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Abstract Recent paleoproxy evidence has suggested that there is a centennial episode of weaker East
Asian summer monsoon (EASM) within the Medieval Warm Period, in which the EASM is generally strong.
This study aims to explore the causes of this phenomenon and determine what controls the centennial
variability of the EASM. With the Community Earth System Model, a suite of control and forced experiments
were conducted for the past 2,000 years. The model simulates a warm period over EA (East Asia) from CE
801–1250 with a generally increased summer mean precipitation over the northern EA; however, during CE
980–1100, the EASM is significantly weaker. On the multi-decadal to centennial time scale, a strong EASM is
associated with a La Niña-like Indo-Pacific warming, and a weak EASM with the El Niño-like conditions.
This sea surface temperature anomaly pattern represents the leading EOF (empirical orthogonal function)
mode of centennial sea surface temperature variations, which are primarily forced by solar radiation and
volcanic activity. In contrast, land use/land cover and greenhouse gases as well as internal dynamics play a
negligible role. The weak EASM during CE 980–1100 is attributed to the relatively low solar radiation,
which leads to a prevailing El Niño-like Indo-Pacific cooling with the strongest cooling occurring in the
equatorial western Pacific. The suppressed convection over the equatorial western Pacific directly induces a
Philippine Sea anticyclone anomaly, which increases the southern China precipitation, while suppressing
Philippine Sea precipitation. The latter excites a meridional teleconnection that induces anomalous northerly
winds and dry conditions over northern China.

1. Introduction

The East Asian summermonsoon (EASM), a subtropical monsoonwith complex spatial structures, is an impor-
tant component of the global monsoon (Ding, 1994; Tao & Chen, 1987). Numerous researchers have used the
instrumental and reanalysis data sets to reveal the characteristics and causes of the EASM on the interannual
to decadal time scale (Chen et al., 1992; Fu & Teng, 1988; B. Wang et al., 2000, 2001, B. Wang, Yang, et al., 2008;
Zhang et al., 1996). Centennial, millennial, and orbital-scale variability of the EASM has attracted more atten-
tion of palaeoclimatologists (F. Chen et al., 2015; Y. Wang, Cheng, et al., 2008). Although the EASM behavior
during the last millennium has also been investigated based on numerical simulation results (Kamae et al.,
2017; Liu et al., 2008, 2011; Peng et al., 2014, 2015; Shen et al., 2009; Shi et al., 2016), its paleovariability never-
theless requires further research because it remains large unknown.

For the Present Warm Period (PWP), the reports of the Intergovernmental Panel on Climate Change (IPCC)
suggested that more than half of global warming was caused by human activity since the 1950s, while this
report also pointed out that the effects of the natural factors, that is, volcanic eruptions and solar activity
are underestimated (IPCC, 2007). Some scientists have explored the influences of natural and anthropogenic
forcings on climate change (Ammann et al., 2007; Otto-Bliesner et al., 2016; Phipps et al., 2013), while the con-
tributions of these external forcing factors to the global warming remain under debate (Idso & Singer, 2009).
The Medieval Warm Period (MWP) originally referred to the relatively warm climate over the Europe and the
North Atlantic during CE 1100–1200 and later referred to the relatively warm periods of CE 900–1300 (Lamb,
1965). The IPCC AR5 named this MWP as the Medieval Climate Anomaly because the warming signals lacked
global consistency (IPCC, 2013). Nevertheless, we will refer this period as the MWP and consider that this
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warming period is the closest in timing to the PWP in human history. The MWP was also a period during
which the natural external forcing (for instance, the solar and volcanic activities) was a dominant factor
(Mann et al., 2009; Soon et al., 2003). Study of MWP climate variability may be instrumental for understanding
the effects of more complex external forcings on climate system during the PWP.

