERIALS AND METHODS

2.1.  Geographical setting

Our study region (28.90 to 29.00° N, 93.30 to 93.33° E;
3080 to 3420 m above sea level [m.a.s.l.]) (Fig. 1) is
located on the banks of the middle reaches of the
Yarlung Tsangpo River Valley in southern Tibet. The
terrain gradually ascends from both banks of the
river. The average elevation of this area is 3200 m a.s.l.,
with >60% of the land area reaching 3500 m. The
region is influenced by the rain shadow of the moun-
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Fig. 1. (a) Locations of moisture-sensitive reconstructions on the Tibetan Plateau (TP). PC1: 7 tree-ring sampling sites on the
northern TP (Yang et al. 2010a); HDP: 5 gridded Palmer severity drought index (PDSI) reconstructions in the Hengduan
 Mountains, southeastern TP (Cook et al. 2010); STP: 2 gridded PDSI reconstructions, southern TP (Cook et al. 2010); SRP: 5
tree-ring sampling sites on the southern TP (present study; see b); Rectangle 1: 2 tree-ring sampling sites in northern Tibet
(Wang et al. 2008); Rectangle 2: 3 tree-ring sampling sites in the Hengduan Mountains (Fang et al. 2010). Black triangles: tree-
ring sites; stars: PDSI grids. (b) Locations of sampling sites and instrumental data for the present study. LKZ is the tree-ring site
in Langkazi County (Liu et al. 2010b); SRBB and SRQK are the tree-ring sites in Sangri County (Liu et al. 2011); and ZXT and
LGX are the tree-ring sites in Langxian County (present study). Lin, Jia, Log, Lha, and Zed are abbreviations for Linzhi,
 Jiacha, Longzi, Lhasa, and Zedang stations, respectively. White dots: 4-gridded monthly precipitation data of CRUts2.1 from
Mitchell and Jones (2005) (0.5° × 0.5°; the original data can be downloaded from www.cru.uea.ac.uk/ cru/ data/ hrg/); star: the 

closest PDSI grid (Dai et al. 2004). (c) Location within China
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tains and enjoys a temperate and semi-humid cli-
mate; the majority of rainfall occurs from May to Sep-
tember. The mean annual temperature is 11.2°C and
the average annual sunshine is between 2000 and
2500 h. Pines Pinus densata, larch Larix spp., firs
Abies spp., junipers Sabina tibetica, and cypress
Cupressus gigantea constitute the main forestry in
the region, with a landscape of exuberant grass and
bush stands in the alpine shrubby steppe soil.

The study region is situated in the interior TP,
which is greatly influenced by 2 large-scale atmos-
pheric circulation systems, the south Asian summer
monsoon (SASM) and the Westerlies. The SASM is
one of the most important Asian monsoon systems
(Huang et al. 1998), affecting continental Asia from
mid May to late September. Tropical ocean areas,
especially in the Arabian Sea, the Bay of Bengal, and
the Indian Ocean, provide sufficient energy and
vapor for the SASM to provide ample precipitation to
continental Asia (Mohanty et al. 1996). The Wester-
lies dominate the atmospheric circulation pattern on
the TP prior to the SASM and bring moisture from the
ocean surface toward the TP. The moisture originat-
ing from the Westerlies in the non-monsoon season is
vital for the interior TP, and its advance and retreat
greatly affect the wet/dry variations (Tian et al. 2005).

2.2.  Sampling

Cypress Cupressus gigantea is a non-shade-tolerant
species standing on the adret slopes between 3000
and 3400 m a.s.l. in the mountain area of Langxian
County. Two cypress sites were chosen in open
forests 500 m from the Yarlung Tsangpo River. The
ZXT site (28.90° N, 93.30° E; 3080 to 3420 m a.s.l.) is
located on the northern river bank, and the LGX site

(29.00° N, 93.33° E; 3127 to 3139 m a.s.l.) is located
opposite to the ZXT site, on the southern river bank
(Fig. 1). We collected 79 cores from 41 cypresses of
both living and dead trees at the ZXT site and 35
cores from 20 living trees at the LGX site. In total, 114
increment cores from 61 trees were extracted with an
increment borer at breast height for the composite
Langxian (LXA) chronology (Table 1).

2.3.  Chronology development

All the cores were air-dried and mounted on
grooved sticks with the transverse surfaces facing
upward (Phipps 1985). Cores were prepared with
razor blades to expose ring details to the cellular
level (Stokes & Smiley 1968). Ring widths were
 registered with a LINTAB 6 measuring system with
a resolution of 0.01 mm, and all series were cross-
dated by visual inspection (Stokes & Smiley 1968)
and by statistical tests (sign tests and t-tests) using
the software package TSAP-Win (Rinn 2003). Before
establishing the chronology, the COFECHA (Hol -
mes 1983) program was applied to check the cross-
dating quality for the Langxian samples. To avoid
reduction of sample depth and in order to develop a
long chronology, we included all the samples for
analysis. The LXA chronology was ultimately pro-
duced from the ZXT and LGX sites (the mean corre-
lation coefficient was 0.396 among all the dated
Langxian series). To de vel op a regional chronology,
we included 197 ring-width series from the previous
studies from south-central Tibet, i.e. 140 series from
the Sangri chronology (SR), and 57 series from the
Langkazi chronology (LKZ) (Liu et al. 2010b, 2011).
The regional combined series was denoted as the
SLLreg chronology (Table 1).
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Site County Latitude Longitude Elevation Core/Tree Length Period
(°N) (°E) (m a.s.l.) no. (yr)

