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Abstract
The Pacific decadal oscillation (PDO) is the leading mode of decadal climate variability over the North Pacific. However, 
it remains unknown to what extent external forcings can influence the PDO’s periodicity and magnitude over the past 
2000 years. We show that the paleo-assimilation products (LMR) and proxy data suggest a 20–40 year PDO occurred during 
both the Mediaeval Climate Anomaly (MCA, ~ 750–1150) and Little Ice Age (LIA, ~ 1250–1850) while a salient 50–70 year 
variance peak emerged during the LIA. These results are reproduced well by the CESM simulations in the all-forcing (AF) 
and single volcanic forcing (Vol) experiments. We show that the 20–40 year PDO is an intrinsic mode caused by internal 
variability but the 50–70 year PDO during the LIA is a forced mode primarily shaped by volcanic forcing. The intrinsic 
mode develops in tandem with tropical ENSO-like anomalies, while the forced mode develops from the western Pacific 
and unrelated to tropical sea surface temperature anomalies. The volcanism-induced land–sea thermal contrast may trigger 
anomalous northerlies over the western North Pacific (WNP), leading to reduced northward heat transport and the cooling 
in the Kuroshio–Oyashio Extension (KOE), generating the forced mode. A 50–70 year Atlantic multidecadal oscillation 
founded during the LIA under volcanic forcing may also contribute to the forced mode. These findings shed light on the 
interplay between the internal variability and external forcing and the present and future changes of the PDO.
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1  Introduction

The Pacific decadal oscillation (PDO) is the leading empiri-
cal orthogonal function (EOF) mode of the North Pacific sea 
surface temperature (SST) variability (Mantua et al. 1997). 
It has a profound climate impact on the Eurasian, North 
American, and North Pacific ecosystems and fisheries (Liu 
and Di Lorenzo 2018; Newman et al. 2016).

Previous studies have linked the PDO with various cli-
matic dynamic processes (Newman et al. 2016). The remote 
tropical forcing is considered one of the drivers (Deser et al. 
2004). The El Niño–Southern Oscillation (ENSO)-related 
SST pattern was found to affect the Aleutian Low variability 
through the atmospheric bridge (Alexander 1992, 2010) and 
seasonal footprinting (Vimont et al. 2001; Deser et al. 2012), 
contributing to a PDO-like pattern on both interannual and 
decadal time scales. The tropical Pacific pacemaker experi-
ment demonstrated that the tropical SST-forced PDO com-
ponent resembles the internal mode in the Northern Hemi-
sphere but differs in the Southern Hemisphere (Zhang et al. 
2018). Mid-latitude atmosphere–ocean interaction can also 
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contribute to the PDO. Using the Geophysical Fluid Dynam-
ics Laboratory (GFDL) model, some studies found that the 
bi- and multi-decadal PDO mode can be affected by air–sea 
interactions via the westward propagating oceanic Rossby 
waves (Zhong et al. 2008; Zhong and Liu 2009; Zhang and 
Delworth 2015). The importance of air–sea interactions was 
stressed in the Kuroshio–Oyashio Extension (KOE) region 
(Taguchi et al. 2007; Liu and Lorenzo 2018). The atmos-
pheric circulation change over the subtropical gyre can influ-
ence poleward transport of warm water along the western 
boundary and the KOE pathway, changing the meridional 
SST gradients and the Aleutian low system over the North 
Pacific (Latif and Barnett 1994). The PDO was also shown 
to exist due to air–sea thermodynamic feedback without 
invoking ocean dynamics (Kwon and Deser 2007). These 
mechanisms essentially treat the PDO as an internal mode 
of variability, while little has been known whether and how 
the external forcing can force the PDO-like variations.

The future change of the PDO under anthropogenic forc-
ing, including the periodicity, amplitude, and mechanism, 
remains controversial. The Intergovernmental Panel on 
Climate Change (IPCC) Fifth Assessment Report (AR5) 
concluded that the near-term predictions of the PDO were 
uncertain and model-dependent (IPCC 2013). Some stud-
ies projected increased variances of the PDO and tropical 
decadal variability in a warmer climate using the Commu-
nity Earth System Model Large Ensemble (CESM-LE) (Di 
Lorenzo and Mantua 2016; Liguori and Di Lorenzo 2018). 
These changes in Pacific decadal variability could be related 
to the increased Pacific Meridional Mode variance, influ-
enced by enhanced wind–evaporation–SST feedback or 
stochastic atmospheric variability (Liguori and Di Lorenzo 
2018). However, some other Coupled Model Intercompari-
son Project 5 (CMIP5) models suggested a reduced magni-
tude of the PDO under greenhouse warming. It is consistent 
with the shortened PDO periodicity and duration due to the 
accelerated westward propagation of oceanic Rossby waves 
caused by enhanced ocean stratification (Zhang and Del-
worth 2016; Geng et al. 2019; Li et al. 2020).

