o

10

11

12

13

14

15

16

17

18

19

20

21

22

Authors submitted copy

Warm season temperature and summer monsoon history in north-
central China since 1740 CE recorded by tree-ring maximum
latewood density of Shensi fir

Feng Chen'-2*, Mary H. Gagen?®, Heli Zhang?, Youping Chen', Ziang Fan?, Fahu Chen* 3

I Yunnan Key Laboratory of International Rivers and Transboundary Eco-Security, Institute of
International Rivers and Eco-Security, Yunnan University, Kunming, China

2 Key Laboratory of Tree-ring Physical and Chemical Research of China Meteorological
Administration/ Xinjiang Laboratory of Tree-ring Ecology, Institute of Desert Meteorology, China
Meteorological Administration, Urumqi, China

3Department of Geography, Swansea University, Singleton Park, Swansea SA2 8PP, UK

# Key Laboratory of Alpine Ecology, CAS Center for Excellence in Tibetan Plateau Earth Sciences
and Institute of Tibetan Plateau Research, Chinese Academy of Sciences (CAS), Beijing 100101,
China.

° Key Laboratory of Western China’s Environmental Systems (Ministry of Education), College of

Earth and Environmental Sciences, Lanzhou University, Lanzhou, China.

Abstract Land-surface temperature changes lead to thermal contrasts between the land and the sea
and have significant water cycle impacts particularly within global monsoon regions. Whilst such

influence may dominate in the East Asian summer monsoon region, impacts on warm-season
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temperature dynamics in the East Asian monsoon region have not been effectively explored. Here,
an annually resolved maximum latewood density (MXD) record from annual tree rings of Shensi
fir (4. chensiensis) in the Qinling Mountains (north-central China) provide an East Asian summer
monsoon-region relevant 270-year long March-September temperature reconstruction. Our MXD-
based temperature reconstruction shows good agreement with phases of observed warming in the
1920s-1950s and 1990s-2000s, a more recent warming hiatus and earlier volcanic-induced cooling
phases. Our temperature reconstruction is also significantly correlated with sea surface temperatures
in the North Atlantic and reveals linkages between warm season temperature variability in north-
central China and the Atlantic Multidecadal Oscillation (AMO). Our warm season temperature
reconstruction is sensitive to summer monsoonal season moisture variations in north-central China
and provides a multi century perspective on the region’s climate which is useful to improving the
understanding of monsoonal East Asian climate change and anticipated future extreme drought
events in northern China.

Keywords: Qinling Mountains; Temperature reconstruction; East Asian summer monsoon;

Volcanic eruptions; Maximum Latewood Density; Abies chensiensis

Highlights

A 270-year warm-season temperature reconstruction is developed for the north-central China using
maximum latewood density in Shensi fir tree rings (4. chensiensis).

Recent summer (March-September) warming exacerbated monsoon season drought in north-central

China.
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Large-scale volcanic eruptions are correlated with cooler and wetter monsoon years in our

reconstruction.

We discuss how the reconstruction informs out understanding of monsoonal East Asian climate

change and likely future extreme drought events in northern China.

1. Introduction

Whilst the link between societal and monsoonal stability is historically observable for

monsoon regions (Buckley et al. 2010; Pederson et al. 2014; Yang et al. 2014; Liu et al. 2019),

exploring the influences of global summer monsoon variability on socioeconomic development and

ecosystems is challenging due to spatial and temporal data paucity (Cook et al. 2010; Mohtadi et al.

2016; Tierney et al. 2016). Global climate change has significantly influenced summer monsoon

intensity in Asia, and although the ability to simulate the summer monsoon in climate models is

improving, there are still great uncertainties in the simulation and prediction of the summer monsoon

(Gaetani et al. 2017; Meyer and Jin 2017; Sabeerali and Ajayamohan 2018; Li et al. 2019). Some

climate model simulations forecast future increases in monsoonal precipitation in Asia under 21%

century climate warming (Hsu et al. 2012; Li et al. 2019) in contrast to observations of declining

monsoonal precipitation in northern China and India coincidental with warming and high

anthropogenic aerosol forcing over the past 30 years (Liu et al. 2015, 2017; Krishnan et al. 2016;

Sandeep et al. 2018; Liu et al. 2019). Such model-observational uncertainty is compounded by the

short instrumental records in monsoonal Asia (Douville et al. 2006; Dai and Zhao 2017). In many

monsoonal areas climate records are too sparse and only able to provide relatively low spatio-

temporal coverage. Climate reconstructions based on tree rings from global monsoonal areas have

attempted to contribute to this data paucity and make it possible to describe summer monsoon
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history, and explore the links between monsoon-drought and relevant modes of atmosphere—ocean

circulation (Li et al. 2003, 2019; Brauning and Mantwill 2004; Singh et al. 2009; Cook et al. 2010;

