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Abstract: China is distinguished by a prominent monsoonal climate in the east of the country,
a continental arid climate in the northwest and a highland cold climate on the Qinghai-Tibet
Plateau. Because of the long history of Chinese civilization, there are abundant and
well-dated documentary records for climate variation over the whole of the country as well as
many natural archives (e.g., tree-rings, ice cores, stalagmites, varved lake sediments and
corals) that enable high-resolution paleoclimatic reconstruction. In this paper, we review re-
cent advances in the reconstruction of climate and extreme events over the last 2000 years in
China. In the last 10 years, many new reconstructions, based on multi-proxies with wide spa-
tial coverage, have been published in China. These reconstructions enable us to understand
the characteristics of climate change across the country as well as the uncertainties of re-
gional reconstructions. Synthesized reconstructed temperature results show that warm in-
tervals over the last 2000 years occurred in AD 1-200, AD 551-760, AD 951-1320, and after
AD 1921, and also show that cold intervals were in AD 201-350, AD 441-530, AD 781-950,
and AD 1321-1920. Extreme cold winters, seen between 1500 and 1900, were more frequent
than those after 1950. The intensity of regional heat waves, in the context of recent global
warming, may not in fact exceed natural climate variability seen over the last 2000 years. In
the eastern monsoonal region of China, decadal, multi-decadal and centennial oscillations
are seen in rainfall variability. While the ensemble mean for drought/flood spatial patterns
across all cold periods shows a meridional distribution, there is a tri-pole pattern with respect
to droughts south of 25°N, floods between 25° and 30°N, and droughts north of 30°N for all
warm periods. Data show that extreme drought events were most frequent in the periods AD
301-400, AD 751-800, AD 1051-1150, AD 1501-1550, and AD 1601-1650, while extreme
flood events were frequent in the periods AD 101-150, AD 251-300, AD 951-1000, AD
1701-1750, AD 1801-1850, and AD 1901-1950. Between AD 1551-1600, extreme droughts
and flood events occurred frequently. In arid northwest China, climate was characterized by
dry conditions in AD 1000-1350, wet conditions in AD 1500-1850, and has tended to be wet
over recent decades. On the northeastern Qinghai-Tibet Plateau, centennial-scale oscilla-

Received: 2016-02-22  Accepted: 2016-03-15
Foundation: Basic Research Project of the Ministry of Science and Technology, No.2011FY 120300; The “Strategic Prior-
ity Research Program” of the Chinese Academy of Sciences, No.XDA05080100; Research Project from
NSFC, No. 41430528
Author: Ge Quansheng (1963-), Professor, specialized in climate change for the past 2000 years.
E-mail: geqs@igsnrr. ac.cn
“Corresponding author: Zheng Jingyun, Professor, E-mail: zhengjy@igsnrr.ac.cn

www.geogsci.com  www.springerlink.com/content/1009-637x



828 Journal of Geographical Sciences

tions in precipitation have occurred over the last 1000 years, interrupted by several multi-
decadal-scale severe drought events. Of these, the most severe were in the 1480s and 1710s.
In southwest China, extreme droughts as severe as those seen in Sichuan and Chonggqing in
2006 are known to have occurred during historical times.

Keywords: high-resolution paleoclimatic reconstruction; extreme events; China; 2000 years

1 Introduction

The study of past climate change enables us to know what has happened in the Earth System,
improve our understanding of natural climatic variability, and provide a long-term context
for recent climate change (e.g., warming over the 20th century and its hiatus at the start of
the 21st century). Data can also be used to assess the relative roles played by natural climate
variability in contrast to anthropogenic forcing. Specifically, study of regional climate
change over the last 2000 years can provide spatial patterns in variations and various sce-
narios for measuring the sensitivity and operation of the current climate system (e.g., modu-
lations in internal variability, feedbacks and connections, abrupt changes and regional ex-
treme events) on inter-annual to centennial scales and provide us with knowledge to predict
and project climate changes in the near future (PAGES, 2009).

China is characterized by a monsoonal climate in the east, a continental arid climate in the
northwest and a cold highland climate on the Qinghai-Tibet Plateau in the southwest. This
variety of climate has given rise to a wide range of natural archives (e.g., tree-rings, ice
cores, stalagmites, varved lake sediments) that can be used for high-resolution paleoclimatic
reconstructions. In addition, the long history of civilization in China also means there are
abundant and well-dated documentary records to illustrate the precise sequence of climate
change over the last few thousand years and their impacts, especially on humans (Bradley et
al., 1993).

In China, the most famous pioneer to study past climate change was Professor Chu Ko-
Chen. He critically examined climate-related records from Chinese historical documents and
published research papers from the 1920s onwards. One of his major accomplishments was
the publication of “a preliminary study on the climatic fluctuations during the past 5000
years in China” that drew on phenological records and evidence for warm and cold events
extracted from Chinese historical documents (Chu, 1973). Subsequent to this benchmark
study, a nationwide cooperative effort was conducted to extract the enormous number of
records of meteorological disasters (e.g., droughts, floods, heat waves, snowstorms, frosts,
extreme ice, cold damage) from local gazettes during historical times. As a result of this
massive endeavor, a series of ‘dryness and wetness grades’ for 120 sub-regions across China
were reconstructed, and a compendium “Yearly Charts of Dryness/Wetness in China for the
Last 500-year Period” (CAMS, 1981; Zhang, 1988) was published. In the meantime,
weather and climate related information recorded in Chinese classical documents (i.e., Jing,
Shi, Zi, Ji in Chinese), the archives of the Qing Dynasty (1644—1911) and the Republic of
China (1912-1949), and historical private diaries were also consulted and data was extracted
by researchers at the IOGCAS (Institute of Geography, Chinese Academy of Sciences; see
Zhang and Gong, 1980; Zhang, 1996). Based on these proxies (e.g., historical weather ob-
servations, climate descriptions, records of weather and/or climate-related natural disasters,
the impacts of weather and climate anomalies, phenological and biological records), a clear
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methodology for the study of climate change in historical times was developed (Gong et al.,
1983). Several key characteristics of Chinese climate change during historical times were
studied (Zhang, 1996).