Understanding how natural external forcing may influ-
ence the PDO can provide valuable insight into the causes of 
the past climate variability and PDO’s response to the cur-
rent climate change. However, existing studies have focused 
on the impact of anthropogenic forcings on PDO change and 
paid little attention to natural external forcings, such as vol-
canic eruptions and solar radiation. In addition, instrumental 
observations are too short to provide reliable data to under-
stand how the PDO responds to different external forcings.

The past two millennia can be the prime time to address 
the issue mentioned above. Using tree-ring data from 
California and Alberta, MacDonald and Case (2005) pro-
duced a PDO index during the period of 993–1996. They 
found a significant 50–100  year oscillation during the 

fourteenth–sixteenth centuries, while it was absent from 
the seventeenth to nineteenth centuries. Their reconstructed 
PDO index was found to be negatively correlated with the 
reconstruction made by D’Arrigo and Wilson (2006) on 
the multidecadal (about 50 year) time scale (Fang et al. 
2019). Using many reconstructions, Fang et  al. (2019) 
proposed that the PDO has displayed persistent multidec-
adal (50–100 year) variability during the Little Ice Age 
(LIA, ~ 1250–1850). The study also found significant cor-
relations between the PDO indices reconstructed by Biondi 
et al. (2001) and MacDonald and Case (2005) on the multi-
decadal time scales (50–70 year). Nevertheless, inconsisten-
cies exist among different reconstructions. The underlying 
mechanisms behind the PDO change remain unknown.

Paleoclimate modeling makes it possible to carry out 
sensitivity simulations to identify the roles of individual 
physical processes and better comprehend complex physical 
processes. Using the last 600 years Bergen Climate Model 
simulation, Wang et al. (2012) found that large tropical vol-
canoes and solar forcing can regulate the PDO. A negative 
phase of the PDO occurs several years after tropical erup-
tions through troposphere–stratosphere coupling and trop-
ical-extratropical teleconnections. Jin et al. (2019) showed 
that a PDO-like SST pattern might be excited by solar forc-
ing by analyzing the simulation with the CESM-Last Mil-
lennium Ensemble (CESM-LME), but they focused on the 
11-year solar cycle, and the specific processes controlling 
the SST pattern were unclear. On the contrary, Ratna et al. 
(2019) analyzed the simulations from seven Paleoclimate 
Model Intercomparison Project 3 (PMIP3) climate mod-
els. They could not find any significant correlation between 
the PDO and solar-volcano forcings during the last millen-
nium. Besides, a negative correlation between PDO and 
Atlantic multidecadal oscillation (AMO) was found to have 
strengthened from mid-seventeenth to twentieth centuries 
in a CESM-LME experiment with land use/cover change 
(Wang et al. 2021).

In this study, the science questions to be addressed 
include: (1) How did the PDO characteristics (i.e., perio-
dicity and magnitude) change over the past 2000 years? (2) 
What caused the change, if any? In particular, how might 
different external forcings have influenced the North Pacific 
multidecadal variability?

To better understand the responses of the PDO to dif-
ferent external forcings, we conduct a set of experiments 
including the control, all-forcing, and four single-forcing 
experiments during the past 2000 years. We compare the 
simulation results with the reconstructions and assimilation 
data. This research investigates the change in periodicity and 
amplitude of the PDO under different external forcing over 
the past 2000 years and the underlying physical processes. 
This paper is organized as follows: In Sect. 2, we describe 
the CESM simulations, proxy, and assimilation data. In 
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Sect. 3, we investigate the change of the PDO under different 
external forcings over the past 2000 years. Section 4 explains 
the mechanism by which volcanic forcing could affect the 
PDO on the multidecadal time scales. In Sect. 5, we discuss 
and summarize the key findings.

2 � Data and methods

2.1 � Experimental design

In this study, we used the CESM1 (Hurrell et al. 2013), 
with a resolution of T31 (horizontal resolution of about 
3.75° × 3.75°). A control (Ctrl) experiment is conducted 
under the pre-industrial conditions with a 400 year spin-
up run and continues to run for 2000 years, which is at the 
steady state already. Then, five 2000-year transient climate 
simulation experiments are carried out, starting from the 
last year of the Ctrl experiment. These include the total 
solar irradiation (TSI) experiment, volcanic eruption (Vol) 
experiment, land use/land cover change (LUCC) experiment, 
greenhouse gases (GHGs) experiment, and all-forcing (AF) 
experiment (Wang et al. 2015; Sun et al. 2017). One of the 
reasons for running the entire Common Era is to understand 
the change of climate in a longer time; Second, it provides 
the initial conditions for the climate simulations over the 
past millennium, which is traditionally neglected in the 
PMIP past1000 simulations.

