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Abstract
Scarcity of high-resolution proxy records has hindered our understanding of long-term
climate variations and their mechanism in climate-sensitive regions such as the
Tibetan Plateau (TP). In this study, we present a winter minimum temperature
(Tmin) reconstruction for the past 351 years (1648–1998) based on a composite tree
ring width chronology from three upper treeline sites in the Gongga Mountains,
southeastern TP. Despite a loss of sensitivity to winter Tmin after the 1990s, tree
growth agrees well with previous December to current March (pDec-cMar) Tmin
during 1953–1998, and a regression model based on climate-tree growth relationship
over this period explains 52% of the instrumental Tmin variance. The resulting
reconstruction exhibits three major cold (1670–1745, 1805–1853, and 1877–1949)
and four major warm (1648–1669, 1746–1804, 1854–1876, and 1950–1998) periods
over the past four centuries. Long-term winter Tmin variations in the Gongga Moun-
tains have high coherence with those represented by temperature reconstructions in
the nearby regions. Together, they indicate close association of the reconstructed
warm/cold periods with the positive/negative phases of the Atlantic Multidecadal
Oscillation (AMO), suggesting that the AMO may have been a key driving force
affecting regional climate over the past few centuries.
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1 Introduction

The Tibetan Plateau (TP), with an area of about 2.5 × 106 km2 and an average elevation
exceeding 4000 m above sea level (a.s.l.), is essential to atmospheric circulation and hydro-
logical cycle at regional to global scales (Ding 1992). Meteorological data since the 1950s
show that the TP has a warming rate that is twice as high as the global average (Chen et al.
2015). However, the sparsity of meteorological stations and the shortness of climate records
have prevented scientists from perceiving the mechanism of long-term climate change and the
prominence of the anthropogenic warming on the TP (Yao et al. 2019). The state-of-the-art
climate models also show limited capacity in simulating temperature and precipitation on the
TP (Bothe et al. 2011; Duan et al. 2013). Proxy-based climate studies have therefore been
necessary in order to reveal long-term climate variations.

Tree rings have been widely used as a proxy to investigate the climate-growth relationship
and to reconstruct paleoclimate owning to their abundant resources, annual resolution, accurate
dating, and high sensitivity to climate (Fritts 1976). During the past two decades, a large
number of tree ring chronologies have been developed on the southern and eastern TP, many
of them have been used to reconstruct long-term changes in regional temperature, precipitation
or moisture conditions (e.g. Wang et al. 2014; Shi et al. 2017; Liu et al. 2018; Huang et al.
2019; Li et al. 2020). However, only a few tree ring chronologies are from the Gongga
Mountains, the highest barrier on the southeast margin of the TP with the main peak of
7514 m a.s.l. (Chen et al. 2010; Liu et al. 2011). To examine the climate-growth responses and
historical temperature variability in this region, two ring width and maximum density chro-
nologies have been developed from the southeastern slope of the Gongga Mountains (Duan
et al. 2010a, 2010b). However, the chronologies extended the summer temperature for less
than 200 years due to the shortness of the samples. Therefore, there is a need to further expand
the tree ring network in order to investigate past temperature change in the Gongga Mountains.

The Atlantic Multidecadal Oscillation (AMO) manifests as the multidecadal alternation
between warm and cold phases of North Atlantic sea surface temperature (SST; Muller et al.
2013). It is reported to have an extensive linkage with the climate in different regions around
the world, such as temperature fluctuation in Europe, rainfall in North East Brazil and African
Sahel, and the Atlantic Hurricanes (Knight et al. 2006; Sutton and Dong 2012). Many previous
tree ring studies have revealed that the AMOmay have been a key driving force of cold season
temperature change on the TP (Wang et al. 2014; Li and Li 2017; Shi et al. 2017; Fang et al.
2019). Nonetheless, there still lacks of proxy records that reveal the long-term AMO influence
in the Gongga Mountains.

In this study, we aim to reconstruct winter temperature in the Gongga Mountains through
tree ring width chronologies collected from upper treeline sites, which will provide more
quantitative information crucial for understanding long-term spatiotemporal temperature
change and its forcing mechanism on the southeastern TP.

