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1.  INTRODUCTION

To better predict future climate change, we must
understand the features of present and past climate,
but it is difficult to track the course of climate his-
tory due to lack of instrumental climate records
before the 1950s (Esper et al. 2012). Therefore, we
have to rely on other proxies, including ice cores

(Steiger et al. 2017), speleothems (Proctor et al.
2000, Vaks et al. 2003), pollen (Jiménez-Moreno et
al. 2010), lake sediments (Zech et al. 2009), and
tree rings (Fritts 1976, Pilcher et al. 1984, Schwein-
gruber 1996, Yang et al. 2014), to obtain historical
climate information and reveal features of variabil-
ity. Tree rings are frequently used proxies in paleo-
climatic studies (Esper et al. 2002, Zhang et al. 2003,
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Björklund et al. 2019). In dendroclimatology, tree-
ring variables are used to examine radial tree
growth− climate relationships and accordingly re -
con struct historical climate records (Briffa et al.
1996, Allen et al. 2019). Tree-ring width is primarily
used due to its simplicity of measurement and
crossdating (Fritts 1976, D’Arrigo et al. 2008, Gou
et al. 2015, Huang et al. 2019).

The accelerated temperature increase globally
since the late 20th century is undeniable (IPCC 2013),
and although increases of minimum temperatures
are more prominent, we should also pay attention to
variability in maximum temperature (Wilson & Luck-
man 2002). Maximum temperature is an important
factor in forest growth as an upper boundary of tem-
perature for photosynthetic activity and carbon as -
similation. Reconstruction of maximum temperature
could therefore contribute to forest ecosystem pre-
diction models.

The western Sichuan Plateau is located between
the Tibetan Plateau and Sichuan Basin of China.
According to the IPCC (2013), it is one of the most
sensitive areas to climate change. Subalpine coni -
ferous forests dominate this area and play an im -
portant role in water and soil conservation in the
head stream region of the Yangtze River (Pang et
al. 2009). There are many tree line ecotones in the
western Sichuan Plateau, and most of the upper
tree lines comprise Faxon fir Abies fargesii var. fax-
oniana. Unfortunately, few dendroclimatological in -
vestigations have been made on the topic of histor-
ical temperature reconstruction in this area (Shao &
Fan 1999, Song et al. 2007, Li et al. 2015, Zhu et al.
2016), and even fewer in the case of fir trees (Li et
al. 2010, Zhu et al. 2016). Furthermore, the linkage
between the regional historical temperature vari-
ability and large-scale atmospheric circulation as
well as possible forcing mechanisms have re ceived
scant attention.

In the present investigation, we analyzed growth−
climate response using a tree-ring width series of
Faxon fir from the timberline of Zhegu Mountain in
the Miyaluo Scenic Area, western Sichuan Plateau,
and present an aggregated autumn and winter max-
imum temperature reconstruction for this area span-
ning the period 1856−2016. The reconstructed series
helps to further understand the climate variation his-
tory in western Sichuan during the past 16 decades
and the connection of regional temperature fluctua-
tion with global-scale climate circulations as well as
driving mechanisms. The aims of our investigation
were to (1) establish a tree-ring width chronology of
Faxon fir at the upper treeline in the western Sichuan

Plateau, (2) examine the growth−climate relation-
ships and reconstruct the aggregated autumn and
winter maximum temperature, (3) investigate the
representativeness of the reconstructed series over a
large-scale geographic extent, and (4) analyze the
features of temperature variability and its connection
with climate forcing.