The amplitude of TSI forcing used in this study is recon-
structed by Shapiro et al. (2011) and is larger than some 
other solar irradiation reconstructions used in the past1000 
simulations in the PMIP4 (Jungclaus et al., 2017), but is use-
ful to test the climate sensitivity of solar forcing. However, 
the orbital forcing is fixed and same as that of Ctrl run in this 
study. For the LUCC forcing, since the time length of LUCC 
forcing used by PMIP4 is limited to 850–2015 (Jungclaus 
et al., 2017), we use the reconstructed results over the past 
2000 years provided by Kaplan et al. (2010), which has been 
processed via a one-to-one mapping method shown to be 
suitable for driving the CESM (Yan et al. 2017). Following 
the designs of PMIP and CESM-LME (Schmidt et al. 2011; 
Otto-Bliesner et al. 2016), we use the GHGs forcing recon-
structed by MacFarling et al. (2006).

The volcanic forcing used in the last millennium simula-
tions of PMIP3 and CESM-LME is derived from the Ice-core 
Volcanic Index 2 (IVI2) (Gao et al. 2008), which provides 
records of volcanic eruptions during the past 1500 years and 
information about the monthly mean spatial–temporal distri-
bution of volcanic aerosols. Sigl et al. (2015) reconstructed 

the time series of volcanic eruptions over the past 2500 years, 
but this record cannot be directly used to force the climate 
experiment. Therefore, in this study, the volcanoes during the 
period of 1–500 from Sigl et al. (2015) are extended in time 
and space using the same parameterization method as IVI2 and 
then integrated with IVI2 (Gao et al. 2008). The volcanic forc-
ing developed by Toohey and Sigl (2017) is recommended for 
the PMIP4 past1000 simulations, which is based on the Sigl 
et al. (2015) dataset processed by the Easy Volcanic Aerosol 
(EVA). Previous studies have found that the influence of IVI2 
forcing on the ENSO, monsoon precipitation, and Arctic cli-
mate simulated by CESM are reasonable and correspond well 
to observations and proxy data (Liu et al. 2016, 2020; Sun 
et al. 2019a, b).

2.2 � Observational data

Two sets of SST observational data from 1870 to 2000 are 
used to evaluate the simulation performance. The first is the 
Extended Reconstructed Sea Surface Temperature, version 5 
(ERSST v5) global SST monthly data on a 2° × 2° horizontal 
grid from January 1854 to the present (Huang et al. 2017). 
The second one is the Hadley Center Sea Ice and SST dataset 
version 1.1 (HadiSST 1.1) with a 1° × 1° resolution from 1871 
to the present (Rayner et al. 2003).

2.3 � Assimilation and reconstruction

To show the PDO change over the past two millennia, we use 
the annual mean SST and the PDO reconstruction derived 
from the Last Millennium Reanalysis (LMR) v2.0 (Fig. S1), 
which is based on a combination of climate model simulations 
and reconstructed data with the data assimilation methodolo-
gies. The detailed information can be obtained from Tardif 
et al. (2019). The ability of LMR in estimating the temperature 
and hydroclimate response to external forcings has been veri-
fied in previous studies (i.e., Tejedor et al. 2021).

The PDO index reconstruction we used here is based on 
the tree-ring data from California and Alberta for 993–1996 
(MacDonald and Case 2005). Other PDO reconstructions are 
too short to cover at least the last millennium. Correlation coef-
ficient between the 9-year low-pass filtered reconstructed PDO 
indices derived from the LMR and the work of MacDonald 
and Case (2005) is about 0.30 (p < 0.01) during the 993–1996, 
which is significant after considering the effective degrees of 
freedom (n = 221 after low-pass filter during 993–1996). How-
ever, the correlation coefficient of 0.3 is low and there are large 
differences between these two data, which may be caused by 
some uncertainties in each data.
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3 � Secular change of PDO 
during the past 2000 years

3.1 � Observed and simulated PDO during 1871–
2000

Following Mantua et al. (1997), the PDO in this study is 
defined by the EOF1 of 9-year low-pass filtered annual 
mean SST anomalies over the North Pacific (north of 
20° N). The PDO index is represented by the correspond-
ing principal component (PC1). Figure 1 compares the 
PDO patterns and power spectra of the PDO index derived 
from the observations (ERSST and HadiSST), LMR and 
simulated data from the AF experiment during 1871–2000. 
The observed patterns in the HadiSST display a horseshoe-
like pattern, but the central North Pacific cooling center is 
more eastward and there is no warm SST over the North 
American coast in the ERSST. The power spectral peak is 
at 25–30 years in ERSST and 20 years in HadiSST, sug-
gesting observational uncertainties. The PDO’s pattern in 
the LMR and AF experiment resemble the two observed 
counterparts, but the cooling center shifted westward 

by about 10 degrees of longitude, and the coastal east-
ern North Pacific shows excessive warming (Fig.  1e). 
The associated PC1s display significant peaks on 20 and 
25 years in the LMR and AF experiment, respectively, 
which is roughly consistent with the observed 20–30 year 
peak. Thus, both LMR and AF run reproduce reasonably 
realistic spatial pattern and periodicity of the North Pacific 
decadal variability from 1871 to 2000.

