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ABSTRACT: Interdecadal variations of the global land monsoon have been previously attributed to internal fluctuations
of the climate system, but the role of natural external forcings was underexplored. Here, we investigate this issue by using
the Community Earth System Model ensemble simulations over the last millennium (LM) (AD 950–1850). Our analysis
reveals that the surface temperature, with two dominant structures (global cooling/warming and longitudinal sea surface
temperature gradient in the tropical Pacific, which affects the Walker circulation), predominantly shapes the leading forced
mode of the global land monsoon. This mode, representing 19% of the total variance, manifests as consistent features
across South Asia, the southern part of East Asia, North Australia, South America, and western South Africa, contrasting
with other monsoon regions. Under global cooling conditions, the monsoon intensity is enhanced in the northern parts of
the East Asian and eastern parts of the North and South African monsoons, but it decreases in the other monsoon regions.
Under weak Walker circulation conditions, changes in atmospheric circulation in response to the sea surface temperature
gradient in the tropical Pacific are associated with a substantial attenuation of almost all land monsoon regions. It was fur-
ther shown that the global mean surface temperature and the tropical Pacific temperature gradient jointly account for 75%
of the total variance in the leading mode of the global land monsoon, with 29% and 46% as their respective contributions.
Furthermore, our results suggest that volcanic eruptions are the dominant external forcing for these variations. These find-
ings provide valuable insights for future research on global monsoon dynamics.

SIGNIFICANCE STATEMENT: Our study using the Community Earth System Model reveals that surface tempera-
ture significantly impacts decadal global land monsoon (GLM) variations during the last millennium. Two key factors
in relation to global-scale cooling/warming and changes in the tropical Pacific sea surface temperature gradient affect
the GLM’s leading forced mode. The leading forced GLM features remain consistent across regions like South Asia,
southern East Asia, North Australia, South America, and western South Africa. Under global cooling, monsoon inten-
sities in most land monsoon regions are enhanced, while they are reduced in northern East Asian land monsoon
regions. In contrast, weak tropical Pacific temperature gradient conditions cause a decrease in intensities in almost all
land monsoon regions. Additionally, the global mean surface temperature and the tropical Pacific temperature gradient
account for 75% of the total variance in the leading forced GLM variations, contributing 29% and 46%, respectively.
Notably, volcanic eruptions emerge as the key external factor influencing these variations.
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1. Introduction

The global monsoon, an important feature of Earth’s climate,
comprises a few regional components, such as the Asian,
Australian, African, and American monsoons. They are all
marked by substantial seasonal alternation in rainfall and
atmospheric circulation (Trenberth et al. 2000). Changes in
their timing and geographic distribution can have profound
impacts on freshwater resources and affect the livelihoods of
over two-thirds of the world’s population.

Multiple factors influence the monsoon intensity at both
global and regional scales. Previous studies suggested that the
current global warming has led to discernible anthropogenic
changes in global monsoon (Hsu et al. 2012; Wang et al. 2012;
Polson et al. 2014). Most of them predicted a significant future
intensification due to increased anthropogenic forcing (Hsu
et al. 2013; Kitoh et al. 2013; Lee and Wang 2014; Chen et al.
2020; Wang et al. 2020). However, there are also nuanced or
even contradicted results in the literature. For example,
Zhang and Zhou (2011) found that global land monsoon
(GLM) intensity increased during the first half of the twentieth
century but experienced a weakening trend until the 2000s.
Wang and Ding (2006) also reported that there was no sig-
nificant trend in global land monsoon intensity since 1980,
despite the rapid increase in global mean surface temperature
(GMST). These contrasted studies indicate the important role
of climate’s natural variability that could strongly modulate
the monsoon trend under global warming. Actually, significant
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and independent correlations were found between the Northern
Hemisphere summer monsoon intensity and the Atlantic
multidecadal oscillation (AMO), as well as mega-El Niño–
Southern Oscillation (ENSO), on interdecadal time scales
(Wang et al. 2013). It was even reported that global precipi-
tation variation seems more responsive to natural external
forcings, such as solar irradiation and volcanic eruptions, on
decadal time scales than to anthropogenic forcing (Liu et al.
2012, 2013). Discerning the response of global monsoon to
natural and anthropogenic signals remains a challenge for
the scientific community. Still, it has tremendous theoretical
and practical implications for understanding anthropogenic
climate change.

The last millennium (LM) is a crucial period for paleo-
climate research. It provides valuable insights into the evolu-
tion of Earth’s climate for its recent past and is helpful to
contextualize the current period of anthropogenic warming.
Several studies suggest that external natural forcings strongly
influenced the global monsoon during the last millennium on
multidecadal to centennial time scales (Liu et al. 2009, 2012;
Wang et al. 2021). Specifically, the primary mode of global
summer monsoon precipitation variations at these time scales
is a forced response to external natural forcing with a global
pattern (Liu et al. 2012), associated with increased land–ocean
thermal contrast and enhancement of the east–west sea sur-
face temperature contrast over the tropical Pacific Ocean (Zuo
et al. 2021). Despite numerous studies seeking multidecadal
variations in global monsoon, most findings have been primar-
ily based on single-member simulations driven by mixed exter-
nal forcings (e.g., Liu et al. 2012; Wang et al. 2021). However,
identifying climate signals in precipitation proves more com-
plex than in surface temperature (Deser et al. 2012, 2014),
even in the configuration of multimember simulations if only
the simple ensemble mean is used (Wang et al. 2023). This
complexity arises because regional precipitation does not
exhibit high sensitivity to external forcings. Consequently, it
is a difficult task to correctly determine the primary external
forcing responsible for the interdecadal global monsoon var-
iability, as well as the underlying physical mechanisms over
the last millennium.

This study utilizes a dataset of large-size ensemble simula-
tions performed by a state-of-the-art climate model and ad-
vanced statistical methods to address key questions on the
primary role of external natural forcing in driving interdeca-
dal global land monsoon variability over the last millennium
(AD 950–1850). Specifically, we aim to identify the primary
forced GLM variation at interdecadal time scales over the last
millennium and to elucidate its influence mechanisms. The
subsequent section offers a detailed overview of the datasets
and methodologies employed in this study. Section 3 presents
the leading GLM variation driven by external natural forcing.
We disentangle and explore forced GLM under different tem-
perature conditions, quantify their contributions, and deter-
mine the dominant external forcing to the leading mode of
GLM over the last millennium. Finally, section 4 summarizes
the key findings and suggests a few potential directions for fu-
ture research.

