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Decadal to multi-decadal variability has been observed in extensive sets of proxy records in the CE.
Despite improvements in proxy records in the type, temporal resolution, and temporal coverage, there
remains a lack of clear consistency in the preferred time scales and phases of the variability among dif-
ferent records. The agreements of decadal characteristics between proxy records and model simulations
are higher during the periods with strong external forcings, but lower during periods of weak external
forcing. We subsequently describe the recent modeling studies on the influences of external forcings
and internal variability on decadal to multi-decadal climate variability with associated physical mecha-
nisms, and some emerging research topics. Despite the improved understanding of climate variability
and regional climate changes, especially over the eastern Asia summer monsoon region, several inconsis-
tencies still exist, such as the amplitudes of responses to external forcings and relative contributions from
external forcings and internal variability. The review ends with perspectives for future directions to rec-
oncile discrepancies of decadal climate variability, such as applications of paleoclimate data assimilation
and isotope-enabled transient climate modeling, and implications for projecting future decadal to multi-
decadal climate changes and for improving the accuracy of decadal predictions.

a b s t r a c t

In this article, we present a comprehensive review of decadal to multi-decadal climate variability during
the Common Era (CE), focusing on their characteristics and mechanisms. We begin by summarizing
recent advances in proxy reconstructions that reveal the paleo-evidence of decadal to multi-decadal cli-
mate variability during the CE.

© 2025 The Authors. Published by Elsevier B.V. and Science China Press. All rights are reserved, including
those for text and data mining, AI training, and similar technologies.
1. Introduction

There is a growing interest in decadal to multi-decadal climate
variability, hereafter simply referred to as decadal climate variabil-
ity unless otherwise specified. Decadal climate variability has a
large impact on global and regional social-economic developments
[1]. Currently, decadal climate variability is the key topic of several
international science programs, such as the PAGES2k Network, CLI-
VAR Decadal Climate Variability and Predictability (DCVP), CMIP6
Decadal Climate Prediction Project (DCPP), and World Climate
Research Programme (WCRP). However, there remains consider-
able uncertainty regarding the nature of decadal climate variabil-
ity, including the existence of decadal oscillations that are
distinct from the red noise background, the relative contributions
from internal variability and external forcings, and the predictabil-
ity of decadal variability [2].

One limitation on our understanding is the relatively short
length of instrumental observations, few of which date back fur-
d similar
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ther than the mid-19th century. The instrumental period of
∼150 years includes only a few ‘‘cycles” of multi-decadal variabil-
ity, making it challenging to extract unique features of decadal
variability with high statistical significance. The pre-instrumental
or pre-industrial Common Era (CE) provides a unique opportunity
to address many of the key scientific questions relevant to decadal
climate changes and climate dynamics [3]. First, the length of
proxy records in the CE is about ten times longer than the instru-
mental observations, providing a larger sample size to analyze
the statistical characteristics of decadal climate changes. Second,
there are substantial external forcings during CE, notably the large
volcanic eruptions, and this could be used to investigate the
responses of climate systems to external forcing. However, the
uncertainties and potential limitations associated with climate
data and the drivers of climate change pose their own challenges.
In this paper, we review the current status of our understanding
of decadal changes during the CE in observations and model simu-
lations, with a focus on their characteristics and underlying mech-
anisms. While extensive reviews exist on decadal variability during
the modern instrumental era [4–6], there are fewer such reviews of
the pre-instrumental period. Here we will focus on this longer time
frame. We review evidence documenting the characteristics of dec-
adal variability in the Pacific and Atlantic, as well as decadal
changes associated with El Niño-southern oscillation (ENSO) and
the monsoon systems. We discuss distinct features of the mecha-
nisms of decadal variability in the pre-industrial CE.
2. Paleo evidence from proxy reconstructions

2.1. Global temperature and hydroclimate

Currently, there are several reconstructions of global tempera-
ture and hydroclimate covering the CE, which facilitate the analy-
ses of historical decadal to multidecadal variability. Using a set of
over a thousand proxy records consisting of tree-ring, ice core,
coral, speleothem, and lake and ocean sediment data over the glo-
bal ocean and land regions, Mann et al. [7] used a climate field
reconstruction approach to reconstruct the surface temperature
field of the past 1500 years over the globe. Then, with updated
and screened temperature-sensitive paleoclimate proxy records,
the PAGES 2k Consortium applied a variety of statistical methods
including data assimilation to reconstruct global and hemispheric
mean surface temperature over the past 2000 years [8].

Besides these reconstructions based mainly on proxy records,
Tardif et al. [9] instead employed a data assimilation approach to
combine model simulations with proxy records, with more realis-
tic proxy systemmodels taking seasonality and temperature/mois-
ture sensitivity into account, to reconstruct past global
temperature variability over this timeframe, a.k.a., the last millen-
nium reanalysis (LMR). In addition to these reconstructions mainly
focusing on temperature, Steiger et al. [10] further generated the
global reconstructions of hydroclimate and associated dynamical
variables covering the last millennia, a.k.a., the Paleo Hydrodynam-
ics Data Assimilation (PHYDA).

These reconstructions exhibit similarity in long-term trends
and timing of multidecadal variability, but relatively reduced
agreements on amplitudes of multidecadal variability, likely owing
to the different methods and data used. When data assimilation is
applied, for example, and the modeled and reconstructed temper-
atures disagree, one tends to get an intermediate and smoothed-
out result, consistent with the relative absence of multidecadal
variability in the resulting global temperature reconstruction. Sim-
ilarly, when an average over multiple reconstructions is performed,
there is a tendency for loss of variance (Fig. 1a).
2

The proxy reconstructions and model simulations show agree-
ment on the timing and magnitude of multidecadal (larger than
30 years) GMST variability between 1300 and 1800 CE, suggesting
a dominant influence from external forcing on multidecadal GMST
variability [11]. These agreements reduce during the periods with
lower-quality external forcings used in model simulations [8] or
dominated by internal variability [11]. However, how much cur-
rent models could realistically reproduce the relative magnitudes
of internal multidecadal GMST variability remains controversial
[8]. Furthermore, larger uncertainties exist in shorter-term decadal
(<30 years) GMST variability, which are more sensitive to dating
uncertainties of proxy records and simulated responses to external
forcings. The agreements between proxy records and model simu-
lations on decadal to multidecadal regional temperature variability
require further examination, because of the sparse distributions of
proxy records and complex simulated regional responses. Mean-
while, different from temperature reconstructions, similar evalua-
tions of hydroclimate reconstructions and potential sources of
uncertainties remain limited, with only a few recent studies focus-
ing on drought indices [9,10].