ZXT Langxian 28.90 93.30 3080−3420 79/41 1066 945−2010
LGX 29.00 93.33 3127−3139 35/20 930 1181−2010
LXA (combined) 28.90−29.00 93.30−93.33 3080−3420 114/610 1066 945−2010
SRBB Sangri 29.38 91.03 4275−4420 47/24 495 1514−2008
SRQK 29.30 91.97 4434−4550 93/48 770 1239−2008
SR (combined) 29.3−29.4 91.97−92.03 4275−4550 140/720 770 1239−2008
LKZ Langkazi 28.97 90.43 4460−4678 57/30 442 1567−2008
SLLreg (combined) Regional 28.90−29.3 90.43−93.33 3080−4678 311/163 1066 945−2010

Table 1. Tree-ring sites and their locations. ZXT and LGX are sampling sites from Langxian county; their combined series
is named LXA. SRBB and SRQK are sampling sites from Sangri county; their combined series is named SR (Liu et al. 2011).
LKZ is the sampling site from Langkazi county (Liu et al. 2010b). SLLreg is the regional combined series of LXA, SR and 

LKZ for the southern Tibetan Plateau
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The LXA and the SLLreg ring-width chronologies
were developed using the program ARSTAN (Cook
1985). Prior to standardization, a data-adaptive
power transformation was applied to remove bias
caused by heteroscedasticity (Cook & Peters 1997).
Ninety-five percent of the whole series (293 sub-
series) was conservatively detrended, either by fit-
ting a negative exponential function or a linear
regression function of any slope to remove the bio-
logical age inherent in the raw data series. Be -
cause of a poor match of the conservative growth
changes in the detrending  function, 5% of the
whole series (18 sub-series) was detrended by cubic
spline with a 50% frequency-response cut-off equal
to 67% of the series length.

The final tree-ring chronology was obtained by cal-
culating residuals or differences between the trans-
formed ring-width measurements and the fitted splines.
All detrended series were averaged to chronologies
by computing the biweight robust mean (Cook &
Kairiukstis 1990). Variance stabilization (Osborn et
al. 1997) was applied to adjust for changes in vari-
ance associated with declining sample size over time.

Because the sample size declined in the early portion
of the tree-ring chronology, a level of 0.85 in the
expressed population signal (EPS; Wigley et al. 1984)
and the mean inter-series correlations (Rbar) were
calculated using a 30 yr moving window with 15 yr
overlaps to determine the reliable time span. A com-
mon-period analysis from 1500 to 2000 was con-
ducted for the standard chronology. Several com-
monly used descriptive statistics were also computed
for the LXA and SLLreg chronologies. The mean sen-
sitivity evaluates the climatic signal strength of the
site chronology, and the first-order autocorrelation
(AC1) expresses the influence of the previous year of
the tree growth on the current year (Table 1).

2.4.  Climate data

The closest meteorological station, Jiacha (29.15° N,
92.35° E; 3260 m a.s.l.), was not selected for the cali-
bration of the tree-ring−climate relationships be -
cause of its short time span of records (only 18 yr
recorded since 1991). We chose the Linzhi, Longzi,
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Fig. 2. Climate diagrams for meteorological stations for the period 1960−2009. Lines indicate monthly temperature, and bars 
indicate monthly precipitation
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Lhasa, and Zedang stations in the nearby region
because they are affected by the same climate re -
gime (Figs. 1 & 2). Table 2 gives details of the instru-
mental data sets for the common period 1960−2009.
To investigate the regional climatic variation, we
merged the monthly climatic variables using the
regional time series calculating method by Jones &
Hulme (1996), and the calculated monthly tempera-
ture and precipitation time series were identified as
REGT and REGP. We used the nearest monthly PDSI
(Palmer 1965) data with global coverage based on a
2.5° × 2.5° grid (Dai et al. 2004), which had a span of
1960−2004, to investigate the incorporating effect of
temperature, precipitation, and soil moisture on tree
growth. We also extracted monthly precipitation
data from high-resolution climate data points from
Climate Research Unit CRUts2.1 (0.5° × 0.5° grid;
Mitchell & Jones 2005). The available period of
CRUts2.1 data starts from 1901, but we only used the
time span of 1960− 2002 because there were no
instrumental observations in this region prior to 1960.
Mean values were calculated from the average of 4
grid boxes, covering the region 28.75 to 29.25° N and
92.75 to  93.25°E.

To demonstrate the spatial representation, correla-
tion analyses were conducted using the KNMI cli-

mate explorer (Royal Netherlands Meteorological
Institute; http://climexp.knmi.nl) with the CRUts3.0
monthly mean field of high resolution (0.5° × 0.5° grid;
Table 2).

We conducted correlation analyses (Fritts 1976)
between the regional chronology SLLreg and cli-
mate data from individual stations and regional
averaged series (REGT and REGP) over the common
period (1961−2009), using the software DendroClim
2002 (Biondi & Waikul 2004). Gridded instrumen-
tal data (PDSI and CRU precipitation) were also
analyzed.

