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Abstract The Asian Summer Monsoon (ASM) affects ecosystems, biodiversity, and food security of
billions of people. In recent decades, ASM strength (as represented by precipitation) has been decreasing,
but instrumental measurements span only a short period of time. The initiation and the dynamics of the
recent trend are unclear. Here for the first time, we use an ensemble of 10 tree ring-width chronologies from
the west-central margin of ASM to reconstruct detail of ASM variability back to 1566 CE. The reconstruction
captures weak/strong ASM events and also reflects major locust plagues. Notably, we found an
unprecedented 80-year trend of decreasing ASM strength within the context of the 448-year reconstruction,
which is contrary to what is expected from greenhouse warming. Our coupled climate model shows that
increasing anthropogenic sulfate aerosol emissions over the Northern Hemisphere could be the dominant
factor contributing to the ASM decrease.

Plain Language Summary Monsoonal rainfall has a certain influence on agriculture and
industry in the regions of Asian Summer Monsoon (ASM). An understanding of the spatial-temporal
variability of the ASM and the associated dynamics is vital for terrestrial ecosystems, water resources, forests,
and landscapes. We have developed a 448-year ASM reconstruction back to 1566 CE using 10 tree ring
chronologies from the margin region of ASM. We find that historical severe droughts and locust plague
disasters during weak ASM events. The recent decreasing ASM trend persisting for over 80 years is
unprecedented over the past 448 years. Coupled climate models show that increasing anthropogenic aerosol
emissions are the dominant underlying factor. Our aim is that the time series will find a wide range of utility
for understanding past climate variability and for predicting future climate change.

1. Introduction

The Asian Summer Monsoon (ASM) results from a sea-land thermal contrast driven by solar radiation that
varies by seasons. The monsoonal precipitation is closely related to agriculture and industry in most of
China, especially in the margin region of the ASM. This region is located parallel to the 200- to 400-mm rain-
fall isohyets in China (Figures 1a and 1b; Liu et al., 2014) and is a transition zone between arid and semiarid
conditions and between deserts and the loess belt. Approximately 70%-90% of the regional annual precipita-
tion occurs in boreal summer and is strongly influenced by ASM (Wang, 2006). An understanding of the
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Figure 1. Location of the Asian Summer Monsoon (ASM) rainfall observations Pyy (Precipitation from July of previous
year to June of current year) and tree ring samples. (a) Location of 10 tree ring sampling sites (red tree shapes) and 39
meteorological stations (all within the box plotted) at the northern margin of the ASM (black dots). The yellow line is the
precipitation isohyet of 200 mm, and the blue is 400 mm. (b) The northern margin of the ASM (gray belt). (c) Comparison
of reconstructed (red line) by tree rings and the observed (black line) precipitation data of Py; during 1952-2013 CE.

spatial-temporal variability of the ASM and the associated dynamics is vital for management of terrestrial
ecosystems, water resources, forests, and landscapes (Liu et al., 2017; Piao et al., 2010; Wang, 2006).
Several forcing factors may affect the strength of the ASM, including solar variability, volcanic eruptions,
and anthropogenic aerosols. Anthropogenic aerosol forcing (Bollasina et al., 2011; Cai et al., 2017,
Ganguly et al., 2012; Kim et al., 2016; Lau & Kim, 2006; Song et al., 2014; Zhu, Liao, & Li, 2012) is of
particular interest given that concentration of aerosols in China, especially in northwest China, has been
increasing over the past several decades. However, how aerosols and the ASM interact is not fully under-
stood yet (Li et al., 2016; Wu et al., 2016).

Understanding past variability of the ASM is important for detection and attribution of its recent and future
changes. Observational studies of the modern ASM system in terms of its subcomponents, onset time, sea-
sonal cycle, moisture sources, external forcing, and its dynamic changes (Ding & Chan, 2005; Li et al,,
2015; Ueda et al., 2015; Waliser et al., 2003) have revealed a three-decade trend of decreasing ASM since
the end of the 1970s (Wang, 2001). Putting this trend in a long-term context is essential in order to identify
whether it is caused by natural variability or anthropogenic forcing and to examine the associated dynamics.
To this end, the properties of the recent ASM decreasing trend, including whether it is a part of a longer-term
trend must be understood, but available instrumental measurements cover only a short period of time.