2. Methods and data

a. Model data

This study relies on model data from the Community Earth
SystemModel-Last Millennium Ensemble (CESM-LME). CESM
(version 1.1) is a coupled model integrating the Community
Atmosphere Model, version 5 (CAM5); the Community Land
Model, version 4 (CLM4); and the Parallel Ocean Program,
version 2 (POP2). CAM5 and CLM4 have a horizontal resolu-
tion of 2.58 3 1.8758, while the POP2 grid consists of 320 grids
in longitude and 384 in latitude, with an enhanced refinement
in the tropics. Twelve ensemble members are used, covering
the last millennium (AD 950–1850). They were realized under
the same conditions of external forcing, namely, insolation,
volcanic eruptions, land-use and land-cover change, greenhouse
gases, and orbital forcing, but with small perturbations of air
temperature at their initial state. More information about the
experimental design can be found in Kay et al. (2015) and
Otto-Bliesner et al. (2016). Besides the 12 all-forcing runs
(ALLRs), the protocol CESM-LME also performed simula-
tions with individual forcings: GHGR with greenhouse gas
only (three members), VOLR with volcanic eruptions only
(five members), LUCCR with land-use and land-cover
changes only (three members), TSIR with total solar irradia-
tion only (four members), and ORB with orbital parameter
change only (three members). CESM-LME was finally com-
pleted by a control (CTRL) simulation of 1155 model years,
with all external forcing prescribed at AD 850.

Previous studies have demonstrated that CESM-LME ex-
periments can reasonably reproduce the observed characteris-
tics of internal variabilities and responses to external forcings
over the last millennium (Otto-Bliesner et al. 2016). Further-
more, data from CESM-LME were also used in numerous
studies for climate change over the last millennium (e.g., Zuo
et al. 2021, 2023; Chen et al. 2022; Xue et al. 2023), which
enhances our confidence in CESM-LME.

b. Definition of the global land monsoon domain

The definition of the GLM region, as proposed by Liu et al.
(2012), relies on two criteria: the annual precipitation range
(local summer mean minus winter mean) exceeding a thresh-
old of 2.0 mm day21 and the local summer precipitation ac-
counting for more than 55% of the annual total. The local
summer is defined as from May through September for the
Northern Hemisphere (NH) and from November through
next March for the Southern Hemisphere (SH).

A few monsoon strength measurements exist in the literature.
They commonly use the local summer (or annual) precipitation
or the annual precipitation range. Such monsoon strength
metrics, however, may lead to spurious results or even mis-
leading monsoon strength for regions that have abundant
rainfall for both summer and winter (Zeng and Zhang 2020)
and for the extratropical monsoon areas, in which the an-
nual precipitation range generally decreases with latitude
(Wang et al. 2011).

In this study, we use the annual range precipitation normal-
ized by the annual mean precipitation to define monsoon in-
tensity (MI):
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MI 5
Pr

Pm

, (1)

where Pr is the difference in total precipitation between the local
summer and winter. The term Pm is the annual mean precipita-
tion. Boreal (austral) summer and winter seasons are denoted as
May–September (November–next March) and November–next
March (May–September), respectively. The normalization allows
for comparisons between regions with different levels of total
precipitation and provides a comprehensive measure of mon-
soon intensity. While the annual range captures the degree of
precipitation in summer in monsoon regions, dividing it by the
annual mean provides a normalized measure of monsoon inten-
sity that considers both the degree of precipitation in summer
and the total amount of precipitation throughout the year.

c. Model evaluation

As mentioned earlier, many previous works have thor-
oughly assessed the performance of the simulated precipita-
tion and surface temperature at both global and regional
scales within the CESM-LME framework. Given our focus on
the GLM intensity, we show here our evaluation of CESM-
LME in reproducing three simple metrics in relation to the
global monsoon (Wang and Ding 2008): 1) annual mean pre-
cipitation, 2) first and second modes of the annual cycle of
precipitation, and 3) monsoon intensity and GLM domain.

Figure 1 compares precipitation climatology (AD 1979–2005)
between observation [Global Precipitation Climatology Project
(GPCP)] (Adler et al. 2003) and CESM-LME’s 12-member en-
semble mean of the ALLRs. The simulations well reproduce the

FIG. 1. Precipitation climatology (AD 1979–2005) in (left) GPCP and (right) CESM-LME (12-member ensemble
mean in ALLR). (a) Annual mean precipitation (mm day21), (b) the solstice mode [June–September (JJAS) minus
December–March (DJFM)], (c) equinoctial asymmetric mode (AM minus ON), and (d) MI (nondimensional) and
GLM domain (outlined by red contours). The monsoon domain is defined as regions where the summer-minus-winter
precipitation rate exceeds 2.5 mm day21 and the summer precipitation exceeds 55% of the annual mean amount, with
summer being May–September (MJJAS) for the NH and November–March (NDJFM) for the SH. Numbers in the
lower left corners indicate the pattern correlation coefficient between GPCP and CESM-LME.
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main observed features of the annual mean precipitation (Fig. 1a;
pattern correlation is 0.94), including the tropical oceanic con-
vergence zones, the precipitation zones in the extratropical
Pacific, and the corresponding longitudinal and latitudinal
asymmetries in annual mean precipitation. The simulations
also simulate the solstice mode (mean precipitation of local
summer minus winter) and equinoctial mode [mean precipita-
tion of April–May (AM) minus October–November (ON)] with
high fidelity (Figs. 1b,c; pattern correlation coefficients are
0.82 and 0.69, respectively).

However, a few discrepancies persist, particularly the mod-
el’s underestimation of precipitation during the solstice mode
over the South Asian and South American monsoon regions,
as well as overestimation during the equinox mode across
much of the tropics. A plausible explanation for these devia-
tions is the CESM’s partial reproduction of the North Pacific
subtropical high’s dynamics, which may lead to precipitation
biases over the tropical Pacific. This challenge of accurately
simulating the North Pacific subtropical high is also reflected
in most current global climate models, as indicated by previ-
ous studies (He and Zhou 2020; Piao et al. 2023). Addition-
ally, the CESM-LME simulations exhibit the commonly
reported double intertropical convergence zone (ITCZ) bias
over the tropical Pacific, a trait also observed in many state-
of-the-art climate models for Coupled Model Intercompari-
son Project (CMIP) phases 3, 5, and 6 (Tian and Dong 2020).