3.2 � The PDO’s intrinsic mode and forced mode

We performed wavelet analysis of the PDO index to detect 
PDO’s periodicity and magnitude changes over the past 
2000 years. Figure 2a shows the result from the assimilated 
proxy dataset, i.e., the SST derived from the LMR. The lack 
of variability during 100–600 AD, to our best knowledge, is 
probably due to the absence of PDO reconstruction. During 
the Mediaeval Climate Anomaly (MCA, ~ 750–1150), the 
major periodicities of the PDO are found on 30–40 year time 
scales, which is confirmed by the power spectral analysis 
result (Fig. 3a). During the LIA, the PDO displays prominent 
variance on the 50–70 year band, verified by the conspicuous 

Fig. 1   Evaluation of the 
model’s performance in captur-
ing the PDO. a The EOF1 
pattern of SST over the North 
Pacific during 1871–2000 and 
b the power spectral analysis 
of SST PC1 derived from the 
ERSST after applying a 9-year 
low-pass filter. c–h are the same 
as in a, b, but derived from the 
HadiSST, LMR, and AF experi-
ment, respectively. The dashed 
lines in b, d, f, and h represent 
the 90% and 95% confidence 
level
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peak around 60 years (Fig. 3b). Meanwhile, the 20–40 year 
variability remains active, and the corresponding spectral 
peak is significant. Similar cycle change is found in both 
the SST and PDO reconstruction derived from LMR v2.1 
and v2.0 (Fig. S2). The reconstruction by MacDonald and 
Case (2005) suggests a 30 year peak occurs during the MCA 
while the 20–30 year and multidecadal peaks (43 year and 
55 year peaks) are significant during the LIA (Fig. 3c, d).

What happened in the Ctrl and AF simulation? In the 
Ctrl simulation, the PDO has significant 20  year and 
40 year power spectral peaks (Fig. 3g), suggesting that the 
model’s internal variability produced PDO has an intrin-
sic 20–40 year periodicity, which can be called “intrinsic 
mode”. On the other hand, in the AF experiment, the PDO 
periodicities have experienced noticeable changes. Dur-
ing the MCA, the 20–25 year variation dominates, with a 
marginally significant 40 year variability (Figs. 2b, 3e). In 
contrast, during the LIA, a salient low-frequency (60 year) 
peak emerged under the external forcings in addition to the 
20 year and 40 year peaks (Fig. 3f), which can be referred to 
“forced mode”. These features bear some resemblance with 
those seen in the LMR and reconstruction (MacDonald and 
Case 2005) (Fig. 3a–d). The results derived from the Ctrl 
and AF simulations suggest that the 20–40 year mode due 

to the internal variability exists in both the MCA and LIA or 
throughout the past 2000 years, but a new 60 year variation 
mode emerged during the LIA under the external forcing. 
Hereafter we refer to the 20–40 year mode as intrinsic mode 
and the 50–70 year mode as forced mode.

To find out the origin of the emerging 50–70 year mode 
during the LIA, we further examined single-forcing simula-
tions’ results. We find that the Vol and TSI forced simula-
tions produce wavelet spectra similar to the AF run (Fig. 2c, 
d). In the Vol experiment, the 30–35 year variation prevails 
during the MCA, but 50–70 year variation predominates 
during the LIA (Fig. 3i), which is largely consistent with 
the AF experiment and LMR. During the LIA, volcanic 
eruptions were stronger and more frequent than the MCA 
(Gao et al. 2008; Sigl et al. 2015), which may induce a pro-
nounced 60 year spectral peak of volcanic forcing during 
the LIA but not in the MCA (Figs. S3a, b). The TSI forcing 
shows the significant multidecadal variability during both 
the MCA and LIA (Figs. S3c, d), but the TSI experiment 
shows that the multidecadal periodicity of PDO only occurs 
during the LIA (Fig. 3j, k), which suggests that there are 
some uncertainties in the forced mode under the effect of 
TSI. In the GHGs and LUCC experiments, the PDO’s spec-
tra only show significant peaks on a 20–40 year time scale 

Fig. 2   Changes of the PDO index over the past 2000  years as 
revealed by wavelet analyses of the PDO index in the Last Millen-
nium Reanalysis (LMR) v2.0 (a), AF (b), Vol (c), and TSI (d) experi-

ments. The black dots denote significance at the 90% confidence 
level. The black boxes outline the 20–45  yr cycle during the MCA 
and the 50–70 years cycle during the LIA, respectively
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but no significant 60 year peak (Fig. 3l–o). The spectral anal-
ysis results suggest that the 60 year North Pacific variability 
that emerged during the LIA in the AF run likely arises from 
the volcanic and solar irradiance forcings.