2.  MATERIALS AND METHODS

2.1.  Study area and sampling site

The study area is situated on Zhegu Mountain in
the Miyaluo Scenic Area (31.65° N, 102.78° E) in the
western Sichuan Plateau of China, which is a part of
the Hengduan Mountains (Fig. 1). The climate of
this area is influenced by the air masses from the
Pacific and Indian Oceans as well as the Tibetan
Plateau. The Indian Ocean monsoon from the south-
west and the Pacific Ocean monsoon from the
southeast bring precipitation to this region during
the summer. The winter is cold and dry and is
affected by a cold air stream which comes from the
Tibetan Plateau. The nearest China Meteorological
Administration weath er station in this region is
located in Maerkang at 2664 m a.s.l. The linear dis-
tance from the weather station to the tree-ring sam-
pling site is approximately 60 km. According to the
climate data, the annual mean temperature is
6−12°C, and the mean temperatures in January and
July are −8°C and 12.6°C, respectively. The range of
annual mean precipitation is 600−1100 mm. The
recent climate showed obvious rising temperature
and relatively stable variation in precipitation
(Fig. 2). The topography of the sampling site is
steep, and it is not favorable for the development of
soil; thus, only a thin layer of alpine meadow soil
covers the bedrock. The forests in this region consist
of various subalpine evergreen tree species, includ-
ing A. faxoniana, A. ernestii, Picea as perata, P. pur-
purea, P. wilsonii, Tsuga chinensis, Rhododendron
simsii, Pinus armandii, and Quercus aquifolioides,
distributed at different altitudes on Zhegu Moun-
tain. We collected tree ring samples at 4150 m a.s.l.,
which is the upper tree line in this region. We
selected trees without signs of injury, then extracted
tree ring samples at breast height (1.3 m) using a
5 mm diameter Swedish increment borer. To avoid
the possible influence of tension wood on radial tree
growth, we sampled along an axis perpendicular to
the slope inclination. Altogeth er, 40 tree-ring cores
were sampled from 20 trees.
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2.2.  Establishment of tree-ring chronology

The tree-ring samples were treated following stan-
dard procedures of dendrochronology experiments
(Stokes & Smiley 1996). In the laboratory, tree-ring
cores were mounted after air-drying and sanded pro-
gressively with 400-, 800-, and 1200-grit sandpaper,
then scanned using a TSD4800 flatbed scanner to
generate a digital image for dendrochronological

analysis. We used the WinDENDRO ver. 2017a tree-
ring measurement system to obtain the ring width
(details of methods are available in Keyimu et al.
2020a); the accuracy of measurement was 0.001.
Crossdating was done visually by marking tree-ring
samples with a pencil under the microscope, and
then crossdating quality was checked using COFE -
CHA software (Holmes 1983). We ultimately used 29
tree-ring samples from 15 trees. We used the nega-
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Fig. 1. Tree-ring sampling site
and climate station on Zhegu
Mountain in the Miyaluo Sce-
nic Area, western Sichuan Pla -
teau, China. Previously investi-
gated sites are located in A:
Miyaluo Forest Reserve Zone
(Li et al. 2015); B: Big Snow
Mountain (Keyimu et al. 2020b);
and C: Hengduan Mountains 

(Fan et al. 2009)

Fig. 2. Climate-change trends recorded by a meteorological station near the tree-ring sampling site on Zhegu Mountain. TMP:
annual mean temperature; TMN: annual minimum temperature; TMX: annual maximum temperature; PRE: annual total 

precipitation. The blue thick line in each sub-plot is the 5 yr loess-smoothed series
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tive exponential model method to eliminate the age
dependency of radial tree growth (Cook et al. 1995,
Zhang et al. 2003), and then established the standard
chronology of tree-ring width following the method
of Keyimu et al. (2020a). Detrending and chrono -
logy establishment were processed using the ‘dplR’
dendrochronology package within R (version 3.5.1)
statistical software (R Core Team 2019).

2.3.  Climate data

We used climate data from the Maerkang meteoro-
logical station near our tree-ring sampling site for
calibrating the tree-ring data. Climate variables in -
clude monthly maximum (TMX), minimum (TMN),
and mean (TMP) temperatures, and monthly total
precipitation (PRE). The length of the climate record
was 63 yr (1954−2016).

2.4.  Data analysis

The relationships between climate and tree growth
were determined by conducting Pearson correlation
analysis for the period 1954−2016. Considering the
legacy effect of previous-year climate factors on
radial tree growth in the current year, we calculated
correlations covering 18 months (previous June to
current November). The climate growth correlations
were calculated using the ‘treeclim’ package in R,
and the 95% confidence interval was used to evalu-
ate the correlation. We employed a linear regression
model for the reconstruction. The leave-one-out
cross verification method was used to evaluate the
fidelity of the reconstruction model (Yin et al. 2015).
In addition, Pearson’s correlation coefficient (r),
explained variance (R2), adjusted explained variance
(Radj

2), reduction of error (RE), sign test (ST), coeffi-
cient of efficiency (CE), product mean test (PMT),
and Durbin-Watson test (DW) were used to evaluate
the results of the reconstruction.