This study focuses on the centennial variability of the EASM, especially during the MWP. EASM strength has
been defined in a number of different ways, for paleoreconstructions and present climate (Guo, 1983; Liu
et al., 2011; Wu et al., 2009; Zhou et al., 2011). S. W. Wang et al. (1981) suggested that a strong EASM is based
on strong southerly winds extending northward, causing increased summer rainfall in northern China but
reduced rainfall in the lower-middle reach of the Yangtze River Valley and southern China. This north-south
dipolar structure of the EASM is a characteristic of the leading mode of EASM variability (B. Wang, Wu, et al.,
2008), which reflects a fundamental feature of the East Asian subtropical monsoon (P. X. Wang et al., 2014). As
such, from the hydrological perspective, in this paper, we consider a strong EASM to be a wet northern China
and a dry southern China.

Efforts have been devoted to studying the EASM during the MWP using climate models. Liu et al. (2011)
found that the extratropical and subtropical precipitation was generally strong during CE 1100–1200 using
the European Center/Hamburg (ECHAM4) and the global Hamburg Ocean Primitive Equation (ECHO-G)
coupled ocean-atmosphere model. Zhou et al. (2011) used the fast version of the IAP/LASG coupled climate
system model (FGOALS_gl), to study the centennial variation of the EASM and claim that the EASM over CE
1000–1300 was at its strongest over the past 1,000 years. Further simulation results obtained with the Earth
systemmodel developed at the Max Planck Institute for Meteorology (MPI-ESM) indicated that the EASM was
generally strong during CE 1000–1100 with excessive precipitation over northern China (35–42°N, 100–120°E)
but deficient precipitation over the Yangtze River Valley (27–34°N, 100–120°E; Man et al., 2012). Most simula-
tion results suggest that the EASM was generally strong during the entire MWP.

Notably, various proxy data records suggested that although the EASMwas generally strong during the MWP
from CE 900 to 1300 (Figures 1a–1d), there was a period in which a significantly weakened EASM occurred,
approximately over CE 1000–1100 (Liu et al., 2014). This weak centennial EASM episode in the middle of
the MWP was consistently reflected by the decreased rainfall in the northern EA proxy data, including two
high-resolution, absolutely dated oxygen isotope (δ18O) time series from speleothems from eastern China,
which were found to be significantly correlated with modern summer rainfall (Tan, Cai, An, Edwards, et al.,
2011; Zhang et al., 2008). Additional proxy records include composite decadal-resolution precipitation
records for the central plains of China based on documentary and speleothem records (Tan, Cai, An, Yi,
et al., 2011), and the drought index from Korea (Kim & Choi, 1987). Furthermore, the results revealed by
the records from southern China (Figures 1e–1f) showed an opposite tendency, that is, the summer monsoon
rainfall was increased during the eleventh century, which was contrary to the general deficient precipitation
over the MWP (Chu et al., 2002; L. C.Wang et al., 2013). These signals from southern China concurred with the
inferred weak EASM during the eleventh century.

The six proxy records shown in Figure 1, together covering a broad geographical region and based on differ-
ent archives and proxies, consistently indicated that a weakening of the EASM in the eleventh century during
the middle of the MWP (Liu et al., 2014). Motivated by the recent proxy data results, we investigate the EASM
variability during the MWP using the Community Earth System Model (CESM) simulation results. This study
aims to answer the following research questions: Does the CESM replicate proxy results of a strong EASM dur-
ing the MWP? If the simulated EASM is strong, is there a centennial episode during which the EASM is rela-
tively weak? If there is a centennial episode during which the EASM is weak, what roles do the internal
variability and external forcings play?

2. Model and Numerical Experiments

Investigating the climate change of the past 2,000 years is a major international effort coordinated by the Past
Global Changes of the International Geosphere-Biosphere Programme. Extending model simulations beyond
one millennium is vital, as the extended time scale provides more instances of warm and cold climate con-
ditions with which to produce comparison. To better understand the relationship between the external for-
cings and typical climate conditions by the CESM, we had used the CESM to design and conduct a set of new
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experiments, which had some differences in external forcings, number of runs, and time span from that of
Otto-Bliesner et al. (2016).