Furthermore, technologies and methods for paleoclimatic reconstruction using available
natural archives like tree rings, ice cores, lake sediments, stalagmites and corals were also
developed and several laboratories were established. All of these activities led to a series of
research works focused on natural, proxy-based, paleoclimatic reconstructions for China (Ye
and Lin, 1995). High-resolution proxies, paleoclimatic reconstructions for individual sites
(or small areas), and several composite temperature reconstructions for China (e.g., Wang et
al., 2001; Yang et al., 2002; Ge et al., 2003; Wang et al., 2007) were also achieved; much of
these data were indexed in the World Data Center (WDC) for Paleoclimatology Datasets
(https://www.ncdc.noaa.gov/data-access/paleoclimatology-data/ datasets), and cited by a
number of scientific reports (e.g., IPCC, 2001, 2007; NRC, 2006; EC-CNARCC, 2007) and
numerous papers on Northern Hemisphere (NH) or global synthetic temperature reconstruc-
tions for the last 2000 years (e.g., Mann and Jones, 2003; Moberg et al., 2005; Osborn and
Briffa, 2006; Hegerl et al., 2007; Mann et al., 2008, 2009; Ljungqvist, 2010; Christiansen
and Ljungqvist, 2011, 2012; PAGES 2k Consortium, 2013). Highlights of these research
activities were summarized in review papers (e.g., Zhang and Crowley, 1989; Wang and
Zhang, 1992; Bradley et al., 1993; Zhang et al., 1997, 1999; Jones and Mann, 2004; Ge et
al., 2008a; Jones et al., 2009), books (e.g., Zhang, 1988; Ye and Chen, 1993; Ye and Lin,
1995; Qin et al., 1998), and in a special issue of PAGES News (Wang et al., 2005).

In addition to implementing a new phase of the International Geosphere-Biosphere Pro-
gramme (IGBP) and other research programmes in Global Change over the last 10—15 years,
China has also launched two new research themes: the National Key Basic Research Pro-
gram on Global Change (http://www.most.gov.cn/tpxw/201007/t20100711 _78372.htm); and
the Strategic Priority Research Program of the Chinese Academy of Sciences on Climate
Change (Lu and Ding, 2012). Specially, several novel research projects have focused on cli-
mate change in China over the last 2000 years (e.g., Climate Changes in China for the Past
2000 Years: Proxy Data, Variability, Cycle, Abrupt Change and Causes; Forcing and Impacts
of the Warm Periods in the Past 2000 Years). Supported by these new research projects, a
large volume of high-resolution proxies, paleoclimatic reconstructions, and results have been
achieved over the last 10 years. In this paper, we summarize the highlights of recent work.

2 High-resolution and multi-proxy temperature reconstructions

Over the last 10 years, a number of new, high-resolution, temperature reconstructions were
reported for China. For example, daily records of snowfall derived from Yu-Xue-Fen-Cun
records during the Qing Dynasty (1644-1911) allowed reconstruction of an annual
resolution series for winter temperatures since 1736 in eastern China, along the mid-
dle-lower reaches of the Yangtze River (25°-34°N, 108°-123°E approximately) (Hao et al.,
2012), and in southern China (south of ca. 25°N, 106°-120°E) (Ding ef al., 2015). By using
historical records of the dates of first and last frosts extracted from Chinese local gazettes, a
temperature series (5-year resolution) for winter half-years (October to the following April)
on the North China Plain (ca. 34°—41°N, 105°-123°E) was also reconstructed (Yan et al.,
2014). Using historical records of abnormal frost dates and snowfalls, as well as the descrip-
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tion on plant phenophase in the historical documents, winter half-year temperature series for
central eastern China at 10-year (ca. 25°—40°N, east of 105°E) (for AD 220-580; Zheng et
al., 2005a) and 20-year (for AD 601-920; Ge et al., 2010a) resolutions were also recon-
structed. Winter half-year temperatures for central eastern China over the last 2000 years
(first at 30- and then updated to 10-year resolution; Ge et al., 2003; 2013) were recon-
structed from more than 1900 historical records of phenological cold/warm events. More-
over, Zhu et al. (2009) reconstructed a February-April temperature series for 1750-2002 in
northeastern China based on the widths of tree-rings from Korean Pines in the Changbai
Mountain area (42.0°—43.5°N, 127.5°-128.5°E), while Chu et al. (2011) presented an al-
kenone-based temperature reconstruction for the growing season over the last 1600 years
using varved sediments from Lake Sihailongwan (42.3°N, 126.6°E).

In western China, tree ring-based temperature reconstructions with a duration of more
than 300 years have now been conducted at many sites (Table S1 in Supporting Information
for locations and references), especially in the Tianshan Mountains, in Xinjiang, and on the
Tibetan Plateau. Some of these studies covered up to a millennium (e.g., Wang et al., 2014,
2015; Zhang et al., 2014; Liu et al., 2009; Zhu et al., 2008; Liu et al., 2005, 2007). More-
over, the 6'°0 temperature proxy (at a resolution of 10 years) was also derived from ice
cores at the following Tibetan Plateau sites: Dunde (38.1°N, 96.4°E); Guliya (37.19°N,
80.68°E); Malan (35.83°N, 90.67°E); Puruogangri (33.92°N, 89.08°E); and Dasuopu
(28.38°N, 85.72°E). In addition, a 1600-year-long (AD 350-2010) quantitative reconstruc-
tion for yearly summer temperature was inferred from varved sediments in Kusai Lake
(35.6°-35.8°N, 92.6-93.3°E) on the northern Qinghai-Tibet Plateau (Liu et al., 2014). Using
sediments from Lake Qinghai, Liu et al. (2006) presented an alkenone-based temperature
reconstruction for 1500 BC to AD 2000 with a resolution of 30—100 years.

These new proxy-based temperature reconstructions provide improved spatial coverage
for understanding uncertainties in regional reconstructions and, when synthesized together,
enable a high-resolution temperature series for the whole of China over the last millennium.
For example, taking 23 proxy-based temperature series from published papers, Ge et al.
(2010b) assessed uncertainties in temperature reconstructions over the last 2000 years for
five Chinese sub-regions. Based on 415 proxies (including 373 from tree rings mostly less
than 1000 years old), Shi et al. (2012) built a preliminary temperature reconstruction for
China over the last millennium using a modified point-by-point regression (PPR) approach.
More specifically, by synthesizing high-confidence regional temperature signals from 28
proxies (with high quality reconstructions) from the whole of China, Ge et al. (2013) recon-
structed a new 2000-year temperature series at a resolution of 10 years (Figure 1) using par-
tial least squares (PLS) and principal component regression (PCR) analyses. Results of this
study show that warm intervals over the last 2000 years were in AD 1-200, AD 551-760,
AD 951-1320, and after AD 1921, while cold intervals were in AD 201-350, AD 441-530,
AD 781-950, and AD 1321-1920. Interestingly, temperatures during AD 981-1100 and AD
1201-1270 were comparable to those of our Present Warm Period, but have an uncertainty
of 0.28°-0.42°C at 95% confidence level. Temperature variations over the whole of China
are typically in phase with those of the Northern Hemisphere (NH) after AD 1000, the pe-
riod which covers the Medieval Climate Anomaly, the Little Ice Age (LIA), and the Present
Warm Period. In contrast, a warm period found to occur in China during AD 541-740 was
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not as obvious as in the NH.
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Figure 1 Locations and types of 28 temperature proxies (left panel), and temperature reconstructions for China
(a in right panel; Ge et al., 2013) based on 28 temperature proxies with PLS (red lines) and PCR (blue lines)
methods respectively at decadal (thin lines) and centennial timescales (solid lines; smoothed by a 5-point FFT
filter), along with the 95% confidence level (shading). The reference value is the mean temperature from 1851 to
1950. The green line indicates the observed average air temperature. (b) Numbers of temperature proxies used.