In summary, during the CE, proxy reconstructions and model
simulations show high confidence in the timing of multidecadal
GMST variability induced by external forcings, and medium confi-
dence in the magnitudes either between proxy reconstructions and
model simulations or among different reconstructions. While for
the unforced multidecadal GMST variability, there are only qualita-
tive agreements on the magnitude of this variability between
proxy reconstructions and model simulations. Further investiga-
tions are needed in the future for shorter-term decadal GMST vari-
ability, decadal to multidecadal regional temperature variability
and hydroclimate variability, and influences from uncertainties of
reconstructions and model simulations.

2.2. Pacific decadal variability (PDV)

The PDV, has been defined as the leading mode of SST over sub-
tropical North Pacific (20°–70°N) of preferred time scale of decadal
to multi-decadal [12], though this can be sensitive to the assump-
tions behind how that is defined apparent in the historical period
(Fig. 2a). Its origins likely lie in a combination of different physical
processes, including North Pacific atmosphere-ocean interactions,
the extratropical response to variability originating in the equato-
rial Pacific [12] and the response to changing natural and anthro-
pogenic radiative forcing [2,13]. PDV has also been described in
terms of several climate modes, such as the Interdecadal Pacific
Oscillation (IPO), the Pacific Decadal Oscillation (PDO), the North
Pacific Gyre Oscillation (NPGO), and the South Pacific Decadal
Oscillation (SPDO), which are identified through principal compo-
nent analysis of low-frequency climate in different domains [5].
Recent studies also found that PDV is highly correlated with trop-
ical Pacific decadal variability (TPDV) through ENSO teleconnec-
tions and extratropical atmospheric forcing [14].

PDV during the pre-industrial CE has often been reconstructed
based on tree-ring records from North America [15] and East Asia
[16]. Besides tree-ring records, coral oxygen isotope and Sr/Ca over
the South Pacific Convergence Zone [17], annual snowfall and sea-
salt concentration records from Law Dome (East Antarctica) [18],
and ice core oxygen isotope records from Tibetan Plateau [19] were
also used to reconstruct the historical PDV variations (Fig. 1b). In
addition to these reconstructions on separate regions, the tree-
ring data from trans-Pacific region [20], and the principal compo-
nents of oxygen isotopic ratio, net accumulation, and dust concen-
trations from four ice cores around the Pacific basin [21] were
further employed to reconstruct the PDV variations considering
its basin-wide impacts.
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Fig. 1. Reconstructions of decadal surface temperature over the Northern Hemisphere (a), PDV (b), AMV (c), AMOC (d), ENSO decadal variance (e), SASM (f), and EASM (g)
during the CE. (a) Reconstructions of decadal surface temperature over the Northern Hemisphere. (b) Reconstructions of PDV (PDO/IPO) time series. (c) Reconstructions of
AMV time series. (e) Reconstructions of ENSO decadal variance. (f) Reconstructions of SASM. (g) Reconstructions of EASM. The detailed information on these reconstructions is
listed in Table S1 online.

3



L. Ning et al. Science Bulletin xxx (xxxx) xxx

Fig. 2. Spatial patterns of PDV (a) and AMV (b) based on LMR.
These reconstructions have provided comprehensive insights
into the historical PDV characteristics with different proxy types
and teleconnections around the globe, however, these reconstruc-
tions show weak agreement prior to the twentieth century [22,23].
For the preferred time scale, most reconstructions show the exis-
tence of multidecadal spectral peaks between 20 to 70 years, but
these spectral peaks vary among different reconstructions
(Fig. 3a). The strengths of these spectral peaks also change during
different periods, showing centennial-scale variations [15]. For the
exact PDV phase, there are large discrepancies among the recon-
structions prior to the instrumental period, with only significant
correlations between two reconstructions both from North Ameri-
can tree-ring data and relatively high correlations between com-
posite reconstructions and individual reconstruction [23].

These inconsistencies among the PDV reconstructions first
reflect differences in local climate variable responses to large-
scale atmospheric and oceanic variability, due to their limited
regional coverage [12], which could be partially improved by using
the proxy records from more regions as shown in the two trans-
Pacific reconstructions [20,21]. Second, differences in types of
proxy records may also contribute to these inconsistencies, due
to the potential seasonal growth biases, because the statistical
removal of biological growth-related trends in these series may
deflate the centennial-scale variability, removing spectral power
at the lowest frequencies [12]. Third, these inconsistencies may
also arise from time-dependent nonlinearities in PDV and changes
in the influence of the tropical climate system over time [22], since
the temporal coverages of these reconstructions are different. Fur-
thermore, the shift of dominant PDV preferred time scale from 50–
70 years to 25–35 years since 1900 CE [19] is potentially related to
global warming, due to strengthened ocean stratification and
accelerated Rossy waves based on experiments under the A1B sce-
4

nario [24]. While, whether the actual CO2 concentration changes
during the CE are significant enough to induce this shift needs to
be further investigated using sensitivity experiments. The changes
in connection between PDV and TPDV that is mediated by ENSO
teleconnections [14] during different typical periods, could also
contribute to these inconsistencies.

Therefore, a better understanding of biases and uncertainties in
different proxy types, and the dynamics of teleconnections at the
proxy sites, will help improve the PDV reconstructions. Meanwhile,
investigations on PDV responses to historical external forcings and
underlying physical mechanisms through model simulations,
could also help reduce the discrepancies among PDV reconstruc-
tions. Furthermore, current reconstructions mainly focus on repro-
ducing and extending a single PDV index, while, climate field
reconstructions of SST and other circulation variables that might
have more stable connections to ecological recorders (e.g., NPGO),
may provide more robust alternatives for examining pre-
instrumental conditions in the North Pacific [22].

In summary, these multi-proxy PDV reconstructions have
improved our understanding of historical PDV evolutions substan-
tially. However, disagreements still exist on the exact phases and
preferred time scales of PDV before the instrumental era. Contribu-
tions from several uncertainty sources should be first systemically
assessed. Then, comparisons with model simulations will help
extract the PDV due to internal variability, and also differentiate
the different PDV responses to natural and anthropogenic forcings.
Furthermore, a deeper understanding of PDV dynamics through
sensitivity experiments, such as interactions between tropical
and extratropical Pacific and ocean-atmosphere coupling [4], is
also crucial to improve both model simulations and proxy recon-
structions on historical PDV.

2.3. Atlantic multi-decadal variability (AMV)

The AMV is defined as the primary mode of multidecadal SST
variability over the North Atlantic, also termed the ‘‘Atlantic Mul-
tidecadal Oscillation” or ‘‘AMO” [2,6]. For its origin, previous stud-
ies found that there is a strong dynamical coupling among North
Atlantic Oscillation (NAO), Atlantic meridional overturning circula-
tion (AMOC), and AMV, and their delayed feedbacks within this
coupling induce the multidecadal variability over the North Atlan-
tic [25,26]. During the instrumental era, it has been defined in
some studies as the leading low-frequency mode after removal of
the linear trend or global mean temperature, because it shares sim-
ilar trends and multidecadal variability with the Northern Hemi-
sphere temperature [6]. However, Steinman et al [13]
demonstrate that such procedures result in biased estimates of
internal variability owing to residual forced trends that such proce-
dures fail to remove. Recognizing that ‘‘AMV” defined in these
ways contains both internal and forced variability, the pattern dur-
ing the historical period, shows positive loadings at mid- to high-
latitude North Atlantic (Fig. 2b). Mann et al. [2] show that the
apparent positive values during the middle 20th century and nega-
tive values during the late 20th century are largely attributed to
decreased aerosol radiative forcing following the passage of the
clean air acts in the 1970s and 1980s.