Nonetheless, the CESM-LME simulations capture the global
monsoon strength and GLM domain realistically (Fig. 1d). The
pattern correlation coefficient of GLM strength between the
simulation and the observation is 0.78 (p , 0.05). In this study,
we use the observed GLM domain to analyze the monsoon
strength change as in previous studies (e.g., Liu et al. 2009,
2012; Wang et al. 2021; Chen et al. 2020). Monsoon intensity,
as defined and calculated according to Eq. (1), is used to
measure the monsoon strength in these regions (red lines in
Fig. 1d).

d. Low-frequency component analysis

Low-frequency component analysis (LFCA) is a powerful
analytical framework for distinguishing intrinsic patterns of
climate variability across low-frequency domains. Based on
the foundational works of Wills et al. (2018, 2020), our study
deploys the LFCA methodology in dissecting the GLM inten-
sity variability.

The first step of LFCA, applied to the data X(n, p) with
n years of annual GLM intensity anomalies across p grids,
consists of performing a conventional principal component
analysis with empirical orthogonal functions (EOFs) repre-
senting the spatial structures. These EOFs, designated as ak,
are the eigenvectors of the covariance matrix, with associated
eigenvalues s2

k :

Cak 5 s2
kak, (2)

where C is the covariance matrix constructed by

C 5
1

n 2 1
XTX: (3)

The second step of LFCA is to identify the foremost N EOFs
that maximize the low frequency to total variance ratio rk
within their respective time series tk, computed as

rk 5 ˜tk
T
˜tk

tk
Ttk,

(4)

where ˜tk symbolizes the low-frequency variations obtained
through a 10-yr low-pass filter applied to tk, revealing the in-
terdecadal signals.

The application of this technique yields low-frequency
components (LFCs) ˜tk and their spatial counterparts, the
low-frequency patterns (LFPs) vk, which are computed via
regression of the original dataset against the LFCs:

vk 5 XT
˜tk : (5)

As in the conventional EOF methodology, LFCs describe the
temporal evolution of their corresponding spatial patterns
(LFPs). The resultant LFCs are orthogonal to one another
and ordered by decreasing explained variance, while LFPs
lose their orthogonality through the transformation.

In this study, the choice to retain a truncation level of
N5 70 EOFs, which contains roughly 70% of the total variance,
stems from the compromise to encompass significant variances
pertinent to our research while mitigating computational
complexity. This threshold is substantiated by the seminal
research of Wills et al. (2018, 2020) and corroborated
through our sensitivity tests with N 5 50 EOFs, which
yielded highly consistent LFPs and LFCs, as evinced by
their pattern correlations, with correlation coefficients of
0.97 and 0.92, respectively.

Finally, our analysis is primarily focused on the interdeca-
dal variability of GLM intensity over the last millennium (AD
950–1850), consistent with the scope of our preceding inqui-
ries (Wang et al. 2021, 2023). Without specific notations, we
utilize annual averages and process data to a 10-yr Lanczos
low-pass filter, isolating components above the decadal scale.
Anomalies of GLM intensity are calculated with respect to
their mean values across the last millennium. To address the
causes of monsoon intensity variation, we utilize the boreal
(austral) summer and winter from May to September and
from November to the following March, respectively. Con-
versely, the austral counterparts are defined from November
to the following March and from May to September, respec-
tively. Notably, when referencing the local summer or winter,
we are alluding to the boreal summer or winter in the NH and
the austral summer or winter in the SH, respectively.

3. Results

a. Leading forced mode of GLM

We examine the externally forced mode of the interdecadal
GLM variability over the last millennium by applying LFCA
to the 12-member ensemble-mean monsoon intensity. We use
the simulations under all forcings, noted as ALLR. The lead-
ing pattern (LFP1) reveals nonuniform structures (Fig. 2a),
with positive and negative values across the GLM areas. LFP1
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explains 19% of the total variance of interdecadal GLM, which
is calculated by projecting LFP1 onto the 12 individual members
of ALLR over the last millennium. Negative values are found in
South Asia, the southern part of East Asia, North Australia,
South America, and western South Africa, while positive val-
ues are found in the northern part of East Asia, Sahel, and
eastern South Africa. This distribution starkly contrasts with
the uniform structure of centennial summer monsoon precipi-
tation variations (Liu et al. 2012), which suggests that the
monsoon climate might exhibit distinct characteristics over
varying time scales.

The significant difference between LFP1 in ALLR and its
counterpart in the CTRL run (Fig. S1a in the online supplemental
material, with fixed external forcings) suggests that the former
may be primarily a response to varying external forcings rather
than a consequence of internal variability. Further supporting
this assertion is the leading low-frequency component (LFC1;
Fig. 2b), which shows large fluctuations concomitant with major
volcanic eruptions (Fig. 2b, blue triangles). These fluctuations
are statistically distinct from those observed in CTRL (Fig. S1b),
especially in the power spectra of LFC1 on decadal and longer
time scales, as evidenced by the remarkable peaks shown in
Fig. 2d}a remarkable deviation from the reduced power density
after approximately 70-yr periods seen in CTRL (Fig. S1d;
p , 0.05).

The above patterns indicate that LFCA has effectively fil-
tered out the external forcing signals below a decade, and the
leading forced mode persists in longer time scales. However,
to ascribe the leading mode of GLM in ALLR unequivocally
to external forcings, we must consider additional criteria,
given that the variations could be attributed to modified var-
iances within the internal modes of GLM variability, e.g.,
one of the modes by LFCA in CTRL with high explained

variance. Hence, elucidating the mechanisms shaping this
prominent GLM distribution is imperative.

On the interdecadal time scale, regional precipitation varia-
tions are predominantly modulated by atmospheric circula-
tion changes and local sea surface temperature patterns.
However, global precipitation cannot be ascribed solely to
changes in global mean temperature but is also constrained
by the tropospheric energy budget (Allen and Ingram 2002).
In the troposphere, the precipitation heating is principally off-
set by the radiative flux divergence. Consequently, the differ-
ential between the radiative flux emitted at the tropopause
and that emanating at Earth’s surface determines the net
global precipitation. All else being constrained, a rise in sur-
face temperature amplifies this flux divergence, leading to in-
creased precipitation. Nevertheless, introducing longwave
radiation absorbers into the atmosphere tends to reduce the
flux differential, thereby mitigating the increase in precipi-
tation that otherwise occurs with enhanced solar radiation
(Allen and Ingram 2002; Liu et al. 2013). Therefore, both
GMST and global temperature patterns emerge as key factors
in dictating global and regional precipitation distributions.
Furthermore, changes in the GLM are mainly linked to anom-
alous advection of moisture, which is ultimately caused by
thermal anomalies in various regions of the globe (Liu et al.
2012; Wang et al. 2014; P. X. Wang et al. 2017).