Analysis of the rate of temperature change over the last 2000 years shows that, at a
100-year scale, the warming rate for the whole of China in the 20th century was only
0.6°C/100 a, while the peak warming rate for the period from the LIA to the 20th century
reached 1.1°C /100 a, which was the greatest one in the past 500 years and probably over the
last 2000 years. On a 30-year timescale, warming in the 20th century is quite notable, but the
peak rate is still lower than those seen in previous periods, including rapid warming from the
LIA to the 20th century and from AD 270s—290s to AD 300s—320s. The exact timing, dura-
tion and magnitude of these warming peaks vary from region to region at all scales, while
the peak rates on a 100-year scale in AD 180-350 in northeastern China, in AD 260—410 and
AD 500-660 in Tibet were all greater than those seen from the mid-19th to 20th centuries. It
is also worth noting that the most rapid cooling rates (at scales of 30 to 100 years) in the LIA
were high, but not unprecedented for the last 2000 years (Ge et al., 2011a).

3 Reconstructions of precipitation and rainfall variability

Among the many historical documents in China, Yu-Xue-Fen-Cun records are a unique di-
rect source for quantitative precipitation reconstruction at high-resolution in the monsoonal
region of China. These records contain measurements of both snow depth after each snow-
fall and infiltration depth after each rainfall in units of Fen (0.32 cm) and Cun (10 Fens = 3.2
cm), as well as records of rainy and snowy days and accurate descriptions of precipitation
over given periods (e.g., one dekad, one month or one season; Ge et al., 2005). Based on
these unique records, Zheng et al. (2005b) were able to reconstruct seasonal precipitation
since 1736 at 17 stations along the middle and lower reaches of the Yellow River as well as
variations in the rainy season driven by the East Asian Summer Monsoon over the last 300
years. Ding et al. (2014) reconstructed a starting-date series for the pre-summer rainy season
in South China (i.e., the first stage of the Asian summer monsoon rainband in China) while
Ge et al. (2008b) reconstructed a time-series (including start and end dates) and precipitation
amount for Meiyu (the second stage of the Asian summer monsoon rainband in China) in the
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middle-to-lower reaches of the Yangtze
River. Wang et al. (2008) and Ge et al.
(2011b) reconstructed series of start
and end dates for the rainy season on
the North China Plain and on the
northern edge of the monsoonal area
(i.e., the last stage of the Asian summer
monsoon rainband in China).

Based on descriptions of drought
and flood-related disasters (i.e., events
that had direct impacts on agriculture
and society) extracted from Chinese
historical documents, Zhang (1996)
developed a dataset to describe a yearly
drought/flood grade since 137 BC for
63 sites (Figure 2a) in eastern China.
The grades in this dataset were classi-
fied using the ideal frequency criteria
of 10% (grade 1, severe drought), 20%
(grade 2, drought), 40% (grade 3, nor-
mal), 20% (grade 4, flood), and 10%
(grade 5, heavy flood) for the whole
area across this period, calibrated by
considering the intensity, duration, and
area of disasters and their impacts.
However, these data are only partially
available before 1470 as fewer histori-
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Figure 2 Locations of 63 sites in the dataset of yearly

drought/flood grade derived from Chinese historical docu-

ments starting from 137 BC (a) and percentage of available

data for each drought/flood grade, excluding grade 3 (b)

cal documents survive from earlier times (Figure 2b), and, in addition, data for the grade of a

drought or flood are unevenly distributed spatially (e.g., very few data are available on the
grade of a drought or flood in China before AD 760 and even fewer data south of the Huaihe
River at ca. 34°N before AD 300; Zhang, 1996). Nevertheless, by using this grade dataset,
Zheng et al. (2006) were able to develop a method to define a long-term pattern in precipita-
tion change (with a regional dry/wet index) and reconstructed a regional dry/wet index series
for the North China Plain (ca. 34°—40°N, east of 105°E), the Jiang-Huai area (ca. 31°-34°N,
east of 110°E), and the Jiang-Nan area (ca. 25°-31°N, east of 110°E) for the last 1500 years.
The effect of missing data on the homogeneity of these reconstructions was detrended using

a polynomial fit to changing trend in the number of records and, recently, these reconstruc-
tions (Figure 3) have been extended back to 2000 years (Zheng et al., 2014a). This series
thus provides a unique proxy for studying long-term patterns and regional differences in
rainfall over the monsoonal area of China (Shen et al., 2009).

Tree-ring is one of the important proxies for reconstructing precipitation and drought
variability in western China, as this region has an arid to semi-arid climate. Over the last 10

years, around 30 reconstructions based on more than 130 tree ring chronologies (Table S2 in
Supporting Information for locations and references) reported precipitation or drought indi-
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ces (e.g., the Palmer drought severity index; the standardized precipitation evapotranspira-
tion index) at yearly resolution. For the northeastern part of the Tibetan Plateau, eight recon-
structions are available for the last 1000 years (e.g., Gou et al., 2015a; Wang et al., 2013;
Zhang et al., 2011a; Shi et al., 2009; Liu et al., 2006; Shao et al., 2005, 2006; Zhang et al.,
2003), of which, the longest two extend back more than 3000 years (Shao ef al., 2010; Yang
et al., 2014a). In addition, several high resolution (annual to decadal) proxy series for pre-
cipitation or Asian summer monsoon variability were derived from stalagmites (e.g., He et
al., 2005; Hu et al., 2008; Cosford et al., 2008; Zhang et al., 2008; Tan et al., 2009; 2011;
Cui et al., 2012; Zhao et al., 2015), and lake sediments (e.g., Bird et al., 2014; Liu et al.,
2011). All of these proxy series dated back more than 1000 years.
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Figure 3 Regional dry/wet index series for the North China Plain (a), Jiang-Huai area (b), Jiang-Nan area (c),
and central eastern China (d) for the past 2000 years derived from yearly drought/flood grade dataset after de-
trending the effect of data missing on the homogeneity (Ge ef al., 2014). The blue and red lines show the varia-
tions of regional dry/wet index at multi-decadal (40—75 years) and centennial (80—150 years) scale respectively,
with the value of explained variance in brackets. Right panel: Results of spectral estimation for the regional
dry/wet index series using the Multi-Taper Method.