3.  RESULTS

3.1.  Chronology statistics

The statistics of tree-ring width chronology are
shown in Table 1. The length of the chronology was
161 yr (1856−2016) (Fig. 3) including a minimum of 5
tree-ring samples. The mean correlation among tree-
ring series (Rbar) was 0.47, and the variance in the
first eigenvector was 29.41%, implying a strong com-
mon signal among the individual trees in the chro-
nology. Our chronology was therefore considered
suitable for studying the climate history of Zhegu
Mountain. The mean sensitivity was 0.19. The signal
to noise ratio was 5.57. Standard deviation (SD), i.e.
the variability in the chronology due to outside influ-
ences, was 0.43. The average value of the expressed
population signal (EPS) was 0.90. According to the
EPS value, the chronology was robust until 1869, but
overall descriptive statics indicated that our chrono -
logy contained relatively strong climatic information.
A first-order autocorrelation value of 0.57 implied a
strong influence of previous-year growth conditions
on the current-year tree growth.

3.2.  Climate−growth response

The results of the correlation analysis between
 climate variables and tree-ring width chronology
showed that the radial tree growth−temperature cor-
relations were all positive during the analyzed time
window except in current May for TMP (R = −0.08)
and TMN (R = −0.07), and previous August for TMX
(R = −0.08). Compared to temperature, PRE exerted
less impact on tree growth. Based on the results of
correlation analysis, we confirmed that temperature
was the dominant factor in the radial growth of Abies
fargessi var. faxoniana on Zhegu Mountain (Fig. 4).
The correlation coefficient of tree-ring width chro-
nology with TMX was higher than those with TMP
and TMN. The correlation between ag gregated
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Type Location Time Elevation Cores SD MS AR1 Rbara SNRa EPSa VFE 
period (m) (n) (%)a

Tree-ring site 31.65° N, 102.78° E 1856−2017 4150 29 0.43 0.19 0.57 0.42 5.57 0.90 29.41
Climate station 31.9° N, 102.23° E 1954−2016 2664 – – – – – – – –
aCalculation for the common intervals of the chronologies

Table 1. Summary statistics for tree-ring width chronologies of Abies fargessi var. faxoniana on Zhegu Mountain, western
Sichuan Plateau, China. MS: mean sensitivity, AR1: first-order autocorrelation, Rbar: mean inter-series correlation, SNR: 

signal-to-noise ratio, EPS: expressed population signal, VFE: variance in first eigenvector 
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Fig. 3. Tree-ring stan-
dard chronology (black
thin line is the raw data
series, and red thick
line is the 11 yr loess-
smoothed series), mean
inter-series correlation
(Rbar), the expressed
population signal (EPS),
and the sample size.
Rbar and EPS were cal-
culated using a 30 yr
window that lags 15 yr

Fig. 4. Correlation results between tree-ring indices and climate data for Zhegu Mountain. Climate data are from the meteoro-
logical station, including monthly mean temperature (TMP), minimum temperature (TMN), maximum temperature (TMX),
and precipitation (PRE). Correlations were calculated from June of the previous year (‘−6’ on the x-axis) to November of the
current year (‘11’) over the common period (1954−2016). Horizontal dashed and dotted lines denote the 95 and 99% signifi-

cance levels
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TMX of autumn and winter (September− February)
and tree-ring width chronology was higher (R = 0.66,
p < 0.01) (Fig. 5). The moving correlation analysis
showed that the correlation coefficients between
tree-ring indices and aggregated TMX were higher
than the confidence interval of 95% during most of
the investigation period (Fig. 6), indicating that the
relationship was in compliance with the uniformitar-
ian principle of tree-ring-based climate reconstruc-
tion. Therefore, we chose to reconstruct the aggre-
gated TMX of autumn and winter.