During the pre-industrial CE, similar to PDV, AMV reconstruc-
tions have been attempted based on tree-ring records around the
North Atlantic region [27,28], and global multiple proxy records
[7]. Besides these reconstructions based on terrestrial proxy, a
new AMV reconstruction extending to the past 3 millennia at
annual resolution, is reconstructed using varved sediments from
Ellesmere Island, which overcomes the typical low-resolution
drawback of marine records [29].

These AMV reconstructions generally share similar multi-
decadal behavior, with significant correlations, although there are
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Fig. 3. Power spectral (a, b) and wavelet analyses (c, d) for the PDV (a, c) and AMV (b, d) reconstructions. All reconstructed PDV and AMV indices are normalized to unit
variance for comparison.
still some inconsistencies on shorter-scale variability (Fig. 1c).
They also significantly correlate to other local temperature recon-
structions and isotope records over the North Atlantic that can also
be used as fingerprints of AMV [29]. These AMV reconstructions
also show a prolonged AMV negative phase during LIA. However,
this AMV negative phase may simply reflect the corresponding
regime of lowered global mean temperature as commented on ear-
lier. For the preferred time scale, all reconstructions show exis-
tence of multidecadal spectral peaks between 60 to 100 years as
explained by the delayed oscillator model describing the NAO-
AMOC-AMV dynamical coupling processes [25,26], but the domi-
nant spectral peaks vary slightly (Fig. 3b). However, the AMV
reconstructions with updated tree-ring data has stronger and more
persistent multidecadal variability before the 16th century com-
pared to the previous two reconstructions, potentially due to dif-
ferences in reconstruction methods or precise composition of the
proxy network [28].

Another potential issue is how these reconstructed AMV reflect
the true multidecadal variability of northern Atlantic SST, rather
than the global mean surface temperature. For instance, when
the component regressed on the global-scale signal is removed,
there is essentially not much AMV signal in LMR, in contrast to
the pronounced multidecadal variations exhibited in the instru-
mental AMV index [6]. Wang et al. [28] also found that explosive
5

volcanic and solar forcing are responsible for only a modest
(roughly 30%) share of AMV variance. However, Mann et al. [30]
show that the procedures typically used in these past analyses to
define AMV fail to isolate the internal variability component in
the process of forced variability. They show that the existence of
apparent 50–70-year oscillatory variability during the pre-
industrial era is an artifact of volcanic forcing, which happens to
project heavily onto this frequency band during the pre-
industrial CE [30]. Therefore, one might instead, for example, con-
sider the residual series resulting from the removal of the global
mean surface temperature, though this procedure is subject to
potential biases as noted by Steinman et al. [13].

In summary, besides the AMV defined from global temperature
reconstructions, there are fewer specific AMV reconstructions than
PDV. However, due to the high correlations with the global or
northern hemisphere mean temperature [28], these AMV recon-
structions include both the global responses to external forcings
and intrinsic variability of the northern Atlantic. Large ensemble
simulations from multiple models and suitable statistical methods
[13] are needed to differentiate these forced components and
intrinsic variability. Furthermore, the disagreement on the station-
arity of the multidecadal variability during the present warming
period and LIA [27,29], also indicates the necessity for future study
on AMV responses to anthropogenic and natural forcings.
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2.4. Atlantic meridional overturning circulation (AMOC)

During the instrumental period, the AMOC has been observed
directly in the instrumental record only since 2004, which severely
limits the understanding of its long-term variability. As a result,
even the AMOC variability in the instrument period has to be stud-
ied using fingerprints, derived from temperature and salinity
observations. A recent study evaluated five AMOC representative
indicators, including one atmospheric index based on accumulated
atmospheric forcing and four oceanographic indices using surface
and subsurface oceanographic variables in the North Atlantic
Ocean. All these AMOC indicators show a weakening trend as
found in RAPID measurement, with the atmospheric index show-
ing the best agreement with the observed low-frequency AMOC
variations since 2004 [31]. These five AMOC indicators have also
been used to investigate the connections between AMOC and
Northern Hemisphere precipitation on the multidecadal scale
[32], and multidecadal seesaw pattern in tropical cyclone activity
[33]. It is found that the atmospheric index shows a leading role
in depicting these connections, and could serve as a predictor for
decadal predictions of North Hemisphere precipitation and North
Atlantic tropical cyclones [32,33]. These fingerprints tend to sug-
gest a strong AMOC decreasing trend starting in the 19th century,
followed by a rapid decline in the middle 20th century, leading to
the weakest state of the AMOC occurring in recent decades [34].
Zhu and Liu [35] found that salinity in the South Atlantic serves
as a fingerprint of AMOC intensity, and recent salinity pile-up in
the South Atlantic indicates AMOC weakening through the salinity
divergence reduction. Moreover, there is a likely accelerated AMOC
weakening since the 1980s, which is absent in the classic warming
hole fingerprint that is contaminated by interdecadal variability
[35]. However, some studies based on observation and satellite
data argue that the AMOC has remained stable since the 1990s,
implying a decoupling between the AMOC and ocean interior prop-
erty fields [36]. Therefore, even though these fingerprints suggest a
decline of AMOC, the detailed behavior of AMOC remains highly
uncertain.

Proxy reconstructions during the pre-industrial CE provide an
opportunity to investigate its variability and mechanisms with a
longer-term perspective. According to reconstructed AMOC
derived from different proxy types, e.g., isotopes and species abun-
dance from foraminifera [37], mean grain sizes [38], and SST fin-
gerprints [39], there is strong AMOC during the MCA, while
weaker AMOC during the LIA (Fig. 1d). These AMOC reconstruc-
tions agree on the declining trend through the pre-industrial CE,
but differences on multidecadal or shorter scale variability exist.
Furthermore, as fingerprints, these reconstructions cannot provide
an exact magnitude of historical AMOC variations, posing a neces-
sity for quantitative AMOC reconstructions in future studies.