3.3 � Change in the amplitudes of intrinsic and forced 
modes

Since the PDO intrinsic mode is mainly on the 20–40 year 
time scale and the forced mode is on the 50–70 year time 
scale, we use the 15–45 year band-pass and 45 year low-
pass filters to separate the intrinsic and forced modes. The 
difference in SST standard deviation (STD) is computed to 
measure the change in SST variability from MCA to LIA 
(Fig. 4). The F-test is used to detect if the difference is sig-
nificant. Statistical tests are all based on the effective degrees 
of freedom (Bretherton et al. 1999).

For the intrinsic mode, the LMR data suggest a signifi-
cant enhancement in the SST variability over the North 
Pacific during the LIA, compared with the MCA (Fig. 4a). 
However, the Vol experiment shows no significant increase 

in SST variability except over the tropical western North 
Pacific (Fig. 4c). There is nearly no enhanced SST vari-
ability over the North Pacific in the TSI, GHGs, and LUCC 
experiments (Fig. 4e, g, i). The results indicate that the 
external forcings do not change the amplitude of intrinsic 
mode, which means that the change in intrinsic mode’s 
amplitude in the LMR is mainly caused by internal vari-
ability. Meanwhile, the increased number and quality (i.e., 
time resolution) of proxy data during the LIA used in the 
data assimilation might also influence the results (Singh 
et al. 2018).

There is an increased SST variability for the forced mode 
over northern and western parts of the North Pacific from 
MCA to LIA in the LMR (Fig. 4b). In the Vol experiment, a 
primary maximum intensification occurs in the KOE region, 
and a secondary maximum center occurs over the tropical 
eastern North Pacific (Fig. 4d). Under the TSI forcing, the 
SST variability increases over the central North Pacific and 
western boundary (Fig. 4f). Additionally, the GHGs and 
LUCC forcings do not influence the forced mode during 
the LIA (Fig. 4h, j). Thus, the LMR and the Vol and TSI 

Fig. 3   The power spectral analysis of the PDO index derived from 
the LMR assimilation (a, b), MacDonald and Case (2005) recon-
structed data (c, d), and model-simulated data (e–o) during the MCA 
and LIA. e, f Show the results in the AF experiment. g Represents 
the PDO index in the last 600 years in the Ctrl experiment. (h, i), (j, 

k), (l, m), and (n, o) Show the results from the Vol, TSI, GHGs, and 
LUCC experiments, respectively. The orange shadings mark the peri-
odicity of 50–70 years. The dashed red line in each panel represents 
the 90% confidence level
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simulations show that the overall North Pacific multidecadal 
variability is enhanced, but the spatial patterns are different 
between the LMR and CESM.

The difference in the SST variability change between the 
Vol and TSI is further examined by comparing the EOF pat-
tern change of the 60 year forced mode (Fig. 5). During the 
MCA, the EOF1 pattern mainly shows the warm SST over the 
Northeastern Pacific in the Vol experiment (Fig. 5d), which is 
not similar to the pattern of PDO. This is because that the PDO 
index has no significant periodicity greater than 40 years dur-
ing the MCA (Fig. 3h), and the 45-year low-pass filter largely 
reduces the PDO-like pattern. To compare the forced mode’s 
amplitudes during the MCA and LIA, the PC1 is normalized 

and the EOF1 is multiplied by the corresponding singular 
value in each period. From the MCA to LIA, an enhanced 
SST amplitude happens over the KOE region under volcanic 
forcing (Fig. 5f) while a weaker increase occurs in the cen-
tral North Pacific SST amplitude under TSI forcing (Fig. 5c). 
The result suggests that the volcano forcing might play a more 
important role in generating the 60 year forced mode from the 
MCA to LIA than the TSI forcing. Therefore, in the following 
section, we will mainly compare the results from the Ctrl and 
Vol experiments to investigate the underlying mechanisms of 
the forced mode. The reasons why solar activity mainly affects 
the changes in the central North Pacific during the LIA are 
discussed in the discussion section.

Fig. 4   Differences in the 
standard deviation (STD) of the 
intrinsic mode (left) and forced 
mode (right) between the LIA 
and MCA derived from LMR 
(a, b), Vol (c, d), TSI (e, f), 
GHGs (g, h), and LUCC (i, j) 
experiments. The intrinsic and 
forced modes are represented by 
the 15–45 years band-pass fil-
tered and the 45 years low-pass 
filtered data, respectively. The 
dots show where the differences 
in STD are significant at the 
90% confidence level (F test)
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4 � Physical processes responsible 
for the 60 year forced mode

To reveal the dynamic processes of the development of the 
forced mode, we compared the evolutions of the anoma-
lous SST and 925 hPa winds associated with the indices 
of the intrinsic mode in the Ctrl run and the forced mode 
in the Vol run, respectively (Fig. 6). The intrinsic mode 
index is defined by the normalized PC1 of the EOF1 of the 
15–45 year band-pass filtered SST anomalies over the North 
Pacific (north of 20°N). The definition of volcano-forced 
mode is the same as the intrinsic mode but using the 45 year 
low-pass filtered SST anomalies.