In this study, we construct a 448-year ASM time series back to 1566 CE using an ensemble of 10 tree ring-
width chronologies from the western Loess Plateau, China. The relationship between the recent 80-year
decreasing ASM trend, which was unprecedented over the past four centuries, and the increasing anthropo-
genic aerosol is also examined.

2. Materials and Methods
2.1. Tree Ring Chronologies and Meteorological Data
Ten tree ring chronologies, including 584 cores from 310 trees, over the ASM fringe were employed in this

study (Figure 1a and supporting information Table S1). Chronologies from Mt. Shoulu, Mt. Shouyang,
Zunisi, and Tulugou (two chronologies at the site) were previously published data (Liu, Lei, Sun, Song, &
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Li, 2013, Liu, Lei, Sun, Song, & Sun, 2013; Song et al., 2017; Sun et al., 2018). Chronologies from Mt. Helan,
Mt. Kongtong, Mt. Xinglong, and Mt. Hasi were update data, and the old chronologies from these sites were
published (Liu et al., 2005, Liu, Sun, et al., 2013; Ma et al., 2015; Song & Liu, 2011). The chronology from Mt.
Guiging has not been published yet. Cores from a minimum of 20 individual trees were collected using incre-
ment borers at each site. Each chorology has a strong local precipitation signal (Fang et al., 2010; Liu et al.,
2005, Liu, Lei, Sun, Song, & Li, 2013, Liu, Lei, Sun, Song, & Sun, 2013, Liu, Sun, et al., 2013; Ma et al., 2015;
Song & Liu, 2011; Song et al., 2017; Sun et al., 2018), and the correlation coefficients among them are statis-
tically significant (Table S2). LINTAB system was used to measure tree ring widths of each core with an
accuracy up to 0.001 mm. Cross-dating was applied to assign each tree ring to the calendar year of its forma-
tion; it is based on the recognition that trees exhibit similar year-to-year growth changes when growing in
the same period and under the same climate condition (Fritts, 1976).

We assembled all individual cores from each of the 10 sites to generate a single ring-width chronology that
covers the ASM fringe region using ARSTAN (Cook & Kairiukstis, 1990). Straight line or a negative exponen-
tial function was used to fit growth trend of the trees due to nonclimatic effects. Specifically speaking, a
dimensionless index for each tree ring core was computed by dividing each ring's original measurement
by the fitted curve's value in the corresponding year. And by running a biweight robust mean method, the
stable variance technique was additionally employed in building the chronology. Three types of chronolo-
gies were generated by the ARSTAN program: standard, residual, and autoregressive chronologies. We chose
the standard (STD) chronology for analysis, since it contains both high- and low-frequency signals.
Expressed population signal during 1566-2013 CE in our chronology reached 0.85, an acceptable threshold
for a reliable chronology (Wigley et al., 1984). A minimum of nine cores contributed to the chronology in
1566 CE (Figure S1 and Table S3).

The observed precipitation and temperature data (1951-2013) from 39 meteorological stations at the ASM
northwestern margin were used (Figure 1a and Table S4). To study the climate response of tree growth in
the ASM fringe region, the means of the meteorological data were to taken as the regional climatic condition.
The regional monthly precipitation and temperature are given in Figure S2a.

2.2. Transfer Function and Its Calibration and Verification

Correlation function analyses showed that over the 1952-2013 period, the STD chronology had significantly
positive correlations with the regional precipitation from previous-year July to current-year June (Pj;, Figure
S2b). As such, the regional tree ring chronology effectively tracks precipitation at the margin. Thus, applying
the simple linear regression model, a transfer function was designed: Py; = 140.644 * Wt + 198.455 (r = 0.766,
R? = 0.586, Rzadj = 0.579, N = 62, p < 0.0001), where Wt means the regional tree ring STD chronology at
year t.

