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Abstract
Climate signals associated with 11-year sunspot cycle have been extensively studied in various regions of the northern 
hemisphere, but the precise mechanisms remain elusive. Asian winter monsoon (AWM) is the most powerful circulation 
system on the Earth, yet its relationship with the 11-year solar cycle has not been explored. Here the response of AWM 
to the 11-year solar forcing is explored by analysis of numerical experiment results obtained from the Community Earth 
System Model-Last Millennium Ensemble (CESM-LME) modeling project. We show that a strong 11-year solar cycle can 
excite a resonant response of the intrinsic leading mode of the AWM variability, resulting in a significant signal of decadal 
variation. The leading mode, characterized by a warm Arctic and cold Siberia, responds to the maximum solar irradiance 
with a peculiar 3 to 4-year delay. We propose a new mechanism to explain this delayed response, in which the 11-year solar 
cycle affects the AWM via modulating Arctic sea ice variation during the preceding summer. At the peak of the accumula-
tive solar irradiance (i.e., 4 years after the maximum solar irradiance), the Arctic sea ice concentration reaches a minimum 
over the Barents–Kara Sea region accompanied by an Arctic sea surface warming, which then persists into the following 
winter, causing Arctic high-pressure extend to the Ural mountain region, which enhances Siberian High and causes a bitter 
winter over the northern Asia.
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1 Introduction

The relationship between solar activity and Earth’s weather 
and climate has attracted enormous attention in climate 
research community over the past century (Siscoe 1978). 
Numerous model studies have suggested that the spectrum 
solar irradiance interacting with ozone can strongly affect 
stratospheric temperature and circulation, which then prop-
agate downward to alter tropospheric general circulation 
(Haigh 1996; Matthes et al. 2006). Statistical correlations 
between the 11-year solar activity and the decadal climate 
variability have been found in the observations (Currie 1993; 
Soon 2005; Van Loon and Meehl 2012). At the peak years 
of the 11-year solar cycle, the climatological precipitation 
maxima in the tropical Pacific were found to be strength-
ened, further modulating the Pacific climate system, i.e., 
Pacific Decadal Oscillation (PDO) and El Niño-Southern 
Oscillation (ENSO) (Van Loon et al. 2007; Meehl et al. 
2008, 2009). While for the Northern Hemisphere (NH) 
winter, links between the solar 11-year variability and the 
North Atlantic Oscillation (NAO) have been extensively 
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investigated, which result in diverse views (Ineson et al. 
2011; Scaife et al. 2014; Thiéblemont et al. 2015; Gray et al. 
2016; Chiodo et al. 2019).

Understanding the physical processes involved in solar-
climate connections is crucial to interpretation of the 
observed climate variability and predictability and to the 
projection of future climate change. A major process of solar 
influence that has been identified is via a ‘top-down’ mecha-
nism. The ultraviolet radiation variability on heating rates 
in the tropical upper stratosphere may affect the meridional 
temperature gradients and the zonal mean wind anoma-
lies, which then migrate poleward and downward through 
wave-mean flow interaction (Haigh 1996; Andrews et al. 
2015). Another mechanism is the ‘bottom-up’ coupled air-
sea mechanism. Increased total solar irradiance (TSI) over 
cloud-free regions of the subtropics translates into greater 
evaporation, and the resulting moisture is carried to the con-
vergence zones by the trade winds, thereby strengthening the 
intertropical convergence zone (ITCZ), affecting the Pacific 
climate system (Meehl et al. 2008, 2009).

Asian winter monsoon (AWM) is the most powerful cir-
culation system in the NH winter. Comparing with the com-
plex structure of the Asian summer monsoon (Wang et al. 
2001; Zhou et al. 2009), the surface circulation of the AWM 
is simply dominated by the gigantic Siberian–Mongolian 
High (Chang et al. 1983). Jin et al. (2019) had demonstrated 
that the decadal variation of the East Asian summer mon-
soon is possibly affected by the 11-year solar cycle through 
changing North Pacific decadal oscillation. It is expected 
that the 11-year solar cycle might also have a footprint in 
AWM variability. So far, the relationship between AWM 
and the 11-year solar cycle has not been explored. Therefore, 
we are curious about to what extent the 11-year solar cycle 
may affect AWM. In particular, what are the characteristics 
of AWM that are modulated by the 11-year solar cycle? If 
there is a linkage between them, how can an enhanced solar 
irradiance affect NH winter climate when the spot of direct 
sunlight moves toward the Tropic of Capricorn of the south-
ern Hemisphere? The present work aims at addressing these 
questions.