Buckley et al. 2010; Li et al. 2011; Fang et al. 2010, 2012; Griffin et al. 2013; Yang et al. 2014;

Bacek et al. 2017). Warm-season temperature variability has an important influence on the monsoon-

intensity by driving land-sea thermal contrasts (Cook et al. 2013; Tierney et al. 2016; Meyer and Jin

2017; Li et al. 2019). However, to date, few warm-season temperature-sensitive tree-ring latewood

maximum density series have been used to expand our picture of temperature and summer monsoon

variability in the East Asian middle-low latitude monsoonal regions. Here we address this limit to

our current understanding of the past variability of the Asian summer monsoon in north-central

China.

As the highest mountain region in eastern China, the Qinling Mountains have a major

influence on the climate in monsoonal China and form distinct climatic zones on the range’s

northern and southern flanks (Lu and Lu 2019). The range is providing new dendroclimatic studies

to address climate change in recent centuries (Garfin et al. 2005; Liu et al. 2009, 2014; Chen et al.

2015a) however, to date, no warm-season temperature-sensitive latewood maximum density (MXD)

have been explored, despite the proxy’s strength in capturing warm season temperatures (Reference

needed here). To better understand the mechanisms of climate change in the East Asian monsoon

region, a long-term data set, including temperature and precipitation/drought reconstructions is

needed. Such long-term perspective is critical for the validation of climate simulations and the

integration with other paleoclimate proxy data. The aims of this study were to (1) develop a warm

season temperature reconstruction from the Qinling Mountains that improves our understanding of

temperature variations in the East Asian middle-low latitude monsoonal region, and (2) to
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investigate the relationships between reconstructed temperature and the large scale climatology of

relevance, and explore the expression of volcanic eruptions in our temperature reconstruction.

2. Materials and methods

2.1. Study area and samples collection

Our study area includes the Guanzhong Plain and the Qinling Mountains regions of north-

central China. The region is important in terms of water supply, contributing to China’s large-scale

South-to-North Water Transfer Project (Li et al, 2015). The Qinling Mountains fall within the Asian

monsoon region and are themselves influential, catalysing the formation of distinct climate types on

their northern and southern slopes. The climate of the alpine mountain belt (=1500 m a.s.l.) has

‘monsoonal characteristics’, and precipitation amounts are plentiful during the summer to early

autumn period, snowfall amounts in the winter results in extensive snow coverage.

Our sampling site is situated in the Yinzuishi Provincial Nature Reserve in Zhen’an county in

southern Shaanxi (site name - YZY) (Fig. 1). We sampled 4. chensiensis site from a typical natural

Shensi fir forest near the upper treeline with site elevations varrying between 2600 and 2650 m a.s.1.

(Table 1). Significant vertical fragmentations occur in the landscape with granite cliffs forming the

steep slopes of the sampling site. The vegetation includes Shensi fir (4. chensiensis) and bamboo

(Sinarundinaria nitida). The soil at the sampling site is shallow and organic rich on granite bedrock.

Fifty 10-mm diameter increment cores were taken from twenty-five trees (2 cores per tree) with

sampling taking place in 2010.

2.2. MXD chronology development

Ring widths were measured to the nearest of 0.01 mm using a LINTAB measuring system.
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First, ring width series were checked using the software COFECHA (Holmes 1983) for possible

measurement or dating errors. The cores were cut into 1.0-mm-thin transverse sections using a twin-

bladed saw for X-ray densitometry analysis, and an x-ray microdensitometer (DENDRO2003) was

used to measure the tree-ring density parameters based on the resultant radiographs. The MXD

series were compared to the cross-dating results of ring width series using the DENDRO2003 tree-

ring workstation, and COFECHA was used to evaluate any potential cross-dating errors within the

MXD value again. In order to remove the growth trends due to site environment, age and size, each

individual MXD series was detrended conservatively with a negative exponential, and then the

detrended data were combined into the standard YZY MXD chronology (Cook and Kairiukstis

1990). Mean inter-series correlation (Rbar) and the Expressed Population Signal (EPS, Wigley et al.

1984) were used to assess the MXD chronology common signal strength. EPS assesses the

relationship between the sample depth and the common signal within a tree-ring chronology, and

Rbar is mean correlation between tree-ring series. Standard metrics for acceptable common signal

strength were used (Wigley et al, 1984).