The above reconstructions provided new proxies to study the characteristics on precipita-
tion change in China over the past 2000 years. Results of multi-taper spectral analyses on
reconstructions for the North China Plain, the Jiang-Huai area, and the Jiang-Nan area all
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show that there were decadal, multi-decadal and centennial oscillations in rainfall variability
in the monsoonal region of China (Figure 3). Within this variation, a number of significant
cycles were detected: 90-100a, 70-80a, 43—48a, 35a, 25-27a, and 17-18a on the North
China Plain; 90-100a, 73-75a, 63—68a, 55a, 45a, 37a, and 26a in the Jiang-Huai area; and
85-100a, 75-77a, 58—65a, 37-39a, 31a and 26a in the Jiang-Nan area (Ge et al., 2014). Sig-
nificant cycles with 70-80a and 20-30a were also found in precipitation reconstructions for
the middle-lower reaches of the Yellow and Yangtze rivers (Hao et al, 2008, Ge et al.,
2008b), although there was inconsistent phase for decadal, multi-decadal and centennial
dry/wet variation on the North China Plain, and in the Jiang-Huai Jiang-Nan areas (Zheng et
al., 2006; Hao et al., 2009; Shen et al., 2009).

Reconstruction of spatial patterns shows that there has been no fixed relationship in pre-
cipitation anomalies during either the five centennial-scale cold (AD 440-540, AD 780-920,
AD 1390-1460, AD 1600-1700, and AD 1800-1900) or four warm (AD 650-750, AD
1000-1100, AD 1190-1290, and AD 1900-2000) periods in eastern China over the last 2000
years (Hao et al., 2016). Nevertheless, the ensemble mean of the drought/flood spatial pat-
tern for all five cold periods does show an east-to-west distribution (Figure 4), with floods
east of 115°E and droughts west of 115°E (with the exception of one flood between 110°E
and 105°E). For most warm periods, droughts dominate north of the Yangtze River, while
floods are more common to the south; the ensemble mean of the drought/flood spatial pat-
tern for all four warm periods shows a tri-pole pattern with droughts south of 25°N, floods
prevalent between 25°-30°N, and droughts north of 30°N (with the exception of one flood
on the Loess Plateau; Zheng et al., 2014b). Results also show that the observed increase in
frequency over the last two decades of a drought-in-the-north/flood-in-the-south spatial pat-
tern in eastern China is unusual for the last five centuries (Shen et al., 2009).
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Figure 4 Spatial patterns of droughts and floods in eastern China in cold and warm periods over a centennial
scale (Hao et al., 2016). (a) Ensemble mean for all five cold periods (AD 440-540, 780-920, 1390-1460,
1600-1700, 1800—-1900). (b) Ensemble mean for all four warm periods (AD 650-750, 1000-1100, 1190-1290,
1900-2000). (c) Difference between warm and cold periods (warm minus cold). The shaded area is the 90% sig-
nificance level based on a chi-square test.

Chen et al. (2010) reviewed spatial and temporal patterns in effective moisture variation
as revealed by different proxies from 17 records across arid Central Asia (a region extending
from the Caspian Sea in the west to the modern Asian summer monsoon limit in the east,
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encompassing the Central Asian countries, northwestern China, and the southern Mongolian
Plateau). The authors synthesized a reconstruction at a decadal resolution for moisture varia-
tion over the last 1000 years, using five of the 17 available records selected on the basis of
reliable chronologies and robust proxies. The high- and low-resolution data recovered by
this study all showed that, over the last 1000 years, the climate in arid Central Asia was
characterized by a relatively dry period AD 1000-1350, a wet period AD 1500-1850, and
tended to be moist in recent decades. Over the last 1000 years, multi-centennial moisture
changes in arid Central Asia showed a generally inverse relationship with respect to tem-
perature changes in the Northern Hemisphere, China, and in western Central Asia. This
change in moisture history in arid Central Asia also showed an out-of-phase relationship
with that seen in monsoonal Asia (Chen ef al., 2010). While in the southeast of arid Central
Asia, from the northeastern Qinghai-Tibet Plateau to the western margins of the Qinling
Mountains, reconstructions from both tree rings (Shao et al., 2010; Yang et al., 2014a) and
stalagmites (Zhang et al., 2008) showed that there were centennial-scale oscillations in pre-
cipitation over the last 1000 years. These were interrupted by several multi-decadal severe
drought events, including two prominent droughts in the 1480s and the 1710s (Shao et al.,
2010; Yang et al., 2014a). A 3500-year tree-ring-based precipitation reconstruction for the
northeastern Tibetan Plateau (Figure 5) showed that moisture conditions over recent decades
were the wettest recorded. Notable historical dry periods occurred in the 4th century and in
the second half of the 15th century; the driest individual year (since 1500 BC) was 1048 BC,
while the wettest was 2010. Precipitation variability on the northeastern Tibetan Plateau ap-
peared not to be associated with inferred changes in the intensity of the Asian monsoon dur-
ing recent millennia (Yang et al., 2014a).
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Figure 5 Tree ring based reconstruction for annual precipitation on the northeastern Tibetan Plateau (Yang et al.,
2014a). (a) Annual precipitation from 1595 to 2011, together with total uncertainty (pale red), the part of this
uncertainty that arises from chronology (pale blue), and the observed regional precipitation since 1957 (red). The
horizontal dotted line indicates the mean precipitation over the calibration period (1957-2011). Note that the
calibration residuals show that the estimated values somewhat exaggerate dryness in some dry years (e.g., 1978
and 1998), and this should be borne in mind when interpreting extremely dry years in the reconstruction. (b) As in
(a), except that data are shown for the period since BC 1500 with 50a smoothing (smoothed values will be more
uncertain near the end of the time series).

4 Extreme climate events reconstructions
4.1 Extremely cold winters and burning hot summers

Regional historical climate reconstructions may help us to place recently observed extreme
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climate events into the context of much longer timespans; by doing this, we can understand
whether the recent climate is actually more extreme than it has been in the past, which is a
current hot topic in China (Zheng et al., 2014c). For example, Zheng et al. (2012) defined
extremely cold winter events as those that have a probability of occurrence lower than the
10th percentile of a probability density function, based on observed winter temperatures
since 1951 in southern China. On this basis, they created a series of impact severity levels
using documented evidence of events between 1951 and 2000, and evaluated three indexes
for the freezing of rivers and lakes, widespread snow and ice storms, and cold damage to
subtropical or tropical crops. Using these criteria, they identified 50 extremely cold winters
for the period 1650-1949 based on 4000 pieces of comparable information extracted from
local gazettes in southern China. Data were verified using data from three weather stations
with long records and led to the conclusions that the most frequent extremely cold winter
events occurred during AD 1650-1699 and in the first and second half of the 19th century,
when frequencies were twice as high as in the second half of the 20th century. In contrast,
frequencies of extremely cold winters during the 18th century were close to those seen in the
second half of the 20th century. The high frequencies of extremely cold winters observed in
AD 1650-1720 and AD 1795-1835 were likely due to the Maunder and Dalton Minimum.
Indeed, the intensities of some historically cold events, such as those in the winters of 1654,
1670, 1690, 1861, 1892 and 1929, exceeded those of the coldest winters since 1951. Hao et
al. (2011) identified historical analogues of the central and southern Chinese 2008 extreme
snow event (ESE) from the chronology of extremely cold winters reconstructed over the last
500 years comparing geographical coverage with days of snowfall (greater than 15 days),
snow/icing-cover (greater than 20 days), and total accumulated snow depth (greater than 30
cm for a single winter) and found that there were 25 annual ESEs over the past 500 years
(Table 1) comparable to the winter of 2008 in snowfall days, snow cover/icing days, and
snow depth. These ESEs, however, exhibited a variable spatial pattern and only those that
occurred in the winters of 1578, 1620, 1796 and 1841 (probability of occurrence: once every
100 years) had comparable snowfall pattern to 2008. Comparisons between occurrences of
ESEs and long-term temperature changes showed that ESEs analogous to that seen in 2008
all occurred in a relatively warm phase that was soon followed by a cooling phase (Hao et
al.,2011).