3.  RESULTS AND DISCUSSION

3.1.  Statistical characteristics for the Langxian
samples

Table 3 shows the results of dating quality
checked by the COFECHA program for the Langx-
ian samples of raw data. The master chronology
covered the period from A.D. 945 to 2010, with a
mean segment length of 332 yr. The mean correla-
tion coefficient between individual series and the
master chronology was 0.52 (p < 0.01), indicating

high coherency among all the
Langxian series. The mean sensi-
tivity was at a level of 0.38, indi-
cating that the new data set con-
tained enough climate signals.

The LXA chronology was pro-
duced by combining specimens
from the ZXT and LGX sites. Trees
at the LGX site were sampled at
approximately 3100 m, and samples
at the ZXT site were collected at
elevations ranging from 3080 to
3420 m. Although the elevation dif-
ference was large within the ZXT
site, there is no obvious discrep-
ancy between the chronologies
developed from high and low ele-
vations.
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Type Latitude Longitude Elevation Length Period
(°N) (°E) (m a.s.l.) (yr)

Lin M 29.40 94.20 2991.8 56 1954−2009
Log M 28.28 92.28 3860.0 51 1959−2009
Lha M 29.40 91.08 3648.9 55 1955−2009
Zed M 29.15 91.46 3551.7 54 1956−2009
CRU G 28.75−29.25 92.75−93.25 4317−4663 43 1960−2002
PDSI G 28.75 93.25 46 1960−2005
REG C 28.28−29.40 91.08-94.20 2991.8−3860.0 49 1961−2009

Table 2. Instrumental data sets. Lin, Log, Lha, and Zed are Linzhi, Longzi,
Lhasa, and Zedang stations, respectively; CRU: four gridded monthly precipita-
tion data of CRUts2.1 from Mitchell & Jones (2005) (0.5° × 0.5°; the original data
can be downloaded from www.cru.uea.ac.uk/cru/data/hrg/); PDSI: the closest
Palmer drought severity index grid (Dai et al. 2004); REG: regionally weighted
temperature and/or precipitation series averaged from the Longzi, Lhasa, and
Zedang stations. M: data collected from meteorological stations; G: gridded 

climate records; C: combined data

Period Length Mean segment Core/Tree r Mean measure- SD Mean AC1
(yr) length (yr) no. ment (mm) sensitivity

LXA 945−2010 1066 332 114/61 0.52 0.80 0.52 0.38 0.73

Table 3. Statistical characteristics for raw measurement of LXA samples. r: mean correlation coefficient with master series; 
‘Mean measurement’ describes ring width. AC1: first-order autocorrelation
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3.2.  Statistical characteristics of the LXA and
SLLreg standard chronologies

The correlations between the LKZ, SR, and LXA
chronologies and their regional combined SLLreg
chrono logy were 0.26, 0.93, and 0.64, re spectively,
over their common 1567− 2008 period, with small dif-
ferences being obtained from their 20 yr low-pass
(0.21, 0.96, and 0.71) and high-pass fractions (0.21,
0.91, and 0.71) (Fig. 3). The significant correlations
suggest that it is reasonable to combine tree ring-
width series from 3 single sites to develop a compos-
ite chronology. Moreover, the LXA chronology corre-
lated with the regional combined SLLreg chronology
at 0.66 over their common 1300−2010 period, with
higher correlation coefficients in their 20-yr low-pass
(r = 0.98, p < 0.01) and high-pass fractions (r = 0.79,
p < 0.01). The good correlations implied that the new
LXA tree-ring data enhanced the regional chrono -
logy. The long-term time span of the LXA chronology
provided the foundation to analyze the regional cli-
matic variations in the southern TP.

Standard chronologies and their sample depths for
the LXA and SLLreg were demonstrated over their
whole time span from 945 to 2010 (Fig. 4). The Rbar
values for both the LXA and SLLreg chronologies
tended to increase before A.D. 1200, which results
from the decrease of sample depth around A.D. 1200.
However, the Rbar values were above 0.2 over most of
the last millennium for both chronologies, indicating
statistical fidelity. The most confident time span was
A.D. 1300−2010 for the regional SLLreg chronology

based on the EPS threshold value of 0.85. Descriptive
statistical characteristics of the SLLreg chronology
showed that cypress in this region was a favorable
species for dendroclimatological analysis (Table 4). To
sum up, all the statistical values indicated that radial
growth in this region responded to climatic forcing.

3.3.  Regional climate variability

Comparing the monthly mean temperature and
precipitation data from the 4 meteorological stations,
the climate variability during the past 49 yr rendered
similar variations. The annual mean temperatures
were 8.8, 5.3, 8.0, and 8.7°C, and the annual pre -
cipitation values were 567, 263, 367 and 329 mm, for
the Linzhi, Longzi, Lhasa, and Zedang stations, re -
spectively (Fig. 2). A noticeable difference between
Linzhi and the other stations occurred when mean
annual temperature and precipitation at Linzhi were
at their highest. To account for these differences in
the instrumental records, a 10 yr low-pass filtering
was applied to the temperature/precipitation records
(Fig. 5). The 4 records showed similar behavior for
both temperature and precipitation visually, with
higher agreement in the low-frequency domain. A
distinctive difference in precipitation at Linzhi oc -
curred during the 1980s and the 1990s; this was high
in comparison to long-term precipitation trends in
the records of the other 3 stations, partly because of
its distance from the other stations and its different
topography (Liu et al. 2002). Different trends among