2.1. Model Description

The CESMwas developed by the National Center for Atmospheric Research as a freely available global climate
model for the climate research community. The model is one of the main models participating in the IPCC

Figure 1. Proxy data from East Asia. (a) Precipitation index record for north central China (Tan, Cai, An, Yi, et al., 2011);
(b) δ18O record from Huangye Cave, eastern Qinghai-Tibet (Tan, Cai, An, Edwards, et al., 2011); (c) δ18O record from
Wanxiang Cave, Gansu Province (Zhang et al., 2008); (d) drought index from the northeastern Asian monsoon region, for
example, Korea (Kim & Choi, 1987); (e) record of PC1 of a principal components analysis of diatom assemblages from
Tsuifong Lake, Taiwan (L. C. Wang et al., 2013); and (f) carbonate record from Huguangyan maar Lake, Guangdong Province
(Chu et al., 2002). The gray bars used to emphasize the periods over the CE 900–1300 and CE 1000–1100.
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fifth assessment report. The performances of the CESM in simulation of the paleoclimate have been verified
by many previous studies (e.g., Lehner et al., 2015; Ning & Bradley, 2016; Ning et al., 2015; Otto-Bliesner et al.,
2016). The CESM is based on the Community Climate System Model with improved physics and parameter-
izations, and added biogeochemical processes. The CESM consists of five component models: CAM
(Community Atmosphere Model), POP (The Parallel Ocean Program), CLM (Community Land Model), CICE
(Sea-Ice Component), CISM (Glimmer Ice Sheet Model), and a coupler (CPL). A detailed description of the
CESM can be obtained from its official website (https://www2.cesm.ucar.edu).

2.2. Experimental Design

Due to the limitations of our computing resources, we used a low-resolution version of CESM (CESM1.0.3), in
which the CAM and CLM have 48 grid points in latitude, 96 grid points in longitude, and 26 levels in the ver-
tical, and POP has 116 grid points in latitude, 100 grid points in longitude, and 60 levels in the vertical. A total
of six 2,000-year experiments was carried out, including the control (Ctrl) experiment, the total solar irradia-
tion (TSI) experiment, the volcanic eruption (Vol) experiment, the greenhouse gas (GHGs) experiment, the
land use and land cover change (LUCC) experiment, and the all forcing (AF) experiment. The Ctrl experiment
was forced by the fixed external forcing conditions in CE 1850 (Rosenbloom et al., 2013), including a 400-
years spin-up and an integration of 2,000 modeling years. Other experiments were initiated from the condi-
tion at the last year of the 2,400-year Ctrl experiments, and the simulations start from CE 1 to CE 2000, except
the Vol experiment (Z. Wang et al., 2015).

Figure 2 shows time series of the external forcings used in the experiments for the past 2,000 years. The vol-
canic forcing spans from CE 501 to CE 2000, because at the time we started experiments the latest 2,500-year
volcanic forcing reconstructed by Sigl et al. (2015) was not available. The simulation results from CE 501 to CE
1850 were used to study the MWP climate by considering the MWP was a warming period before the
Industrial Revolution. Rigorous verifications of our simulation results have been conducted by others (Han
et al., 2016; Sun et al., 2015; Z. Wang et al., 2015).

3. Simulated EASM in the MWP

We first examine the evolution of temperature and precipitation over EA simulated in the AF experiment. The
red line in Figure 3 shows the time series of summer (May to September [MJJAS]) mean surface air tempera-
ture anomaly averaged over East Asia (EA, 100–140°E, 15–45°N) during the period of CE 501–1850. As the
MWP is a warm period on the multicentennial time scale, a 31-year running mean is applied to the time series
to eliminate high-frequency signals and reveal the centennial variability. As shown in Figure 3, the surface air
temperature is above the 1,350-years average value throughout almost the entire period of CE 801–1250.
Consequently, the period of CE 801–1250 is considered to represent the MWP over EA in the model simula-
tion. The blue line in Figure 3 shows the time series of MJJAS mean precipitation over the northern part of
EA (100–140°E, 30–45°N). The northern EA domain is chosen to represent the precipitation variation because
the summer rainfall shows a north-south dipole pattern over EA, as mentioned in the introduction. It is of
interest that the simulated precipitation in northern EA is generally abundant during the MWP. However,
there is a relatively dry period roughly from CE 980 to CE 1100. The model-simulated climate variation over
EA approximately concurs with the results derived from proxy records shown in Figure 1. Therefore, the per-
iod during CE 980–1100 is selected as the dry period embedded in the wet MWP. Overall, the model results
seem to be consistent with the recent proxy data results.