Model simulations have provided insights into mechanisms
behind these centennial scale AMOC variations found in proxy
records during the pre-industrial CE. Some studies argue that
anomalous atmospheric circulation, such as regime shift of NAO
[40], is also considered to play a significant role in triggering AMOC
decline from MCA to LIA. On the aspect of external forcings, based
on recent AMV and AMOC reconstructions, it is found that the LIA
was associated with the weakening of the subpolar gyre due to an
exceptional intrusion of warm Atlantic water into the Nordic Seas
linked to persistent atmospheric blocking over North Atlantic
induced by unusually high solar activity [41]. Meanwhile, under
anthropogenic warming, the weakened AMOC can also decelerate
the North Atlantic subpolar gyre through the anticyclonic surface
wind anomalies over the subpolar North Atlantic [42]. However,
there are some discrepancies between proxy reconstructions and
model simulations regarding the onset timing and magnitude of
this AMOC weakening at the end of LIA, indicating the necessity
6

to improve understanding of the evidence of freshwater fluxes dur-
ing this period, the sensitivity of AMOC to freshwater forcing, etc.
[39].

In summary, although available AMOC reconstructions show
agreements on the centennial variations during the CE, their low
resolution makes it still challenging to investigate the decadal to
multi-decadal variability of AMOC. Furthermore, all these AMOC
reconstructions are fingerprints, which can only represent the
trends and variations, instead of the magnitudes of these trends
and variations in true AMOC transport.

2.5. Decadal modulation on interannual climate changes

2.5.1. Decadal to multi-decadal modulation of El Niño-southern
oscillation (ENSO) variability and teleconnections

As the dominant mode of interannual variability of the earth’s
climate system, ENSO and the associated teleconnections exhibit
considerable decadal to multidecadal scale variations in amplitude
and frequency (Fig. 1e). A continuous annually resolved ENSO
records during the past millennium, reconstructed using tree-
rings data around North America, shows a quasi-regular inter-
decadal modulation of ENSO amplitude, with anomalously high
ENSO activity in the late 20th century than over the past seven cen-
turies, suggestive of a possible strengthening response to human-
caused warming [43].

Low-frequency modulation of ENSO during the pre-
instrumental CE may be a result of changing solar and volcanic
radiative forcing, as noted by Mann et al [9]. Some work has spec-
ulated that PDV and AMV modulate ENSO variability including the
frequency of El Niño and La Niña events [44], but as noted earlier,
much AMV variability has actually been tied to radiative forcing
changes in recent work [3]. During the positive phase of PDV (or
its tropical expression TPDV), El Niño events tend to occur more
frequently than La Niña events [14]. Regarding the role of AMV,
it has been speculated that it modulates multidecadal ENSO vari-
ance and also seasonal stability of ENSO by changing the seasonal
cycle with a positive AMV phase increasing trade wind strength
and enhancing the equatorial Pacific cold tongue [45]. On the mag-
nitude aspect, proxy reconstructions and model simulations indi-
cate that a positive AMV enhances the zonal sea surface
temperature gradient in the central Pacific, which strengthens
zonal advective feedback and favors extreme and central Pacific
(CP) El Niño development, inducing decadal variations of El Niño
types [46]. However, these detailed mechanisms are primarily dis-
cussed within the instrumental era, with little investigation during
the CE, leaving an opportunity to investigate the decadal to multi-
decadal ENSO modulations in longer periods with more external
forcing.

On the aspect of ENSO teleconnection, the decadal to inter-
decadal modulation of ENSO variability also shows substantial
modulation of ENSO teleconnections across the pan-Pacific regions
for the past seven centuries, with reduced teleconnection strength
during the Maunder minimum [43]. In response to the AMV and
PDV, there is a robust positive correlation between ENSO and west-
ern North Pacific anticyclone and spring precipitation over south-
ern China, a.k.a. atmospheric combination mode, during a
negative AMV phase but not during a positive phase, because
weaker ENSO magnitude and westward-shift SSTA pattern during
a positive AMV phase [47]. The ENSO-EASM relationship has been
argued to be stronger in the warm phase of the IPO, attributing to
IPO modulation on amplitudes of the ENSO variability and El Niño
and La Niña frequency asymmetry [48]. Besides the AMV and PDV,
the multidecadal variability of the NAO may impact North Tropical
Atlantic (NTA) SSTA and, thereby, ENSO, through strengthening of
the boreal spring mean precipitation over the equatorial Atlantic
and enhancing the persistence of NTA SSTA [49]. It has been argued
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that high solar irradiance weakens the ENSO-EASM correlation, but
strengthens the ENSO-SASM correlation, through changes in the
Western Pacific Subtropical High and the amplitude of ENSO
events, respectively [50].

2.5.2. Decadal to multi-decadal modulation of South Asian summer
monsoon (SASM) changes

Decadal climate variability has also been observed clearly in the
CE over land regions, notably for the monsoon systems. Over the
Asian monsoon region, besides the proxy records, such as tree-
rings and speleothem d18O, etc., there are several gridded data sets
reconstructions extending back through the CE, including dry-wet
index [51], warm season precipitation [52,53], and Palmer drought
sensitivity index (PDSI) [54], which provide unique opportunities
to investigate the decadal-scale variability of Asian monsoon and
sub-monsoons.

For the SASM (Fig. 1f), observations underscore a drying trend
in the SASM precipitation during the period 1950–2002, which is
also recorded in the Indian speleothem d18O and tree-ring width
reconstructions [55,56]. However, some studies argue that this
drying trend has not exceeded the envelope of SASM variability
witnessed in the proxy records over the last millennium [55]. As
for the spatial characteristic, the reconstructed SASM precipitation
variability during the CE also shows obvious regional differences.
For instance, high-resolution speleothem d18O records in central
and northeastern India exhibit opposing precipitation behavior
on centennial time scales, with enhanced east-west dipole pattern
during AD 1700–2007 and a weakened dipole pattern from 1400
and 1700 [55].

On the aspect of preferred time scale, during the period 1470–
2013, the reconstructed all-Asian rainfall shows significant low-
frequency time scales on decadal (8–10 years), quasi-bi-decadal
(22 years), and multidecadal (50–54 years), with a remarkable
change of leading frequency from multidecadal to decadal after
1700 [53]. As for the SASM, insights from the speleothem d18O
records during the last two millennia indicate the presence of sig-
nificant 60–80 and 15–30-year time scales [57], which are associ-
ated with AMV through changing the meridional temperature
gradient between the Tibetan Plateau and the tropical Indian
Ocean [58]. However, these preferred time scales exhibit non-
stationary behavior during the CE, and the 60–80-year variability
stands out during specific time intervals, notably from 300 to
500, 1500 to 1700, and 1850 to 2000.

When comparing proxy reconstructions and model simulations,
Fan et al. [59] found that there are limited agreements between
model-based SASM and proxy reconstructions, as well as among
proxy reconstructions themselves, during the last millennium,
indicating that external forcing might dominate multidecadal vari-
ability of SASM. In response to external forcings, Fan et al. [59]
found that solar-forced signal in long-term SASM behavior appears
to be undetectable, probably due to weak radiative forcing com-
pared with intrinsic climate noise, while explosive volcanism
induces significant SASM decreases. However, proxy reconstruc-
tions show a significant positive correlation with solar forcing,
and this may indicate the lack of dynamic tropical Pacific ocean-
atmosphere response to radiative forcing in the simulations. Fur-
thermore, whether the decoupling between SASM and ENSO in
recent decades is caused by aerosols and volcanic eruptions [60]
could also be investigated in the CE.