About 58.6% of the observed variance could be explained by the reconstruction over the calibration per-
iods from 1952 to 2013. Figure 1c illustrates that the reconstruction tracked the observed precipitation clo-
sely. A split sample method was used to verify the reliability and stability of the regression equation
(Cook et al., 1999; Fritts, 1991). To perform validation, we calibrated climate data from one subperiod
(both 1952-1981 and 1984-2013) and verified the reconstruction with the remaining data (1982-2013
and 1952-1983 respectively). To perform verification, correlation coefficient (r), explained variances
(R?), sign test (ST), reduction of error (RE), coefficient of efficiency (CE), and the product means test
(t) were used. Rigorous model skill was indicated by values of RE and CE greater than 0 (Cook et al.,
1999). All these statistical parameters suggested that our regression model was highly stable and reliable
(Table S5), especially RE and CE, indicating that the reconstructed Pj; time series can be regarded as a
proxy of precipitation over the ASM fringe region. Because the relationship between the tree ring chron-
ology and reconstructed Py; series is linear, they could represent each other. We therefore used the recon-
structed Py series in the subsequent analyses.

3. Results
3.1. Moisture Source of the ASM and Utility of the Reconstruction

Precipitation over the ASM northern margin originates from moisture transport by the South Asian
Monsoon and East Asian Monsoon (Ding & Chan, 2005). Below 700 hPa (elevation 3,000 m and
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Figure 2. Representation the Asian Summer Monsoon (ASM) by the reconstructed Pyy. (a) Rainy season (previous July-
September) water vapor transport (kg‘m_l-s_l) averaged over the time span from 1952-2013 at 700 hPa of the atmospheric
column and wind speed and direction based on data from NCEP/NCAR Reanalysis. Shading in (a) is the absolute value of
water vapor transport of each grid. The rectangular outline represents the fringe region of the ASM (33.8—40.5°N,
100—107°E). (b) Correlation between ring-width chronology and observed monthly averaged mean precipitation data
from 39 stations in the fringe region (1951-2013). The dashed line in (b) denotes the 95% confidence limit. The recon-
structed Pyj time series is a proxy for the ASM.

lower), like other regions of ASM, such as the lower reaches of the Yangtze River, the water vapor in
July-September originates from the Indian Ocean and the western Pacific (Figure 2a). However, due
to the Rossby wave response, Pacific-JTapan pattern, across the East Asia, an anomalous anticyclone exists
over the western North Pacific and an anomalous cyclone always accompanies the anomalous anticy-
clone at its north during weak ASM periods (Feng et al., 2014). There are northerly anomalies at the west
of the anomalous cyclone. Such circulation anomalies make the northward water vapor transport
decrease in the north of China but increase the water vapor convergence in the lower reaches of the
Yangtze River (Wang et al., 2008). Once the ASM weakens, the north may experience drought as the
water vapor supplement is deficient, but it may not be always humid everywhere in the south, because
the convergence anomaly distributes like a belt, which may be located at different latitudes under various
atmospheric circulation anomalies (Feng et al., 2014; Wang et al., 2001). Therefore, the precipitation at
the northern margin is more sensitive to the strengthening/weakening of the ASM (Ding et al., 2008;
Wang et al., 2008) and can be regarded as a proxy for the ASM. Indeed, the observations over the
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period 1951-2013 from the 39 stations within the fringe region show that precipitation of July-September
of previous year accounts for 56.7% of the precipitation from July of previous year to June of current
year, that is, Py;. In addition, the observed Py had a significant correlation with July-September precipi-
tation of most regions in the north of China (Figure S3a). Furthermore, over the same period, the recon-
structed Pj; has the strongest correlation with observed precipitation in July, August, and September of
the previous year, that is, the peak season of the ASM (Figure 2b). The correlation between the recon-
structed Pj; series and July-September precipitation of the previous year reached 0.574. In addition,
the reconstructed Pj; series has significant correlation with the previous-year July-September precipita-
tion in the north of China (Figure S3b). Thus, the reconstructed Pj; time series is also a proxy for the
ASM, measuring the ASM strength over its marginal zone (Figure S3), a higher Py; corresponding to a
stronger ASM (Ding et al., 2008). Because the Py is reconstructed for the ASM fringe, differences from
other ASM indices (Li & Zeng, 2002; Wang & Fan, 1999) are expected, as those other indices focus on
east Asia/China or south Asia/China. Several tree ring-based ASM reconstructions exist, but most only
used one or two tree ring sites from the Tibetan Plateau (Griefinger et al., 2011; Li et al., 2010; Xu
et al., 2012). There was a monsoon index reconstructed using multiple sites from the monsoon region,
but it primarily focuses on the South Asian monsoon change (Shi et al., 2014, 2017). Ten tree ring chron-
ologies used in this study are highly responsive to monsoon precipitation in the fringe regions of ASM,
and thus our reconstructed series are more sensitive to monsoon changes and show some distinct differ-
ences from other ASM reconstructions (Figure S4).