With the above considerations, our analysis now focuses on
delineating the influence of surface temperature changes on
the GLM distributions. To this end, we regressed the leading
forced mode of GLM (i.e., LFC1) against global surface tem-
perature variations as in previous studies (e.g., Liu et al. 2013;
Wang et al. 2013; Wang et al. 2021). Results are shown in
Fig. 2c. The surface temperature pattern associated with LFC1
displays a nearly uniform structure on the globe, indicative of

FIG. 2. The leading mode of LFCA applied to GLM intensity. (a) The leading LFP1. (b) The leading LFC1
(thin black); the thick curve is from a 10-yr low-pass filter; blue triangles represent events with the annual strato-
spheric volcanic sulfate aerosol injection larger than 30 Tg; red triangles represent volcanic events in 1258, 1600, 1641,
and 1815, which induced both significant global cooling and western and eastern Pacific contrasts. (c) Surface temper-
ature anomalies (8C) regressed onto LFC1; color shadings represent areas of significance above the 95% confidence
level; green boxes in the eastern and western Pacific represent 2458–2808E, 08–208S and 1358E–1808, 108S–108N,
respectively; and (d) the LFC1 spectra (thick line); the gray shadow areas represent the 95% significance range.
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widespread climatic warming or cooling phenomena. The uni-
formity manifested in the surface temperature might indicate
that the leading low-frequency mode of the GLM intensity is
not internal variability, which generally creates contrasted
patterns across the globe. Previous studies also suggest that
the nearly uniform surface temperature or sea surface tem-
perature structure is mainly influenced by external forcings
(Liu et al. 2013; Mann et al. 2009; Wang et al. 2021, 2023).

Furthermore, the absence of this uniform temperature pat-
tern in CTRL reinforces our conclusion that external forcings
shape the leading mode of GLM variation in ALLR (Fig. S1c).
Consequently, we use the term “global cooling” to represent
this structure, recognizing the influence of natural external forc-
ings such as volcanism and solar irradiation over the last millen-
nium, which have historically induced a general surface cooling.
This cooling pattern is more pronounced over continental re-
gions than over the oceans (Fig. 2c), a finding consistent with
multiple model-based studies (e.g., Liu et al. 2012, 2013; Man
and Zhou 2014; Wang et al. 2023).

A careful check of the regression map also reveals that
the western Pacific warm pool region exhibits more robust
cooling compared to other oceanic areas (Fig. 2c, green box
regions). Conversely, a significant warming center in the
equatorial eastern Pacific (approximately in Niño-1 region)
reduces the surface temperature contrast between the equa-
torial eastern and western Pacific, potentially altering the
Walker circulation. These phenomena accord with the exist-
ing literature, showing that the alterations in the tropical
Pacific sea surface temperature gradients are attributable to
natural external forcings (e.g., Liu et al. 2013; Mann et al.
2009). The “ocean dynamical thermostat” theory (Clement
et al. 1996; Cane et al. 1997; Bauer et al. 2003) provides an
explanation for this phenomenon. This hypothesis argues
that reduced radiative forcing is more effective in the western
Pacific than in the eastern Pacific, where the weakening upwell-
ing of cold-water masses dampens the temperature change.

b. Identification and quantification of controlling factors

It is now clear that two structures of the global surface tem-
perature are tightly related to GLM (particularly its leading
mode, LFP1 or LFC1). They are the quasi-uniform surface
temperature pattern on the global scale (global cooling) and
the latitudinal temperature gradient of the tropical Pacific, re-
spectively. The former can be measured by the GMST, while
the latter can be measured by the temperature difference be-
tween the western and eastern regions of the tropical Pacific
Ocean, a surrogate of the local Walker circulation. Hereafter,
we will call the temperature difference the “tropical Pacific
temperature gradient” (TPTG). It is to be noted that these
two patterns of surface temperature correspond to the first
and fourth modes of LFCA when the analysis is applied to
the ensemble mean surface temperature of the experiment
ALLR (displayed in Fig. S2). We can thus reasonably con-
clude that the GLM’s primary response to external forcing
should be a superposition of effects in relation to these two
surface temperature patterns. This response is discernible
through spatial and temporal analyses.

To independently substantiate our hypothesis, we identify
significant historical events defined by notable anomalies
in GMST and TPTG. Specifically, we classified events with
marked GMST cooling as those exhibiting anomalies below
21.5 standard deviations yet displaying TPTG anomalies
within 61.0 standard deviations, signifying no substantial
weakening or strengthening of the Walker circulation. Con-
versely, we identified events showing a significant weakening
of TPTG, with anomalies below 21.5 standard deviations but
without corresponding extreme GMST cooling or warming
(anomalies within 61.0 standard deviations). As previously
mentioned, TPTG is the regional mean surface temperature
difference between the western and eastern equatorial Pacific
(Fig. 2c, green box regions), representing the zonal surface
temperature gradient, a surrogate for the Pacific Walker cir-
culation intensity (e.g., Zinke et al. 2021; Zhao et al. 2022).

From the analysis of CESM-LME ALLR’s 12-member en-
semble average over the last millennium, we have identified
44 significant cool-GMST-only and 41 significant weak-
TPTG-only events across a total of 901 model years. To assess
the GLM’s intensity response to these two major factors, we
composited the GLM intensity response to all significant cool-
GMST-only and weak-TPTG-only events. This allows us to
ascertain whether there is a consistent GLM distribution in
response to the individual and combined effects of GMST
cooling and TPTG weakening, further informing our under-
standing of the GLM distribution’s sensitivity to these forc-
ings (e.g., Pausata and Camargo 2019; Zuo et al. 2021).

Figure 3 displays the composite maps of surface temperature
and monsoon intensity for cool-GMST-only events, weak-
TPTG-only events, and their superposition. As expected, the
cool-GMST-only composite exhibits a uniform global cooling
pattern but lacks a clear temperature contrast in the eastern
and western tropical Pacific (Fig. 3a). This pattern aligns with
the influences of natural external forcing on surface tempera-
ture, as identified in earlier studies (Mann et al. 2009; Wang
et al. 2019, 2022), and is discernibly distinct from patterns
driven by internal variability. Additionally, it is worthy of
note that the same composite procedure (cool-GMST-only
events) applied to CTRL reveals a negative phase of the
Pacific decadal oscillation (PDO) pattern (Fig. S3), indicating
the crucial role of PDO in the decadal to multidecadal varia-
tion of the GMST or NH surface temperature (Steinman et al.
2015; Cheung et al. 2017). This finding confirms that the com-
posite of the cool-GMST-only events reflects surface tempera-
ture responses to natural external forcings.