3.1. Response of EASM to All External Forcings During the MWP

Figure 4 shows the simulated anomalies (relative to CE 501–1850) of the MJJASmean 850-hPa winds and pre-
cipitation, 500-hPa vertical velocity, and 850-hPa water vapor transport during the MWP (CE 801–1250) in the
AF experiment. The precipitation over EA is a north-south dipole pattern during the MWP. The region over the
south of 30°N is dominated by an anticyclone, with the high pressure center located to the east of Okinawa
over the western North Pacific. The water vapor from the central Pacific is transported northeastward to the
Huanghuai River Basin, Northern China, and the southern part of the Japanese islands. Furthermore, the
strengthened descending flow suppresses precipitation to the south of the Yangtze River. The strengthened
southerly winds bring more water vapor to the north of 30°N. South Korea and Japan are dominated by a
cyclonic wind anomaly. The anomalous ascending air enhances the precipitation over these regions. In
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Figure 3. The 31-year runningmean time series of area averagedMJJAS surface temperature (°C, red line) and precipitation
(mm/day, blue line) anomalies over East Asia during CE 501–1850 from the all forcing experiment. The gray bars used to
emphasize the periods over the CE 801–1250 and CE 980–1100.

Figure 2. Time series of the external forcings used in the experiments over the past 2,000 years. (a) Total solar
irradiation (W/m2, reconstructed by Shapiro et al., 2011); (b) volcanic aerosol mass (g/m2, reconstructed by Gao et al.,
2008); (c) land use and land cover rate (percent plant type of grid cell, %, reconstructed by Kaplan et al., 2010); and
(d) greenhouse gases (concentration, ppm and ppb, reconstructed by Meure et al., 2006).
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addition, the rainfall pattern over the Eastern China can be characterized as Southern China drought and
Northern China flood during the MWP, which means that excessive precipitation is evident over northern
China (30–40°N, 105–120°E) whereas deficient precipitation is shown along the Yangtze River Valley (25–
30°N, 105–120°E). Overall, the simulated EASM is strong during MWP.

3.2. Response of the EASM During the Eleventh Century

Figure 5 shows the anomalies (relative to the mean of CE 801–1250) of the MJJAS mean precipitation and
850-hPa winds, 500-hPa vertical velocity, and 850-hPa water vapor transport during CE 980–1100. The spatial
distribution of precipitation also features a meridional band structure over EA with massive precipitation

Figure 4. Anomalies (relative to CE 501–1850) during theMedieval Warm Period simulated by the all forcing experiment. (a) MJJASmean precipitation (mm/day) and
850-hPa winds (m/s); (b) MJJAS mean 500-hPa vertical velocity (Pa/s) and 850-hPa water vapor transport (g*s/kg). The significance test is conducted by t test of the
two means during CE 801–1250 and the rest of the period during CE 501–1850, the dotted areas are significant at the 90% confidence level. The positive vertical
velocity in (b) represents descending motion, and the negative vertical velocity represents ascending motion.

Figure 5. Anomalies (relative to CE 801–1250) during CE 980–1100 simulated by the all forcing experiment. (a) MJJAS mean precipitation (mm/day) and 850-hPa
winds (m/s); (b) MJJAS mean 500-hPa vertical velocity (Pa/s) and 850-hPa water vapor transport (g*s/kg). The significance test is conducted by t test of the two
means during CE 980–1100 and the rest of the period during CE 801–1250, the dotted areas are significant at the 90% confidence level. The positive vertical velocity
in (b) represents descending motion, and the negative vertical velocity represents ascending motion.
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occurring in the southern China. South China and the Ryukyu Islands are dominated by a cyclonic wind
anomaly. Persistent ascending motions and substantial water vapor convergence enhance precipitation over
the Ryukyu Islands. In northern EA, the strengthened descending flow along with the anomalous anticyclone
circulation reduces the precipitation. The precipitation over eastern China features a Southern China flood and
Northern China drought pattern. Therefore, the interval of weak EASM occurring during CE 980–1100 is oppo-
site to the generally strong EASM averaged during the entire MWP.