3.2. Validation by Historical Events and Known Knowledge

The ASM surrogate of Py; reproduces known historical extreme events described in historical documents
(Compilation of China meteorological disaster Canon, 2006; Yuan, 1994) and documented in a
dryness/wetness index (DWI) over China (Chinese Academy of Meteorological Sciences, 1981; Zhang
et al., 2003), which was constructed using historical documents with climatic descriptions, such as local
annals. A reduced Pj; is seen when the DWI is high (Figure 3a). Historical documents of the ASM northern
margin recorded several large-scale severe drought events including 1586/1587, 1759, and 1928/1929, parti-
cularly in Shaanxi, Gansu, and Ningxia (Compilation of China meteorological disaster Canon, 2006; Yuan,
1994; stippled area in Figure 1b), which were postulated to be the result of dramatic weakening of the ASM.
During 1586/1587, more than half the population in eastern Gansu fled their homeland, and there was a
report of cannibalism. In 1759, food prices skyrocketed and severe famine plagued the region of Gansu
(Yuan, 1994). In 1928 and 1929, a severe drought hit north China, including the three provinces; more than
500,000 people lost their lives because of famine, and there were reports of dogs eating human bodies and
family suicide (Compilation of China meteorological disaster Canon, 2006; Ge et al., 2016; Yuan, 1994).
These drought events were all captured in the Py time series (Table S6), which supports a weakened ASM
causing these droughts.

That the Py time series is an appropriate surrogate for the ASM is further corroborated by locust plagues at
the ASM margin during the historical period (Li, 2008; Tian et al., 2011), in which valuable crops were
devoured by plagues of locusts, exacerbating the impact of droughts on crop yields and leading to severe star-
vation. Such plagues are seen to coincide with the dry years in the Pj; time series (Figure 3b), especially dur-
ing periods of extreme droughts (Table S7).

The Pjj also reproduces marked variations (Figures 3 and S5) that are found in other paleoclimate series
from different proxies (Qian et al., 2011; Zhang et al., 2008). These include the dominant 24-year cycles
(Figures 3c and S6), which coincide with a 23-year cycle found in a thousand-year-long DWI in East Asia
using six summer dry-wet modes in eastern China (Qian et al., 2011), and 2.5- to 2.8-year cycles, which
reflect a typical feature of Asian monsoon variations (Wu & Kirtman, 2004). The index series in Qian
et al. (2011) is longer, but it is a qualitative description of the East ASM with only six different modes.
Our series, on the other hand, is a quantitative representative for ASM.