Zhang and Gaston (2004) reported 19 extreme burning hot summers in the last 1000 years
by surveying weather and related impact records from “A Compendium of Chinese Mete-
orological Records of the Last 3000 years” (Zhang, 2004). Summers were defined as burn-
ing hot if high temperatures were recorded in more than three provinces; results showed that
the northern China heat wave in summer 1743 was the greatest in intensity, injuries, area of
coverage and duration. During this event, the daily maximum temperature reached 44.4°C in
Beijing in July 1743, as observed by Father Gaubil using a Réaumur-scale thermometer
(Table 1), which passed the highest records (June and July of 1942, July of 1999) observed
in the 20th century. It is implicated that the intensity of regional heat wave occurred in the
context of recent global warming may not exceed the natural climate variability during the
historical times.

4.2 Extreme drought and flood

Based on a yearly dataset of drought and flood grades for 63 sites (Figure 2a) across eastern
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Table 1 Historical extreme snowfall events (ESEs) comparable to 2008, including duration (period over which a
high incidence of heavy snowfall occurred), days of snowfall, snow cover or icing, and snow depth (ranges given
because of geographical variability between sites, “?” means no data available) (Hao et al., 2011).

. Duration of heavy Days in disaster area Snow depth (cm) Spatial
Winter snowfall event — *
(dd/mm) snowfall snow cover/icing mean Max. record ~ Pattern
1578-79 29/11-01/02 >20 >30 >30 >100 11
1620-21 15/12-20/02 15-30 >30 30-50 >60 I
1654-55 21/12-05/02 15-40 20-40 40-50 >60 Ib
1660-61 04/12-29/01 ? >30 ? ? Ic
1665-66 01/01-02/02 ? >30 ? ? Ic
1670-71 15/12-05/02 >15 >30 30—50 >100 la
1676-77 10/12-01/02 ? >30 >50 >100 Ic
1683-84 28/12-12/02 ? >30 30-50 >60 Ia
1689-90 28/12/-15/01 ? >30 ? >60 Ic
1690-91 21/12-15/02 >15 >30 30-60 >100 Ia
1694-95 17/12-10/03 ? >30 ? ? )
1700-01 10/12-10/02 ? >20 ? >100 Ia
1714-15 06/01-03/02 >15 >30 >30 >50 Ib
1719-20 01/02-08/03 ? >20 >30 >60 Ib
1796-97 29/12-30/01 15-25 20-30 30-40 >50 I
1830-31 10/01-23/02 15-25 15-40 30-40 >50 Ic
1831-32 14/12-07/02 15-30 25-50 30-50 >100 Ia
1832-33 19/01-20/02 15-20 20-35 30-50 >90 Ia
1840-41 18/12-01/02 15-20 25-40 30-50 >100 Ic
1841-42 09/12-10/01 15-30 25-50 =50 >100 I
1877-78 30/12-09/02 =15 20-50 >30 >45 Ia
1887-88 13/01-13/02 =15 20-35 30-40 >90 I
1892-93 04'2‘2.//%11’_ BZ}%(;/ oL, =15 >25 30-50 >90 la
1929-30 16/12-25/02 >15 >25 30-40 >60 )l
1930-31 20/12-20/02 >15 >25 30-40 >60 I
2007-08 10-16/01,18-22/01, 12-17 15-25 30-35 50 11

25-29/01, 31/01-02/02

*Spatial patterns: pattern I, a snow front moving from the north to the south of China, including pattern Ia, continu-
ous snowfall over most of eastern China; pattern Ib, an ESE approximately on the east coast of China; pattern Ic, heavy
snow over scattered regions of eastern China, with cold dry conditions for the whole of this region; pattern II, continuous
snowfall over southern China (from the Huaihe River to the southern border); pattern III, persistent snowfall in the re-
gion between the Yellow River and Nanling Mountain.

Table 2 Temperature observations for each day in Beijing at 15:30 pm between the 20th and 26th of July 1743
by Father Gaubil using a Réaumur-scale thermometer (°R), their equivalents in Celsius (°C), and comparisons
with the highest records from the 20th century (Zhang and Gaston, 2004).

Date 1743-07-20 1743-07-21 1743-07-22 1743-07-23 1743-07-24 1743-07-25
Temperature (°R) 33.25 33.25 34.00 34.00 34.25 35.25
Temperature (°C) 41.6 41.6 42.5 425 43.1 44.4
Statistical features of the 1743 heat wave vs. highest recorded temperatures in the 20th century
Month heat wave occurred July 1743 June 1942 July 1942 July 1999
Maximum temperature (°C) >44.4" 42.6 40.0 42.2
Days of >40°C 6 3 3 1
Successive days of >38°C 6 3 3 2

* Only the 15:30 pm observation is used.
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China since 137 BC and the regional dry/wet index series (Figure 3), Hao et al. (2010a) re-
constructed the chronology of extreme drought and flood events on the North China Plain, in
the Jiang-Huai and Jiang-Nan areas, and in central eastern China over the last 2000 years.
Although these events can be identified by drought/flood grade criteria, hit-area and regional
dry/wet index, this is equivalent to the occurrence probabilities of drought/flood and within
the 10th percentile of a probability density function, as derived from instrumental precipita-
tion observations in China since 1951. Results show that there were 227 extreme droughts
and 190 extreme floods in the period 137 BC to AD 2000 on the North China Plain and that
six extreme droughts and four extreme floods occurred between 1951 and 2000. Although
data is missing for yearly drought/flood grades in the Jiang-Huai and Jiang-Nan areas before
AD 1470, it is clear that there were 142 extreme droughts and 174 extreme floods between
AD 10 and 2000 in the Jiang-Huai area. Of these, five extreme droughts and six extreme
floods occurred within the period 1951-2000. In the Jiang-Nan area, 127 extreme droughts
and 159 extreme floods occurred between AD 100 and 2000 and, of these, four extreme
droughts and five extreme floods occurred between 1951 and 2000. In central eastern China,
there were 209 extreme droughts and 195 extreme floods (including 23 coincident extreme
drought and flood events) between AD 100 and 2000, of which four extreme droughts, four
extreme floods, and one coincident event occurred between 1951 and 2000. Observed
changes in the occurrences of extreme events (Figure 6) show that in the eastern monsoonal
region of China, extreme droughts were more frequent in the periods AD 301-400, AD
751-800, AD 1051-1150, AD 1501-1550, and AD 1601-1650. In this region, extreme
floods were more frequent in the periods AD 101-150, AD 251-300, AD 951-1000, AD
1701-1750, AD 1801-1850, and AD 1901-1950, while during 1551-1600, coexisting ex-
treme drought and extreme flood events occurred most frequently.