4. Causes of the Centennial Variation of the EASM

To understand the causation of this weak EASM event during the MWP specifically, we first explore more gen-
eral causes of centennial variability in the EASM over the past 2,000 years.

4.1. Centennial SST Anomalies Associated With a Strong EASM

Liu et al. (2014) proposed that the weakening of the EASM over CE 1000–1100 may result from the Indian
Ocean-western Pacific sea surface temperature (SST) anomalies. Figure 6 shows the correlation map between
the MJJAS mean precipitation averaged over the northern EA and the Indo-Pacific Ocean MJJAS mean SST
during CE 501–1850. On the centennial time scale (after 31-year running mean), a strong EASM is related
to positive SST anomalies over the Indo-Pacific Ocean with a warm center surrounding the maritime conti-
nent. In fact, it is associated with a global warming pattern with an enhanced SST gradient over the tropical
Pacific. This pattern is similar to a La Niña-like global warming. Liu et al. (2013) suggested that a La Niña-like
global warming can efficiently increase the global precipitation.

4.2. Internal and External Modes of Centennial Variation of SST

Although the centennial variation of the EASM is associated with the La Niña-like Indo-Pacific warming, the
latter is not the root cause of the centennial variability of the EASM. This is because the Indo-Pacific SST
anomalies can be a result of external forcings and/or atmosphere-ocean interaction. In this subsection, we
aim to determine what causes the SST pattern associated with the centennial variation of the EASM.

Previous studies have shown that external forcing factors can have significant impacts on the EASM. Kimoto
(2005) demonstrated that the enhancement of the greenhouse effect would lead to a weak EASM, increasing
the Mei-yu (June–July) precipitation in the Yangtze River Valley and southern Japan, which is consistent with
the results of the Coupled Model Intercomparison Project Phase 3 and Phase 5 (Inoue & Ueda, 2012; Ogata
et al., 2014). The numerical experiments performed by Kuang et al. (2010) revealed that the effective solar
radiation was a controlling factor on the EASM during the MWP but that greenhouse gases played a primary
role in the EASM change during the PWP. Zhao et al. (2012) suggested that it was very likely that the solar

Figure 6. Correlation map of the MJJAS mean sea surface temperature over the Indo-Pacific Ocean with the MJJAS mean
precipitation over northern East Asia on centennial time scale (after 31-year runningmean). The dotted areas are significant
at the 95% confidence level.
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cycle modulates the decadal variability of summer precipitation in many regions of China, especially in some
typical monsoon regions.

External forcings affect monsoons partially through changing the SST patterns. Therefore, we examine the
Indo-Pacific Ocean SST derived from each experiment introduced in section 2.2 during the period of CE
501–1850. The 31-year running mean is applied in the empirical orthogonal function (EOF) of the SST varia-
bility. Comparison of the EOF modes of SST under different external forcings will help identify the origins of
these SST EOF patterns. Figures 7 and 8 show the leading EOF modes of each experiment on the centennial
time scale before the Industrial Revolution. We primarily focus on the leadingmodes as they not only account
for largest portion of variability but also are significantly separated from other higher modes according to the
criterion proposed by North et al. (1982).

The variance contribution of the EOF1 (the first mode of the EOF) of the AF experiment is 71.4%, which shows
a homogeneous sign pattern with the largest loading in the North Pacific (Figure 7a). The EOF1 of the TSI
experiment (Figure 7b) and the Vol experiment (Figure 7c) exhibit a pattern similar to that of the AF experi-
ment as indicated by the correlation coefficients (r = 0.96 for TSI and AF and r = 0.98 for Vol and AF). In con-
trast, the spatial distribution of the EOF1 derived from the Ctrl experiment (Figure 7d) shows a PDO-like
(Pacific Decadal Oscillation) pattern, totally different from those derived from the AF, TSI, and Vol experi-
ments. The results presented in Figure 7 suggest that the leading EOF pattern of the AF experiment is not
an internal mode of SST variability in the Ctrl run, and it is likely forced by the solar radiation and volcano
activity. The results here concur with the results obtained by Liu et al. (2013) who found that the La Niña-like
global warming is a result of the solar-volcanic radiative forcing on the decadal time scale.

