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ABSTRACT
In.this study, we investigate the influence of low-frequency solar forcing on the East
Asian. winter monsoon (EAWM) by analyzing a four-member ensemble of 600-year
simulations performed with HadCM3 (Hadley Centre Coupled Model, version 3). We find

that the EAWM is strengthened when total solar irradiance (TSI) increases on the
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multidecadal time scale. The model results indicate that positive TSI anomalies can result in
the weakening of Atlantic meridional overturning circulation, causing negative sea surface
temperature (SST) anomalies in the North Atlantic. Especially for the subtropical North
Atlantic, the negative SST anomalies can excite an anomalous Rossby wave train that moves
from the subtropical North Atlantic to the Greenland Sea and finally to Siberia..In_this
process, the positive sea-ice feedback over the Greenland Sea further enhances the Rossby
wave. The wave train can reach the Siberian region, and strengthen the Siberian high. As a
result, low-level East Asian winter circulation is strengthened and the surface air temperature
in East Asia decreases. Overall, when solar forcing is stronger on the multidecadal time scale,
the EAWM s typically stronger than normal. Finally, a similar linkage can be observed

between the EAWM and solar forcing duringthe period 1850--1970.

Key words: solar forcing, East Asian_winter monsoon, Atlantic sea surface temperature,

Rosshy wave train

1. Introduction

Previous studies have illustrated the influences of solar variability on the climate of Earth
(e.g., Haigh, 2001; Lean and Rind, 2001; Rind, 2002; Meehl et al., 2003; Meehl et al., 2008;
Xiao-et.al’, 2017). In the stratosphere, for example, solar-induced ozone changes can affect
the temperature and zonal wind distribution, the mechanisms for which have been described
in Gray et al. (2010) and many references therein. Correspondingly, the Northern Hemisphere
polar vortex responds obviously to the 11-year solar cycle, although it is also influenced by

the quasi-biennial oscillation (Labitzke, 1987; Labitzke and Van Loon, 1988). In the



troposphere, the Hadley and Walker circulations strengthen during peak solar years, and the
Intertropical Convergence Zone and South Pacific Convergence Zone shift poleward (van
Loon et al., 2004, 2007). Furthermore, observational and modeling studies have reported the
influences of solar variability on the North Atlantic Oscillation (NAO) (Shindell et al., 2001,
Kodera, 2002; Swingedouw et al., 2011; Gray et al., 2013). In addition, the 11-year-solar
cycle can be detected at the surface of Earth. Meehl et al. (2008) and Meehl and-Arblaster
(2009) observed a La Nifa-like cold event at the peak sunspot number(SSN) followed by an
El Nifp-like event a few years later. Huo and Xiao (2016) noted-that solar activity might
have contributed to the EI Nifb Modoki component of the 2015/16 EI Nifp event.
Furthermore, some studies have indicated that the global surface temperature is significantly
related to the 11-year solar cycle (Tung and-Camp,-2008; Zhou and Tung, 2010; Huo and
Xiao, 2017). The monsoon rainfalls in‘India, South Asia, West Africa, and North America
also exhibit high correlations with solar variability (Kodera, 2004; van Loon et al., 2004).
The East Asian winter.monsoon (EAWM), which is the most distinct climate system
over East Asia in ‘winter (Lau and Li, 1984; Tao and Chen, 1987; He et al., 2007), is
influenced by both internal variability and external forcings (Ding et al., 2014). For instance,
the variability.in the EAWM is closely related to the major mode of atmospheric variability,
such as the Arctic Oscillation and the NAO (Gong et al., 2001; Wu and Wang, 2002; Sung et
al., 2010; He et al., 2017). The Pacific sea surface temperature (SST) also plays an important
role in EAWM variability (Yang et al., 2002; Zhou et al., 2007a; Sun et al., 2016), especially
the EI Nifp—Southern Oscillation (ENSO) over the tropical Pacific (Zhang et al., 1996, 1999;