2.3. Climate data and statistical analysis

Meteorological stations were selected to explore climate correlations based on distance from

station to the sampling site, the observation period, climate data homogeneity and % of missing

values. Two stations, Zhen'an and Xi'an, are located in the study area, close to the sampling sites,

on the south and north slopes of the Qinling Mountains, respectively (Fig. 1). However, the records

of Zhen'an are rather short (1958-2019 CE, 62 years), and Xi'an is the closest station with

instrumental data spanning more than 80 years (1932-2019 CE) and a significant correlation (r >

0.80) between temperatures of Xi'an and Zhen'an during the period 1958-2019. The climate—tree
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ring growth correlations were explored between the YZY MXD chronology and monthly and

seasonal climate data, include precipitation and temperature, from the Zhen'an and Xi'an climate

stations for the common period (1958-2009). Correlation analysis was carried out for a 12-month

period from the previous October to the current September. To reveal the relationship between

temperature and drought obserations, self-calibrating Palmer Drought Severity Index (scPDSI, van

der Schrier et al, 2013) data (1958 to 2009) covering the study area (108-109°E, 33-34.5°N) was

also used in the climate correlation analysis.

A linear model was used to develop the mean March—September temperature reconstruction

using indexed YZY MXD chronology as the predictor. Coefficient of efficiency (CE), reduction of

error (RE) and Durbin—Watson statistics were applied to verify our temperature reconstruction using

a split-sample climate calibration and leave-one-out cross-validation method (Durbin and Watson,

1950; Michaelsen, 1987; Cook and Kairiukstis 1990). The 1984-2009 period was used for

verification, and the 1958—1983 for calibration. RE compares the skill of the reconstruction values

with that obtained by using the average instrumental value of the calibration period, and the CE has

the same calculation and range and except the CE relies on the average value of the verification

period as a baseline of predictive skill, and positive RE and CE indicates useful information in the

climate reconstructions (Fritts, 1976). To sure that there is no autocorrelation in the residuals and

avoid over-fitting due to the linear trend of temperature, we perform the Durbin—Watson test and

calculate the correlation between the first order differences of the sequence, respectively.

To explore the extent to which our temperature reconstruction captures the large-scale

temperature variations of central China, we also carried out a correlation analysis between the

indexed YZY MXD series and gridded HadCRUT4/HadSST4 temperature data (Cowtan et al. 2014)
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(1958-2009). To explore correlation patterns with the relevant large-scale atmospheric circulation,

we used the Atlantic Multidecadal Oscillation (AMO, 1856-2009) index from Enfield et al. (2001),

the East Asian Summer Monsoon Index (EASMI, 1948-2009) from Li et al. (2010) and the 850mb

relative humidity of NCEP Climate Forecast System Reanalysis (CFSR, 1979-2009) from Saha et

al. (2010). To explore the linkage between temperature and monsoon drought signals, principal

component analysis was used to merge seven monsoon season drought reconstructions based on

tree-ring width series from north-central China (Chen et al. 2012, 2013, 2014, 2015b, 2016a, b;

Fang et al. 2010, 2012) into a first principal component (PC1), which related to summer monsoon

intensity. Cross-wavelet transform of the reconstructed temperature with PC1 was used for applied

to evaluate cyclic tendencies in the reconstructions, and the 5% significance level against red noise is

shown (Torrence and Compo 1998).

A list of relevant, large volcanic eruption event (Volcanic Explosivity Index (VEI) > 4) years

was generated using the volcanic activity chronology from the Smithsonian Institution

(http://volcano.si.edu/search_eruption.cfim) (Table 3). Superposed epoch analysis (SEA, Haurwitz

and Brier 1981) was used to explore the influences of explosive volcanic eruptions on the YZY

MXD temperature reconstruction variability, and drought variation in north-central China based on

the stronger volcanic event year lists (VEI > 5). For Granger causality analysis (Attanasio et al.,

2012), we employed the natural forcings (total solar irradiance (TST) (Wang et al., 2005) and cosmic

ray intensity (CRI) (Alanko-Huotari et al., 2006), anthropogenic forcings (annual means of CO»-

equivalent concentrations (CO2EQ), Meinshausen et al. 2011; data downloaded from

http://www.pik-potsdam.de/~mmalte/rcps/) as well as the climatic indices of influence in the region

(Atlantic Multidecadal Oscillation and El Nifio-Southern Oscillation (Data available at
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ftp.ncdc.noaa.gov)).