Under weak-TPTG-only conditions, the composite surface
temperature pattern demonstrates uniform warming with a
cooling center located over the western Pacific warm pool
regions, resembling an El Niño–like pattern. This pattern is
observed regardless of whether it is derived from ALLR
(Fig. 3b) or CTRL (Fig. S3), which implies that external forc-
ing may not significantly alter the El Niño–like pattern but
may affect its frequency (discussed in the subsequent section).
Notably, the weak-TPTG-only events tend to align with oc-
currences of GMST warming, with a frequency of 85% in
ALLR and 80% in CTRL. This phenomenon is supported by
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previous studies suggesting that El Niño events may contrib-
ute to a rise in GMST (Mann et al. 2017; G. Wang et al. 2017).

Upon combining surface temperature patterns under cool-
GMST-only and weak-TPTG-only conditions, we observe a
pattern that aligns closely with the regressed surface tempera-
ture by the forced LFC1 (Fig. 3c). Similarly, the superposition
of the cool-GMST-only and weak-TPTG-only monsoon inten-
sities resembles the forced LFP1 (Fig. 3f). The leading mode
of the GLM’s forced response can thus be interpreted as a su-
perposition of the two patterns under cool-GMST-only and
weak-TPTG-only backgrounds. This synthesis indicates that
the leading forced GLM distributions may be simply sepa-
rated into two externally forced components: global cooling
and the weakening of TPTG. We can, therefore, investigate
the GLM distributions in response to the two specific external
forcing conditions.

The responses of the global monsoon to cool-GMST-only
and weak-TPTG-only conditions are presented in Figs. 3d
and 3e, respectively. For cool-GMST-only conditions, there is
a divergent response in monsoon intensity across geographic
sectors, with intensification noted in the northern parts of the
East Asian and eastern parts of the North and South African
monsoons, contrasted by decreases in the other monsoon

regions. These regional responses to cool-GMST conditions
are variably distributed across the individual monsoon sectors
(refer to Fig. S4 for details). In response to weak-TPTG-only
conditions, a generalized weakening of monsoon intensity is
observed throughout the monsoonal belts (Fig. 3d), barring
minor deviations in the North African and North American
monsoon regions. This distribution signifies a more significant
contribution of weak-TPTG-only conditions to most individ-
ual monsoon intensity changes than cool-GMST-only condi-
tions (additional details in Fig. S4). Such findings highlight the
differentiated response of GLM distributions to cool-GMST-
only and weak-TPTG-only events, especially within individual
monsoon regions.

The response of the monsoon intensity to varying climatic
conditions is a complex issue, particularly due to the normali-
zation operation in Eq. (1). Primarily, the monsoon intensity
encapsulates the annual precipitation range}defined as the
difference between local summer and winter precipitation}
and is a crucial metric for characterizing monsoonal behavior
(e.g., Wang et al. 2011, 2020; Liu et al. 2016). This differs from
climatological metrics such as the annual mean precipitation.
Moreover, the distribution patterns of the annual precipita-
tion ranges align closely with those of the GLM intensity

FIG. 3. Composite maps of (left) surface temperature (8C) and (right) GLM intensity (dimensionless) in ALLR.
(a),(d) Composite with cool-GMST-only conditions; (b),(e) composite with only cases of weak-TPTG-only conditions;
and (c),(f) superimposition of the two precedent cases (cool-GMST only 1 weak-TPTG only). The figures in the
upper-right corners of (c) and (f) indicate the pattern correlation coefficient with the regressed surface temperature
(Fig. 2c) and the forced LFP1 (Fig. 2a), respectively. There are 44 cool-GMST-only events and 41 weak-TPTG-only
events identified in ALLR. The shading in the maps of surface temperature and the black dots in the maps of MI rep-
resent values exceeding the 95% confidence level. GMST and TPTG stand for the global mean surface temperature and
tropical Pacific temperature gradient, respectively.
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(Fig. S5). Therefore, by investigating changes in seasonal
precipitation, we can approximately elucidate any possible un-
derlying mechanisms driving changes in monsoon intensity.

Figure 4 shows the summer and winter precipitation dis-
tributions under the cool-GMST-only conditions (Figs. 4a,d),
weak-TPTG-only conditions (Figs. 4b,e), and their super-
impositions (Figs. 4c,f). Under the cool-GMST-only conditions,
almost all dampening precipitation in most land monsoon re-
gions occurs during the local summer, while there is a robust
increase in precipitation across most monsoon regions during
the local winter. These align with the hydrological responses
of the climate to aerosol-induced cooling reported in different
climate models (Williams et al. 2001; Rotstayn and Lohmann
2002). Global cooling elicits a pronounced pattern of decreased
humidity during both summer and winter seasons (refer to
Fig. S6 for details), closely paralleling the surface temperature
fluctuations (Fig. 3a), reinforcing the hypothesis that global
cooling modulates climate toward a “warmer-get-wetter” pat-
tern as identified by Huang et al. (2013).

Under weak-TPTG-only conditions, a decline in the annual
precipitation range is observed across most tropical monsoon
regions (Fig. S5b), aligning with the modulation of yearly
monsoon precipitation by ENSO as documented in observa-
tions (International Research Institute for Climate and Society;
https://iri.columbia.edu/our-expertise/climate/enso/). CESM-LME
successfully captures this observed feature between ENSO
variability and monsoon precipitation. The seasonal precipitation

in most land monsoon regions exhibits similar spatial distribu-
tions (Figs. 4b,d), except for the Asian land monsoon regions,
indicating the potential predominance of ENSO-like condi-
tions governing yearly land monsoon precipitation. Many
studies have investigated the interplay between ENSO phases
and monsoon strength (e.g., Webster and Yang 1992; Liu et al.
2016; Wang et al. 2003, 2013; Zuo et al. 2019, 2021).

The observed reductions in local summer precipitation un-
der the combined influences of cool-GMST and weak-TPTG
conditions are nearly ubiquitous across the global land mon-
soon regions (Figs. 4e,f). This phenomenon aligns with find-
ings from previous studies, notably the patterns induced by
NH volcanic eruptions under El Niño–like sea surface tem-
perature (SST) conditions (e.g., Zuo et al. 2021). Both radia-
tive forcing and the SST configuration are pivotal in driving
the variations observed in monsoon precipitation. During the
local winter season, precipitation decreases across most mon-
soonal regions, with notable exceptions in the South African
and southern Asian monsoon areas. In South Africa, the in-
crease in winter monsoon precipitation is primarily attributed
to the overarching global cooling effect. Conversely, in south-
ern Asian monsoon areas, the rise in winter precipitation pre-
dominantly arises from the impacts associated with the TPTG
pattern.