Wang et al., 2000; Zhou et al., 2007b; Wang and He, 2012). For example, Wang et al. (2000)
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indicated that the warm (cold) phase ENSO cycle is typically related to a weak (strong)
EAWM and the western North Pacific anticyclone (cyclone) acts as a bridge between phases.
Additionally, the Atlantic Multidecadal Oscillation (AMO) is associated with the East Asian
winter climate (Li and Bates, 2007; Wang et al., 2009). Both modeling and observational
studies have reported that the warm phase of the AMO can lead to warmer than-average
conditions in East Asia in boreal winter. Additionally, some recent studies ‘have shown the
influences of Arctic sea-ice loss and Arctic amplification on the /EAWM, although no
consensus has been reached (Wang and Liu, 2016; Zhou, 2017).-From the perspective of
external forcing, some studies have projected weakened EAWM low-level northerlies under
global warming scenarios (Hu et al., 2000; Hori and Ueda, 2006). A recent modeling study
suggests that the projected low-level northerly winds could be enhanced over the Northeast
Asian coastal region, Southeast Asia, and the South China Sea, but with little change over
midlatitude East Asia (Xu et al., 2016). In addition, Jiang et al. (2017), based on CAM5
simulations, suggested that anthropogenic aerosols can intensify the EAWM northern mode.
Furthermore, a recent-study found that strong tropical volcanic eruptions play an important
role in regulating.the EAWM (Miao et al., 2016).

However, until recently, the influence of solar variability on the EAWM had received
little attention. Those studies that have now explored this topic used reanalysis and
observational data from the late 20th century and concluded that the EAWM weakens as solar
activity strengthens on the interannual time scale (Weng, 2012; Wang et al., 2015). However,
the response of the EAWM to solar forcing on a longer time scale remains unclear. Therefore,

in this study, we investigate the effect of low-frequency solar variability on the East Asian
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winter (December, January and February) climate using an ensemble of simulations involving
only solar forcing variability, which excludes the influences of anthropogenic agents.
Observational and reanalysis data collected before the 1970s are also used in this study. We
describe the model, data and methods in section 2. In section 3, we investigate the influence
of low-frequency solar forcing on the EAWM. Conclusions and discussion are~given in

section 4.

2. Model, data and methods

The model used in this study is the Hadley Centre Coupled-Model, version 3 (HadCM3)
(Gordon et al., 2000; Pope et al., 2000). The atmospheric coamponent of HadCM3 is a version
of the UKMO’s Unified Model. The model is runon a 3.75<x 2.5°longitude—latitude grid
and has 19 hybrid levels in the vertical ‘direction. This version incorporates significant
improvements compared to the previous version (Pope et al., 2000). The ocean component is
a version of the Cox (1984). model, with a 1.25° % 1.25<horizontal grid. Six ocean grid
squares correspond to. one atmospheric model grid square. The ocean model has 20 vertical
levels, and the resolution near the ocean surface is enhanced. The atmospheric and ocean
models are coupled once daily, and the details can be found in Gordon et al. (2000). HadCM3
can‘be run without flux adjustments, and it has been widely used to simulate past and future
climate change. For example, when all anthropogenic and natural forcings are included, the
HadCM3-simulated surface air temperature (SAT) agrees well with instrumental data and
reconstruction ensemble datasets over the past millennium (Schurer et al., 2014). More
details of the model components and performance can be found in Schurer et al. (2014) and

the references therein.



A four-member ensemble of HadCM3 simulations spanning from 1400 to 2000 is
analyzed in this study (Schurer et al., 2013). The simulations are run with only solar forcing
variability, while other forcings (such as well-mixed greenhouse gases, land use, and orbital
forcing) are set to constants (1400 levels). The solar forcing used here is the reconstruction of
total solar irradiance (TSI) from Steinhilber et al. (2009) between 1400 and 1810,-and-from
Wang et al. (2005) between 1810 and 2000. The Wang et al. (2005) reconstruction datasets
with and without background information are linearly combined to make the two
reconstructions match. The TSI series is shown in Fig. 1. The four-ensembles are initialized
with the same oceanic conditions as those in 1400, but different atmospheric conditions near
the 1400. These conditions are from a long-term simulation of all relevant forcings beginning
in 800 AD. More details of the initialization method can be found in Schurer et al. (2014).