3. Results

3.1. Relationship between MXD and climatic variables

The standard MXD chronology showed low year-to-year variability, as emphasized low

standard deviations (0.099) and standard deviations (0.067). These low values of MXD were found

in the previous reports (Schweingruber et al 1978). First-order autocorrelation is 0.47, and implies

that climate conditions of previous year tend to carry over their influences on the MXD variation of

the following year. High Variance in first eigenvector (VFE, 37%) indicated that the MXD series

was responding to common factors. The EPS and Rbar values exceeded 0.85 and 0.50, respectively,

prior to the year 1740 CE, and thus, analysis of the resulting temperature reconstruction was

truncated prior to 1740 CE.

Correlation analyses between the YZY MXD series and instrumental climate data

demonstrates that temperature is positively significant from November to September, covering the

whole growth season (Fig. 2a, b). Only one month’s precipitation (current April) is negatively

significantly correlated with the YZY MXD series. The response of the YZY MXD series to climate

on the northern and southern slope of the Qinling Mountains are relatively consistent. Negative

correlations were seen between the YZY MXD series and scPDSI in current growing season (Fig.

2c¢), particularly from July to September. The YZY MXD chronology has the strongest correlations

with mean March-September temperature, dominated by the correlation with June to September

temperature. The plant physiological behaviour behind this is likely to involve cell division in the

cambium halting in the later part of the growing season, to be replaced by thickening of the tracheid
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cell walls into the early autumn. The correlation is likely to relate to higher temperatures extending

the period in which cell wall thickening can occur, resulting in denser latewood (Schweingruber et

al, 1978; Yasue et al, 1997). On the other hand, the effect of drought and precipitation in growing

season cannot be ignored. Moisture stress during the early growing season (April), is associated

with narrow, dense earlywood, and may also associate with higher latewood density. Meanwhile,

the negative correlations of PDSI during the monsoonal season suggests that the YZY MXD series

is also responsive to summer monsoon droughts. During the weak summer monsoon periods, the

precipitation decline and associated rise in temperatures in July—September accelerates the already

existing water stress in the early stage, and leads to MXD increases. There is a negative correlation

between monsoon drought and temperature in the study area during the instrumental period. Due to

the covariance between climate variables, to a certain extent, our MXD data set is also able to

capture variability in the monsoon.

3.2. Temperature reconstruction

The period of climatic response (March to September) is long due to the strong influence of

the early growing season temperature variations on tree growth. The temperature reconstruction was

developed by calibrating the YZY MXD chronology with mean March-September temperature. The

YZY MXD index explains 46.2% (» = 0.68) of the instrumental temperature variance during the

1958-2009 period (Fig. 3). We used standard reconstruction tests to assess the reliability of our

linear model. Verification tests yielded 0.51 (CE) and 0.41 (RE) for the 1984-2009 verification

period, and 0.15 (CE) and 0.20 (RE) for the 1958-1983 verification period, indicating the good

reliability of our temperature model. Both the RE (0.42) and CE (0.41) are also strongly positive,

and the correlation is 0.65 using leave-one-out method validation. The Durbin—Watson test (1.31, P <

10
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0.001) reveals no substantial autocorrelation in the residuals for the full period. The first differences

of the MXD series explained 25% of the actual variances. For the longer instrumental period (1932-

2009), the estimated data showed a good agreement (= 0.62, P < 0.01) with the Xi’an observed

temperature.

3.3. The reconstructed temperature record, 1740-2009

The reconstruction revealed valuable information on the temperature variability of this border

area between southern and northern China, for the 1740-2009 period. The long term mean of the

reconstruction is 0.2°C warmer than the instrumental period average for 1958-2009. The coldest

warm season years are in 1786 and 1976 (both -1.3°C) and 1970 (-1.2°C). The warmest warm season

years are in 1831, 1744 and 1928 (+0.9°C). Some high temperature years are closely related to

extreme drought events, such as 1843-1844 burning summer and 1928 drought (Zhang et al. 2004;

Liang et al. 2006). Evidence for two pronounced warm periods in the twentieth century, and the

recent warming slowdown is also found. The warming rate in the 1998-2009 period (-0.1°C/10a)

was significantly lower than (0.4°C/10a) that in the 1980-2009 period, and meanwhile, the warming

rate recorded by tree rings in the natural state is also lower than that (0.8°C/10a) in the climate

stations of the plain cities (Xi’an and Zhen’an). Temperatures are relatively high at the start of the

reconstruction and then, from the middle of the 18th century begin to fall, reaching one of the lowest

temperature points in the record, in the period from 1770-1790. High temperatures were recorded

during the 1800s—1850s, and relatively low temperatures were recorded during the 1860s—1890s.