In the Ctrl experiment, there is warming over the KOE 
region with an anomalous cyclone over the Northeastern 
Pacific at − 6 year (6 years before the peak phase of the 
intrinsic mode) (Fig. 6a). Then the warming decays, and the 
anomalous KOE cooling and North Pacific cyclone gradu-
ally develop from the lag of 5 to 0 year (Fig. 6, left). For the 
forced mode, an anomalous cooling starts over the western 
North Pacific (WNP) region at − 18 year (Fig. 6b). It devel-
ops from the North Pacific western boundary and expands 
to the KOE region from − 15 to 0  year (Fig.  6, right). 
The anomalous northerlies occur over the WNP region at 
− 18 year (Fig. 6b), and then they enhance and combine 
with the anomalous North Pacific cyclone. The anomalous 
0–300 m mean ocean temperature shows a similar evolution 
to the SST change (Fig. S4). It means that the forced mode 
during the LIA involves both the SST and subsurface tem-
perature. These results suggest that the forced mode begins 
to develop from the WNP.

Next, we show the chain scenarios over the WNP region 
(20°  N–35°  N, 120°  E–150°  E) through analyzing the 
evolution of the SST, meridional surface wind stress, the 
surface heat flux over the WNP, and the land–sea thermal 
contrast (LSTC; temperature averaged over 25° N–40° N, 
100°  E–120°  E minus 10°  N–20°  N, 110°  E–140°  E) 
(Fig. 7). For the intrinsic mode, the correlation coefficient 
between the LSTC and SST over the WNP is not significant, 
which means that the LSTC does not play an important role 
in the development of the PDO (Fig. 7a). Unlike the intrin-
sic mode, the significantly decreased LSTC and anomalous 
northerly wind stress over the WNP occur around − 18 year 
for the forced mode (Fig. 7b). We calculate the correlation 
coefficient between the global mean volcanic aerosols and 
LSTC after a 45 year low-pass filter is about 0.40 ( p < 0.05 , 
with the effective degrees of freedom around 25), which 
means that the decreased LSTC is induced by volcanic forc-
ing (Man et al. 2014). After 1–2 year, the cooling develops 
over the WNP, followed by the loss of downward surface 
heat flux at − 14 year, reducing the local SST. It weakens the 
northward transport of warm water along the western bound-
ary and the path of KOE, which intensifies the cooling over 
the KOE and associated anomalous meridional SST gradient 
(Fig. 6, right). Then the SST gradients further deepen the 
anomalous North Pacific low, strengthening the PDO pat-
tern. Therefore, the forced mode is initiated by the volcano-
weakened LSTC and the WNP northerly anomalies, leading 
to the WNP cooling and the reduced downward heat flux, 
which further leads to the intensified KOE cooling.

Recent studies motivate us to examine AMO’s role in 
the forced mode. Mann et al. (2021) found a 50–70 year 

Fig. 5   EOF1 pattern of 45-year 
low-pass filtered SST during the 
MCA (a) and LIA (b) in the TSI 
experiment. The correspond-
ing PC1 is normalized by its 
standard deviation. c Differ-
ences in the EOF1 pattern of 
45-year low-pass filtered SST 
in the TSI experiment between 
the LIA and MCA. The PC1 
is normalized and the EOF1 is 
also multiplied by the corre-
sponding singular value in each 
period, and thus the EOF1 pat-
terns from different periods can 
be compared. d–f are the same 
as a–c, but for the results in the 
Vol experiments
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frequency of the AMO driven by volcanic forcing during 
the past millennium. Yang et al. (2020) demonstrated with 
numerical experiments that the AMO plays a crucial role 
in the multidecadal variability of the Pacific SST, with the 
AMO leading PDO by 4–8 year. It is conceivable that the 
change in volcano-induced AMO variability may affect the 
Pacific multidecadal variability during the LIA. In this study, 
we define the AMO index by the departure of the annual 
mean SST averaged over the North Atlantic (0°–60° N, 
75° W–7.5° E) from the global mean SST at each time 
interval to reduce the global temperature change caused 
by volcanic forcing (Ratna et al. 2019). The defined AMO 
index reflects a volcano-modulated AMO variability. The 
result indicates that a lower-frequency (50–70 year) perio-
dicity of AMO during the LIA occurs under the volcanic 
forcing (Fig. 8a), resembling the PDO periodicity change 
(Fig. 2c). The regression map shows that the AMO cooling 
tends to lead the KOE cooling and anomalous North Pacific 
cyclone by 6 year in the Vol experiment (Fig. 8c), similar 