In addition, we use sea level pressure (SLP) from HadSLP2r [Second Hadley Centre Sea
Level Pressure dataset near-real time product (Allan and Ansell, 2006)] to investigate the
influences of solar forcing onthe EAWM in the observations. A Siberian high index is
defined as the mean SLP. aver the region (40=60N, 70=120<E) (Gong et al., 2001). The
SSN is used.to represent the solar variability in the observational analysis (available from
http://sidc.oma:be/silso/yearlyssnplot) and is a direct expression of the intensity of solar
activity. Thus, we can avoid problems associated with using TSI, which is reconstructed
under various assumptions (Gray et al., 2013).

In this study, we focus on the low-frequency climate variability associated with TSI
variability. The low-pass Lanczos filtering method is applied to the TSI series and all the

fields with a 13-year cutoff period. Notably, the Schwabe cycle can be filtered via this
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method. The statistical significance of the regression analyses is estimated using a “random
phase” test, which can eliminate the low-pass filtering-induced serial correlation effects

(Ebisuzaki, 1997).

3. Results

3.1 Evaluation of modeled climatology

We first evaluate the model climatology over East Asia in winter. This evaluation
verifies the credibility of the following analysis and the conclusions based on this model.
Considering the general characteristics of the EAWM, we examine the climatologies of the
SAT, SLP and 850-hPa winds here. As shown in Fig. 2b, the simulated SAT is distributed
latitudinally and generally decreases northward. Large-scale cooling can be observed over the
Tibetan Plateau. This pattern agrees well with.observations (Fig. 2a). However, some biases
also exist. The model overestimates the SAT to the west of Lake Baikal and underestimates
the SAT over the TibetanPlateau and in Northeast China (Fig. 3c). In winter, the Siberian
high and Aleutian low are located over the Asian continent and North Pacific, respectively
(Fig. 2d). The:model almost fully captures the spatial patterns of the two systems, but it does
not effectively reproduce the center of the Siberian high (Fig. 2e). Additionally, the model
underestimates the intensity of the Siberian high (Fig. 2f). For the low-level circulation, the
EAWM is characterized by the northwesterly winds over northeastern Asia and northeasterly
winds over the South China Sea (Fig. 2g). Clearly, the model reproduces the wind fields well,
although some discrepancies exist (Figs. 2h and i). Overall, HadCM3 can simulate the

large-scale EAWM circulation effectively, and this result supports the following analysis.



3.2 Influences of solar forcing on the EAWM in the model

A strengthened Siberian high is often considered a characteristic of a strong EAWM
(Guo, 1994; Gong et al., 2001). As shown in Fig. 3a, anomalously positive SLPs are evident
over Siberia and East China when the TSI is high on the multidecadal time scale. These SLPs
reflect an enhancement of the Siberian high. Their consistent trends can be seen from-the.time
series of TSI and Siberian high index (Fig. 1). Both time series exhibit decreasing trends
during the periods 1401-60, 1580-1700, 1780-1820 and 1860-80; whereas, they show
increasing trends during the periods 1460-1560, 1700-60, 1820-60 and 1880-1999. As a
result, when the TSI is high, anomalous anticyclones can be.observed over the high-latitude
Eurasian continent (Fig. 3b). Additionally, northerly wind anomalies are present over East
Asia, indicating an anomalously strengthened< low-level East Asian winter circulation.
Correspondingly, more cold air can be brought southward to low-latitude regions. Thus,
significant surface cooling is observed over East and North China (Fig. 3c). Overall, the
EAWM typically strengthens.when solar forcing strengthens in the model.