2 Data and methods

2.1 Study area and climate data

The study sites are located on the southwestern slope of the Gongga Mountains, southeastern
TP (Fig. 1, Table 1). The region is under the influence of both East Asian Monsoon and Indian
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Monsoon in summer while the westerlies in winter (Ding 1992). It is characterized with chains
of deep gorges rising from river valleys (~3000 m a.s.l.) to the main peak of Mount Gongga
(7514 m a.s.l.) in short distances. The complex geology and geomorphology result in rich
biodiversity and preservation of abundant primeval coniferous forests (Zhang et al. 2013; Yu
et al. 2017).

Monthly climate data were obtained from the Jiulong meteorological station (29° 00′ N,
101° 30′ E), the nearest to the sampling sites (Fig. 1). The meteorological records from 1953 to
2014 show an annual mean temperature of 9.0 °C, with monthly mean temperature (Tmean)
below 10.0 °C and monthly minimum temperature (Tmin) below 0.0 °C in November–March
(Fig. 2). July (15.3 °C) and January (1.2 °C) are the warmest and coldest month, respectively.
June receives the highest precipitation of 201.3 mm, while the coldest months of December
and January receive only 2.3 mm and 2.4 mm precipitation on average. The annual total
precipitation is 909.8 mm on average, with merely 25.0 mm from December to March and the
majority (96% of the annual precipitation) from April to October. Therefore, the seasonality of
temperature and precipitation reflects a typical monsoonal climate in the study area (Wu et al.
2013). The main growing season generally begins in April and ends in October, while the
upper treeline sites should experience a tougher climate than that at the Jiulong station due to
higher elevation.

The temperature in Jiulong shows a pronounced warming trend during 1953–2014, with
Tmin rising more rapidly than Tmean and Tmax and winter temperature increase higher than
all other seasons (Fig. 3, Table S1). The linear regression trendline shows that the annual Tmin
increased by 1.77 °C from 1953 to 2014, which is faster than Tmean and Tmax that rose
0.96 °C and 0.78 °C in the same period, respectively. Among the four seasons, winter

Fig. 1 Map of the Gongga Mountains showing the locations of the sampling sites and the Jiulong meteorological
station
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(December–February) temperature has risen more rapidly than other seasons, with winter
Tmin rising 2.50 °C whereas summer Tmin for only 1.40 °C (Table S1). Meanwhile, there was
no discernible trend for precipitation in any season (Fig. 3).

2.2 Tree ring data

Tree ring samples were taken from three upper treeline sites with the elevation ranging from
3500 m to 4000 m a.s.l., approximately 50–85 km distance from the peak of Mount Gongga
(Fig. 1). Among them, 37 cores of Abies georgei Orr were sampled from the site WAH,
located 20 km north of the Jiulong town; 58 cores of Sabina tibetica were sampled from the
site WHS, which is located further north at the end of the same valley; 80 cores of Tsuga
chinensis were sampled at SHT, which is relatively far from the other two sites and 27 km
northwest of the Jiulong town.

Tree cores were taken from healthy and relatively isolated trees (no overlap in tree crowns)
in order to obtain optimal climate signals. Two cores per tree were drilled from different angles
at the breast height. The samples were carefully mounted on slotted wooden slots, air-dried and
polished in the lab. Tree ring sequences were crossdated by visually comparing their growth
patterns to assign the precise calendar year to each ring. Ring widths were then measured to
0.001 mm precision under microscope with a Velmex measuring system (Velmex Inc.,
Bloomfield, NY, USA). The quality of visual crossdating was checked statistically with the
COFECHA program (Holmes 1983). Cores that were poorly correlated with the master series,
either because of age-dependent trend or biological disturbance, were abandoned. One hun-
dred seventy-five increment cores from 91 trees were eventually included to develop three site
chronologies and one composite chronology.

To preserve growth variations that reflect climate signals, non-climatic biological trends of
the raw ring width series need to be removed through the process of standardization (Fritts
1976). In this study, negative exponential or linear regression curves of any slope were fitted to
detrend most series by applying the “signal-free” method (Melvin and Briffa 2008). The cubic

Fig. 2 Monthly Tmax, Tmean, Tmin, and monthly total precipitation at the Jiulong meteorological station over
the period 1953–2014
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