It is of great difficulty to distinguish the 11-year solar 
cycle signal from the short-term observations of the AWM, 
because the amplitude of 11-year cycle is relatively small 
(Haigh 1996) whereas the AWM variability is affected by a 
variety of factors, including natural internal variability (e.g., 
ENSO, NAO) and other external (e.g., volcanic, anthropo-
genic) influences (Frame and Gray 2010; Gray et al. 2013). 
To isolate the impacts of the 11-year solar cycle, we analyze 
numerical simulation results derived from four solar-only 
forcing experiments and one control experiment (CTRL), 
which were conducted by the Community Earth System 
Model-Last Millennium Ensemble (CESM-LME) modeling 
project (Otto-Bliesner et al. 2016).

In this paper, we first explore the spatiotemporal variabil-
ity of the AWM by using the monthly surface temperature 
data derived from the 20th Century Reanalysis V2 data pro-
vided by the NOAA/OAR/ESRL PSD (Compo et al. 2011), 
and then validate the model performance of the CESM in 
reproducing the AWM variability in Sect. 3. In Sect. 4, we 
explore the variation of the AWM modulated by the solar 
activity on decadal time scale, and examine the linkage 
between the decadal variation of AMW and the 11-year solar 
cycle. Then, the possible processes by which the 11-year 
solar cycle impacts the northern Asian winter are discussed 
in Sect. 5. In Sect. 6, we elaborate a new mechanism by 
which the 11-year solar cycle could affect Eurasian win-
ter temperature by modulating the preceding summer and 
autumn Arctic sea ice variation. The last section presents 
major conclusions and discusses remaining issues.

2  Numerical experiments and observational 
data

The CESM-LME simulation data provided by NCAR’s 
Climate Change Research Section is an ensemble of fully-
forced, and single-forced simulations. In the CTRL experi-
ment, with the fixed external forcings at AD 850, climate 
variations are solely arising from the coupled dynamics 
internal to the Earth’s climate system. In the four solar-only 
forcing experiments, the varying solar forcing was applied 
but all other external forcings were fixed at the condition of 
AD 850. Changes in the total solar irradiance (TSI) were 
prescribed by the reconstructed solar forcing (Vieira et al. 
2011). The four-member ensemble average derived from the 
solar-forcing experiments can largely reduce the noises of 
the internal variability, so that the impacts of solar forcing 
on AWM variations can be better identified by comparison 
with the CTRL experiment. Due to the low-top atmospheric 
model with no prognostic ozone chemistry in these numeri-
cal experiments, there is no response of the stratospheric 
ozone change to the solar intensity variation, the response 
to solar forcing shown here is coming from the “bottom-up” 
mechanism.

Figure 1 shows the wavelet analysis of the time–fre-
quency distribution of the solar forcing used in the varying 
spectral solar irradiance experiments. The imposed solar 
forcing exhibits a significant peak on the 8 to 16-year band, 
and their intensity varies with time. In order to compare 
the impacts of the decadal solar activity, we selected the 
AD 1100–1235 as an epoch with significant 8 to 15-year 
solar cycles (Strong Epoch hereafter) and the period of AD 
1400–1535 as an epoch without significant 8 to 15-year solar 
cycles (Weak Epoch hereafter).

In addition to the simulation results, we have used the 
surface air temperature derived from the 20th Century 
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Reanalysis Project version 2 dataset during 1871–2000 to 
explore the characteristics of the Asian Winter Monsoon and 
verify the simulation results of the CESM_LME.