Based on a dataset of dryness and wetness grades for 120 Chinese sub-regions (CAMS,
1981; extended by Zhang et al., 2003) and by considering intensity, duration, and spatial
coverage, Shen et al. (2007) investigated the exceptional drought events (i.e., extended over
a prolonged period; affecting an extended area) that were seen in eastern China in the last
five centuries. In this study, they identified three exceptional drought events, 15861589,
1638-1641, and 1965-1966. These were the most severe droughts of the last five centuries
seen in eastern China; more than 40% of the region was affected while the drought center
experienced a significant reduction in summer rainfall (ca. 50% or more). These three ex-
treme droughts all developed first in the north of China (34°-40°N), and then either ex-
panded southwards or moved down the Yangtze River valley (27°-34°N) to northern part of
the southeastern coastal area (22°-27°N). In 1965-1966, a significant reduction in summer
precipitation was caused by a weakening of the summer monsoon and an anomalous west-
ward and northward displacement of the western Pacific subtropical high. Indeed, all three
of these exceptional drought events may be triggered by large volcanic eruptions and ampli-
fied both by volcanic activities and El Nifio events. Hao et al. (2010b) also investigated the
spatial pattern and temporal evolution of the prolonged severe drought of 1876—1878, using
a seasonal precipitation reconstruction from 17 stations within the middle and lower reaches
of the Yellow River recorded in Yu-Xue-Fen-Cun records since 1736. Results of this study
indicate that this prolonged severe drought started in the spring of 1876 and did not stop
until the spring of 1878, which was the most severe and extreme drought in northern China
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in the last 300 years. Indeed, within the three-year drought period, harvest failures raised the
price of rice 5—10 times higher than in a normal year and population of the five provinces of
northern China decreased by more than 20 million because of death and migration. Subse-
quent related investigations suggested that this 1876-1878 drought could be linked to ab-
normally high sea surface temperatures (SST) in the equatorial central and eastern Pacific, a
strong El Niflo episode, and positive Antarctic Oscillation (AAO) anomalies.
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Figure 6 Changes in the frequency of extreme drought and flood events for each 50-year period in eastern
China over the last 2000 years (Hao ef al., 2010a). Red line: extreme drought; blue line: extreme flood; black line:
coexisting drought and flood; grey bar: total of extreme drought and flood events. The cross bars below each plate
indicate confidence levels of results for every 50 years, which marked with different levels of A (full confidence),
B (very high confidence), C (high confidence), D (medium confidence), and E (low confidence), and the periods
with scarce data were marked with blank.

Based on a network of tree-ring chronologies, Cook et al. (2010) presented the Monsoon
Asia Drought Atlas (MADA), a seasonally resolved gridded spatial reconstruction of Asian
monsoon droughts and pluvials over the last 1000 years. Their results show that
megadroughts, such as those that occurred in the periods 1638—1641 in China, 1756—1768 in
southern Asia, 1790 and 1792-1796 in East India, and 1876—1878 in North China and
southern Asia, are closely linked to large-scale anomalous patterns of tropical Indo-Pacific
SSTs. However, it is also worth noting that comparisons between the MADA and a dataset of
dryness/wetness grade for 120 sub-regions of China derived from historical documents
(CAMS, 1981) indicate that atlas data alone cannot effectively represent dryness and wet-
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ness in eastern China, probably because of the lack of tree-ring proxy records in this region
for the MADA (Yang et al., 2013).

In the arid and semi-arid zones of northwestern China, lots of case studies identified pe-
riods of extreme drought in individual area based on tree-ring-based precipitation or PDSI
reconstructions. For example, Li et al. (2006) investigated the occurrence of extreme
drought events using tree-ring-based April-June PDSI reconstruction for the period
1675-2002 in the central Tianshan area (ca. 40°—45°N, 83°-93°E) of Xinjiang (the north-
west frontier). They found evidence for just one extreme drought year (1690) between 1675
and 1699 and no extreme droughts in the period 1700-1799. However, more frequent ex-
treme drought years were seen in the period 1800-1950 (e.g., 1823, 1843, 1885, 1895, 1900,
1910, 1916-1919 and 1943-1945) and a clear trend in increasing moisture intensity was
seen in the second half of the 20th century. Zhang er al. (2011b) identified severe and ex-
treme droughts between 1700 and 2005 over the whole Qilian Mountains area (36°—40°N,
93°-103°E approximately) using a tree-ring network of 12 chronologies. They also found
that severe and extreme drought events became more frequent during the 20th century; one
multi-year event recorded during the late 1920s to the early 1930s was the longest within the
period 1700-2005. In contrast to this work, Gou ef al. (2015b) presented an 850-year (AD
1161-2010) reconstruction for May-July self-calibrating PDSI in the western Qilian Moun-
tains (37.5°—40.0°N, 95°-100°E) based on two almost 1000 years Qilian Juniper ring-width
chronologies (ca. 39.7°N, 98.8°E) and the result showed that the most extreme drought years
were 1261, 1258, 1495, 1323, 1198, 1505, 1693, 1290, 1962, 1714, 1342, 1660 and 1721 (in
order of intensity). Gou et al. (2015b) also provided evidence for three prolonged periods of
drought encompassing more frequent, severe and extreme drought years (the periods AD
1260s—1340s, 1430s—1540s, and 1640s—1740s) that coincided with periods of Wolf, Sporer
and Maunder Minimum. Liu ef al. (2013) also identified an extreme drought year in the east
of the Qilian Mountains using a tree-ring-based precipitation reconstruction for Mount Xin-
glong (35.6°-36°N, 103.8°-104.2°E) since AD 1679. The longest dry interval in this region
was the period 1811-1870, while the most severe drought period was 1924-1929. There
were six extreme drought years in this region in the 18th and 19th centuries and six droughts
between 1901 and 1950.