To understand the-possible mechanisms of the intensified Siberian high, we first examine
the response of. large-scale atmospheric circulation over the Northern Hemisphere to
low-frequency.changes in TSI. When TSI is high, positive 500-hPa geopotential height (Z500)
anomalies are present over Siberia and southern Iceland (Fig. 4a). Correspondingly, negative
Z500 anomalies are evident over the Greenland Sea and subtropical North Atlantic. The
alternating occurrence of negative—positive—negative—positive anomalies resembles a Rosshy
wave pattern that propagates from the subtropical North Atlantic to the Siberian region. We

further investigate the corresponding gausi-geostrophic stream function and wave activity
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flux (WAF) anomalies, which can reflect the propagation of stationary Rossby waves and
indicate the direction of energy propagation (Takaya and Nakamura, 2001). As shown in Fig.
4b, the wave train propagates northeastward from the subtropical North Atlantic to the
Iceland basin and then splits into two branches. One branch propagates eastward and reaches
the Siberian region. This branch is weak (non-significant). The other branch-continues
northward to the Greenland Sea and then swings toward the Siberian region: This northward
branch of the Rossby wave is significantly strengthened when it reaches the Greenland Sea,
which is likely due to the positive feedback of sea ice there (Fig. 5a). When this wave train
reaches the Siberian region, the convergence of the WAF can strengthen the Siberian high.
The formation of a Rossby wave is highly correlated with thermal and orographic forcing
(Hoskins and Karoly, 1981). As shown in Fig. 4b, the origin of this wave train is over the
subtropical North Atlantic. Thus, it is"likely that this negative—positive—negative—positive
wave train is excited by negative SST-induced convective heating anomalies over the
subtropical North Atlantic (Fig.-5b). Significant cooling over the subtropical North Atlantic
can decrease the_latent heat flux and moisture flux to the atmosphere. These changes
subsequently. decrease convective instability. Therefore, convective heating is reduced over
the subtropics,and excitation of the Rossby wave train occurs, as illustrated in Fig. 4b. The
anomalous subtropical North Atlantic SST likely plays an important role in shaping this
Rossby wave train and related atmospheric circulation anomalies over East Asia. To confirm
this inferred linkage, we define a SST-cooling index over the subtropical North Atlantic
(202-30N, 40=70W; black frame in Fig. 5b). The regression maps on it show a similar

negative—positive—negative—positive wave train from the subtropical North Atlantic to Siberia
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(Figs. 6a and b). As a result, the Siberian high is significantly strengthened, causing
significant surface cooling over East Asia (Figs. 6¢ and d). Therefore, the negative SST
anomalies over the subtropical North Atlantic are the main reason for the formation of the
wave train and the strengthening of the EAWM when TSI is high. However, it should be
noted that the southern (northern) branch of the wave train is relatively stronger-(weaker)
compared to that in the TSI-related process. This suggests that the positive feedback of sea
ice over the Greenland Sea probably plays an important role in strengthening the northern
Rosshy wave in the TSI-related process (Fig. 5a).

Thus, the relationship between changes in TSI and negative SST anomalies over the
subtropical North Atlantic should be considered. Most regions of the North Atlantic exhibit
negative SST anomalies when TSI is high:In_contrast, positive SST anomalies can be
observed over the entire tropical and South Atlantic. This northern negative and tropical
(southern) positive SST anomaly. pattern reflects the weakening of the Atlantic meridional
overturning circulation (AMQOC).-For confirmation, we illustrate the response of the AMOC
stream function to ‘solar -forcing in Fig. 7. Significant negative stream function anomalies
across the Atlantic cell indicate a reduction in AMOC strength. In addition, the negative sea
surface salinity’anomalies in the North Atlantic also indicate a weakened AMOC (Fig. 8). As
noted in previous modeling studies (Latif et al., 2009; Otter&et al., 2010; Swingedouw et al.,
2011), positive TSI anomalies lead to an increase in surface heat flux, which induces negative
buoyancy forcing and a decrease in mixed layer depth in the Labrador Sea. Thus, the
decreased convection in the Labrador Sea can weaken the AMOC. This process is similar to

responses of the AMOC to global warming (Gregory et al., 2005). Therefore, the negative
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SST anomalies over the subtropical North Atlantic are mainly caused by the TSI-induced
weakening of the AMOC. Additionally, reduced northward heat transport due to a weakened
AMOC decreases the SST in the high-latitude Atlantic (Fig. 9), which can increase the
sea-ice coverage over the Greenland Sea. This process explains the strengthened wave train

in the Greenland Sea area.