3  Characteristics of the AWM 
in the observation and control experiment

Previous research has shown that the interannual-to-decadal 
variability of the East Asian winter surface air temperature 
(SAT) is dominated by two distinct empirical orthogonal 
function (EOF) modes, the northern mode and the south-
ern mode (Chen et al. 2014); and the two modes, although 
derived from the East Asian domain, also capture the win-
ter SAT variability over the entire Asia (Wang et al. 2010). 
Figure 2a and b are the first two leading modes of AWM 
variability in December to February (DJF) mean SAT during 
AD 1871–2000 over the entire Asia (0–70°N, 60–140°E) 
derived from the 20th Century Reanalysis. The first EOF 
mode (EOF1) of the AWM features a uniform cold pattern 
between 40°N and 70°N with the largest negative anomaly 
around 60°N. The second EOF mode (EOF2) displays a 
dipolar zonal structure over the entire Asia with the maxi-
mum cooling being located at the Kazakh Uplands and 
extended to East China. The EOF modes are similar to those 
shown in the Wang et al. (2010). Therefore, in this paper, 
the EOF1 is referred to as the northern mode of the AWM 
variability, and the EOF2 is the southern mode of the AWM 
variability. Since the northern mode explains about 50% of 
the total variance, which is about four times larger than that 
of the southern mode, we will focus analysis of the tempo-
ral variation of the leading (northern) mode in this study. 
From the power spectrum of the corresponding Principal 
Components (PC), the first PC (PC1) is dominated by an 

interannual (~ 2-year) signal with a minor insignificant dec-
adal peak (Fig. 3a).

To validate the model’s capacity in reproducing AWM 
variability and make a fair comparison, we randomly 
selected a 130-year sample from the CTRL experiment. The 
spatial patterns of the EOFs in the control run are consistent 
with the corresponding observed EOF modes (Fig. 2c, d), 
while there exist large differences in the periodicity of the 
PC1 (Fig. 3). In the CTRL (Fig. 3b), the interannual energy 
peaks are evidently stronger than those in the observed data, 
and the decadal variation has a significant quasi-15-year 
peak. The leading mode in the CTRL represents an intrinsic 
internal climate variability in the model without any external 
forcing, which is different from the observation. Since the 
various forcing factors are in action in the observed record, 
the temporal behaviors of the leading modes in the CTRL 
and observation are not directly comparable. However, the 
model from the CESM-LME simulates realistic spatial struc-
ture of the leading modes of the AWM, suggesting that the 
most frequently observed spatial pattern of the SAT in the 
model is realistic.

4  Evidence of 11‑year solar cycle influence 
on decadal variation of the AWM

To investigate how the solar activity possibly affects the 
AWM, a natural starting point is to see how solar forcing 
variation links to the variations of the two leading modes 
(Fig. 4). During the Strong Epoch, the first two leading 
modes are significantly distinguished from other modes by 
statistical significance test (North et al. 1982), and explain 
44.1% and 14.3% of the total variance, respectively (Figs. 4a, 
b). It is of interest to note, the two EOF modes of the AWM 
over Asia resemble the EOF modes in the CTRL experiments 
and 20th Century Reanalysis. The simulated and observed 
EOF1modes have a comparable magnitude although the 
simulated magnitude is smaller than the observed one. In 
addition, the EOF modes during the Strong Epoch and Weak 
Epoch have obviously similar spatial patterns and fractional 
variances (Fig. 4), suggesting that the two leading modes 
are essentially the internal modes of variability, and their 
existences do not depend on external forcing. Thus, the solar 
forcing does not appreciably change the structures of the 
intrinsic modes. Then, the question is: what roles does the 
11-year solar cycle play in the AWM variation?

We then examined the power spectrum of the PC1. Fig-
ure 5 compares the spectra of the PC1s obtained from the 
strong and weak 11-year solar cycle epochs of the solar 
forcing experiment. Notably, a significant decadal signal 
with a peak at 12 years becomes a dominant periodic-
ity in the PC1 during the Strong Epoch, meanwhile the 

Fig. 1  Wavelet analysis of the external forcing used in the solar-only 
forcing experiments. The red boxes outline the two epochs selected in 
our comparison study
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(a)

(c) (d)

(b)

Fig. 2  The two leading EOF modes of the DJF mean surface temperature over Asia derived from the 20th century reanalysis (a, b) and control 
experiment (c, d)

(a) (b)