30

Fig. 3. (a) Visual com-
parison for the 20-yr
low-pass  filtered LKZ,
SR, LXA, and SLLreg
series. (b) 20-yr high-
pass bands for the
same series. STD: stan-
dard chonology. Ab-
breviations in Table 1
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the various meteorological records made the statisti-
cal differentiation and selection of the most appropri-
ate instrumental data exceptionally challenging. As a
result, we chose only Longzi, Lhasa, and Zedang sta-
tion records to calculate the regional climate series.
The regional mean temperature (REGT) was 7.04°C
and a warming trend in the southern TP during the
late 20th century was prominent. The regional mean
precipitation (REGP) showed complex variation trends
before 1985 and an increasing trend since then.

3.4.  Growth−climate relationship

For temperature, significant positive correlations
(p < 0.05) were found in previous Novembers at
Longzi, Lhasa and Zedang (r values of 0.35, 0.42 and

0.40, respectively), as well as for REGT (r = 0.42)
(Fig. 6). The significant correlations in the  non-
growing season suggest that carbon fixation in win-
ter could provide evergreen trees with accumulated
cryoprotective sugars and added energy for the
growing season (Schaberg 2000). The influence of
temperature during seasons preceding tree growth
was a common feature in the high-altitude tree-ring
series, and it was reasonable to conclude that mild
winters provided sufficient heat for sig nificant tree
growth in the following growth season (Bräuning &
Mantwill 2004). For precipitation, a striking feature
was that the  correlation coefficients were positive
and consistent across most months, with significant
positive correlations (p < 0.05) found in previous and
current growing seasons at the 3  stations (current
March and April at Longzi station, previous June and
August and current May at Lhasa station, previous
July and August and current April and May at
Zedang station, and previous August and current
April, May, and August for the REGP series). This dis-
tinctive characteristic was understandable due to the
fact that precipitation  during these months provides
moisture availability in this semi-arid re gion and
favors formation of early wood cells, which account
for the majority of the total ring width.

The closest 4-box averaged CRU precipitation grids
were also calculated. The results revealed negative
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R Mean EPS AC1
sensitivity

LXA 0.518 0.16 0.79 0.52
SLLreg 0.488 0.14 0.95 0.49

Table 4. Statistical characteristics for the LXA and SLLreg
chronologies. R: mean correlation coefficient among series;
EPS: expressed population signal; AC1: first-order auto-

correlation

Fig. 4. STD chronology (blue), sample depth (black dotted line), running mean inter-series correlations (Rbar; grey) and ex-
pressed population signal (EPS; black) for the LXA and SLLreg series. The black dashed line denotes the EPS 0.85 criterion; 

the red bold line indicates 11-yr fast Fourier transform smoothing
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correlation in the previous April and positive correla-
tion in the previous May as well as in the previous
and current August. Here it was noteworthy that no
significant correlation was found with monthly PDSI
data extracted from the closest grids. As mentioned
above, the SLLreg chronology represented integrated
ring-width variation in the southern TP, which was
regarded as a reflection of moisture-sensitive proxy
data. The results of the growth/climate relationship
analysis confirmed the evidence.

Besides monthly climatic variables, we investigated
the correlation coefficients between ring widths and

various seasonal assemblages of monthly precipita-
tion and sub-grouped grid data sets (Fig. 7). Correla-
tions between SLLreg and meteorological records,
along with 4-box averaged CRU precipitation grids
and PDSI data of the same seasonal assemblages,
were found to be insignificant. The strongest correla-
tion (0.563, p < 0.01) was found with annual REGP

from the previous July to the current June during the
common period from 1961 to 2009. Although the
most significant correlation between the SLLreg
chronology and monthly precipitation was found
during the warm season (June−September), the

32

Fig. 5. (a) Unfiltered temporal changes in regional annual temperature (July−June) for the Linzhi (magenta), Longzi (green),
Lhasa (blue) and Zedang (red) stations, and regional mean temperature and precipitation (REGT and REGP; bold black) in
common periods from 1960 to 2009. (b) Unfiltered temporal changes in regional annual precipitation. (c,d) 10-yr low-pass 

filtered temperature and precipitation comparisons
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 correlation coefficient was only 0.42 (p < 0.01). This
result verified that the SLLreg chronology more
closely reflected an annual rather than a  warm-
season climatic signal.

To emphasize the climate significance of the new
data set, we compared the LXA ring-width index and
the monthly precipitation at the Jiacha station (the
closest meteorological station to the LXA sampling
sites) during the common period from 1992 to 2010.
The correlation coefficient between LXA chronology
and Jiacha precipitation (July−June) was 0.79 (p <
0.01), indicating that the Langxian tree growth
responds to annual precipitation. However, the
shorter time span of instrumental records (<19 yr) at
Jiacha station was not strong enough for the calibra-
tion to reconstruct the local precipitation variability
using the LXA chronology.