3.3 Observed influences of solar forcing on the EAWM

Based on observations, a similar relationship can be found between the low-frequency
solar activity and Siberian high during the period 1850--1970."As.shown in Fig. 10a, both the
SSN and Siberian high index exhibit decreasing trends from 1850--1910 and increasing
trends from 1910--1970. This means that the SSNwand Siberian high index have consistent
trends during 1850--1970, similar to the findings from the model results (Fig. 1). Figure 10b
shows a regression map of the SLP in-winter associated with solar forcing during the period
1850--1970. Positive SLP anomalies can be observed over the Siberian region. These
findings suggest strong EAWM circulation. However, this relationship reverses after the
1970s. The regression.map shows negative SLP anomalies over the high-latitude Eurasian

continent.when.the SSN is high during the period 1971--2014 (Fig. 10c).

4. Summary and discussion

This study investigates the response of the EAWM to solar forcing in HadCM3. The
results suggest that low-frequency TSI variability plays an important role in regulating the
intensity of the EAWM, particularly the Siberian high. The model results show that positive

TSI anomalies can weaken the AMOC and cause negative SST anomalies in the North
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Atlantic. Especially for the subtropical North Atlantic, the negative SST anomalies can excite
a Rossby wave train that moves from the subtropical North Atlantic to the Greenland Sea and
finally to the Siberian region. In this process, the positive sea-ice feedback over the
Greenland Sea further enhances the eastward propagation of the Rossby wave. When the
wave train reaches Siberia, the Siberian high is strengthened. As a result, northerly wind
anomalies are present over East Asia, indicating anomalously strengthened low-level East
Asian winter circulation. In addition, surface cooling can be observed over East Asia.
Therefore, the EAWM is strengthened due to the high TSI on the multidecadal time scale.
During the period 1850--1970, a similar linkage can. be observed between the
low-frequency solar activity and the Siberian high. The trends of the SSN and Siberian high
index on the multidecadal time scale are consistent. It suggests that higher SSN can lead to a
stronger East Asian monsoon circulation. However, this linkage reverses during the period
1971--2014. Why this relationship between the SSN and Siberian high reverses remains
unclear. However, complex.external forcings, such as rapid increases in greenhouse gas
concentrations during-the second half of the 20th century, may modulate this relationship.
Specifically;.the-influence of intensive anthropogenic aerosol emissions over East Asia from
the 1970s (Wang et al., 2013) on the Asian regional climate is much stronger than that
associated with solar activity. These emissions can also modulate the linkage between the
SSN and Siberian high. It is well known that the Siberian high controls almost the entire
Asian continent in boreal winter, and the corresponding anticyclonic circulation causes
northerly winds over eastern China (Gong et al., 2001). The intensity of the Siberian high

plays a dominant role in determining the intensity of the EAWM (Guo, 1994). As a result, the
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reversed relationship between the SSN and Siberian high after the 1970s also reflects the
reversed linkage between the SSN and EAWM circulation. Explanations for this phenomenon
require further investigation.

A recent modeling study gives a different explanation regarding the linkage between the
solar activity and SST over the North Atlantic (Thiéblemont et al., 2015). An anomalous
tripolar SST pattern in winter of the peak solar year was found and attributed to.the solar
maximum-—induced positive NAO phase. This is a fast response and it operates on the 11-year
solar cycle time frame. However, our study focuses on influences from a low-frequency
(longer than 11-year cycle) solar forcing on the EAWM. According to our analysis and a
previous modeling study (Swingedouw et al., 2011), there are no significant relationships
between the NAO and TSI at this time scale: In our- study, we attribute the SST anomalies
over the North Atlantic to the TSI-induced weakening of the AMOC.