Fig. 3  Spectra of the leading principal components derived from a the 20th Century reanalysis and b the control experiment
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interannual peak becomes insignificant. However, in the 
Weak Epoch, the interannual peaks remain dominant as 
in the control experiment. The quasi-15-year peak in the 
control experiment is absent during the Weak Epoch, but 
the strong 11-year solar cycle has shifted the decadal peak 
to around 12 years. Different from the PC1s, the spectra 
of PC2s during the Strong and Weak Epochs remain to 
be dominated by interannual oscillations as in the control 
run (figure not shown), suggesting that the 11-year solar 
forcing has little impact on the southern EOF mode of the 
AWM. The above results indicate that a strong 11-year 
solar cycle can generate decadal signals in the leading 
(northern) mode of the AWM variability. Additionally, in 
the individual single solar-only experiments, the decadal 
signals are variable, suggesting that the internal decadal 
variability dominates over the forced response in the indi-
vidual experiments. To focus on solar-forcing impacts 
on the northern mode of the Asian winter monsoon, we 
examine the four-member ensemble averages, in which 
the random internal variability in each single experiment 

largely cancels each other so that the forced effect can be 
better detected.

To further investigate the linkage between the northern 
mode of the AWM variability and solar activity on decadal 
timescale, an 8 to 15-year bandpass filter was applied to 
the external forcing and the PC1 during the Strong Epoch. 
As shown in Fig. 6a, during the Strong Epoch, the leading 
mode of the AWM (PC1) is not simultaneously correlated 
with solar irradiance variability, rather, the significant 
maximum positive correlation occurs with 3–4 years delay 
after calculating the effective sample size (Bretherton et al. 
1999). That means that the response of the leading mode 
of AWM variation reaches a peak after 3–4 years later 
following the maximum solar irradiance, namely, the cold 
northern Asia occurs about 3 years later after the peak 
solar radiation.

(a) (b)

(d)(c)

Fig. 4  Two leading EOF modes of the DJF mean surface temperature over Asia during strong 11-year solar cycle epoch (AD 1100–1235) (a, b) 
and weak 11-year solar cycle epoch (AD 1400–1535) (c, d) of four-member ensemble averaged solar-forcing experiments
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5  Possible processes by which the 11‑year 
solar cycle impacts the northern Asian 
winter

The 3–4 years phase-delayed response is a peculiar fea-
ture. This peculiar feature is further perplexed by the fact 
that during winter, solar irradiance flux has little impacts 

on the northern high latitudes. The solar irradiance cycle 
should have strongest climate consequence during boreal 
summer when the northern hemisphere, especially the 
northern high latitudes, receive maximum solar radiation 
heating. Thus, the direct effects of solar forcing cannot 
explain this simulated winter phenomenon. In this section, 
we explore the two possible processes that can elucidate 
the aforementioned dilemmas.

(a) (b)

Fig. 5  Spectra of the leading principal components during the strong 11-year cycle epoch (a) and weak 11-year cycle epoch (b) derived from 
four-member ensemble averaged solar-forcing experiments

(a) (b)

Fig. 6  The lead-lag correlation between the PC1 and the TSI (a), 
the accumulated TSI (b) during the strong 11-year cycle epoch (AD 
1100–1235) derived from four-member ensemble averaged solar-

forcing experiments. The blue dashed lines are significant at the 90% 
confidence level, the red dashed lines are significant at the 95% confi-
dence level, and the effective sample sizes are 22
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According to the thermodynamic equation, the maximum 
solar irradiance heating rate should result in a maximum rate 
of temperature change not the temperature itself. Assuming 
the solar irradiation flux is proportional to the diabatic heat-
ing rate, the accumulative TSI represents the accumulative 
solar heating effects. The result shown in Fig. 6b indeed 
indicates a generally simultaneous correlation (but most sig-
nificant correlation with slight 1–2 years delay) between the 
accumulated TSI and the leading mode of the AWM on dec-
adal timescale during the strong 11-year solar cycle epoch.

Ocean is an enormous heat reservoir. For the phase-
delayed and seasonally-delayed responses, we hypothesized 
that the impacts of the enhanced summer solar forcing may 
be ‘memorized’ by ocean warming, which then feedback to 
the atmosphere later, affecting the northern Asian winter 
temperature. The temperature response should correspond 
to the accumulative solar heating effects. Evidences have 
shown that a small La Niña-like response in the peak solar 
year, followed a couple years later by a larger central Pacific 
El Niño-like response (Meehl and Arblaster 2009; Misios 
et al. 2016, 2019), which could induce a cooler-than-nor-
mal winter over Eurasia as shown by an AGCM experiment 
(Zhang et al. 2019). Other studies have shown that the cold 
Eurasia could be a consequence of the rapid decline of the 
preceding summer Arctic sea ice, especially over the Bar-
ents–Kara sea region where sea ice has largest seasonal and 
interannual variability (Honda et al. 2009; Cavalieri and 
Parkinson 2012; Inoue et al. 2012).