It was useful to test whether the correlations for the
regional chronology and the instrumental records
were consistent across all months at the closest mete-
orological station. The tree growth/climate analysis
between SLLreg and monthly precipitation at Jiacha
station was conducted from the prior March to the

current October for the available common period
1992−2010 (data not shown). The results displayed
correlation patterns similar to those between SLLreg
and monthly REGP series (Fig. 6). The correlation
coefficient for annual (July−June) precipitation at
Jiacha station with SLLreg chronology was 0.65 (p <
0.01), implying that annual precipitation was the con-
trolling factor for tree growth at the study region.

3.5.  Annual precipitation reconstruction and its
temporal variations

The SLLreg chronology extracted from the south-
ern TP was sensitive to the regional annual (July−
June) precipitation. We calibrated the SLLreg chro -
nology against annual (July−June) precipitation val-
ues from the REGP series (Fig. 8). The high- and low-
frequency relationships are shown in Fig. 8a and Fig.
8b, respec tively. The correlations demonstrated that
the amount of unexplained ring-width/instrumental
data variability was mainly restricted to the  high-
frequency domain. For the 2 unfiltered series (Fig. 8c),
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Fig. 6. Climate correlations between the SLLreg regional chronology and Longzi, Lhasa, and Zedang temperature  (white—
including REGT temperature) and precipitation (black—including CRU and REGP precipitation), as well as CRU precipitation,
PDSI (shaded bars), from the previous March to the current October over 1961−2009 common periods. Horizontal dashed lines: 

95% confidence intervals. *Response functions significant at the 0.05 level
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the chronology correlated at 0.64 with the precipita-
tion data during the 1985−2009 calibration period
and at 0.48 over the 1961−1984 verification period.
The correlation was 0.563 for the calibration period
1961− 2009, which accounts for 31.73% of instrumen-
tal precipitation data. Regression of the proxy data
against instrumental precipitation data over the
1961−2009 calibration period was 0.27 (leave-one-
out value; Michaelsen 1987), indicating some useful
information in the re gression reconstruction (Cook et
al. 1994), although there was no significance test for
other verification parameters, such as the sign test,
reduction of error, product means, etc.

We also carried out multiple linear regression
using the chronologies of the current year (t) and fol-
lowing year (t +1). The regression model was Y =
145.199 + 132.649Xt + 0.074Xt +1, where Y is the July−
June precipitation, and Xt and Xt +1 are tree growth
for the current year and the following year, respec-
tively. The correlation coefficient was 0.57 (p < 0.01,
F = 10.81). In comparison, the correlation coefficient
for the SLLreg/REGP comparison was 0.563 (p <
0.01). The multiple regression model was not good as
expected, and therefore it was inappropriate to adopt
the regression model for reconstruction.

To capture the full range of natural precipitation
variability, we employed scaling instead of the re -
gression method. The procedure was manipulated by

scaling the SLLreg chronology to the meteorological
data REGP for their common period (1961−2009), i.e.
the variance and mean of the proxy record were set
equal to those of the instrumental data (Esper et al.
2005). The low-frequency relationship between the
ring-width and the meteorological data REGP was
much stronger after dividing the two into 7 yr high-
pass (r = 0.28, p < 0.01) and low-pass (r = 0. 77, p <
0.01) components (Fig. 8a,b). These correlations
dem onstrated that the amount of unexplained ring-
width and instrumental data variability was mainly
restricted to the high-frequency domain. Correlations
between the actual and estimated annual precipita-
tion values were significant (p < 0.01) from 1985 to
the present. Correlations between actual and esti-
mated 7 yr high-pass components were, however,
consistently significant during the calibration period
(r = 0.34, p < 0.01; Fig. 8a). Because the estimated
precipitation signal was stronger at lower frequencies
(>7 yr) than at higher frequencies (<7 yr), our ring-
width chrono logy represented precipitation varia-
tions at the low-frequency domain.

There are several potential sources of uncertainty
for the SLLreg record. Samples from the ZXT site
became exceptionally scarce in the 12th century,
causing insufficient chronology replication around
the 1150s. Limited availability of instrumental station
data that reflected climate conditions of the  high-
elevation sampling sites hindered our ability to cal-
culate the growth/climate relationship over longer
intervals. Because the closest Jiacha station failed to
record a longer span of data sets, we adopted the
weighted regional instrumental series for calibration,
which possibly blurred the elevation differences in
the study region. Previous studies have also docu-
mented that the explained variance will increase by
>50% if the distance is <6 km from the meteorologi-
cal stations (e.g. Liu et al. 2002).

Low-frequency variations for precipitation in
southern Tibet were elucidated by applying an 11-
point fast Fourier transform (Fig. 8d). During the past
666 yr, relatively wet years with above-average pre-
cipitation occurred in 1342−1391, 1383−1387, 1408−
1423, 1453−1458, 1473−1492, 1508−1524, 1657−1667,
1701−1731, 1742−1768, 1781−1788, 1854−1868, 1917−
1933, and 1994−2006, whereas relatively dry years
with below-average precipitation prevailed during
1388−1407, 1424−1452, 1459−1472, 1493−1507, 1525−
1656, 1668−1700, 1732−1741, 1769−1780, 1789−1853,
1869−1916, and 1934−1993. The 1700s−1800s was
the most extended wet interval, whereas the 1550s−
1650s appeared to be the most prolonged dry stage.
A striking feature was that the last 2 decades (1980s−
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Fig. 7. Comparison of different seasonal assemblages of cor-
relations between ring width and precipitation at the Longzi,
Lhasa, and Zedang stations, as well as CRU precipitation,
PDSI and REGP. The seasonal assemblages comprise the
previous July to the current June (p7−c6; p: previous; c: cur-
rent), the previous August to the current July (p8−c7), the
previous September to the current October (p10−c9), and
the current growth season from January to July (c1−c7)
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2000s) witnessed unprecedented pluvial conditions
from the perspective of the past 6 centuries. The
remarkable dry interval from 1530 to 1703 during
the Little Ice Age corresponded to low summer tem -
peratures around 1700 in eastern Tibet (Bräuning &
Mantwill 2004).