2.5.3. Decadal to multi-decadal modulation of East Asian summer
monsoon (EASM) changes

During the instrumental era, the EASM has exhibited a weaken-
ing trend since the late 1970s, followed by a recovery trend in the
1990s, resulting the decadal-scale droughts over northern China
[61]. These decadal EASM changes associated with shifts between
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dipole pattern and tripolar pattern of summer precipitation over
eastern China [62], align with the natural variability observed over
the past five hundred years, as evidenced by reconstructions based
on tree-rings, speleothems, and historical documentary data [63]
(Fig. 1g). After extracting the interdecadal to centennial compo-
nents, proxy data reveal a long-termwetting trend in eastern China
prior to the 18th century, transitioning into a prolonged drying
trend thereafter [51,52].

Associated with weak EASM, northern China witnessed five
decadal-scale megadroughts during the last millennium, occurring
in the periods of 1146–1155, 1240–1249, 1483–1492, 1578–1587,
and 1634–1643, respectively [64]. Concurrently, analogous dry
conditions manifested in India and Pakistan [54], indicating syn-
chronous weak SASM events. When considering EASM and SASM
together, Cook et al. [54] also identified four severe megadroughts
over the whole monsoon Asia associated with Asian monsoon fail-
ure, i.e., Ming Dynasty Drought (1638–1641), Strange Parallels
Drought (1756–1768), East India Drought (1790–1796), and The
Great Drought (1876–1878) during the last millennium. The rela-
tionship between all-Asian rainfall and mega-ENSO is persistently
significant except from 1820 to around 1900, while the relation-
ship between all-Asian rainfall and AMV is nonstationary [53].

Similar decadal scale EASM variability and associated mega-
drought events are also evident in model simulations during the
CE [65]. However, direct phase comparisons of decadal monsoon
variability between long-term proxy reconstructions and model
simulations are limited by internal variability in the model simula-
tions, as well as the uncertainties among different reconstructions
and model dynamics. Only decadal variability caused by external
forcings, such as volcanic eruptions and solar radiation, can be par-
tially compared [65]. Nevertheless, there are still considerable
uncertainties on magnitudes and durations of these variabilities,
because responses to the same external forcing differ among mod-
els and proxy records. So, this highlights the importance of sensi-
tivity experiments in exploring the physical mechanisms behind
these decadal monsoon variabilities, as discussed in the following
sections.

In summary, decadal variations of ENSO, SASM, and EASM
intensities are closely associated with PDV and AMV phases and
magnitudes, such that they share the same uncertainties with
PDV and AMV reconstructions, such as the mismatches of specific
decadal phases and shifts of preferred time scales. Furthermore,
the ENSO reconstructions are based on the assumed stationarity
of teleconnections between local proxy records and SSTA, so the
centennial variations of teleconnections may impact the recon-
structed ENSO magnitudes. Another potential caveat is that they
rely on extratropical teleconnections of ENSO rather than direct
measures of tropical Pacific ocean-atmosphere behavior [43]. The
physical mechanisms driving these changes in decadal ENSO vari-
ability, such as changes in SST over the eastern Pacific or zonal SST
gradient in the equatorial Pacific, may also be different. The SASM
and EASM reconstructions, most of which are related to regional
precipitation variations (e.g., historical documents and tree-rings)
with more complex internal variability and responses to external
forcings than the temperature, have extra spatial heterogeneity
but less temporal uncertainty than those reconstructions repre-
senting monsoon circulations (e.g., speleothem) [66]. Therefore,
better reconstructions require detailed investigations of regional
internal variability and responses to external forcings, and corre-
sponding mechanisms, with the help of model simulations.

3. Mechanisms for decadal climate variability

Decadal variability can be caused by processes internal to the
coupled ocean-atmosphere system, as well as being externally
forced. The mechanism of internal decadal variability has been
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studied extensively in the context of present climate variability
[4,12]. Despite intensive studies, the mechanisms of internal deca-
dal climate variability remain uncertain. As the null hypothesis,
decadal variability modes have been suggested to be interpreted
within the framework of stochastic climate model [4,5]. The
impact of stochastic forcing from weather noise is accumulated
by the ocean due to its long-termmemory, while oceanic processes
and ocean-atmosphere interactions also potentially play signifi-
cant roles [4]. Much of the decadal variability has been attributed
to external forcings, notably volcanic eruptions, solar variability,
and anthropogenic forcings [2,3]. Since the mechanisms of internal
decadal variability have been reviewed extensively in previous
studies [4–6], we focus here on the role of external forcings.

3.1. Influences from external forcings

Volcanic eruptions and solar radiation have been found to exert
significant influences on decadal-scale global and regional temper-
ature changes (Fig. 4a). Based on proxy reconstructions and model
simulations, Wang et al. [67] found that strong tropical volcanic
eruptions and variations in total solar irradiance play an important
role in regulating North Pacific decadal variability. Based on a net-
work of annually resolved terrestrial proxy records from the
circum-North Atlantic region, the reconstructed AMV for the per-
iod 800–2010 show that large volcanic eruptions and solar irradi-
ance minima induce cool phases of AMV and collectively explain
about 30% of AMV variance [28]. Liu W et al. [68] also found bi-
decadal temperature anomalies over the Tibetan Plateau and the
Arctic in response to the 1450s volcanic eruptions in both proxy
records and model simulations.

On the aspect of direct influences from volcanic eruptions and
solar radiation on precipitation over the Northern Hemisphere, a
prevailing perspective is that substantial volcanic eruptions sup-
press the Northern Hemisphere summer monsoon precipitation
on interannual to decadal scales, through reducing in the summer
land-sea thermal contrast [69,70] (Fig. 4b). Furthermore, the
diminished atmospheric moisture content and soil moisture feed-
back perpetuate the decadal decline in EASM precipitation [71].
The combined effect of internal variability and volcanic forcing
can aggravate decadal EASM weakening and megadroughts over
eastern China [65]. For instance, the late Ming Dynasty mega-
drought (1637–1643) was probably triggered by internal variabil-
ity, and intensified and prolonged by the eruption of the Parker
volcano in 1641 [70,71]. For the indirect influences from consecu-
tive volcanic eruptions, it is found that there is ∼60-year preferred
time scale for PDV and AMV during the LIA in the volcanic eruption
sensitivity experiment, consistent with the proxy reconstructions
[72] (Fig. 4c, d). Furthermore, consecutive volcanic eruptions
(Fig. 4e) could also trigger a multidecadal weakening of EASM
and corresponding precipitation decreases over eastern China by
inducing negative AMV phases [73].