To reveal the possible processes by which the 11-year 
solar cycle may influence the cold winter in the northern 
Asia, first, we examined the correlation map between the 
SAT and the TSI with a 4-year delay (Fig. 7a). The winter 
SAT associated with the TSI shows an anomaly pattern simi-
lar to that of the northern mode of the AWM; meanwhile, 
significant warming occurs not only over the Arctic, but also 
over the eastern Pacific, resembling an El Niño-like sea sur-
face temperature (SST) pattern. The result here suggests that 
the solar forcing could induce a cold northern Eurasia winter 

through both the TSI-induced Arctic warming and El Niño 
in the eastern Pacific. Next, we have examined whether an 
El Niño can affect AWM. As shown in Fig. 7b, the SAT 
anomalies associated with an El Niño features a slight warm-
ing over the northern Eurasia, suggesting that it is unlikely 
that a solar forcing-induced El Niño could generate the cold 
northern Eurasia. Considering the results shown in Fig. 7a 
and b together, we suggest that the influence of the11-year 
solar cycle on the northern Asia winter monsoon is mainly 
via modulating the preceding summer Barents–Kara Sea ice 
and SST.

6  Key mechanisms linking the 11‑year solar 
cycle, Barents Sea ice, and cold winter 
in the northern Asia

To show the role of Arctic sea ice melting and ocean warm-
ing, we present anomalies in the JJAS (June–September) 
sea ice concentration (Fig. 8a) and sea surface temperature 
(Fig. 8b) that are correlated with the solar forcing with a 
4-year delay. Corresponding to the maximum solar radia-
tive heating, the JJAS sea ice concentration over the Bar-
ents Sea and Kara Sea region shows a significant negative 
correlation, suggesting the sea ice melting in response to 
the solar radiative heating (Fig. 8a), corresponding to the 
generally warm SST (Fig. 8b). In addition, we describe JJAS 
mean sea ice concentration variability over the Barents Sea 
region (70–82°N, 0–50°E) using a simple Barents Sea Ice 
Concentration (BSIC) index. The BSIC index during the 
Strong Epoch exhibits significant quasi-11-year energy peak 
(Fig. 9a), whereas the decadal signal is absent during the 
Weak Epoch (Fig. 9b). This indicates that the 11-year solar 
cycle can induce a 11-year peak in the JJAS mean sea ice 
concentration over the Barents Sea region, which has played 
a crucial role in the process of the phase-delayed response 
of the AWM to summer solar forcing.

(a) (b)

Fig. 7  Correlation maps of DJF mean surface air temperature with a 
the 11-year solar forcing with a 4-year delay, and with b the simul-
taneous NINO 3.4 index during the strong 11-year solar cycle epoch 
(AD 1100–1235). The NINO 3.4 index is defined by the SST anom-

alies averaged over the equatorial central Pacific (5°S–5°N, 170–
120°W). An 8 to 15-year-bandpass filter was used. The dotted areas 
are significant at the 95% confidence level
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Second, the “Arctic memory” hypothesis can also explain 
the seasonally phase-delayed response. With the reduction of 
the sea ice over the Barents Sea during summer and autumn, 
the adjacent ocean is generally warmer than normal, which 
can persist into the ensuing winter due to the large heat 
capacity of the ocean, so that the DJF mean SAT exhibits 
abnormal warming over the Barents Sea and the Greenland 
Sea region (Fig. 7a). The winter Arctic warming features 
high-pressure anomalies over the entire Arctic (Fig. 8c). The 
winter Barents Sea warming can extend the Arctic high-pres-
sure to Ural mountain region, which then perturbs westerly 
jet stream and further enhances and shifts the downstream 

EA trough westward (Kug et al. 2015) (Fig. 8c). On the 
surface, the Mongolian–Siberian High shifts northwestward 
over Siberia, favoring the cold Arctic air mass intrusion into 
the high latitudes of Asian continent (Luo and Wang 2018). 
The Asian coldness extends from the Ural mountain all the 
way to the central North Pacific (Fig. 7a).