Based on a 2850-year (from 843 BC onwards) tree-ring width composite chronology us-
ing archaeological wood samples from 13 sites and living tree samples from seven sites,
Shao et al. (2010) reported that over the last 2000 years, there were extreme drought periods
in decades of the 360s, 490s, 690s, 1150s, 1290s, 1480s, and 1710s on the northeastern
Qinghai-Tibet Plateau (ca. 36°-39°N, 96°-100°E). Yang et al. (2014b) also investigated
drought variability on the northern fringes of the Asian summer monsoonal region (ca.
34°—-43°N, 95°-112°E, the region including the Qilian Mountains, the Hexi Corridor and the
Great Bend of the Yellow River) using tree rings, historical documents and instrument data.
Their results show that variations in droughts were roughly consistent over the study area on
decadal-to-centennial timescales and that dry periods with more frequent extreme drought
events since AD 1450 were in 1480-1499, 1575-1590, 1625-1644, 1710-1729, 1875-1878
and 1922-1931. In addition, tree-ring based PDSI reconstruction for the southeastern Ti-
betan Plateau (ca. 27°-30°N, 97°-100°E) between 1440 and 2007 shows that the extreme
drought years were in 1444, 1447, 1452, 1454,1455, 1456, 1466, 1502, 1552, 1567, 1576,
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1684, 1736, 1823, 1897, 1943, and 2001 and that extremely dry decades were in the periods
1440s—1460s, 1560s—1580s, 1700s, 1770s, 1810s, 1860s and 1980s (Fang ef al., 2010).

In the southwestern part of China, extreme drought events seem to be occurring more
frequently since 2006 and include the most extreme example on record, the period between
late-spring and summer 2006 around Chongqing and Sichuan, as well as the most extreme
prolonged example (August 2009 to June 2010). Indeed, successive severe drought events
between spring 2009 and 2013 (Qin, 2015) in this region of China have promoted a number
of studies on their long-term effects. For example, Hao et al. (2007) investigated the history
of severe droughts in Chongqing and the surrounding area over the last 1000 years using
data derived from historical documents (i.e., duration, impact intensity, and hit-area) and
found that events equivalent to the extreme drought of 2006 in fact occurred several times
before the 21st century (e.g., in 1939, 1877, 1811, 1649, and 1648). Moreover, a tree-ring
based PDSI reconstruction for spring in the period between 1650-2011 showed that extreme
drought events also occurred in 1736-1737, 1758, 1762, 1766, 1768-1769, 1819, 1969, and
2008 in Lijiang, Yunnan Province (Bi et al., 2015). A winter (October to January) PDSI re-
construction derived using tree-ring data from Gaoligong Mountain (in northwestern Yunnan
Province) for the period 1795-2004 showed that extreme drought years in this region were
in 1813, 1816, 1822, 1861, 1864-1865, 1907, 1909, 1980, 1987, and 1995-1996 (Li et al.,
2011). In addition, a tree-ring based PDSI reconstruction for spring in the central Hengduan
Mountains (the area linking the southwest of China to the Tibetan Plateau) showed that ex-
treme drought events within the period 1655-2005 also occurred in 1670, 1706, 1735-1736,
1757, 1766, 1772, 1792, 1800, 1820, 1870, 1887, 1897, 1987, and in 1999 (Fan et al., 2008).
These results suggest that, at least in the southwest of China, the extreme droughts of the
21st century are not more intense than those seen in historical times.

S Conclusions and prospects for further studies

In this article, we have reviewed advances in the reconstruction of climate and extreme
events in China over the last 2000 years with emphasis on high-resolution proxies, paleo-
climatic reconstructions, and results on the general characteristics of climate changes from
decadal to centennial scales. The main conclusions can be summarized as follows:

(1) Over the last 10 years, many new climate reconstructions have been reported for
China, including annual and decadal resolution series for temperature and precipitation for
eastern China derived from historical documents. In western China, reconstructions were
derived from tree-ring and other natural archives. The new reconstructions that are available
provide more proxies and better spatial coverage to allow us to understand the characteris-
tics of climate change in China as well as uncertainties at regional scales. We are now able
to reconstruct high-resolution temperature series and spatial patterns of precipitation for the
whole of China over past millennia by synthesizing available multi-proxies.

(2) An updated 2000-year-long temperature reconstruction for the whole of China, de-
rived by synthesizing high confidence regional temperature signals from 28 proxies, shows
that warm intervals occurred in the periods AD 1-200, AD 551-760, AD 951-1320, and af-
ter 1921, while cold intervals were in AD 201-350, AD 441-530, AD 781-950, and
1321-1920. Moreover, the rate of temperature change over the last 2000 years shows that,
on a 100-year timescale, the warming rate for the whole of China in the 20th century was
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only 0.6°C/100 a, while the peak warming rate for the period from the LIA to the 20th cen-
tury reached 1.1°C/100 a, which was the greatest rate of change in the last 500 years and
probably the last 2000 years.

(3) In the eastern monsoonal region of China, significant cycles of variation in precipita-
tion were 90-100a, 70—80a, 43—48a, 35a, 25-27a, and 17-18a on the North China Plain;
90-100a, 73—75a, 63—68a, 55a, 45a, 37a, and 26a in the Jiang-Huai area; and 85-100a,
75-77a, 58—65a, 37-39a, 31a and 26a in the Jiang-Nan area. While the spatial pattern of
drought-to-flood for the ensemble mean of all cold periods showed an east-to-west distribu-
tion pattern, for all warm periods there was a tri-pole pattern with drought to the south of
25°N, floods in the region 25°-30°N, and droughts north of 30°N. While the arid and
semi-arid zones of northwest China were relatively dry in the period between AD 1000 and
1350, they were wet between AD 1500 and 1850, and tended to be moist in recent decades.
In the area between the northeastern Qinghai-Tibet Plateau and the western margins of the
Qinling Mountains (i.e., the linking area between the monsoonal climate in the east, the con-
tinental arid climate in the northwest, and the highland cold climate on the Qinghai-Tibet
Plateau), there was evidence for centennial-scale oscillations in precipitation over the last
1000 years, interrupted by several multi-decadal severe drought events, in particular two
extreme examples in the 1480s and 1710s.

(4) Extremely cold winters that occurred in China within the period 1500-1900 were
more frequent than that after 1950. Indeed, intensity of regional heat waves experienced re-
cently in the context of global warming may not exceed natural climatic variability seen
during historical times. In eastern China, extreme drought events were more frequent in the
periods between 301-400, 751-800, 1051-1150, 1501-1550, and 1601-1650, while extreme
flooding events were more frequent in the periods between 101-150, 251-300, 951-1000,
1701-1750, 1801-1850, and 1901-1950. Between 1551 and 1600, extreme drought and
flood events occurred together most frequently. Examples of exceptional droughts, such as
those that occurred in eastern China within the periods 1586—1589, 1638-1641, 18761878,
and 1965-1966, may be triggered by large volcanic eruptions and amplified both by vol-
canic activities and El Nifio events.