On the aspect of influences from solar radiation (Fig. 4f) on pre-
cipitation over eastern China, Xue et al. [74] compared the frequen-
cies of weak EASM events between MCA and LIA, and found that
the frequency is significantly higher during LIA because the nonlin-
ear response of the precipitation to the large-scale atmospheric cir-
culation patterns associated with positive PDV phases. It is found
that the precipitation differences between positive and negative
PDV phases increase with solar radiation intensity due to the
large-scale circulation changes [75]. It is also found that the fre-
quency of large Meiyu events increases during periods with strong
solar radiation, indicating that solar radiation modulates these
interannual events [76].

On the aspect of anthropogenic forcing, it is found that the lead-
ing pattern of decadal EASM precipitation changes shifts from a
dipole pattern to a tripolar pattern after 1750 in sensitivity exper-
8

iments, because the land-use and land-cover change (LUCC)
increases the occurrences of different PDV and AMV phases and
alters the Rossby wave train and circulation patterns over eastern
China [62]. The warming of increasing greenhouse gas concentra-
tions (GHG) intensified droughts over northern China associated
with EASM weakening in recent decades through the increased
evaporation, and this EASM weakening may be triggered by the
PDV and AMV phase changes induced by anthropogenic aerosols
[77] (Fig. 4g, h). Meanwhile, Cheng et al. [78] found that, in
response to enhanced global warming, the multidecadal variability
of AMOC becomes weaker and shorter, with major periods from
∼50 years to ∼20 years and amplitude reduced by ∼60%. In these
changes of AMOC multidecadal variability, the mean flow effects,
in the form of eastward mean zonal advection and westward geos-
trophic self-advection, play an important role through increasing
the speed of Rossby waves and in turn the AMOC variability in a
continuously stratified ocean [79].

In summary, the direct influences on global and regional decal
climate variability from external forcings are mainly achieved
through changing surface energy budgets, such as direct changes
of shortwave radiation and longwave radiations arriving at the
ground, and surface albedo. The indirect influences are achieved
through changing PDV and AMV phases or frequencies, either
single-phase changes due to volcanic eruptions or frequency
changes in response to background changes due to other forcings.
With this improved understanding of the mechanisms behind dec-
adal variability, some statistical methods such as emergent con-
straint, could be applied to model simulations to reduce the
uncertainties due to model internal variability and improve deca-
dal predictions [80]. Specifically, these accurate predictions will
help to meet the huge challenges of drought risks in northern
China and prepare the corresponding adaptation strategies.

3.2. Internal variability vs. External forcing

3.2.1. Different contributions to global temperature variations
It has remained controversial if decadal variability in the instru-

mental period is caused predominantly by internal variability or
external forcings [81,82]. The CE provides a unique opportunity
to compare the influences from internal variability and external
forcings, such as volcanic eruptions, due to the much larger sample
size than the instrumental period.

On the aspect of decadal global temperature changes, in com-
parison of observations and simulations from an energy balance
climate model, Crowley [83] found that as much as 41% to 64% of
pre-1850 decadal variability in global mean temperature is caused
by changes in solar irradiance and volcanic eruptions. Based on
observations as well as forced and control model simulations,
Mann et al. [2] found that the multidecadal scale variability in glo-
bal mean surface temperature observation reflects the response of
the climate system to both anthropogenic and natural forcings
rather than any intrinsic internal oscillations. While it remains
unclear that components due to internal variability could be gener-
ated through the removal of forced components. Crowley [83]
found that removal of the forced response from reconstructed tem-
perature time series yields residuals that show similar variability
to those in control runs of coupledmodels, thereby lending support
to the models’ value as estimates of low-frequency variability in
the climate system. But Mann et al. [84] found that regression-
based methods of removing the forced component from proxy
reconstructions will, fail to yield accurate estimates and incorrectly
attribute unresolved forced features to internal variability. Nota-
bly, this relative contribution from external forcing is smaller in
the multi-decadal scale local climate variability. In general, local
climate variability is affected more by internal variability, whereas
the global mean could maximize the impact of external forcing
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Fig. 4. Simulated northern hemisphere mean temperature changes (a), precipitation changes (b), PDV (c), AMV (d), volcanic aerosol forcing (e), TSI forcing (f), GHG
concentrations forcing (g), crop extent forcing (h) during the period 850–2005 from CESM-LME all-forcing experiments.
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because internal variability tends to generate substantial spatial
variability and therefore their signal is suppressed in the global
mean.

Moreover, based on reconstructed GMST over the past
2000 years, PAGES 2k Consortium found that a substantial portion
of pre-industrial GMST variability at multidecadal timescales is
attributed to volcanic aerosol forcing, because of the synchronous
multidecadal temperature fluctuations observed among proxy
records and between CMIP fully forced simulations [8]. However,
there were no globally synchronous multidecadal warm or cold
intervals [11]. This lack of spatiotemporal coherence on warm
and cold epochs indicates that pre-industrial forcings were not suf-
ficient to produce globally synchronous extreme temperatures at
multidecadal and centennial timescales [11].

3.2.2. Different contributions to PDV and AMV
On the aspect of decadal variability, some studies based on

instrumental observations and model simulations indicate that
PDV and AMV reflect the responses of North Pacific and North
Atlantic SST to stochastic atmospheric forcing [5] or external radia-
tive forcing [67,85]. But some studies argue that this decadal SSTA
variability is dominated by internal variability, because when the
signal regressed on global mean SST is removed, the externally
forced AMV in a multi-model ensemble exhibits a negative spatial
correlation with the observed AMV [86]. This poses a challenge on
how to properly distinguish forced AMV signals from internal vari-
ability, and the necessity of investigations using the longer-term
proxy records and model simulations [13,84].

Meanwhile, during the CE, some studies also found that strong
volcanic eruptions were followed by decadal-scale positive
responses of the AMOC, indicating the potential influences on the
whole North Atlantic climate system [87]. Therefore, a recent study
examined the influences of volcanic eruptions on North Atlantic
SSTA and thermocline together, and revealed that strong volcanic
eruptions could reset SSTA and subsurface temperature anomalies,
but could only modulate the AMOC, indicating external forcings
could influence the AMV both directly and indirectly through inter-
nal ocean circulation [88].

Moreover, the global scale multidecadal variability of SST could
be driven by the AMV through atmospheric teleconnections and
atmosphere-ocean coupling processes. Wang et al. [28] also con-
clude that the apparent link between AMV and regional to hemi-
spheric climate does not arise solely from a common response to
external drivers, and may instead reflect dynamic processes. A
recent study indicates that the relationship between cross-
equatorial gradient in tropical Atlantic SSTs and radiative perturba-
tions is obscured in the ensemble of CMIP6 simulations, because
models overestimate long-term trends of warming in the NH rela-
tive to the Southern Hemisphere [81].