The explanation of the seasonal delayed response sup-
ports the observations. In fact, Cavalieri and Parkinson 
(2012) have suggested that the cold Siberian winter is sig-
nificantly influenced by the diminishing Barents Sea ice in 
the preceding autumn. Luo and Wang (2018) have used the 
September–October mean SST anomalies in the Barents Sea 

(a) (b) (c)

Fig. 8  4-year lagged correlation maps with references to the 11-year 
solar forcing: a the JJAS mean sea ice concentration anomalies, b the 
JJAS mean sea surface temperature anomalies, and c the DJF mean 
500 hPa Geopotential anomalies during the strong 11-year solar cycle 

epoch (AD 1100–1235). An 8 to 15-year-bandpass filter was used. 
The dotted areas are significant at the 90% confidence level. The 
white circles in c is used to outline the SIC domain shown in a and b 

(a) (b)

Fig. 9  Power spectrum of the BSIC index during a the strong 11-year cycle epoch (AD 1100–1235) and b weak 11-year cycle epoch (AD 1400–
1535)
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region to predict the ensuing winter extremely cold days over 
the northern East Asia. The importance of the variation of 
the autumn Barents Sea ice in the winter climate system over 
Eurasia was also emphasized by Zhang et al. (2018).

7  Conclusion and discussion

The main findings concerning how the 11-year solar cycle 
could potentially affect the decadal variation of the AWM 
are summarized as follows.

1. The leading mode of the Asian winter monsoon (AWM), 
characterized by a cold northern Asia between 40 and 
70°N, is an intrinsic mode of AWM variability. How-
ever, the external forcing provided by strong 11-year 
solar cycle can excite a significant decadal signal in the 
leading AWM mode.

2. The response of the leading mode of the AWM reaches 
the strongest phase 4 years after the maximum solar irra-
diance. Thus, the 11-year solar cycle-excited decadal 
variation of the AWM is approximately in phase with 
the accumulated total solar irradiance.

3. The influence of the 11-year solar cycle on the AWM is 
mainly via modulating Arctic sea ice variation over the 
Barents–Kara Sea region during the preceding summer 
and fall. The Arctic sea ice melting reaches a maximum 
after a 4-year delay following the peak of the solar irra-
diance. The summer melting of sea ice causes winter 
Arctic warming north of 70°N, which, in turn, generates 
extensive coldness over northern Asia and North Pacific 
through strengthening the Ural mountain pressure ridge 
and enhancing the Siberian High in the high latitude of 
Asia.

The new mechanism proposed in the present study 
emphasizes that the 11-year solar forcing can affect decadal 
variability of the northern hemisphere winter climate via 
its accumulative heating effects that are “memorized” by 
the Arctic sea ice melting during the preceding summer. 
This mechanism can explain two dilemmas, one is why the 
solar forcing variability in summer can affect winter climate, 
and the other is why there is a delay between the maximum 
solar irradiance and the AWM response, i.e., the Barents 
Sea warming and Siberian cooling. Our analysis is consist-
ent with the result of Kug et al. (2015) in the sense that the 
Barents–Kara Sea warming induces the Ural mountain high 
anomaly, which can further shift the Mongolian–Siberian 
High northwestward, favoring intrusion of the cold Arctic 
air mass into the high latitudes of Asian continent. However, 
the Arctic high-pressure anomalies were not produced by the 
Barents–Kara Sea warming in the coupled global climate 
model experiments. This is not surprising because the sea ice 

and SST anomalies are not confined in the Barents–Kara Sea 
region (Fig. 8a). More appropriate experiments are required 
to distinguish the complex local atmosphere–ocean–sea ice 
interaction and remote atmospheric forcing. Meanwhile, the 
role of the 11-year solar cycle-induced Pacific warming on 
the cold northern Eurasia cannot be entirely ruled out, that 
calls for further studies.

Since the simulations do not include the ‘top-down’ effect 
of solar variability (Otto-Bliesner et al. 2016), the mecha-
nism proposed in this paper depends almost entirely on the 
increased solar forcing acting on the ocean surface. How-
ever, in the presence of the ‘top-down’ mechanism, what 
is the resultant response of AWM calls for further inves-
tigation. The results of our study are based on numerical 
experiments performed using a single climate system model 
with a four-member ensemble. More ensemble members are 
desirable for a more reliable detection of the decadal sig-
nals. In addition, multi-model simulation results should be 
investigated to verify the results obtained from the single 
model used here.
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