It is clear that the joint influence of GMST and TPTG
shapes the spatial pattern of the leading forced GLM intensity
and the corresponding seasonal precipitation variabilities. We

FIG. 4. Composite maps of (left) summer and (right) winter precipitation distributions (mm day21) in ALLR.
(a),(d) Composite with cool-GMST-only conditions; (b),(e) composite with only cases of weak-TPTG-only conditions;
and (c),(f) superimposition of the two precedent cases (cool-GMST only 1 weak-TPTG only). There are 44 cool-
GMST-only events and 41 weak-TPTG-only events identified in ALLR. Blue slashes represent values exceeding the
95% confidence level.
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now extend the investigation to the evolution of LFC1 in rela-
tion to GMST and TPTG at interdecadal time scales. The
temporal correlation coefficients of forced LFC1 with GMST
and TPTG are20.60 and20.77, respectively (p, 0.05). Con-
versely, in CTRL, there is no significant correlation between
LFC1 and GMST (r 5 20.06), but a strong relationship is ob-
served between LFC1 and TPTG (r 5 20.75, p , 0.05).
These findings reinforce our confidence in the dominant role
of external forcing in the leading mode of GLM variation.
Furthermore, TPTG variation appears to be a significant de-
terminant for the leading mode of GLM variation, regardless
of the transient external forcings exerted in the simulation. It
aligns with previous research (Wang et al. 2013), which dem-
onstrates that the intensification of NH monsoon is primarily
attributable to the interdecadal variation of ENSO. This leads
us to an intriguing question: What are the driving forces be-
hind TPTG variation? Are they due to external forcing or in-
ternal variability?

To address this question, we examine the relationship be-
tween TPTG and GMST in both ALLR and CTRL. Figure 5a
displays the correlation coefficient between TPTG and GMST
in different configurations over the last millennium. The coun-
terpart during the Little Ice Age (LIA; AD 1350–1850) is
plotted in Fig. 5b. We first examine the case of the last millen-
nium (Fig. 5a). In CTRL, the correlation coefficient is modest
but significantly negative at the 95% confidence level (Fig. 5a,
large red dot). This negative correlation in CTRL reveals that
TPTG and GMST are related together through internal pro-
cesses or feedback from the climate system, but they vary op-
positely. Meanwhile, no significant correlation is observed for
each individual member of ALLR (Fig. 5a, small blue dots).
This implies that the negative correlation between GMST and
TPTG in CTRL is neutralized by a positive correlation im-
posed by the external forcing present in ALLR. This reason-
ing can be easily proved if we use TPTG and GMST from
different members of ALLR, producing a significantly posi-
tive correlation coefficient, as shown in Fig. 5 (small gray
dots). Actually, such a configuration with TPTG and GMST
from different members of ALLR leads to the loss of internal
coherence between TPTG and GMST but conserves the sig-
nal from the same external forcing. Therefore, the external
forcing is detected, although the forced TPTG cannot be
easily isolated from other signals or noises (Wills et al. 2020).
After removing most of the noise by the ensemble mean of
ALLR’s 12 members, a significant positive correlation coeffi-
cient between GMST and TPTG is observed (Fig. 5, large
blue dots), indicating that the external forcing significantly
affects the TPTG variation over the last millennium. More-
over, the relationship between GMST and TPTG is more ro-
bust during the LIA (Fig. 5b), which experiences strong
external forcing variations during the last millennium (e.g.,
Crowley 2000; Robock 2000; Miller et al. 2012). Thus, while
the TPTG index is highly correlated with LFC1 in ALLR and
CTRL, the underlying mechanisms appear to differ.

The combined influence of GMST and TPTG over the last
millennium is furthermore quantified through a multivariate
regression model (’0.41 3 GMST 1 0.65 3 TPTG). The
correlation coefficient of the regression time series and the

forced LFC1 stands at 0.87. This regression model accounts
for 75% of the total variance of the forced LFC1 with the
12-member ensemble mean of ALLR (all variables are nor-
malized by their own standard deviation), with GMST and
TPTG contributing 29% and 46%, respectively. These find-
ings align with previous studies based on various simulated
or observed datasets (e.g., Wang et al. 2012, 2013; Liu et al.
2013). These studies suggest that the temperature contrast
between the tropical western and eastern Pacific impacts
GLM more effectively than other external forcing factors at
interdecadal time scales.

c. Attribution to external forcings

To identify the dominant external forcing that drives the
GLM variation over the last millennium, we examine the link-
ages between LFC1 derived from ALLR and GMST derived
from various sensitivity experiments in CESM-LME. These
experiments include only individual external forcings. Each
sensitivity experiment consists of more than three individual
members described in section 2a, allowing the use of ensem-
ble averaging to isolate the major influence of external forc-
ings on GMST (Hegerl et al. 2011; Wills et al. 2020). Our
results show that the correlation coefficients are generally in-
significant between the forced LFC1 in ALLR and GMST
from each of the sensitivity experiments, except the volcanic
eruption sensitivity run (VOLR), which gives a significant
negative correlation (r 5 20.61, p , 0.05). This suggests that
volcanic eruptions could be the dominant factor influencing
the primary forced mode of the GLM variation.

Figure 6a shows the squared coherences between the two
time series, GMST and LFC1. The effect of GMST in ALLR

(a) Last millennium

-0.5     -0.3     -0.1      0.1      0.3      0.5
Correlation Coefficients

(b) Little Ice Age

ALLR CTRL

FIG. 5. Correlation coefficients between the TPTG (a surrogate
of the local Walker circulation) and GMST from ALLR (blue and
gray dots) and CTRL (red dots) during the (a) LM (AD 950–1850)
and (b) LIA (AD 1350–1850). Large blue dots denote the ensem-
ble mean of the 12 members from ALLR. Small blue dots denote
correlation coefficients of TPTG and GMST in the same individual
member of ALLR. Gray dots denote the correlation coefficients of
TPTG and GMST across various members. The dashed lines repre-
sent the 95% confidence level using a two-tailed Student’s t test.

WANG E T A L . 481515 SEPTEMBER 2024



is evident at decadal to multidecadal time scales, such as
10–15- and 20–30-yr periods, where the squared coherences
exceed 50% (black curves). This feature is absent in CTRL
(blue curves) and is unidentifiable when using LFC1 from
ALLR and GMST from the sensitivity simulations, except for
VOLR (red curves). This indicates that the global-scale cool-
ing effect of volcanic eruptions predominantly influences the
forced LFC1 variations. The squared coherences between
GMST and TPTG, as shown in Fig. 6b, demonstrate that ex-
ternal forcing dominates GMST and TPTG variations for the
20–30-yr period in both ALLR and VOLR, but only within a
10-yr period in CTRL. As previously mentioned (Fig. 5), ex-
ternal forcing can modulate the correlation between GMST
and TPTG from negative to positive. Furthermore, TPTG
variations usually lag behind GMST changes under externally
forced conditions (Brad Adams et al. 2003), indicating that
TPTG is a response to GMST changes under some mecha-
nisms (e.g., Bjerknes feedback). This suggests that the global-
scale cooling effect of volcanic eruptions could also drive
TPTG changes at interdecadal time scales.