In this study, the model does not include stratospheric ozone changes from the ultraviolet
part of the solar spectrum. Thus;the mechanism mainly depends on the solar forcing acting
on the ocean surface (bottom-up process). Actually, the solar signals in the stratosphere can
affect the EAWM through stratosphere—troposphere coupling (top-down process) (Wang et
al., 2015). It _should be determined whether these two mechanisms act together or play
opposing roles in regulating the EAWM. A similar study of the tropical Pacific was presented
by Meehl et al. (2009), who compared three climate models with mechanisms acting alone
and acting together. An analysis of the EAWM using this method should be performed in the

future.
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Fig. 1. Time series of TSI (units: W m2) and Siberian high index during 1401-1999. The red
(blue) line represents the low-pass filtered TSI (Siberian high index).series with a 13-year

cutoff period, while the gray line represents the unfiltered TSI'series.
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°C), (d) SLP (1850--1999; units:

hPa) and (g) 850-hPa winds (1948--99; units: m s*) based on the observational and reanalysis

data. (b, e, h) As in_(a, d;.0g) but based on the HadCM3 model results over the period

1401--1999. (c, f,.i) Differences between the model and observational data.
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Fig. 3. Regression of the winter (a) SI:P_(units: hPa), (b) surface wind (units: m s1), and (c)
SAT (units: <C) on the TSI (units: W m2) during 1401--1999 in the simulation. The TSI and
atmospheric variables have been low-pass filtered with a 13-year cutoff period. Areas
significant at the:95% confidence level are marked with dots in (a, ¢) but shaded in gray in (b).

The green line\in'(b) shows the 3000 m topographic contour.
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Fig. 4. Regression of the winter (a) Z500 (units: m) and (b) 500-hPa gausi-geostrophic stream
function (contours; units: 10° m?s) and WAF (vectors; units: m?s2 ) on the TSI (units: W
m~2) during 1401--1999 in the simulation. Blue (red)-lines'represent negative (positive) values,
and the contour interval is 10° (units: m?s* ).in.(b). The TSI and atmospheric variables have
been low-pass filtered with a 13-year cutoff period. Areas significant at the 95% confidence

level are marked with dots in (a) but shaded in gray in (b).
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Fig. 5. Regression of the winter (a) sea-ice concentration and (b) SST(units:~<C) on the TSI
(units: W m~2) during 1401--1999 in the simulation. The TSI and oceanic variables have been
low-pass filtered with a 13-year cutoff period. Areas significantat the 95% confidence level are
marked with dots. The black frame (20=30N, 40=70W) in (b) is used to define a

SST-cooling index.
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Fig. 6. Regression of the winter (a) 500-hPa geopotential height (units: m), (b) 500-hPa
gausi-geostrophic stream function (contours; units: 10° m?s) and WAF (vectors; units: m?
s2), (c) SLP (units: hPa), and (d) SAT (units: <C) on the SST index (units: <) during

1401--1999 in the simulation. Blue (red) lines represent negative (positive) values, and the
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contour interval is 5 < 10° (units: m?s™) in (b). Areas significant at the 95% confidence level

are marked with dots in (a, ¢, d) but shaded in gray in (b).
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Fig. 7. Regression of the winter Atlantic meridional overturning stream function (units: Sv) on

the TSI (units: W m™2) during 1401--1999 in the simulation. The TSI and-oceanic variables
have been low-pass filtered with a 13-year cutoff period. Areas. significant at the 95%

confidence level are marked with dots.
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Fig. 8. Regression of the winter sea surface salinity (units: psu) and the' TSI (units: W m™2)
during 1401--1999 in the simulation. The TSI and oceanic variables have been low-pass

filtered with a 13-year cutoff period. Areas significant at the 95% confidence level are marked

with dots.
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Fig. 9 Regression of the winter ocean barotropic stream function (colorshading; units: Sv) and
the TSI (units: W m~2) during 1401--1999 in the simulation. The TSI and oceanic variables
have been low-pass filtered with a 13-year cutoff period. Areas significant at the 95%
confidence level are marked with dots. The contours show the climatological winter ocean
barotropic stream function (interval: 5 Sv; zero-line omitted), with solid (dashed) lines

meaning positive (negative).
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(a) SSN and Siberian high index (both filtered)
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Fig. 10. (a) Time series of SSN.(red) and Siberian high index (blue) during 1850-2014. (b, ¢)
Regression of the winter SLP (units: hPa) on the SSN over the period (b) 1850--1970 and (c)
1971--2014 in.the observations. The SSN and atmospheric variables have been low-pass
filtered with-a 13-year cutoff period. Areas significant at the 90% confidence level are marked

with dots.
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