3.3.  Temperature reconstruction

Based on the relationship between TMX and the
chronology, we developed a linear regression model
(y = 0.2454x + 12.48) and reconstructed the aggre-
gated TMX of autumn and winter for
Zhegu Mountain that extended back
to 1856 (Fig. 7b). The results showed
that the reconstruction accounted for
43.2% (Radj

2 = 42.2%) of the actual
temperature variance in the time se -
ries of 1954−2016, and the developed
model passed all conventional verifi-
cation tests (Table 2). Fig. 7a shows
that our aggregated TMX reconstruc -
tion series was parallel with the over-
all variation of instrumental data dur-
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Fig. 5. Tree-ring indices of Abies fargessi var. faxoniana and
aggregated maximum temperature of autumn and winter 

during the period of 1954−2016

Fig. 6. Moving correlation analysis between the tree-ring width chronology
and the aggregated maximum temperature in autumn and winter. The hori-
zontal dashed line represents the 95% significance level of the correlation

Fig. 7. (a) Instrumental and reconstructed temperature during the
common period 1954−2016. (b) Reconstructed maximum temper-
ature (TMX) of aggregated autumn and winter on Zhegu Moun-
tain, plotted annually from 1856−2016 (black thin line), along
with an 11 yr loess smoothing (thick red line). The horizontal
black line represents the average of reconstructed TMX series,
and the dashed lines represent the standard deviation from the
mean value. A−F represent years in which volcanic eruptions oc-

curred (see Table 3)
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ing the correlation period. The positive values of RE
and CE (0.31 and 0.25, respectively) support the
legitimacy of our reconstruction. In addition, the
results of the ST and PMT indicated the validity of
reconstruction by de tecting the difference between
measured climatic data and estimations from the
leave-one-out method. Results of statistical tests con-
firmed the robustness of the regression model, and

we used it to reconstruct the aggre-
gated TMX of autumn and winter for
the past 161 yr.

3.4.  Characteristics of TMX 
reconstruction

Fig. 7b depicts the aggregated
autumn and winter TMX series
reconstructed for the last 161 yr

(1856− 2016). The mean of the reconstructed TMX
was 14.84°C, and the standard deviation was 0.54°C.
We pre-defined the years which exceeded mean
TMX as warm years, while those below were con -
sidered cold years. Years exceeding 15.38°C were
extreme warm years, while years below 14.3°C were
extreme cold years. Our reconstruction showed
alternating periods of cool and warm records, but the

pe riods were different in length and
amplitude. According to the recon-
struction, the warm periods were
1860s−   1880s, 1895−1905, 1950s− 1965,
and 1995 until present; In contrast,
marked periods with low temperatures
occurred during 1885−1890s, 1905−
1925, 1965−  1995. Moreover, 1887−
1889, 1908− 1921, and 1992−1993 were
extremely cold years, while 1871−
1872, 1874, 1902, 1951, 1957, and
1999− 2010 were extremely warm
years. Some of the warm and cold
periods were synchronized with other
re constructions from the surrounding
regions (Fig. 8). In addition, accord-
ing to Fig. 9, the re constructed TMX
series was able to represent climate
conditions over a large area in the
western Sichuan region. From the
reconstruction se ries, we can con -
firm that the extreme warm years
that have occurred since 2000 are
un precedented in the study area.
Fig. 10 shows the correlation be -
tween TMX reconstruction in pre sent
study with global sea surface temper-
ature (HadISST1 1°), which in di cates
the spatial linkage of the re con -
structed TMX series on Zhegu Moun-
tain with a global climate system.
Fig. 7b shows that a significant de -
cline in temperature occurred in the
year following major volcanic events
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R R2 Radj
2 F Sign-test PMT RE CE DW

Calibration 0.657 0.436 0.422 – – – – – –
Verification 0.615 0.378 0.358 37.65** 52+/12–* 11.95* 0.31 0.25 1.67