Figures 8a–8c (left panels) compare the EOF1 mode of the control run with those derived from the GHGs and
LUCC forcing experiments. Evidently, the leading EOFmodes of SST derived from the GHGs and LUCC forcing
experiments exhibit a very similar pattern and explain a similar amount of fractional variance as those in the

Figure 7. The spatial distributions of the empirical orthogonal function 1 (EOF1) modes of 31-year running mean MJJAS sea surface temperature anomaly obtained
from the (a) all forcing (AF) experiment, (b) total solar irradiation (TSI) experiment, (c) volcanic eruption (Vol) experiment, and (d) control (Ctrl) experiment during CE
501–1850. The numbers shown in the upper left indicate the explained variance of EOF1, and the values shown in the upper right of (b)–(d) indicate the spatial
correlation coefficient of the EOF1 of each experiment with that of the AF experiment.
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control run, indicating that the GHGs forcing and LUCC forcing are weak during the preindustrial period and
they could not have had a significant impact on the leading internal mode of SST natural variability.

Figures 8d–8f (right panels), on the other hand, display the EOF2 (the second mode of the EOF) of the SST
obtained from the forced runs: the AF, TSI, and Vol experiments. The second EOF modes derived from the
AF, TSI, and Vol forced experiments of course show a close similarity with the EOF1 pattern of the internal
mode of the control run. This suggests that the EOF2 modes in the AF, TSI, and Vol forced experiments repre-
sent the internal mode of SST variability.

In summary, the change of the Indo-Pacific Ocean SST in the AF run is mainly affected by solar radiation and
volcano activity, whereas land use/land cover and greenhouse gases and internal coupled dynamics play a
negligible role in the centennial variability of the EASM before the Industrial Revolution.

Figure 8. Spatial distributions of the empirical orthogonal function 1 (EOF1) modes of (a) the control (Ctrl) experiment, (b) the greenhouse gas (GHGs) experiment,
and (c) the land use and land cover change (LUCC) experiment in the left panels and the EOF2 modes of (d) the all forcing (AF) experiment, (e) the total solar
irradiation (TSI) experiment, and (f) the Vol experiment in the right panels of 31-year running mean sea surface temperature anomaly during CE 501–1850. The
numbers shown in the upper left indicate the explained variance of EOF, and values shown in the upper right of (b)–(f) indicate the spatial correlation coefficient of
the EOF1 or EOF2 of each experiment with the EOF1 of the Ctrl experiment.
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5. Causes of the Weak EASM in the Middle of the MWP

In order to further analyze what caused the weaker EASM during the
eleventh century, we compare the PC1s (the first Principle
Component, it is the corresponding time series of the EOF1) of the
AF, TSI, and Vol experiments during the MWP (Figure 9). The PC1 of
the AF experiment over the MWP is generally positive. This indicates
that the Indo-Pacific Ocean SST is generally warm during the MWP by
considering the corresponding EOF1 spatial pattern. Furthermore, the
correlation coefficients between the PC1 in the AF experiment and
those in the TSI and Vol experiments during CE 801–1250 are 0.77
and �0.11, respectively. Only the AF and TSI correlation reaches the
99% confidence level. As can be seen from Figure 9, the PC1s of the
AF experiment and the TSI experiment fluctuations are nearly in phase
over the eleventh century except the amplitude difference. Therefore,
we conclude that the solar radiation leads to the change of the Indo-
Pacific Ocean SST, which then affects the EASM. The relatively negative
PC1 value of the TSI experiment during the eleventh century represents
a relatively cool Indo-Pacific Ocean, which corresponding to a dry per-
iod in northern EA and a weak EASM. In addition, the 31-year running

mean time series of solar irradiance reveals that the solar radiation during the eleventh century is generally
lower than other epochs during the MWP.