3.3. Recent ASM Weakening and the Effect of Anthropogenic Aerosols

The utility of our reconstruction transcends direct examination, confirmation, and reproduction of historical
events, as it extends to the debate about recent climate change, particularly how the ASM may respond to
climate change. Available rainfall observations show that there is a decline in the ASM (i.e., three to four
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Figure 3. Properties of the reconstructed Py index. (a) Comparison between Pyy and the averaged dryness-wetness
index of the fringe region of the Asian Summer Monsoon (ASM) derived from Chinese historical documents (r = —0.26,
1609-2000, p < 0.001; Chinese Academy of Meteorological Sciences, 1981; Zhang et al., 2003). The gray horizontal line
denotes the mean of the ASM fringe Py precipitation during 1566-2013 CE. (b) Comparison between the Pyy and the
historical locust plague events in the fringe region of the ASM (Li, 2008). (c) Dominant spectral features of the
reconstructed Py during 1566-2013 obtained by using multitaper method spectral analyses. (d) Dominant spectral
features of the reconstructed Py during 1914-2013.

decades; Xu et al., 2006; Zhu, Wang, et al., 2012), but the observations cover a relatively short period. The Py;
time series also showed that there was a decline in recent decades. To find out the significant and longest
decreasing trend of the ASM, we calculated the 50-, 55-, 60-, 65-, 70-, 75-, 80-, 85-, and 90-year running
trends for the reconstructed Py; during 1566-2013 (Figure S7). The longest and significant declining trend
in recent decades occurred in the 80-year running trend analysis. In addition, the remarkable 80-year
decreasing trend during the period 1934-2013 (Figure 4a) is the largest in the entire 448 years under the
80-year sliding windows (Figure 4b). This 80-year decreasing trend is similar with the significant
weakening of precipitation during the recent 100 years in the Indian monsoon region (Xu et al., 2016). It
is likely because that precipitation in this study represent the changes of both Indian monsoon and East
Asian monsoon; therefore, the Pj; series shows a decreasing trend in recent 100 years with value of
approximately 0.14 mm/year, but it does not exceed the 95% significant level.

Due to the different external forcings, the outcome of the projection from a radiative forcing scenario domi-
nated by greenhouse warming, under which land would warm faster than ocean and the land-sea thermal
contrast would increase (Christensen et al., 2013), indicated the ASM was enhanced in recent decades,
which differs from our result. Therefore, there are likely other forcings leading to the weakening ASM. In
the search for a dynamical cause, we found that neither the Pacific Decadal Oscillation (Watanabe &
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Figure 4. The reconstructed Pj; time series. (a) The reconstructed Pyy during the past four centuries (red curve). The slop-
ing black line denotes an 80-year decreasing trend of Pyy during the period 1934 to 2013. (b) Eighty-year running trend (red
line) for reconstructed Pyj;. The gray area denotes the 95% confidence intervals. The blue horizontal line indicates the
greatest 80-year decline in precipitation of approximately 0.62 mm/year.

Yamazaki, 2014) nor the North Atlantic Oscillation (Lu et al., 2006) can account for this 80-year decreasing
trend (Figure S8).

A forcing scenario in which increasing anthropogenic aerosols dominate was then considered (Bollasina
et al., 2011). Although emissions of the black carbon over western Asia enhance premonsoonal rainfall over
the Indian subcontinent but suppress premonsoonal rainfall across East Asia (Lau et al., 2006), sulfate emis-
sions have been shown to force a reduction in ASM intensity (Lau et al., 2006; Menon et al., 2002). We pos-
tulate that this 80-year decreasing trend of the ASM in our Py is a result of a sulfate aerosol-induced ASM
reduction overwhelming an increasing greenhouse gas-induced enhancement.

We test our hypothesis by examining two sets of fully coupled climate experiments, each with eight ensem-
ble members for 1871-1999 with the Commonwealth Scientific and Industrial Research Organisation
coupled climate model (Rotstayn et al., 2007). The first set includes a time-varying radiative forcing from glo-
bal emissions of solar irradiance, greenhouse gases, ozone, volcanic aerosols, and anthropogenic aerosols.
The second set is the same as the first set except all anthropogenic aerosols are kept constant at the preindus-
trial level. Both the direct and indirect effects of aerosols are parametrized and included. As Rotstayn et al.
(2007) indicated that “the model incorporated a comprehensive and interactive aerosol scheme and con-
tained emissions of sulfate and carbonaceous aerosols, mineral dust, sea salt and stratospheric aerosols from
volcanos.” Global emissions underwent a strong increase after about 1940 following World War II, but after
1980, sulfur emissions were reduced everywhere except Asia, where emissions have continued to increase to
present (Smith et al., 2011).