Table 2. Statistics of leave-one-out verification for tree-ring reconstruction of annual
temperature in the period 1954−2016 for Zhegu Mountain. Sign-test: sign of paired
observed and estimated departures from their mean on the basis of the number of
agreements/disagreements; PMT: product mean test; RE: reduction of error; CE: 

coefficient of efficiency; DW Durbin−Watson test; *p < 0.05, **p < 0.01

Fig. 8. Graphical comparisons of various temperature reconstructions based
on tree-ring records in southwestern China in different studies. (a) Aggre-
gated autumn and winter maximum temperature reconstruction in the pres-
ent study. (b) Annual mean temperature reconstruction in the western
Sichuan Province of China (Li et al. 2015). (c) Warm season (April−Septem-
ber) mean temperature reconstruction in the central Hengduan Mountains
(Fan et al. 2009). (d) Annual mean minimum temperature reconstruction in
the southeastern edge of the Tibetan Plateau (Keyimu et al. 2020b). All recon-
structions were Z-scored and 11 yr loess smoothed. Yellow and cyan bars 

show the warm and cold periods, respectively
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(detailed in Table 3), and this was supported
by the results of the superposed epoch analysis.

4.  DISCUSSION

4.1.  Tree growth and climate relationships

The climate−tree growth response analysis
confirmed that temperature was the main
regulator of radial growth in Faxon fir on
Zhegu Mountain in the western Sichuan
Plateau of China. Abies spp. grow at higher
elevations compared to other coniferous spe-
cies in this region (Zhang 2006). Dendrocli-
matological investigations at high elevations,
especially near the tree line, have suggested
that temperature mainly controls tree growth
(Li et al. 2011, Zhu et al. 2016, Keyimu et al.
2020b). Temperature is an important stressor
on cambium activity during the growth sea-
son (Körner 1998). At a sufficient tempera-
ture, carbohydrates provide energy through
photosynthe tic activity which is required in
the formation and enlargement of tracheid
cells of conifers near the timber line (Deslau-
riers et al. 2008, Rossi et al. 2008). Our results
showed that the radial growth of Faxon fir on
Zhegu Mountain was significantly correlated
with the maximum temperature in autumn
(Fig. 4). The favorable climate in the final

8

Fig. 9. Spatial correlations of the reconstructed maximum tem-
perature of aggregated seasons of autumn and winter and the
 regional gridded maximum temperature from the CRU TS 4.03
dataset for 1954 2016. The analyses were performed using the
KNMI climate explorer (Royal Netherlands Meteorological
 Institute; http://climexp.knmi.nl). The gridded climate dataset
was developed by the Climatic Research Unit (Mitchell &
Jones 2005; CRU TS4.03). The green circle represents the 

study area

Fig. 10. Reconstructed
temperature with the grid -
ded sea- surface tempera-
ture (SST) data set of
HadISST1 1° over the over-
lapping period from 1870−
2016. The analyses were
performed using the KNMI
climate explorer (Royal
Netherlands Meteorolog-
ical Institute; http:// clim 

exp.knmi. nl)
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growth phase af fects tree-ring latewood formation in
this season (Duan et al. 2010, Franceschini et al.
2013). The higher temperature during the autumn
continues stimulating the tracheid cells, thus increas-
ing the number of cells and cell wall thickness,
which, as a result, widen the tree-ring width. Previ-
ous studies near tree line sites in the Hengduan
Mountains also suggested the regulating function of
autumn temperatures on the growth of evergreen
conifers at high elevations (Bräuning 2006, Li et al.
2015; Zhu et al. 2016). Our climate−tree growth
response analysis demonstrated that winter tempera-
ture also positively influenced inter-annual radial
growth of Faxon firs on Zhegu Mountain. The impor-
tance of non-growing season temperature on radial
tree growth was evidenced by other studies which
were conducted in the high altitudes of Tibet and the
Hengduan Mountains (Bräuning 2001, Liang et al.
2006, 2008, Fan et al. 2009, Li et al. 2011). The influ-
ence of winter temperature on radial tree growth can
be explained by several mechanisms. Winter temper-
ature, especially maximum temperature, reduces the
cold damage on conifer leaves, which minimizes the
threat to leaf metabolic activity (Mayr et al. 2007).
Therefore, temperate coniferous trees still be photo-
synthetically active and assimilate carbon during
warmer winter days when they have unfrozen leaves
(Tardif & Stevenson 2001). Additionally, the maxi-
mum winter temperature also reduces the cold dam-
age to fine roots, indirectly contributing to tree
growth in the following season, because the energy
which could be spent on the recovery of damaged
roots would likely be used on the activation of the
cambium layer instead, which contributes to tree
radial growth and carbon uptake.