Common wet periods in the 1510s−1540s and
1750s−1800s, and the dry periods in the 1550s−1600s,
1850s, 1920s, and 1980s were investigated with other

moisture-related reconstructions based on tree rings
in northeastern Tibet (Wang et al. 2008) and the
southeastern TP (Fang et al. 2010). Fan et al. (2008)
reconstructed moisture-related (PDSI) series derived
from a ring-width chronology in the Hengduan
Mountains of the southeastern TP. The first principal
component of the composite chronology accounted
for 60.5% of the total variance over the past 5 cen-
turies during the common period (1655−2005) of the
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Fig. 8. (a) Comparison between 7-yr high-pass filtered July−June precipitations of REGP (black) and simple-scaling estimated
precipitation (grey) for the common period 1961−2009. (b) As for A, but 7-yr low-pass filtered. (c) Visual comparison between
observed (black) and estimated (grey) precipitation. (d) Scaling-based annual (July−June) precipitation reconstruction (grey
line) and its 11-yr fast fourier transform smoothing (black) for the southern Tibetan Plateau during 1300−2010. Horizontal line: 

long-term mean; horizontal dotted lines: ±SD
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4 single-site chronologies. The final reconstruction
captured 42% of the actual PDSI variations during
the common calibration period (1951−2000). Despite
seasonal differences in the various precipitation re -
constructions, the extended wet periods around the
1470s−1500s, 1700s−1730s, and 1770s−1800s, and the
dry periods during the 1530s−1580s and the 1960s−
1990s noted in our reconstructions were contempora-
neous with Fan et al.’s (2008) on the southeastern TP.

To demonstrate that our reconstruction and instru-
mental records reflected regional-scale precipitation
variability, we correlated these data with the 0.5° ×
0.5º CRUts3.0 data set of all grid cells available for a
user-defined region. The analyses were achieved
using the KNMI Climate Explorer (Royal Nether-
lands Mete  orological Institute; http://climexp.knmi.nl)
(Fig. 9). Instrumentally recorded annual regional
precipitations (REGP) in our study area, as well as
reconstructed July−June precipitations, correlated
significantly with gridded precipitations on a
regional scale. Spatial correlation fields were similar
for the instrumental and reconstructed precipitation
variability, although correlations were lower for the
latter. The highest correlation fields were confined to
our study regions. These results indicated that our
annual precipitation reconstruction captures climatic
variations for a large spatial representation in the
southern TP.

Cook et al. (2010) made good first steps in the study
of regional moisture variation using tree-ring chro -
nologies from 327 sites in Asian monsoonal area to
reconstruct the gridded PDSI for the past 700 yr.
Although the reconstructed seasonal PDSI covered

534 grid points, limited PDSI grid points were recon-
structed in the southern TP, where their tree-ring
network merely distributed along the marginal
Himalayas and the Hengduan Mountains. Because of
the lack of a long tree-ring chronology in the interior
southern TP, their PDSI reconstruction was derived
from the weighted ensemble of nearby tree-ring sites
(a series of ring-width data collected from the eastern
TP and the Hengduan Mountains in the southeast-
ern TP) through expanded search radii (more than
500 km) as described in the ‘point-by-point regres-
sion’ method (Cook et al. 2007). As a result, the foun-
dation of the PDSI reconstruction may rely on tele-
connections between the tree-ring chronology and
the ‘target’ PDSI point during the defined calibration
period (1951−1989).

Nevertheless, we compared our regional precipita-
tion reconstruction for southern Tibet (SRP) with the
gridded PDSI reconstructions by Cook et al. (2010).
For comparison, the 2 closest reconstructed PDSI
points (31.25° N, 91.25° E; 31.25° N, 93.75° E) from
the central-southern TP (STP) and 5 points (26.25
to 28.75° N, 96.25 to 101.25° E) from the Hengduan
Mountains on the southeastern TP were extracted.
An averaged PDSI time series was calculated from
the former 2 points on the STP, and another averaged
PDSI series was computed from the latter 5 points in
the Hengduan Mountains (HDP).