In summary, during the MWP, with few volcanic eruptions, the change of the Indo-Pacific Ocean SST is mainly
affected by the solar activity except in the end of the period around CE 1250, which is affected by the stron-
gest volcano in the past 1,500 years. Next, we explore how the solar activity affected the Indo-Pacific Ocean
SST and then influenced the East Asian monsoon circulation.

Figure 10 presents the spatial distribution of the Indo-Pacific Ocean SST anomaly during CE 980–1100 (rela-
tive to CE 801–1250) derived from the TSI experiment. The SST over the Indo-Pacific Ocean is characterized by
a generally cooling mode with reduced SST gradients in the tropical Pacific-an El Niño-like Indo-Pacific cool-
ing. The large-scale cooling may reduce the global water vapor content. However, the SST gradient pattern
may have played a crucial role in changing the large-scale circulation. The prominent cooling is found in
the equatorial western Pacific (about 170°E, 0°) and midlatitude North Pacific (about 175°E, 40°N) with a mod-
erate warming over the southeast Pacific. The SST over the equatorial eastern Pacific Ocean, maritime conti-
nent, and the equatorial Indian Ocean is higher than that over the equatorial western Pacific.

Figure 9. The corresponding first Principle Components (PC1s) of the empirical
orthogonal function 1 modes of the 31-year running mean MJJAS sea surface
temperature anomaly of the all forcing (AF) experiment (black line), total solar
irradiation (TSI) experiment (purple line), volcanic eruption (Vol) experiment
(blue line) and anomalies of the time series of the external forcing used in the TSI
experiment (red line, W/m2). The dashed lines are the mean values of each time
series.

Figure 10. The spatial distribution of the Indo-Pacific Ocean MJJAS mean sea surface temperature anomaly (relative to
CE 801–1250) during CE 980–1100 simulated by the total solar irradiation experiment. The significance test is conducted
by t test of the two means during CE 980–1100 and rest of the period during CE 801–1250; the dotted areas are significant
at the 90% confidence level.
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Figure 11 shows anomalies (relative to CE 801–1250) of MJJAS mean precipitation and 850-hPa winds during
CE 980–1100 simulated by the TSI experiment. In response to the SST gradient between the equatorial wes-
tern Pacific cooling and relative warming in the eastern Pacific (Figure 10), strong equatorial westerly anoma-
lies occur to the east of the dateline and strong easterly anomalies appear west of the dateline.
Correspondingly, precipitation increases in the equatorial eastern Pacific and maritime continent, while it
decreases over the equatorial western Pacific. The reduced precipitation heating over the equatorial western
Pacific excites westward propagating descending Rossby waves that form the elongated anticyclonic circula-
tion anomaly over the Philippine Sea on their decaying westward journey (Gill, 1980). Thus, the precipitation
is suppressed over the Philippine Sea and Indo-China peninsula. The suppressed Philippine Sea heat source
also excites the north-south oriented Pacific-Japan teleconnection pattern (Nitta, 1987), causing increased
precipitation over southern China to the south of Japan and suppressed precipitation in northern China
and northern Japan. This explains the Southern wet-Northern drought” pattern over China and the weak
EASM during eleventh century in the mid-MWP.

It is of interest that there is another period with weak TSI during CE 870–930, while the PC1 of the TSI during
this period is higher than that during the CE 980–1100. We have explored the spatial distribution of the Indo-
Pacific Ocean SST anomaly during CE 870–930 relative to CE 801–1250 derived from the TSI experiment. It is
an El Niño-like Indo-Pacific cooling pattern in which the SST over the northwestern Pacific is warmer than that
over the equatorial western Pacific, triggering strong southeasterly anomalies, causing increased precipita-
tion over the Eastern China. These rainfall and circulation patterns are not similar to that in Figure 11. The
major reasons for the differences may due to the high ocean’s thermal heat capacity that the response of
the SST to the solar radiation is slow with hysteresis on the centennial time scale. Furthermore, the occur-
rence time of these two weak TSI episodes is relatively close; there may be a superimposed effect on the
second episode.