Comparison of the ensemble mean of the two sets of experiments shows that the summer rainfall since 1940
in most regions of China, including the ASM margin, would increase without radiative forcing of anthropo-
genic aerosols (Figure 5a). However, when aerosol forcing is added, the ASM, including the ASM fringe
region, decreases (Figure 5b). This impact from anthropogenic aerosols is clearly shown in time series of
21-year running averages over northern China encompassing the fringe region. There was low precipitation
from 1920-1940 not associated with the radiatively forced precipitation change (Figure 5c), which likely
resulted from a positive PDO (Figure S8). However, the timing for the onset of the decreasing trend com-
menced around 1940 in this model (Figure 5c), approximately corresponding to that in the Pyy time series.
Thus, emissions of anthropogenic aerosols over a hemispheric scale have the potential to drive the strongest
ASM decreasing trend in the past 80 years, which is the strongest seen in our reconstructed ASM time series.
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gases, 0zone, volcanic aerosols, and anthropogenic aerosols. Blue rectangular outline is the northern regions of China, and
the black dot indicates that the rainfall trend passes the 95% significant level. (c) Comparisons between Pjy and rainfall
trends for the northern regions of China. The black and red lines indicate the 21-year running averages of rainfall changes
of the northern regions of China simulated from climate model, and the blue line is the Pyy series after applying 21-year
running averages. The result shows that the decreasing trend in Pjj from 1940 to 2013 is potentially contributed by
anthropogenic aerosols. JJA = June-August.

4. Conclusions and Discussion

Here a 448-year reconstruction targets the ASM by using ten tree ring chronologies in the ASM fringe region,
selected on the basis that they are sensitive only to rainfall, providing not only a higher-resolution but also an
appropriate and direct proxy of the ASM over reconstruction from previous studies. Our reconstruction pro-
vides an important time series to study the ASM over the past 448 years. The time series confirms known
properties of the ASM (Qian et al., 2011; e.g., the 24-year frequency spectrum), reproduces known historical
extreme climate events (Ge et al., 2016), and offers opportunities to understand less-known events (Tian
et al., 2011).

Further, the reconstruction can contribute to the debate regarding the recent behavior of the ASM (Zhu,
Wang, et al., 2012) and help evaluate the relative importance of anthropogenic radiative forcing factors
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(Song et al., 2014). We find a decreasing trend of the ASM in the past 80 years, which is strongest decline of
the past 448 years but contrary to the expected increasing trend if influenced primarily by a greenhouse
warming. Comparison of two sets of historical model experiments (10 runs each) with and without increas-
ing anthropogenic aerosols shows that this unprecedented decreasing trend is likely due to increasing
anthropogenic aerosols, highlighting that the ASM-weakening effect of increasing anthropogenic sulfate
aerosols could more than offset the ASM-enhancing effect of increasing greenhouse gases. Modeling is the
only way to identify likely causes of the decreasing trend, and the results support a mechanism that would
otherwise be difficult to measure directly. Song et al. (2014) first quantitatively compared the anthropogenic
aerosols among all other external forcings in the weakening of ASM during 1958-2001. This work further
confirmed that anthropogenic aerosol's role in the ASM weakening in a longer period of 1934-2013. Of
course, the increase of sulfate aerosols is the primary factor for the recent 80-year trend of weakening mon-
soon, and other factors, such as PDO and NAO, might have influences on the monsoon weakening, espe-
cially during historical periods without anthropogenic aerosols.

In summary, we expect that the time series of the ASM at its northern margin will find a wide utility for
understanding past climate variability in this region and for detection and attribution for current climate
change, beyond the examples that we provide.
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