Fig. 6   Regressed SST (°C, 
shading) and 925 hPa winds 
(m s−1, vectors) on the intrinsic 
mode (IM) index in the Ctrl 
experiment (left column) and 
the forced mode (FM) index 
during the LIA in the Vol exper-
iment (right column). Nega-
tive lag indicates the IM/FM 
index is lagging the anomalous 
SST and winds and vice versa. 
Results in the left column are 
15–45-year band-pass filtered, 
while results in the right column 
are 45-year low-pass filtered. 
Only the significant results with 
confidence level exceeding the 
90% (two-tailed Student’s t-test) 
are displayed

Fig. 7   a Lead–lag correlation coefficient between the intrinsic mode 
index and SST (blue lines), surface wind stress in v-direction (orange 
lines) and downward surface heat flux (red lines) over the western 
North Pacific (WNP, 20°  N–35°  N, 120°  E–150°  E), and land–sea 
thermal contrast (LSTC, green lines) in the Ctrl experiment. b are 
the same as a, but for the forced mode index during the LIA in the 
Vol experiment. Negative lag indicates the IM/FM index is lagging 
and vice versa. Results in a are 15–45-year band-pass filtered, while 
results in b are 45-year low-pass filtered. The black dashed lines 
denote significance at the 95% confidence level (r test)
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to the spatial pattern of the forced mode (Fig. 6h). The cor-
relation coefficient between the AMO index and the forced 
mode index delayed by 6 year during the LIA after a 45 year 
low-pass filter is about 0.50 ( p < 0.01 , with the effective 
degrees of freedom around 25). Meanwhile, a recent study 
also found that the AMO-negative phase can affect the North 
Pacific subtropical mode water, which further reduces the 
ocean heat content over the Northwestern Pacific (Wu et al. 
2020). It means that the volcanism-influenced multidecadal 
change in the AMO may contribute to the Pacific 50–70 year 
variability.

Tropical forcing is an important driver for the PDO’s 
development in previous works (i.e., Alexander 2010). 
Indeed, in the Ctrl experiment, the development period of 
intrinsic mode is related to significant warming over the 
equatorial central-eastern Pacific (Fig. 6, left), suggesting 
that the ENSO-like SST gradient could play a constructive 
role. However the anomalous equatorial SST gradient is 
absent for the forced mode during its development (Fig. 6, 
right). We also computed the 45 year low-pass filtered zonal 
equatorial Pacific SST gradient during the LIA, which is 
defined by the difference between the SSTs over the western 
Pacific (5° S–5° N, 120° E–150° E) and the eastern Pacific 
(5° S–5° N, 150° W–120° W). There is no significant lead-
lag correlation between the forced mode and zonal SST gra-
dient (Fig. S6b). Thus, the 60 year forced mode has little to 
do with the remote tropical SST forcing. The result indicates 
different origins of the intrinsic and forced modes.

Previous studies suggested that the bi-decadal PDO 
mode is mainly influenced by the westward propagation 
speed of oceanic Rossby waves (Schneider and Miller 
2001; Zhang and Delworth 2015). Through investigating the 
buoyancy frequency over the North Pacific (20° N–60° N, 
140° E–140° W) and the zonally averaged Rossby wave 
speed in the Vol experiment (Fig. S5), we found no sub-
stantial difference between the results in the MCA and LIA. 
It suggests that the westward propagation speed of oceanic 
Rossby waves has no apparent contribution to the changes 
in the amplitude and periodicity of the forced mode during 
the LIA.

5 � Summary and discussion

The main findings are summarized as follows:

1.	 The paleo-assimilation products (LMR) and proxy data 
suggest that the 20–40 year PDO occurred during both 
the MCA and LIA, while a salient 50–70 year variance 
peak emerged during the LIA (Figs. 2a, 3a–d). These 
findings are reproduced well by the CESM simulations 
in the all-forcing (AF) experiment, single volcanic 
forcing (Vol), and solar irradiance forcing experiments 
(Fig. 2b–d).

2.	 The 20–40 year PDO is an intrinsic mode caused by 
internal variability (Fig. 3g). In contrast, the 50–70 year 

Fig. 8   a Wavelet analysis of the AMO index in the Vol experiment. 
The black boxes outline the 20–45  year variation during the MCA 
and 50–70  year variation during the LIA, respectively. The black 
dots denote the significance at the 90% confidence level. b, c show 
the regressed anomalous SST and 925 hPa winds on the normalized 
AMO index in the Ctrl experiment after 15–45-year band-pass filter-

ing (b) and in the Vol experiment after 45-year low-pass filtering dur-
ing the LIA (c), respectively. The labels “lead” in (b) and (c) denote 
that the AMO index leads the anomalous SST and winds. Only the 
significant results with a confidence level exceeding the 90% (two-
tailed Student’s t-test) are displayed in (b) and (c)
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PDO variability during the LIA is a forced mode shaped 
by volcanic eruptions and solar irradiation. Volcanic 
forcing plays a more important role in affecting the 
amplitude of the forced mode (Figs. 4, 5).