To delineate the influence of volcanic activities on surface
temperatures and GLM, we identified events over the last
millennium where the GMST and TPTG concurrently exhib-
ited marked declines (exceeding 21.5 standard deviations, a
threshold selected for statistical robustness). Out of a total
of 901 model years in ALLR (12-member ensemble mean),
22 such events were identified, coinciding with the four largest
volcanic eruptions (Fig. 2b, red triangles). In contrast, nearly
no similar events were observed in CTRL, with only two
events out of a total of 1155 model years. These findings
suggest that volcanic eruptions could potentially increase the
frequency of significant cool GMST and weak TPTG events
happening simultaneously.

The results presented here agree with previous studies, sug-
gesting that the primary forced mode of the GLM is influ-
enced by both global-scale cooling and weak TPTG effects,

primarily driven by volcanic eruptions, as illustrated in Fig. 7.
The composite patterns of surface temperature and the mon-
soon intensity for the 22 selected events (anomalies relative
to the last millennium) have high pattern correlation coeffi-
cients with the forced regressed surface temperature (Fig. 2c,
r 5 0.99) and forced LFP1 (Fig. 2a, r 5 0.97). Additionally,
these events occurred consistently with those in VOLR but
not in other sensitivity simulations. This finding confirms vol-
canic eruptions as the predominant external forcing behind
the interdecadal variability of the primary forced mode of
GLM intensity.

Other external forcings, such as solar irradiation, land use,
and land cover, also play crucial roles in climate dynamics.
While large-scale land use and land changes may have had
significant impacts on regional monsoon impacts (Quesada
et al. 2017), they changed little in most of the regions over
the last millennium (Wang et al. 2023). Solar irradiation,
akin to volcanic activity, modulates the TPTG evolution,
thereby affecting monsoon climate on multidecadal to cen-
tennial time scales (Sun et al. 2022). Despite these influences,
the CESM-LME experiments in this study do not reveal a
clear solar forcing signal within the leading forced GLM
variations, possibly due to relatively small solar variation
inputs. However, evidence from previous research employ-
ing CESM driven by strong solar forcing suggests that vol-
canic influences may eclipse solar activity in governing
decadal to multidecadal time-scale GMST variations (Wang
et al. 2019).

In conclusion, volcanic eruptions are the predominant ex-
ternal forcing that affects the GMST and TPTG. These fac-
tors together critically shape the spatiotemporal variations of
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FIG. 6. (a) Squared coherence between LFC1 and GMST, both
from ALLR (black curves) and between LFC1 from ALLR and
GMST from VOLR (red curves). Blue curves are the squared co-
herence between the leading LFC and GMST, both from CTRL.
(b) As in (a), but for GMST and TPTG.

FIG. 7. Composites of significant cool-GMST and weak-TPTG
events (22) that occurred simultaneously (,21.5 standard devia-
tions) over the LM for (a) surface temperature and (b) GLM inten-
sity. Color shading denotes values above the 95% confidence level.
The regions outlined by red lines denote GLM areas. The figures
in the upper-right corners of the panels indicate the pattern corre-
lation coefficient with the regressed surface temperature (Fig. 2c)
and the forced LFP1 (Fig. 2a), respectively.
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the leading forced mode of GLM intensity on interdecadal
time scales throughout the last millennium. This assertion
aligns with existing literature that illustrates volcanic activity’s
direct and indirect influences on the monsoon climate,
namely, through aerosol-induced cooling and by fostering El
Niño–like states (TPTG pattern effects). Notably, the occur-
rence of such conditions following volcanic eruptions has
been documented in prior works, especially the tropical volca-
nic eruptions (e.g., Brad Adams et al. 2003; Cobb et al. 2003;
Li et al. 2013; Stoffel et al. 2015; Khodri et al. 2017; Sun et al.
2019). These processes have been recognized as significant in-
dependent modulators of GLM. While the detailed physical
mechanisms related to the influence of volcanic eruptions on
tropical Pacific surface temperature changes have been pro-
posed and warrant further investigation, they are beyond the
scope of this study. Furthermore, TPTG patterns in response
to composites of selected volcanic eruption events (Zuo et al.
2018, 2019), depending on erupt latitudes and preexisting
TPTG conditions, suggest a complex interplay in how GLM
intensity responds to volcanic eruptions. Nevertheless, these
research findings do not contradict our results, illuminating
the primary patterns and evolution of GLM in response to
the continuous eruptions at interdecadal time scales over the
last millennium.

4. Summary and concluding remarks

The present work was devoted to the variation of global
land monsoon (GLM) on interdecadal time scales over the
last millennium (AD 950–1850), a period characterized by sig-
nificant natural external forcings. While internal variability
was generally found important for this recent period of
Earth’s history, natural external forcings, such as solar forcing
and volcanic eruptions, do exert substantial influences on
GLM variation. The multirealization approach in the CESM-
LME dataset, together with the sensitivity experiments run
under conditions of individual forcings, allows us to isolate
the signal. The emergence of the signal was also facilitated by
low-frequency component analysis (LFCA), a powerful tool
to extract low-frequency components in the complex climate
system. Our key findings are as follows:

1) The primary forced mode of GLM, representing 19% of
the total variance, exhibits consistent features over South
Asia, the southern part of East Asia, North Australia,
South America, and western South Africa, but it shows
contrasted features in other monsoon regions. Such a pat-
tern is the response to the combined effects of global-scale
cooling [measured by the global mean surface temperature
(GMST)] and weaker Walker circulation over the tropical
Pacific (measured by the TPTG).

2) A composite analysis further reveals that the general
global cooling reduces atmospheric moisture and weakens
the GLM intensity in most monsoon regions, except for
the southern Asian monsoon regions, which enhance the
monsoon intensity. The weak TPTG primarily affects the
atmospheric circulation, akin to the effects of an El Niño–

like pattern, significantly concerning the weakening mon-
soon intensity over almost all monsoon regions.

3) Although the weak TPTG is primarily associated with the
GLM intensity in both control (CTRL) and all-forcing run
(ALLR) simulations, the time scale of its action differs, and
the final effect is also different. In CTRL, a negative correla-
tion exists between TPTG and GMST, with TPTG solely
driving the spatiotemporal variation of GLM. In ALLR,
however, natural external forcings trigger interdecadal TPTG
variation that is positively correlated with the ensemble mean
GMST, the two jointly modulating the GLM intensity varia-
tion. GMST and TPTG together explain 75% of the total
variance in the primary forced mode of GLM, with individual
contributions of 29% from GMST and 46% from TPTG.