Notable depressions in the 1780s-1790s and 1810s-1820s may be linked with major volcanic

eruptions (Hao et al. 2014; Anchukaitis et al. 2012). The reconstructed temperature changes of the

20th century show the first warming period from the middle 1920s to the early 1950s and the second

11
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warming period from the early 1990s to the present. Reconstructed low-frequency temperature

variations including the cold period of the 1960-1970s are consistent with the temperature variations

reported from the instrumental Sea Surface Temperature (SST, Rayner et al. 2003) observations and

the European summer temperature reconstructions based on the MXD data (Biintgen et al. 2008).

In exploring spatial correlations with gridded temperature data (HadCRUT4/HadSST4, Fig.

Sa) significant correlation areas were found on both the northern and southern sides of the Qinling

Mountains and in the Huai River basin, with the strongest correlations occurring in the Qinling

Mountain area, Shaanxi (Fig. 5a). The results reveal that large-scale warm season temperature

signals across north-central China are captured by the YZY MXD warm season temperature

reconstruction. The temperature reconstruction is negatively correlated with CFSR 850mb relative

humidity and precipitation (Fig. 5b, ¢). Since the AMO has some important effects on the summer

temperature of the East Asian continent (Li and Luo 2013), we screened our temperature

reconstruction in the correlation analysis with various lags of monthly and seasonal AMO index

values (Enfield et al. 2001) for the period 1856-2009. The highest correlation (» = 0.32, P < 0.01)

was found between the previous October-September AMO index and our reconstruction and

increased to 0.61 after 20-yr smoothing during the period 1856-2009 (Fig. 5d). A comparison

between our reconstruction and EASMI reveals no significant linkage, and even if the two series

are transformed to the first differences, the coherence is still relatively weak (» = 0.27, P<<0.05)

between the two series. However, the relatively low correlations with the EASMI in the 1950s-

1970s strengthen until there is high coherence with the temperature reconstruction in the 1980s-

2000s (»=0.42, P<<0.01) (Fig. 5e), and correlation between the first order differences is 0.60 (P<<

0.01).
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Several studies point to a monsoon region volcanic response of wet and cool condition
following large volcanic eruptions (Anchukaitis et al, 2010; Zuo et al, 2019). Thus, comprehensive
research on regional climate change responses to volcanic eruptions based on tree-ring width and
MXD series would help us better understand the impacts of volcanic eruptions on the climate of
northern China. A comparison between our reconstruction and large volcanic eruptions via the
volcanic explosivity index (VEI > 5) reveals that cooling is evidenced during the event year or the
following year (Fig. 6). Detailed superposed epoch analysis (SEA) (Haurwitz and Brier, 1981) also
provides evidence that volcanic eruptions caused cooling effects, and cooling (-0.56°C) occurred
during the year of volcanic eruption events (1755, 1783, 1815, 1822, 1835, 1883, 1902, 1955, 1963,
1982, 1986); similarly, there is extraordinary cooling (-0.65°C) the year following volcanic eruption
events (1741, 1800, 1843, 1886, 1912, 1916, 1933, 1991) (Fig. 5a). In addition, other examples of
volcanic induced cooling (VEI= 4) were also found (Table 2). Volcanic eruptions in the High and
mid-latitude areas (=>30°N) had a greater impact on the temperature in Central Asia (—0.76 °C) than
volcanic eruptions in Low-latitude areas (< 30°N) and southern hemisphere (—0.67 °C). Based on
the SEA results between the large volcanic events (VEI > 5) and the PC1 (38.5-48.5%) of the
drought reconstructions in north-central China (Fang et al, 2010, 2012; Chen et al, 2012, 2013, 2014,
2015b, 2016a, b), we found that the relatively wet condition were also indicated in our
reconstruction, following major volcanic eruptions (Fig. 6b).

4. Discussion
4.1 The evaluation of the 20th century warm periods
Both instrumental climate data series used in this study record warming associated with

anthropogenic climate change in the 20" century. The change in average temperature from 1958-

13
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1968 to 2008-2018 is 1.7 °C in the Zhen'an record and 1.5 °C in the Xi'an record. The pattern of

change through the 20th century reveals two relatively warm periods (1920s—40s and 1990s—present)

separated by a relatively cool period (1950s—70s) (Li et al, 2017; Soon et al, 2018) with recent warm

season temperature in the instrumental record higher than at any point in the last 240 years. Whilst

the scarcity of long instrumental records has given rise to debate about how these two warm periods

compare to each other. The high-resolution proxy data becomes an important way to make up for

the lack of instrumental climate data, and our reconstruction indicates that of the two sustained warm

periods in the 20th century (1923—-1952 and 1993-2009) the latter (0.4 °C) is warmer than the former