3.	 The intrinsic and forced modes exhibit different develop-
ment and evolution. The forced mode develops from the 
western Pacific and unrelated to tropical SST anomalies, 
while the intrinsic mode develops in tendon with tropi-
cal ENSO-like SST anomalies (Fig. 6).

4.	 The volcanism-induced land–sea thermal contrast may 
trigger anomalous northerlies over the WNP, leading to 
the WNP cooling and the reduced downward heat flux. It 
further weakens the northward transport of warm water 
in the western boundary and KOE, intensifying the cen-
tral North Pacific cooling of the forced mode (Fig. 7).

5.	 A 50–70  year AMO created during the LIA under 
volcanic forcing may also contribute to the Pacific 
50–70 year variability (Fig. 8).

Under the TSI forcing, the multidecadal variability over 
the central North Pacific changed the most during the LIA 
(Figs. 4f, 5c). We found that the decreased zonal equatorial 
Pacific SST gradient leads the forced mode by 8–9 years in 
the TSI experiment (Fig. S6a). Previous studies suggested 
that the TSI forcing can affect the zonal equatorial Pacific 
SST gradient through the “bottom-up” mechanism (Meehl 
and Arblaster 2009). The minimum of solar activity can 
decrease the zonal equatorial Pacific SST gradient, induc-
ing the deepened Aleutian low through the “atmospheric 
bridge”, which reduces the central North Pacific SST (Alex-
ander et al. 2002). However, the TSI forcing used in this 
study is reconstructed by Shapiro et al. (2011), which has 
the largest amplitude compared with other reconstructed 
TSI and may overestimate TSI’s effect on the PDO. Addi-
tionally, the TSI forcing shows the significant multidec-
adal variability during both the MCA and LIA (Fig. S3c, 
d), but the forced mode only occurs during the LIA in the 

Fig. 9   The power spectrum analysis of the 9-year low-pass filtered 
PDO index from the PMIP3 (a–r) and PMIP4 (s, t) models during 
the MCA and LIA. The dashed red line in each panel represents 
the 90% confidence level. The orange shadings mark the periodic-

ity of 50–70  year. Six out of ten models show that the significant 
50–70 year cycle of the PDO occurs during the LIA while it disap-
pears during the MCA
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TSI experiment (Fig. 3j, k). These uncertainties need to be 
solved by ensemble and sensitivity experiments in the future. 
We further analyzed the results from the PMIP past1000 
simulations (where the TSI forcings’ magnitudes are much 
smaller than our experiments) and found that six out of ten 
models show an intrinsic mode (20–40 year) during the 
period of 850–1150 and a forced mode (50–70 year) during 
the LIA (Fig. 9). So we suggest the volcanic forcing might 
play a primary role in the emerging 50–70 year forced mode 
during the LIA.

In this study, the initial conditions of the Common Era 
simulations are based on the equilibrium state of control 
experiment. Zhu et al. (2019) hypothesized that past, current 
and future multidecadal fluctuations in surface temperature 
(including the Pacific) may originate from the continuum 
of climate variability (Huybers and Curry 2006). That is, 
such variations in the ocean heat content, may be echoes 
of the past deglaciation, which is called “echo hypothesis” 
(Zhu et al. 2019). The work of Gebbie and Huybers (2019) 
suggests that there is thermal disequilibrium in the world’s 
oceans, giving some credence to the echo hypothesis. Thus, 
assuming that it was a state of equilibrium from the control 
run has some implications for the attribution of decadal vari-
ability, and the initial conditions that grossly approximate 
the thermal structure of the ocean 1000 or 2000 years ago 
need to be considered in future.

Arguably, the mechanisms driving PDO change are likely 
to be complex under different climate conditions. Recent 
studies found that the periodicity of the PDO is shortening, 
and the growth rate is slowing down under global warming, 
leading to a decrease in PDO amplitude (Zhang and Del-
worth 2016; Geng et al. 2019; Li et al. 2020). We found the 
opposite characteristics of PDO change during the global 
cooling period of the LIA. Our findings corroborated the 
previous results and may shed light on future PDO change. 
However, one has to bear in mind that the mechanism of 
PDO’s forced mode during the LIA is likely to be different 
from that under anthropogenic warming. More PDO recon-
structions and modeling works covering the past two mil-
lennia are needed to verify this study’ results and to better 
understand how the PDO is likely to change in a warming 
climate.
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