4) The sensitivity simulations, performed with single external
forcings individually applied, allow us to conclude further
that volcanic eruptions are the primary external forcing
leading to the global cooling (GMST) and concurrent
interdecadal TPTG pattern. They jointly modulate the
primary forced GLM variation over the last millennium,
including its spatial pattern and temporal evolution.

Finally, it is important to recognize that our conclusions are
based on a single model, which introduces potential model de-
pendence on the results. As computational resources expand,
the future will likely see an increase in large ensemble experi-
ments that can corroborate and refine our comprehension
of how natural external forcings shape interdecadal GLM
variations. The role of natural external forcings in projecting
interdecadal monsoon variations must be considered. Recent
volcanic activity, for instance, has been observed to perturb
monsoon precipitation patterns over several years}deviations
that were not anticipated in prior climate projections (Zuo
et al. 2022). Therefore, future climate simulation frameworks
should integrate natural external forcings to narrow uncer-
tainties in hydroclimatic prediction, especially in scenarios
akin to the frequent volcanic activity observed in the last
millennium.

Acknowledgments. This study was supported by the Key Spe-
cial Funding for the National Key R&D Plan (2023YFE0103500)
and the National Natural Science Foundation of China (41901095
and 42101044). We acknowledge Wills et al. (2018) for provid-
ing the LFCA codes. We thank all CESM-LME members for
producing and making their model outputs available. Calcula-
tions and plotting have primarily been performed using the
NCAR Command Language (NCL) software (NCAR, Boulder,
Colorado) and Climate Data Operators (CDO); see https://
code.mpimet.mpg.de/projects/cdo.

Data availability statement. Reanalysis precipitation data are
from the Global Precipitation Climatology Project. For more infor-
mation about data availability, please see https://climatedataguide.
ucar.edu/climate-data/gpcp-monthly-global-precipitation-
climatology-project. CESM-LME datasets are available
from https://www.cesm.ucar.edu/community-projects/lme.
LFCA codes used in this study can be downloaded from
https://github.com/rcjwills/lfca.

WANG E T A L . 481715 SEPTEMBER 2024

https://code.mpimet.mpg.de/projects/cdo
https://code.mpimet.mpg.de/projects/cdo
https://climatedataguide.ucar.edu/climate-data/gpcp-monthly-global-precipitation-climatology-project
https://climatedataguide.ucar.edu/climate-data/gpcp-monthly-global-precipitation-climatology-project
https://climatedataguide.ucar.edu/climate-data/gpcp-monthly-global-precipitation-climatology-project
https://www.cesm.ucar.edu/community-projects/lme
https://github.com/rcjwills/lfca


REFERENCES

Adler, R. F., and Coauthors, 2003: The version-2 Global Precipita-
tion Climatology Project (GPCP) monthly precipitation analysis
(1979–present). J. Hydrometeor., 4, 1147–1167, https://doi.org/10.
1175/1525-7541(2003)004,1147:TVGPCP.2.0.CO;2.

Allen, M. R., and W. J. Ingram, 2002: Constraints on future
changes in climate and the hydrologic cycle. Nature, 419,
224–232, https://doi.org/10.1038/nature01092.

Bauer, E., M. Claussen, V. Brovkin, and A. Huenerbein, 2003:
Assessing climate forcings of the Earth system for the past
millennium. Geophys. Res. Lett., 30, 1276, https://doi.org/10.
1029/2002GL016639.

Brad Adams, J., M. E. Mann, and C. M. Ammann, 2003: Proxy
evidence for an El Niño-like response to volcanic forcing.
Nature, 426, 274–278, https://doi.org/10.1038/nature02101.

Cane, M. A., A. C. Clement, A. Kaplan, Y. Kushnir, D. Pozdnyakov,
R. Seager, S. E. Zebiak, and R. Murtugudde, 1997: Twentieth-
century sea surface temperature trends. Science, 275, 957–960,
https://doi.org/10.1126/science.275.5302.957.

Chen, K., L. Ning, Z. Liu, J. Liu, M. Yan, W. Sun, L. Li, and
Z. Shi, 2022: Modulating and resetting impacts of different
volcanic eruptions on North Atlantic SST variations. J. Geo-
phys. Res. Atmos., 127, e2021JD036246, https://doi.org/10.
1029/2021JD036246.

Chen, Z., T. Zhou, L. Zhang, X. Chen, W. Zhang, and J. Jiang,
2020: Global land monsoon precipitation changes in CMIP6
projections. Geophys. Res. Lett., 47, e2019GL086902, https://
doi.org/10.1029/2019GL086902.

Cheung, A. H., M. E. Mann, B. A. Steinman, L. M. Frankcombe,
M. H. England, and S. K. Miller, 2017: Comparison of low-
frequency internal climate variability in CMIP5 models and
observations. J. Climate, 30, 4763–4776, https://doi.org/10.
1175/JCLI-D-16-0712.1.

Clement, A. C., R. Seager, M. A. Cane, and S. E. Zebiak, 1996:
An ocean dynamical thermostat. J. Climate, 9, 2190–2196,
https://doi.org/10.1175/1520-0442(1996)009,2190:AODT.2.0.
CO;2.

Cobb, K. M., C. D. Charles, H. Cheng, and R. L. Edwards, 2003:
El Niño/Southern Oscillation and tropical Pacific climate dur-
ing the last millennium. Nature, 424, 271–276, https://doi.org/
10.1038/nature01779.

Crowley, T. J., 2000: Causes of climate change over the past 1000
years. Science, 289, 270–277, https://doi.org/10.1126/science.
289.5477.270.

Deser, C., R. Knutti, S. Solomon, and A. S. Phillips, 2012: Com-
munication of the role of natural variability in future North
American climate. Nat. Climate Change, 2, 775–779, https://
doi.org/10.1038/nclimate1562.

}}, A. S. Phillips, M. A. Alexander, and B. V. Smoliak, 2014:
Projecting North American climate over the next 50 years:
Uncertainty due to internal variability. J. Climate, 27, 2271–
2296, https://doi.org/10.1175/JCLI-D-13-00451.1.

He, C., and W. Zhou, 2020: Different enhancement of the East
Asian summer monsoon under global warming and interglacial
epochs simulated by CMIP6 models: Role of the subtropical
high. J. Climate, 33, 9721–9733, https://doi.org/10.1175/JCLI-D-
20-0304.1.

Hegerl, G., J. Luterbacher, F. González-Rouco, S. F. B. Tett, T.
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