(0.2 °C), and instrumental temperature data from Zhen’an and Xi’an even reached at 0.8°C and

0.9 °C, in contrast to Soon et al (2018). Granger causality analysis indicate that human activities,

such as greenhouse gas emission and rapid urbanization, have played an important role in recent

climate warming in the region (Li et al, 2018) (Table 3). In the instrumental and reconstructed

temperature data of 1993 to 2019, although north-central China is still much warmer than the long

term mean, there is a slowdown of warming in the summer 1998-2015 (Fig. 5c). The warm season

temperature, at significant lows in the 2005-2014 period, appears to have significantly and rapidly

increased after 2014. Such changes in the rate of regional background warming are well within

model ranges and can be expected to continue as global average background temperatures continue

to increase (Lewandowsky et al. 2015). The recent warming period in the region resembles the trends

in the 1920s-1940s, suggesting that the 20th century second warm period is still going on. A

continued increase in temperature for the late 2010s is further supported by the higher temperature

from 2015 to 2019, at 1.6 and 1.1°C above the mean temperature for 1958-2019 and the lack of a

cold year between 2015 and 2019. As a result of the resumption of a faster rate of summer warming

14
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in recent years, the warming trend in the border area between southern and northern China is also a
concern. Granger causality analysis also revealed that AMO have some influences in climate
warming during the 20" century (Table 3). Thus, higher SSTs in the Arctic and North Atlantic
Oceans and the positive phase of the AMO (Monerie et al, 2018; Gervais et al, 2019) may suggest
that the warming trend will be further aggravated, promoting the northward movement of the
subtropical boundary and monsoon rain belt of China with potentially profound impacts on water
resources across the region.
4.2 Influences of temperature and volcanic eruption on East Asian monsoon

We carried out a correlation analysis between the YZY MXD reconstruction and SSTs in the
Arctic and North Atlantic Oceans and the European warm season temperature (Zampieri et al, 2017;
Arthun et al, 2018) are found (Fig. 5a). The resultant correlations suggested a possible connection
with the SSTs changes in the middle and high latitudes of the Northern Hemisphere (Sun et al, 2018;
Monerie et al, 2018, 2019; Zhang et al, 2020). Positive correlations with the AMO would indicate
that temperatures in north-central China were relatively high when strong warming occured in the
mid-high latitude North Atlantic and Arctic oceans, especially in the two twentieth-century warm
periods, and this may be linked with the influence of Arctic amplification (Vavrus, 2018; Huang et
al., 2019). Anomalous warming in the Atlantic Ocean has warmed the upper and middle troposphere
in the Northern Hemisphere, leading to temperature increases in Eurasia, including eastern China
(Wang et al, 2009; Wang et al, 2013; Monerie et al, 2018; Zhang et al, 2020), and the AMO signals
have also been recorded in the tree rings of the high altitude mountains of north-central China. In
addition, the differences between onset time and magnitude of the two twentieth-century warming

events and the AMO variations may be linked with drought-induced warming, including the drought
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period in late 1920s and the decline in monsoonal precipitation since the 1980s (Liang et al, 2006;

Fang et al, 2010, 2012; Chen et al, 2013).

Of particular interest is the strengthened correlation between our YZY MXD temperature

reconstruction and EASMI under the recent warm conditions. Accompanying the positive AMO

phase, the SST anomaly is positive over the adjacent oceans of the East Asian domain, which

generates an early start of the rainy seasons of the Yangtze River basin, and the enhanced Western

Pacific Subtropical High expanded westward and northward (Zhou et al, 2009a; Li et al, 2010; Kim

and Kim, 2010). Since our study area is adjacent to the middle-lower reaches of the Yangtze River

where the EASMI exhibits greatest sensitivity, the correlation may be associated with the positional

change of the East Asian monsoon in the context of recent accelerated warming (Li et al, 2010; Gao

et al, 2014). However, during the last 30 years, 850mb relative humidity in the study area has

decreased. The comparison of PC1 and the YZY MXD temperature reconstruction (» =0.31, P <

0.01) shows that positive temperature anomalies during March-September tend to be followed by

an anomalous deficit of precipitation over central-north China in the summer monsoon season, while

negative temperature anomalies tend to be followed by relatively high precipitation, such as the

most severe droughts in late 1920s-1930s (Fig. 7a). Furthermore, the coherence between the

temperature reconstruction and PC1 has varied in time across most spectral bands, and shows

significant antiphase changes (Fig. 7b). Therefore, for north-central China, the the enhanced

synchronism does not necessarily mean increased summer monsoon intensity (high precipitation)