The previous-year climate has a legacy effect on
current-year tree growth (Fritts 1976, Wu et al. 2018).
Our results demonstrated the strong legacy effect of
the previous year’s maximum temperature on the
radial tree growth in the current year, because tree
growth in the current year, especially in spring, usu-

ally involves the photosynthetic
products stored in the paren chy -
ma structure of the tree stem dur-
ing the previous growing season
(Fritts 1976). Our results are con-
cordant with empirical reports
from the Tibe tan Plateau and its
southeastern edge (Fan et al.
2009, Li et al. 2011, Keyimu et al.
2020b).

4.2.  Comparisons of our reconstruction 
with other records

To assess the spatial representativeness of our
reconstruction, we compared the series with 3 other
records from surrounding regions (Fig. 8), including
the annual mean temperature reconstruction in the
western Sichuan Province of China (Li et al. 2015),
the warm season (April−September) mean tempera-
ture reconstruction in the central Hengduan Moun-
tains (Fan et al. 2009), and the annual mean mini-
mum temperature reconstruction in the southeastern
Tibetan Plateau (Keyimu et al. 2020b). All of these
reconstructions, including ours, were normalized and
smoothed with an 11 yr moving average (Fig. 8). The
warm episodes of the 1860s, 1945−1955, and post-
1995 on Zhegu Mountain in the present study are
consistent with the warm periods of 1860−1865,
1930s−1960s, and post-1995 in western Sichuan
reported by Li et al. (2015); with warm epi sodes of
1950s−1960s and 1995 in the central Hengduan
Mountains reported by Fan et al. (2009); and warm
periods of 1860s, 1940s−1965, and post-1990s in the
southeastern Tibetan Plateau reported by Keyimu et
al. (2020b). The cold periods of 1885−1995, 1905−
1925, and 1970s−1990s were also in agreement with
cold episodes of 1890s, 1910−1915, and 1975− 1990s
reported by Li et al. (2015); with cold periods of
1890s, 1910−1915, and 1980s−1990s in the study by
Fan et al. (2009); and with 1910−1915, and 1975−
1990s reported by Keyimu et al. (2020b). The spatial
correlation field of the reconstructed TMX series
with the regionally gridded maximum temperature
dataset for the period 1954 2016 (Fig. 9) demonstrat -
ed that the reconstructed temperature series could
represent the climate conditions for a large territory
in the western Sichuan Plateau of China.

However, there were also evident discrepancies
among the reconstructions. For instance, our recon-
struction identified 1945−1955s as a warm period,
whereas Li et al. (2015) identified the 1930s−1960s as

9

Event year Volcano and region Latitude Longitude VEI

1 1862 Makian, Indonesia 0.3° N 127.4° E 5
2 1883 Krakatau, Indonesia 6.1° S 105.4° E 6
3 1912 Novarupta (Katmai), Alaska, USA 58.3° N 155.2°W 6
4 1956 Bezymianny, Russia 56.0° N 160.6° E 5
5 1983 El Chichon, Mexico 17.4° N 93.2°W 5
6 1991 Pinatubo, Philippines 15.1° N 120.4° E 6

Table 3. Information of volcanic eruptions considered in the present study. VEI: 
Volcanic Explosivity Index
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warm, and Fan et al. (2009) identified the 1950s−
1960s as warm. The length of the cold period in our
reconstruction was about 20 yr (1905−1925), whereas
it was only about 10 yr (1905−1915) in the reconstruc-
tion by Li et al. (2015). Our series showed high tem-
peratures during the 1900s, while the series of Li et
al. (2015) and Keyimu et al. (2020b) demonstrated
these as cold years. This might be due to differences
in specific reconstruction time, tree species, and the
different detrending approach adopted for tree-ring
data (Thapa et al. 2015), as well as the potential mod-
ulation of local climate conditions.