6. Conclusions and Discussions

Based on the results derived from the six numerical experiments, which are simulated by the CESM, we inves-
tigate the characteristics and causes of the centennial variability of the EASM, especially during the MWP. The
main conclusions are as follows:

1. The model simulated EASM with all external forcings included is generally strong during the MWP (CE
801–1250), whereas a relatively weak EASM occurs during the eleventh century, which is in a reasonable
agreement with the results inferred from a variety of proxy records.

Figure 11. Spatial pattern of MJJAS mean precipitation (mm/day) and 850-hPa winds (m/s) anomalies (relative to CE 801–
1250) during CE 980–1100 simulated by the total solar irradiation experiment. The significance test is conducted by t test
of the two means during CE 980–1100 and the rest of the period during CE 801–1250; the dotted areas are significant
at the 90% confidence level.
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2. The centennial variation of the EASM is associated with a La Niña-like Indo-Pacific warming (strong EASM)
or El Niño-like Indo-Pacific cooling (Weak EASM) during CE 501–1850. This SST anomaly pattern represents
the leading EOF mode of centennial variations of global SST. This leading mode is mainly controlled by
solar and volcanic activity, whereas the internal variability of the climate system is secondary, and land
use/land cover and greenhouse gases play a negligible role.

3. The weakening of the EASM during eleventh century in the middle of the MWP is mainly attributed to the
low solar radiation during that period, which leads to a prevailing El Niño-like Indo-Pacific cooling with a
strong cooling center occurring in the equatorial western Pacific. The suppressed convection over the
equatorial western Pacific directly produces Philippine Sea anticyclone anomalies that increases the
southern China precipitation on its northwestern flank and suppresses the Philippine Sea precipitation.
The latter induces a meridional teleconnection that weakens southerly winds and produces drying over
northern China, thereby weakening the EASM.

The reasons that a La Niña-like Indo-Pacific warming (El Niño-like Indo-Pacific cooling) is generated by
increased (decreased) solar forcing were elaborated by Liu et al. (2013). The finding in the present study pro-
vides an explanation of how the SST anomaly pattern induced by the solar forcing affects the centennial var-
iation of the EASM, in particular, why during the MWP (CE 800–1250) the EASM was generally strong (i.e.,
Northern China Wet and Southern China Dry) and why during the middle of the MWP (CE 980–1100) the
EASM was relatively weak, a phenomenon that was recently revealed by multisource of proxy data (Liu
et al., 2014).

Shi et al. (2016) had used the past millennium simulations of the Paleoclimate Modeling Intercomparison
Project Phase III (PMIP3), demonstrating that a clear triple distribution of the annual precipitation (a negative
phase in the arid central Asian, a positive phase in North China, and a negative phase in South China) over the
Asia is associated with the cooling over the equatorial eastern Pacific while warming over the western Pacific,
which suggests a La Niña-like condition. This SST pattern is significantly different with that in the Figure 6,
although these two papers have used different physical variable to research different scientific question.
The relationship between the TSI and the EASM precipitation needs further research.

Additionally, there exist some controversies about whether the MWP corresponds to an El Niño pattern or a
La Niña pattern (Cobb et al., 2003; Xu et al., 2016). Xu et al. (2016) demonstrated that a strong EASM during
the MWP was generally associated with an El Niño-like pattern. The results simulated by CESM suggest that
the generally strong EASM during the MWP is associated with a La Niñ-like Indo-Pacific warming SST pattern
(Cobb et al., 2003). As for the intensified EASM on the interdecadal-decadal scales, Xu et al. (2007) proposed
that a warm phase of ENSO (El Niño–Southern Oscillation) can lead to an intensified EASM, whereas most
researchers suggest that a strong EASM is associated with a La Niña-like SST pattern (B. Wang, Wu, et al.,
2008; F. Chen et al., 2015). Therefore, we need further study of how those warm and cold ENSO events influ-
ence the EASM. Although the simulated results are consistent with those reconstructions, there are still some
model-dependence and a lack of robustness. More models and sensitive simulations with higher resolution
are required to prove the results.
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