In order to discuss whether the climate variability
for the southern TP was different from or similar to
that for the northern TP over the past 7 centuries, we
selected tree-ring series derived from the northern
TP for comparison. Yang et al. (2010a) analyzed spa-
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Fig. 9. Spatial correlations of (a) instrumental and (b) reconstructed annual (July−June) precipitation with regional gridded
July−June precipitations for the period 1961−2005. The analyses were performed using the KNMI Climate Explorer (Royal
Netherlands Meteorological; http://climexp.knmi.nl). The gridded climate data set was developed by the Climatic Research 

Unit (CRUts3.0)
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tial and temporal growth variations of Qilian junipers
over the northeastern TP during the period 1450−
2001 by applying the empirical orthogonal function
(EOF) technique to 7 moisture-sensitive ring-width
chronologies. The first principal component (PC1)
accounted for 51.58% of the total variance and was
regarded as an indicator of regional precipitation
variations in the northern TP. To better elucidate the
spatial patterns of the moisture variations in the
southern and northern TP over the past 700 yr, we
normalized all the reconstructions of moisture change
for visual inspection of periods of above- and below-
average values. Including our annual precipitation
reconstruction for southern TP (SRP), the 4 tree-ring-
based reconstructions (SRP, PC1, STP, and HDP series)
were all smoothed with a20-yr low-pass filter approach
to highlight the low-frequency climate signals (Fig. 10).

According to Fig. 10, the SRP displays patterns of
wet/dry variations consistent with the gridded PDSI
reconstruction of the STP by Cook et al. (2010). The

in-phase variation registered by the STP and HDP
reconstructions agreed well with our precipitation
reconstruction (Table 5). Additionally, wet/dry phases
recorded in the HDP reconstruction were in phase
with the spring (March−May) drought reconstruction
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Fig. 10. Comparison of various moisture reconstructions for the Tibetan Plateau derived from tree-ring records. (a) PC1 of 7
moisture-sensitive ring-width chronologies over the Qilian Mountains (Yang et al. 2010a); (b) annual (July−June) regional pre-
cipitation reconstruction for the south Tibet (SRP; present study); (c) summer (June−July−August) drought reconstruction ex-
tracted from 2 averaged PDSI points (31.25° N, 91.25° E; 31.25° N, 93.75° E) in the southern TP (STP; Cook et al. 2010); (d) sum-
mer (June−August) drought reconstruction extracted from 5 averaged PDSI points (26.25−28.75° N, 96.25−101.25° E) in the
Hengduan Mountains, southeastern TP (HDP; Cook et al. 2010). All series were adjusted for their long-term means over the
common period 1300/1450−2000, and smoothed with a 20 yr low-pass filter (bold line) to emphasize long-term fluctuations.
Blue hatching: contrasting wet/dry moisture variations between the northern and southern TP during the past 550 yr. Magenta 

hatching: contemporary moisture variations in the southern TP during the past 700 yr

Common period r

SRP vs. STP 1300−2000 (whole period) 0.30
1300s−1390s 0.54
1500s−1530s 0.62
1710s−1780s 0.18
1870s−1960s 0.36

SRP vs. HDP 1300−2000 (whole period) 0.13
1310s−1370s 0.25
1510s−1550s 0.83
1880s−1930s 0.45

Table 5. Correlations for the SRP, STP, and HDP series
 during their common wet/dry intervals. All correlation 

coefficients were significant at 99%
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in the Hengduan Mountains by Fan et al. (2008). This
correspondence implies that both reconstructions
are robust. Similar variations recorded by our re -
construction and Cook et al.’s, along with Fan et al.’s,
reflected common regional climatic variation pattern
over the southern TP during the past 7 centuries.

It was noteworthy that the dry (wet) spells regis-
tered by the PC1 in the northern TP corresponded
with high (low) precipitation periods recorded by
the SRP in the southern TP during most of the past
550 years. Typical periods were during the 1450s−
1495, 1530s−1585, 1600s−1720s, 1785−1814, 1935−
1850, and 1900−2000 periods. For the longest of these
periods—1600s−1720s and 1900−2000—the SRP and
PC1 series correlated at 0.49 and 0.53, respectively
(p < 0.01; the PC1 series was inverted for better visual
comparison). Those typical intervals and significant
correlations might imply non-stationary opposite re -
lationships of moisture variation over the past 5 cen-
turies for the northern or southern TP.

Lin & Zhao (1996) performed oblique rotated prin-
cipal component analysis of the monthly mean pre-
cipitations collected from 50 meteorological stations
in the TP, and demonstrated that the change of pre-
cipitation had a contrary variation trend between
the north and the south. By comparing precipitation
accumulation derived from ice cores, Duan et al.
(2008) suggested that precipitation in the northern
TP varied out of phase and contrastively to the south-
ern TP during the past 700 yr. A recent analysis on
stable isotopes of the precipitation on the TP showed
that the southern part of the TP, divided by the south-
west Tanggula Mountains, was mainly under the in -
fluence of the SASM, and the moisture was directly
from evaporation from the Indian Ocean (Tian et al.
2006); the northern part of the TP, especially High
Asia, was mainly affected by moisture evaporation
from the Atlantic Ocean (Numaguti 1999). Therefore,
the difference in moisture sources and the spatiotem-
poral variations in precipitation between the north-
ern and southern TP can be attributed to the control
of different atmospheric circulation, the SASM and
the Westerlies.