We also compared the featured changes in temper-
ature with investigations from more distant sites to
find evidence supporting the spatial synchrony of cli-
mate variation. The temperature reconstruction se ries
of Shao & Fan (1999) from the western Sichuan Pla -
teau was partly close to our reconstruction. Their
warm episodes of the 1900s, 1950s, and 1995 and the
cold periods of 1885, 1910s, and 1990s were in agree-
ment with our results. It is worth noting that the rela-
tively longer period of cold in the 20th century oc -
curred during 1905−1925. Such severe cold was
ev i denced by other tree-ring records (Shao & Fan
1999, Bräuning 2006, Gou et al. 2007, Zhang et al.
2014, Liang et al. 2016) as well as ice cores (Yao et al.
2006) from the Tibetan Plateau. There was a warm
period (1950s−1965) as well, which was in accordance
with a warm episode in the Himalayas (Cook et al.
2003, Lv & Zhang 2013) and the central (Liang et al.
2008, He et al. 2014) and northeastern (Gou et al.
2007) Tibetan Plateau. One of the featured cold epi -
sodes in the last century spanned 1965−1985. From
1965, the temperature began to decrease dramatically,
especially during cold episodes in the intervals of
1970−1974 and 1977−1980. This decrease was also
identified in the reconstruction series from nearby
areas (Yadav et al. 2004, Li et al. 2015, Li & Li 2017), as
well as in some other reconstructed temperature series
from more distant locations (Briffa et al. 1998, Chen et
al. 2010). Although the EPS of our chronology was be-
low 0.85 before 1869 due to the reduced sample size
(but larger than 5), the concordant cold and warm epi -
sodes with other reconstructions from surrounding
regions implied the reliability of our reconstruction
series.

4.3.  Significant cycles in the reconstruction 
and natural forces

To investigate the spatial linkage of our aggrega -
ted autumn and winter TMX reconstruction series for

Zhegu Mountain with climate systems on a global
level, we correlated our reconstruction with global
sea surface temperature (SST) reconstruction (Had -
ISST1 1°) during the common time series of 1870−
2016 using KNMI Climate Explorer (Fig. 10). We can
observe the positive correlation between the recon-
struction series with Western Pacific SST which indi-
cates the relationships between reconstruction and
the Asian−Pacific Oscillation (APO). The APO is in -
duced by large-scale thermal differences between
the land and sea (Duan & Wu 2005), affecting the cli-
mate of large parts of China. To further investigate
the relationship, we correlated the reconstructed
series with the APO index reported by Zhao et al.
(2008); after smoothing with an 11 yr moving average
for the common interval of 1861−1980, the significant
correlation (R = 0.47, p < 0.001) confirmed the link-
age between regional TMX reconstruction and the
western Pacific Ocean activity. Fig. 10 also demon-
strates the positive correlation of TMX reconstruction
with North Atlantic SST, which implied the im pact of
the Atlantic Multidecadal Oscillation (AMO) on the
regional climate system. Kerr (2000) reported that
the AMO potentially affects large-scale atmospheric
circulation over the Eurasian continent. We used the
annual AMO indices reconstructed by Mann et al.
(2009) from the KNMI climate explorer (http://
climexp.knmi.nl /getindices.cgi?WMO=Rapid Data/
amo_mann&STATION) and compared it to our rec -
onstruction series for the common period of 1856−
2006. A significant and positive correlation (R = 0.46,
p < 0.001) confirmed the connection between the
temperature fluctuation on Zhegu Mountain and
ac tivity in the North Atlantic Ocean.

Another natural force which impacts the climate
system is solar activity. There is a close relationship
between solar activity and the Earth’s surface tem-
perature (Duan & Zhang 2014). Sun spots are among
the most basic and obvious phenomena of solar activ-
ity (Cai et al. 2014). Decadal and multi-decadal vari-
ations in reconstructions are usually associated with
the sunspot number (Panthi et al. 2017, Chen et al.
2019a). To further investigate the influence of solar
activity on the alteration of regional warm and cold
conditions on Zhegu Mountain, we downloaded the
annual sun spot number (http://climexp.knmi.nl/
getindices.cgi?WMO=SIDCData/sunspots& STATION
=sunspots) to conduct a correlation analysis with
our reconstruction series. The mid- and low-fre-
quency variations of the 2 indices after 11 and 31 yr
smoothing showed a significant correlation with each
other (R = 0.41, p < 0.001; and R = 0.54, p < 0.001),
respectively. This convincingly supported the in -
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fluence of solar activity on the alterations of warm
and cold conditions in the Zhegu Mountain area of
western Si chuan. Our result indicating a connection
between historical temperature and solar activity
is in agreement with an investigation by Zhu et al.
(2016) conducted in the northwestern Sichuan
Plateau.