Another important aspect of decadal variability is the interac-
tion between PDV and AMV. This interaction between PDV and
AMV regulates the regional temperature and precipitation through
a modulation of the inter-basin Walker circulation and the associ-
ated Rossby wave train into northern extratropics [89]. Usually,
there are two pathways, i.e., the extratropical pathway and tropical
pathway [6]. The extratropical pathway is through the changes of
mid-latitude winter storm track and shift of KOE [90] (Fig. 5a) or
North Pacific wind-evaporation-SST effect and SST-sea level
pressure-cloud-longwave radiation positive effect [91] (Fig. 5b).
The tropical pathway is through the changes of the Walker circula-
tion and precipitation anomalies over the whole tropical belt [44],
interhemispheric asymmetry of net moist static energy input into
the atmosphere [92], and easterly wind anomalies over the Indo-
western Pacific [93], etc.

Based on pacemaker experiments, Meehl et al. [94] found that
there tends to be a weak opposite-sign SST response in the tropical
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Pacific when observed SSTs are specified in the Atlantic (Fig. 5c),
while there is a weak same-sign SST response in the tropical Atlan-
tic when observed SSTs are specified in the tropical Pacific, through
Walker circulation along with contribution from midlatitude tele-
connections for the Atlantic response to the Pacific (Fig. 5d). While,
these interactive influences do not drive an oscillation. Among the
factors influencing the interactions, it is found that this interaction
depends on the phase relationship of PDV and AMV [95], and aero-
sols may also impact this interaction by driving the tropical North
Atlantic [94].

Similar to the other decadal problems, the short temporal cov-
erage of observational data limits detailed analyses about this
interaction. It is important to investigate this topic within the last
two millennia. However, the uncertainty within reconstructed PDV
and AMV phases further limits these analyses using proxy
reconstructions.

In summary, despite substantial progress so far, the relative
contributions to decadal variability from internal variability and
external forcings remain difficult to quantify, especially for regio-
nal or local climate variability. This is caused by the limited ability
of attribution methods, inconsistencies among proxy reconstruc-
tions, and model biases. Furthermore, the complex dynamics of
PDV and AMV, as well as their mutual interaction and their
responses to external forcings, also contribute to this issue. There-
fore, improved methods to differentiate internal and external com-
ponents within proxy reconstructions, and a better understanding
of the dynamics of internal variability and responses to external
forcings through sensitivity experiments, are crucial to resolve this
issue in the future.

4. Summary and Perspective

With support from PAGES2k Network, CLIVAR DCVP, CMIP6
DCPP, and WCRP, recent advances in proxy reconstructions and
model simulations have substantially improved our understanding
on the characteristics and mechanisms of decadal climate variabil-
ity during the pre-industrial CE. On the aspect of characteristics,
multiple proxy reconstructions andmodel simulations show agree-
ments on the phases of multidecadal GMST variability, PDV, and
AMV, induced by external forcings, and relatively weaker agree-
ments on the amplitudes. However, for the unforced multidecadal
climate variability, there are disagreements on the exact phases
and preferred time scales, which are potentially due to the different
types, regional coverage, and temporal coverage of proxy records,
and the time-dependent nonlinearities of decadal climate variabil-
ity. The decadal variability of ENSO, SASM, and EASM have similar
uncertainties with PDV and AMV, because they are largely modu-
lated by PDV and AMV. While, examining decadal phases and
amplitudes of AMOC ismore challenging, due to the low resolutions
and fingerprint natures of the AMOC reconstructions.

On the aspect of mechanisms, the influences of global and
regional decal climate variability from external forcings, i.e., vol-
canic eruptions, solar radiation, LUCC, GHGs, and anthropogenic
aerosols, have been systematically investigated. These influences
from external forcings include direct influences through changing
surface energy budget changes, and indirect influences through
changing PDV and AMV phases or frequencies. However, the rela-
tive contributions from internal variability and external forcings
are still difficult to quantify, due to the inabilities of attribution
methods, proxy reconstructions, and model simulations. Further-
more, the responses of PDV and AMV to external forcings and the
corresponding dynamics need to be further investigated through
sensitivity experiments.

Besides these progresses, however, there are still many chal-
lenges remaining unresolved as discussed below, which should
be addressed in future studies.
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Fig. 5. Schematic diagram for the PDV and AMV interactions. (a) Positive AMV driving PDV through the northward mid-latitude storm track and anomalous Pacific/North
American (PNA) pattern, and reinforced by oceanic dynamics and positive air-sea feedback over the North Pacific. (a) Reprinted from Ref. [90]. Copyright (2007) American
Geophysical Union. (b) AMV driving western tropical Pacific decadal variability through wind-evaporation-SST effect and SST-longwave radiation feedback. (b) Reprinted
from Ref. [91]. Copyright (2017) Springer Nature. (c) Positive AMV contributing to opposite-sign SST response of negative PDV in the tropical Pacific mainly through the
tropical Walker circulation (d) Same as (c) except for positive PDV in the tropical Pacific contributing to same-sign AMV in tropical Atlantic with contributions from the
tropical Walker circulation as well as extratropical PNA teleconnections. (c) and (d) Reprinted from Ref. [94]. Copyright (2021) Springer Nature.
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4.1. Understanding the discrepancies of decadal variability among
different proxy reconstructions

Although obvious decadal variability exists within the proxy
reconstructions, the preferred time scales are different ranging
from 20 years to 80 years among different data sets of proxy recon-
structions. For example, for PDV reconstructions, decadal to multi-
decadal variability exists in the power spectral of all the proxy
reconstructions, but with different dominant peaks, such as the
20 years and 70 years [15] (Fig. 3a). However, these multi-
decadal spectral peaks shown in the PDV reconstructions are not
significant in the power spectral of observed data sets [12]. For
AMV, all reconstructions exhibit similar multi-decadal variability,
but with slightly different preferred time scales, as 50–70 years
in Mann et al. [30], 64–88 years in Wang et al. [28], and 42–
83 years in Lapointe et al. [29] (Fig. 3b). These inconsistent
multi-decadal variabilities in proxy records may be related to the
differences in the length of proxy records, because Lapointe et al.
[29] found the AMV shows enhanced multi-decadal variability
since the late 16th century. In model simulations, it is also found
that the 50–70-year time scales of PDV and AMV are induced by
volcanic eruptions during LIA, while the 20–40-year time scales
are due to internal variability before LIA [72]. The wavelet analyses
of PDV and AMV (Fig. 3c, d) confirm the temporal evolutions of
these preferred time scales, with the enhanced multi-decadal vari-
ability during the periods with strong volcanic eruptions. So, the
covering periods of proxy reconstructions may explain the differ-
ences in preferred time scales, due to the centennial-scale varia-
tions of preferred time scales due to volcanic eruptions and solar
radiations. On the other aspect, the resolutions may also contribute
to this difference. Therefore, these significant discrepancies among
reconstructions require future detailed studies.