(Zhou et al, 2009b; Li et al, 2010), and on the contrary, the attenuation of water vapor carried by the

EASM is significant (Fig. 5c), and the precipitation in the north of the study area is greatly reduced,

while evaporation increases with the rise in warm season temperatures, exacerbating drought stress,
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and aridification in the recent warming period. Correlations between PC1 and the PDSI series (35.5-

39.5°N, 100.5-111.00°E) extracted from the Monsoon Asia Drought Atlas (Cook et al. 2010),

computed over the 1740-2005 common period, is 0.45 (P < 0.01), and both show a significant

drying trend over the past 30 years in the northern monsoon fringe of north-central China. At the

same time, a negative correlation (» =0.41, P < 0.01) was found between low-frequency changes of

PC1 and the EASMI (Wang and Fan 1999) calculated based on the NCAR's Community Climate

System Model 4 (CCSM4) data (Fig. 7c), and this may be linked with the north-south contrasting

pattern of summer precipitation variations over eastern China. However, there is no positive

correlation between the EASMI and the temperature reconstruction, and on the contrary, some out-

of-phase relationships between the EASMI and the temperature reconstruction were found before

the recent warming period (Fig. 7d). This implied that the simulation capability for the temperature

change in the region may needs to be improved although the simulation results may have a good

indication for the drought change in the East Asian monsoon region, and meanwhile, it is also

necessary to establish more reliable temperature series in the East Asian monsoon region in order to

reveal the past temperature change more accurately. Recent drying trends have been found in

surrounding areas, and an out-of-phase relationship between our reconstructed temperature and the

moisture-sensitive tree-ring width series from Mongolian Plateau (Hessl et al., 2018) was found

(Fig. 8). In the past 30 years, a remarkable warming and drying trend occurred synchronously at

north-central China and Mongolian Plateau, and the warming and drying trend in Mongolia is

becoming more and more obvious (Hessl et al. 2018; Liu et al. 2019). This indicates the effects of

the warming and drying are not confined to northern China, but have even affected Mongolian

Plateau. The result also resembles other findings in the North American monsoon area (Pascale et
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al, 2017) and suggests continued rising global background temperatures and its associated potential

drought events may have significant impacts for the poleward edge of the EASM domain (Huang

etal., 2017).

In response to investigations of the regional impact of large scale volcanic eruptions we find

a shift of the cooling year in year 0 (the eruption year) to year 1 (Fig. 6a), variable with the location

and season of the volcanic eruption and the atmospheric circulation at the time (Hao et al, 2014).

Volcanic eruptions in the Pacific rim played an important role in volcanic cooling, especially in the

Philippines, Indonesia and Japan (Table 2). The complicated and volatile Asian summer monsoon

system with high interannual variations, however, may lead to a high response of tree-ring density,

because the cooling influence lasts for only a short, but significant, time (Esper et al, 2013). This

unusual volcanic cooling can also significantly affect the intensity of the summer monsoon with an

increase in humidity in the north-central China in the year following the volcanic eruptions,

sometimes persisting for 2—4 more years (Fig. 6b). The wetter condition in north-central China after

the volcanic eruptions is caused by enhanced cross-equator flow (Anchukaitis et al. 2012; Zuo et al,

2019), but also may be related to the decrease of evaporation due to low temperatures. However,

because of the relatively short duration of this effect, it does not fundamentally change the region's

arid background climate.

5. Conclusion

In this study, a 270-year March—September temperature reconstruction for the north-central

China is developed based on the MXD series of 4. chensiensis from the Qinling Mountains. The

temperature reconstruction reflects the large-scale temperature variations of north-central China,
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despite complex and varied geographic conditions and spatial differences in local climate change.
Large scale controls on regional temperature variation not only reflect complex ocean—atmosphere—
land circulation and thermodynamic impacts with great spatiotemporal variations but are also related
to the external forcings, such as periodic volcanic eruptions. We suggest that two twentieth-century
significant warming episodes have occurred in the Qinling Mountains, even though the recent
warming rate slowed down (to 2015). The cooling and warming trends indicated by the tree-ring
MXD data of the Qinling Mountains are in good agreement with AMO variability during the period
1857-2009 and suggest that warm season temperature fluctuations in north-central China may have
connections with the climate of the North Atlantic and Arctic Oceans. Post-eruption cooling and
wetting responses to large volcanic eruptions were found in our reconstruction based on the results
of the superposed epoch analysis. If climate warming continues at its current accelerated rate, as
seems likely, warm season temperatures in the Qinling Mountains are likely to continue to rise in
line with background warming, and water resource allocation and the social and economic systems
in the north-central China will need careful adaptation.
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Chen et al., 2014, Chen et al., 2016a, Fang et al., 2012, Chen et al., 2013 and Chen et al., 2016b,
respectively.
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Fig. 2 Correlation coefficients between the MXD chronology and climate factors at the Xi’an (a)
and Zhen’an (b). (c) Correlation coefficients between the MXD chronology and scPDSI (van der
Schrier et al, 2013). Correlations were calculated from previous October to September, as well as
the seasonal means (March-September), over the 1958-2009 common period. Horizontal dashed