Volcanic activity is one of the biggest environ-
mental impacts on Earth’s climate. Tree-ring-based
re gio nal temperature reconstructions have demon-
strated matches between regional cold episodes,
temperature decrease, and dates of some volcanic
activities around the globe (Briffa et al. 1998, Salzer
& Hughes 2007, Mann et al. 2012, Sigl et al. 2015,
Chen et al. 2019b). The length of such cold periods
is impacted by the frequency and magnitude of
large volcanic eruptions. We selected 6 larger vol-
canic eruptions in history (shown in Fig. 7b) and
conducted SE analysis; the results confirmed the
cooling effect of volcanic eruptions (Fig. 11). We
observed 3 major cold periods in the study area
based on our temperature reconstruction. The first
one is 1883−1886, and this may be linked to the
Krakatau volcanic eruption in western Java, In -
donesia. The second coldest episode lasted from
1902 until the 1920s. This period saw a series of
volcanic eruptions, the first of which was the Santa
Maria eruption in Guatemala in 1902. The Santa
Maria eruption was so large that its column was
nearly 30 km high, and reached the stratosphere

(Williams & Self 1983). The second volcanic erup-
tion was the Ksudach Caldera Complex in 1907,
located in the southern part of the Kamchatka
Peninsula of Russia (Macaas & Sheridan 1995). The
third one was the Novarupta volcanic eruption in
Southern Alaska, USA, in June 1912, which was
the most powerful eruption of the 20th century. It
was reported that the Novarupta eruption weak-
ened the Indian summer monsoon during the fol-
lowing years (Rafferty 2012). The prevailing cold
from 1902−1920s is also confirmed by other tree-
ring records and ice-core investigations in the
Tibetan Plateau (Bräuning 2006, Yao et al. 2006).
The third cold episode occurred during the 1990s
and was linked to the Pinatubu volcanic eruption in
the Philippines, the second largest eruption in the
last century. These eruptions influenced the atmos-
pheric circulation patterns (Free & Lanzan te 2009),
causing dramatic temperature decreases and de -
clines in radial tree growth.

5.  CONCLUSION

We built a chronology using tree-ring width data
of Faxon fir near the timberline of Zhegu Mountain
in the Miyaluo Scenic Area, western Sichuan Plateau.
Climate−growth response analysis showed that fir
trees at the timberline were temperature sensitive;
in particular, the relationship between interannual
radial tree growth and maximum temperature was
comparatively stronger. A linear model between
chro  nology and climate accounted for 43.2% of the
aggregated maximum temperature of autumn and
winter. Based on this model, we reconstructed 161 yr
of aggregated autumn and winter maximum temper-
ature for the study area. The reconstruction re sults
were in agreement with other records of tree-ring-
based temperature reconstructions from nearby re -
gions, confirming the reliability of our investigation.
The relationship between the reconstruction series
and SST indicated a linkage of regional climate
with global-scale sea−atmospheric circulations. We
also concluded that the solar activity and volcanic
eruptions exerted a strong influence on the temper-
ature fluctuation in the investigated area. Our re -
construction series helps to fill the gap in the spa-
tial coverage of proxy-based climate records in the
high-elevation areas of the western Sichuan Plateau.
However, the tree-ring network should be ex -
panded (sampling site and chronology length) in
the future to further understand the historical cli-
matic condition and its variability in this region.
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Fig. 11. Results of the superposed epoch analysis testing the
impact of explosive volcanism on the reconstructed maxi-
mum temperature of aggregated seasons of autumn and
winter on Zhegu Mountain during the period 1856− 2016.
Upper and lower horizontal dashed lines indicate the 95%
significance level. Red and blue bars represent the positive 

and negative temperature anomalies, respectively
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