Furthermore, the phases of decadal variability among different
proxy reconstructions do not match, either, even in response to
the strong volcanic eruptions. These different phases may relate
to the inconsistent teleconnections between the large-scale deca-
dal variability and local climate variables represented by different
types of proxy records [18]. Even for the same type of proxy, the
unsynchronous teleconnection changes over different regions
may also result in different phases. Furthermore, some technique
issues, such as potential seasonal biases, biological growth rates
in tree-ring data, dating errors, etc., may also contribute to these
phase uncertainties.

PAGES 2k Network has been targeted to reduce uncertainties in
paleoclimatic archives and to identify the extent of agreement
between reconstructions and model simulations [8]. This requires
an improved understanding of the physical mechanisms of tele-
connections between decadal variability and regional climate vari-
ables under different climatic backgrounds, with the help of model
simulations. Moreover, within specific studies, applications using
multiple types of proxy records are necessary because the inherent
biases from individual proxy types could be partially canceled out.

The PDV and AMV reconstructions are always defined as the
raw SST reconstructions with mean states kept, which results in
persistent positive or negative phases of these variabilities
[15,18]. To reconstruct the exact variability in the future, the SST
mean states during typical warm and cold periods should be
removed first, as the definitions with global warming fingerprint
removed during the present warming period [6].

4.2. Model-data comparison on decadal variability during the CE

Quantifying the responses, feedback, and uncertainties intrinsic
to the changing climate system on decadal timescale is a major sci-
entific objective of the WCRP Strategic Plan 2019–2028. However,
due to the inability of models to reproduce the exact phases of
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internal variability, significant differences may appear when com-
paring model simulations with proxy reconstructions, limiting our
confidence in achieving this scientific objective. Additionally, in
response to the external forcing, especially the volcanic eruptions,
model simulations tend to generate larger responses than proxy
records, with higher spatial coherency. This indicates that the
models may potentially underestimate the magnitude of internal
variability, or chemical and biological processes induce uncertain-
ties in proxy records due to the non-climatic noise [96].

To reduce the discrepancies between model simulations and
proxy reconstructions, the potential biases and limitations in both
proxy reconstructions and simulations due to internal variability
and responses to external forcings, should be systematically
assessed and compared first. Improved climatic interpretation of
proxy records [97] could contribute to the understanding of deca-
dal climate variability and mechanisms. Reducing dating uncer-
tainties in proxy reconstructions could also help improve the
comparison between model simulations and proxy reconstruc-
tions. Moreover, comparisons on the large-scale climatic modes,
rather than single index or regional variations, will be more mean-
ingful. Reconstructions of these large-scale climate modes typically
reply on proxy networks, which could minimize biases arising
from different proxy types, and also capture stable imprints even
if the teleconnection patterns change through time [98].

Then, data assimilation, employing the useful information in
proxy records and physical constraints in the model, provides an
opportunity to reconstruct a more reliable decadal-scale paleo-
climate during the CE. For example, global temperature and
drought index during the CE have been reconstructed through
DA, e.g., the LMR and PHYDA [9,10]. However, further paleo-
climate DA for hydroclimate and systematic evaluations of uncer-
tainties, from global to regional scales, are still limited. In the
future, with the improvement of both proxy reconstruction and
model simulations, data assimilation can also be used to combine
data and model optimally to reconstruct atmospheric and oceanic
circulations beyond the surface variables, such as AMOC.

While, in the paleo-climate DA procedure, besides the potential
caveats in proxy reconstructions and model simulations, the
assumed linear relationships between proxy records and climate
variables (a.k.a., proxy system model, PSM), also limit the accuracy
of reconstructed decadal climate through DA. More accurate PSMs,
especially the PSMs describing nonlinear relationships between
different proxy types (such as pollen) and climate variables, would
be one important direction of decadal paleo-climate DA in the
future. Meanwhile, quantifying uncertainties in proxy records
and including multiple types of proxy records are also crucial to
improve the reliability of the decadal paleo-climate DA.

Furthermore, potential discrepancies between proxy records
and model simulations may also arise from the differences in the
variables that are compared, e.g., oxygen and carbon isotopes from
proxy records versus precipitation from model simulations. There-
fore, the transient simulations using isotope-enabled earth system
models facilitate direct comparisons and assimilations, with no
transferring functions needed. However, this requires a deeper
understanding of the physical mechanisms behind the changes in
proxy records, and then identifying the analog in the model simu-
lations [97].

4.3. Assessing the relative contribution of external vs internal
variability

Currently, the DCPP is a coordinated multi-model investigation
into decadal climate prediction, predictability, and variability,
serving as a contribution to CMIP6 and WCRP Grand Challenge
on Near Term Climate Prediction. As the key feature of DCPP, skill-
ful decadal predictions require that both forced and internal com-



L. Ning et al. Science Bulletin xxx (xxxx) xxx
ponents of the climate system are initialized, and diagnosing their
individual contributions is also essential for improving the accu-
racy of decadal climate hindcasts and forecasts. Therefore, broader
initial climatic conditions from the pre-industrial CE for such retro-
spective decadal predictions extracted could help overcome the
limitations due to the scarcity of available observed data [96].

However, despite the studies on decadal climate variability and
mechanisms during the CE, the relative contributions of external
forcing and internal variability have not been fully addressed. Fur-
ther study should continue on differentiating the relative role of
external forcings and internal variability, and corresponding mech-
anisms. This requires deeper analyses of proxy reconstructions and
model simulations, along with improvements in model structures
on relevant ocean-atmosphere dynamics. For example, multivari-
ate (MTM-SVD) analysis of the CESM-LME surface temperature
fields both with and without forced component of variability
removed, and additional and ideally larger true model simulation
ensemble and expanded paleoclimate proxy data, could both pro-
vide more robust insights [84].

Differentiating the contributions from internal variability and
external forcing could also help improve decadal prediction. For
now, the lack of evidence for multidecadal oscillation distinct from
red noise also raises questions for skillful decadal prediction, which
relies on predictable internal variability [2]. As a result, the speci-
fication of external forcing contributes to the predictability of these
forecasts [99,100]. However, a recent study found that including
volcanic forcing in the prediction system significantly degrades
the forecast skill of detrended multiyear-to-decadal SST variability
in the central-eastern tropical Pacific [101].

In summary, future studies should combine the model improve-
ments in representing the dynamics of decadal variability with
longer-term paleo-climate proxy records with improved chronol-
ogy and resolution [102]. In collaboration with other climate
research communities, paleoclimate studies can advance our
understanding of the decadal-scale internal variability of climate
systems and responses to external forcings, and contribute to more
accurate climate prediction and estimates of equilibrium climate
sensitivity.
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