lines denote the 95% confidence limits.
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Fig. 3 (a) Comparison between the observed and reconstructed mean March—September temperature
of Xi’an for their common period 1958-2009. (b) Comparison between the first differences (year-
to-year changes) of actual and reconstructed mean March—September temperature for their common
period 1958-2009.
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Fig. 4 The March—September temperature reconstruction for the border area (Qingling Mountain)
between south and north China plotted annually from 1740 to 2009, along with a 20-year low-pass
filtered values (Red thick line). The triangles, and circles indicate volcanic eruption events with
cooling in current years and volcanic eruption events (VEI> 5) with cooling in the following year,
respectively. The small plot showed the EPS and Rbar statistics (calculated over 50 years lagged by
25 years) of the MXD chronology, and the horizontal line represents the 0.85 EPS criterion for
signal strength acceptance (Wigley et al 1984).
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667  Fig. 5 (a) Spatial correlations of reconstructed March—September temperature with the gridded
668  HadCRUT4/HadSST4 dataset (Cowtan and Way, 2014) for the period 1958-2009. The regions 1
669  and 2 indicate this study and Hessl et al., 2018, respectively. (b) Spatial correlations of reconstructed
670  March—September temperature with the CFSR precipitation for the period 1979-2009. (c) Spatial
671  correlations of reconstructed March—September temperature with the the CFSR 850mb relative
672  humidity for the period 1979-2009. (d) Comparison of March—September temperature
673  reconstruction in the present study with the AMO index (Enfield et al., 2001). (e) Comparison of
674  the first differences of reconstructed mean March—September temperature and EASMI (Li et al.,
675  2010) for the 1948-2009 period. The insets indicate running 15-year correlation between
676  reconstructed mean March—September temperature and EASMI.
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681  Fig. 6 (a) Results of the superposed epoch analysis (SEA) (Haurwitz and Brier, 1981) between major
682  volcanic events (VEI > 5) and reconstructed March—September temperature. (b) Results of the
683  superposed epoch analysis between all volcanic events (VEI > 5) and the PC1 of the seven drought
684  series of north-central China. The dotted lines and horizontal lines denote the 95% and 99%
685  confidence limits, respectively. (c) Comparison of the actual (Xi’an and Zhen’an) and reconstructed
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mean March-September temperature for the period 1923-2019.
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Fig. 7 (a) Graphical comparison of reconstructed March—September temperature and the first

principal component (PC1) of the drought sequence of north-central China (Fang et al., 2010, 2012;
Chen et al., 2012, 2013, 2014, 2015b, 2016a, b). (b) Cross-wavelet transform of reconstructed
March—September temperature and the first principal component (PC1) of the drought sequence of
north-central China (Fang et al., 2010, 2012; Chen et al., 2012, 2013, 2014, 2015b, 20164, b). The
5% significance level against red noise is shown as a thick contour. The arrows showing relative

phase of the relationship point to the left for antiphase and to the right for in-phase. The two series
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were smoothed with a 20-year low-pass filter to indicate the long-term fluctuations. The comparison
of EASMI (Wang and Fan, 1999) based on the NCAR's Community Climate System Model 4
(CCSM4) data with (c) the first principal component (PC1) of the drought sequence of north-central
China (Fangetal., 2010, 2012; Chen et al., 2012,2013,2014, 2015b, 20164, b) and (d) reconstructed
March—September temperature and. The two series were smoothed with a 20-year low-pass filter to
indicate the long-term fluctuations.
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Fig. 8 Graphical comparison of reconstructed March—September temperature and the moisture-
sensitive tree-ring width series from Mongolian Plateau (Hessl et al., 2018). Smoothing with a 20-
year low-pass filter isolates prominent intervals of high and low streamflow (> 15 years). Blue

Shadows and red shadows indicate low temperatures and high temperature periods, respectively.
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