Wang et al. (2005), using an NCEP/NCAR re-
analysis of the gridded climate data, showed that the
differences in moisture sources between the north-
ern and southern TP were divided by the conver-
gence shear line around 35°N latitude. This conclu-
sion was drawn from the comparison of annual
variation between the first eigenvector of atmos-
pheric moisture transport flux divergence and the
SASM index (r = 0.42, p < 0.01) as well as the corre-
lation between the second eigenvector and the west-

erly index (r = 0.75, p < 0.001). The EOF analysis of
the atmospheric moisture transport flux divergence
revealed that the position of the convergence shear
line affected the precipitation variation in the north-
ern and southern TP. If the convergence shear line
moved northward, the precipitation decreased in
the northern TP because the strengthened moisture
transport from the Westerlies accelerated the atmo -
spheric moisture transport flux divergence. Mean-
while, the SASM was in a relatively strong state, and
resulted in increasing precipitation in the southern
TP. In contrast, if the convergence shear line re -
treated southward, the Westerlies would become
strong and precipitation would increase in the northern
TP whereas the moisture transport would weaken
and precipitation decrease in the southern TP. The
SASM played a major role in the Asian monsoon sys-
tem and affected fluctuations in the Westerlies by
adjusting the large-scale atmospheric circulation.
The shift of the convergence shear line around the
northern−southern TP division controlled the pendu-
lated force between the SASM and the Westerlies,
resulting in precipitation variations in the northern
and southern TP.

The shift of the convergence shear line could be
one of the physical processes involved in controlling
the opposing patterns in moisture variation in the
northern and southern TP. To further reveal the
 possible mechanism(s) for this seesaw phenomenon,
large-scale climate systems should be incorporated
into our analysis. The North Atlantic Oscillation
(NAO) is one of the major atmospheric teleconnec-
tion patterns in the Northern Hemisphere (Rogers
1984) and is strongly associated with the intensity of
the Westerlies (Liu & Yin 2001). The NAO influences
precipitation in China through the Westerlies, which
bring moist air into central Asia (including part of
China). For regions that are directly influenced by
the Westerlies, years when Westerlies were domi-
nant tended to have frequent rainfall. When the
Westerlies were suppressed, rainfall was reduced
(Hurrell et al. 2003). Liu & Hou (1999) pointed out
that the enhanced Westerlies in mid-latitudes caused
by a suppressed low NAO index could induce an ac -
companying strengthening of the northern/southern
trough over the TP by changing circulation dynamics
of the Westerlies over the region.

From this point of view, we hypothesized that there
might be positive relationships between the SRP and
NAO index series over the past 7 centuries. Luter-
bacher et al. (2001) developed an NAO index series
covering the period 1659−2001 based on both instru-
mental and documentary data. The SRP showed sim-
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ilar  variation with Luterbacher et al.’s series during
1660−2000, with a correlation coefficient of 0.32 (p <
0.01) after a 31 yr filtering. This suggests a telecon-
nection between the NAO and moisture variability in
the southern TP. However, a weaker correlation was
found for 2 periods (1660s−1710s and 1750−1780s)
for the SRP and the NAO index series. We assumed
that the linkage between the NAO and moisture vari-
ation pattern in the TP might be non-stationary over
time.

Consequently, the mechanism for the discontinu-
ously adverse moisture variations in the northern/
southern TP over the past ~500 yr was likely linked
with the interaction between large atmospheric cir-
culations, i.e. the SASM, the Westerlies, and the
NAO. However, the relationship of these large cli-
mate systems to regional climate over the past 7 cen-
turies is still unclear. Further and more in-depth stud-
ies are required to assess the integrated performance
of the SASM, the Westerlies, and the NAO, and to
determine how they have affected the moisture
 variation modes in the northern and southern TP for
the past 7 centuries.

4.  CONCLUSIONS

Based on the combination of new and 2 former
tree-ring data sets, we developed a regional ring-
width chronology of the southern TP, spanning A.D.
945 to 2010. The regional chronology correlated at
0.563 with the regional annual (July−June) precipita-
tion weighted from 3 nearby meteorological stations
over the 1961−2009 period. The common signal (r)
increased to 0.77 after 7 yr low-pass filtering. By
assessing the relationship between climate and tree
growth using reconstruction models, we finally chose
the annual precipitation (July−June) as the best pre-
dictor and adopted the reconstruction-by-scaling
method. The scaled precipitation covered the 1300−
2010 period and recognized wet/dry intervals on
interannual to multidecadal scales. Spatial correla-
tion analysis with gridded land surface data re vealed
that our annual precipitation reconstruction con-
tained a strong regional precipitation signal for the
southern TP. Correspondence with different tree-
ring-based reconstructions from the southern and
southeastern TP implied that the regional precipita-
tion reconstruction was reliable because of enough
replication for the overall periods and good co -
herency with the gridded drought reconstructions.

Comparison with moisture-sensitive reconstruc-
tions indicated decadal to multi-decadal similarities

within the southern TP. The reconstructed series also
revealed a non-stationary relationship of opposite
moisture variations in the northern and southern TP
for the past ~500 yr. The shift of the convergence
shear line was partly responsible for the discrepancy,
as it controlled the intensified or weakened moisture
transport brought from the SASM and the Westerlies
to the TP. The comparison between our recon-
structed regional precipitation and the NAO index
over the past ~300 yr exhibited a non-stationary pos-
itive relationship between moisture variation in the
southern TP and the NAO. One possible mechanism
is linked to the fact that the NAO could induce
accompanying strengthening or weakening of the
northern/southern trough over the TP by changing
the circulation dynamics of the Westerlies through-
out the region. The integrated performance among
the SASM, the Westerlies and the NAO in affecting
the regional moisture variations for the past 700 yr
needs further investigation, specifically through the
application of an atmospheric circulation model.
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