(5) Years of extreme drought, reconstructed from tree rings and other proxies at most sites
or small areas in western China, thought to occur frequently before 1900, may in fact be
comparable to the most extreme example recorded by instrument data since 1950. Although
extreme drought events seem to be more frequent since 2006, events that were just as severe
as occurred in the early 21st century, may not have been passed those droughts recorded be-
fore 1900.

The achievements reviewed in this paper also provide a number of opportunities and
challenges for further study in this field. In particular, more works are needed on the fol-
lowing issues:

(1) To understand the level of accuracy for proxy presenting climate, to reconstruct cli-
mate at accurate temporal and spatial resolutions, and to quantify the nature of uncertainties
in these reconstructions. This is an issue because most proxies are correlated not only to
temperature and precipitation but also to the co-linear of many other climatic parameters.
Different proxies may capture variability well at different temporal and spatial scales and in
different seasons.
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(2) To develop strategies for compiling published (or soon to be published) proxy records
of sub-annual to multi-decadal-resolution and their associated metadata derived from dif-
ferent paleoclimate archives. To develop better statistical approaches and skills for the syn-
thesis and assimilation of multi-proxies for spatially gridded explicit reconstructions of ho-
mogeneous long-term temperature and precipitation. The aims are to understand changes in
spatial patterns from inter-annual to centennial scales and to provide comparable datasets for
paleoclimate models.

(3) To achieve a better understanding of past regional climatic and environmental dynam-
ics through comparisons of reconstructions and model simulations, with a focus on the
modes of climate variability in the past at inter-annual to centennial scales and teleconnec-
tions, and rapid and extreme climate events at the regional scale as well as the linkages be-
tween regional- and global-scale changes (e.g., global-scale abrupt and gradual Earth System
changes and their underlying processes), their response to changes in forcings, internal
feedbacks and teleconnections.

(4) To address long-term interactions between past climatic conditions, ecological proc-
esses and human activities over the last 2000 years via comparisons of regional-scale recon-
structions of environmental and climatic processes and evidence of past human activities
obtained from historical, paleoecological and archacological records. These data will enable
an improved understanding of the impacts of extreme events, abrupt and gradual changes on
human activities, the roles of different natural and anthropogenic drivers in forcing envi-
ronmental change, the feedbacks between human activity and the natural system, as well as
the skills, ways and strategies for humans to adapt to extreme events, abrupt and gradual
changes in past regional climate and the earth system.
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Supplement Table 1 Recent studies on temperature reconstruction more than 300 years derived from tree-ring

Sampling site Lon (°E) Lat (°N) Period Reconstructed Proxy type Source
. Maximum
Gaoligong 98.4-98.5 278 1690-2008 August-September latewood  Lieral. (2015)
Mountains mean temperature .
density
Eastern Tibetan June-August mean Tree ring Wang et al.
Plateau 85-105 25-40 1000-2005 temperature width (2015)
. October-January Tree ring Zhang et al.
Qamdo region 96.97 31.08 1594-2006 minimum temperature width (2015)
Central Qilian January-August Tree ring Zhang et al.
Mountains 997 387 670-2012 minimum temperature width (2014)
. Maximum
Bangda and 97.4-97.9  30.0-30.1  1563-2011 April-September mean o oo g Duan &
Zuogong temperature X Zhang(2014)
density
. June-July mean Tree ring Deng et al.
Baiyu 99.8 31.1 1446-2008 temperature width (2014)
. annual mean Tree ring Wang et al.
Qamdo region 97.0 31.0 984-2009 temperature width (2014)
Qumalai and 96.2-963  33.7-33.8  1395-2010 annual minimum Treering  yo oy a (2014)
Zhiduo temperature width
Shimen Moun- May-July mean Tree ring Song et al.
tain 106.2 345 1630-2011 temperature width (2014)
Kaiduhe River September-March Tree ring Zhang et al.
watershed §4.9-85.1 424 1680-2011 mean temperature width (2013)
Geza 99.8 28.4 1475-2003 June-August mean Treering 12001 2012)
temperature width
East Altay 87.6-90.9  46.7-48.4  1613-2006 June-July mean Treeting v al. 2012)
temperature width
. . May-June mean Tree ring Zhu et al.
Leiwugqi 96.5 31.3 1440-2006 temperature width (2011a)
Bomi and August mean Tree ring Zhu et al.
Linzhi 96.5-96.8  29.5-29.6  1385-2002 temperature width (2011b)
May-June maximum Tree ring Shi et al.
Zaduo area 95.7 32.7 1360-2005 temperature width (2010)
Gaoligong May-August Tree ring Fan et al.
Mountains 984 2738 1411-2005 temperature width (2010)
. Maximum
Eastern Tibetan 070985 297311 1695-2000 August-September latewood Wang et al.
Plateau mean temperature X (2010)
density
annual mean Tree ring Yang et al.
Angren county 87.2 29.3 1612-1998 temperature width (2010a)
Bajie town of mean January-June Tree ring Yang et al.
Linzhi county 943 294 1377-1998 temperature width (2010b)
Tree ring Shang et al.
Altay 87.8-87.9 483 1570-2005 June mean temperature width (2010)
May-June mean Tree ring Tian et al.
Sunan county 98.8 39.0 1700-2000 temperature width (2009)
northeastern annual mean Tree ring Liu et al.
Tibetan Platcau 000 35.5-37 BC484-2000 temperature width (2009)
Hutubi River May-June maximum Tree ring Chen et al.
Basin 86.4-86.6  43.5-43.7  1690-2002 temperature width (2009)
. April-September Tree ring Gou et al.
Qiemuqu 99.7-99.8  34.7-34.8  1300-2000 maximum temperature width (2008)
September-April mean Tree ring Zhu et al.
Waulan County 98.7 37.0 1000-2002 temperature width (2008)
. ) ) . June-August minimum Tree ring Liang et al.
Yushu region 96.5-97.7  31.8-32.6  1624-2002 temperature width (2008)
- June to August Tree ring Fan et al.
Yili Prefecture 80.2-85.0  42.2-44.8  1682-1980 maximum temperature width (2008)
Xiging October-April Tree ring Gou et al.
Mountains 100.8 348 1577-2002 minimum temperature width (2007)
Jinghe 82.9-83.2  44.1-442  1468-2001 May-August mean Treering v\ oy 41 (2007)
temperature width
Boertala River July-August mean Tree ring Pan et al.
Basin 80.8-82.1  44.3-449  1540-2000 temperature width (2007)
. December-April mean Tree ring Liu et al.
Sidalong 99.1 38.5 1000-2000 temperature width (2005)
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Supplement Table 2 Recent studies on precipitation reconstructions more than 300 years by tree-ring
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