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a b s t r a c t

Understanding the variability of the oceanic and atmospheric modes from the Little Ice Age (LIA, ~1250
e1850) to the present can help evaluate their behaviors under future warming scenarios. Numerous
proxy-based reconstructions of the oceanic and atmospheric modes were presented. It is highly needed
for a synthesis study to evaluate the existing reconstructions of the dominant oceanic and atmospheric
modes since the LIA. We found that the El Ni~no-Southern Oscillation (ENSO) reconstructions are only
robust on interannual and interdecadal scales, while the reconstructed Pacific Decadal Oscillation (PDO)
and Atlantic Multi-decadal Oscillation (AMO) are robust on multi-decadal (50e100 years) timescales. We
generated synthesized ENSO, PDO and AMO reconstructions as the average of the existing re-
constructions on the most suitable timescales identified using timescale dependent correlation methods.
In the 20th century, the interannual variability and periodicity of the ENSO and the multi-decadal
periodicity of the PDO and AMO were most pronounced. The ENSO shows the strongest multi-decadal
periodicity from mid-18th century onwards, while the multi-decadal periodicity of the PDO and AMO
was particularly low in the 18th century. Multi-decadal variations of the AMO showed a prompt and
positive response to solar irradiation, while the ENSO showed a lagged and negative response to solar
irradiation from the 18th century to the present.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Climate changes on interannual (1e10 years), interdecadal
(herein 10e50 years) andmulti-decadal (50e100 years) scales have
received special attention from both the scientific community and
the general public, as these timescales are relevant when consid-
ering climate change mitigation strategies and sustainable devel-
opment (Stocker et al., 2013). Oceanic and atmospheric modes,
such as the El Ni~no-Southern Oscillation (ENSO) and the Atlantic
Subtropical Eco-geographical
ical Sciences, Fujian Normal
Multi-decadal Oscillation (AMO), are the main regulators of climate
variability on these timescales. These modes are, in turn, often
modulated by external forcings, such as solar irradiance, leading to
non-linear and indirect relationships between external forcings
and climate (Knudsen et al., 2014). Moreover, oceanic and atmo-
spheric modes not only influence their core regions, where they are
defined, but also can influence distant regions via teleconnections.

Owing to the importance of dynamic climate modes in the
Earth's climate system, a number of indices have been defined that
encapsulate teleconnections or particular states of the oceanic or
atmospheric systems (Allan et al., 1996; Mantua and Hare, 2002;
Schlesinger and Ramankutty, 1994;Walker and Bliss, 1932), and the
list is constantly growing. On interannual scales, ENSO in the Pacific
Ocean affects the climate in tropical western and eastern Pacific
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Ocean and surrounding land areas, but is also the major regulator of
interannual climate variability across the globe (Allan et al., 1996; Li
et al., 2013; Liu et al., 2017). On interdecadal and multi-decadal
timescales, global climate is influenced by the Pacific Decadal
Oscillation (PDO) (Dai et al., 2015; Mantua and Hare, 2002) of the
Pacific Ocean, and the AMO (Schlesinger and Ramankutty, 1994;
Wang et al., 2017) in the Atlantic Ocean.

The brevity of the instrumental data used to derive indices rep-
resenting these modes limits our ability to detect possible regime
shifts of these modes, and their relationships with regional climates.
That is particularly true for long timescales and before the industrial
era. Proxy-based reconstructions of the past millennium provide
potential keys to study long-term climate variability on different
timescales, and place the current climate in a longer context,
including the pre-industrial period (PAGES 2k Consortium, 2013). A
large number of reconstructions of oceanic and atmospheric modes
have been presented using high-resolution proxies, such as tree
rings and corals (Cook et al., 2004; D'Arrigo andWilson, 2006; Fang
et al., 2014; Li et al., 2013; Liu et al., 2017; MacDonald and Case,
2005; Villalba et al., 2012; Wang et al., 2017; Wilson et al., 2010).

Proxy-based reconstructions of oceanic and atmospheric modes
are generally based on the teleconnections between regional climate
affecting the proxies and the climate mode, which often defined to
the ocean (Cook et al., 2002). However, the teleconnection between
regional climate and climate modes may vary through time. That is,
the teleconnected region in instrumental period may shift to other
regions in historical periods. Indeed, relative to the temperature and
precipitation reconstructions, the reconstructions of a given oceanic
and atmosphericmode often showmany disagreements in historical
periods. In addition, the proxies are often more sparsely distributed
in the earlier periods and there are uncertainties for each proxy
records. Thus it is highly needed to evaluate and identifying the
robust reconstructions on different timescales. The Little Ice Age
(LIA), spanning from ~1250 to 1850, was the coldest period of the
past two millennia (Stocker et al., 2013). It is important to study the
variability of oceanic and atmospheric modes from the LIA to pre-
sent, the most pronounced warming trend over the past millennia
(Stocker et al., 2013), which can help assess the behaviors of the
climate modes under future warming scenarios.

Since ENSO, PDO, and the AMO are key modes exerting the
strong influences on global climate from interannual and multi-
decadal timescales, respectively, this study focuses on timescale-
dependent comparisons of them and provides synthesis of these
modes. The selection of the reconstructed modes and the analytical
methods for the synthesis is presented in section 2. The ENSO is
analyzed in section 3, the PDO in section 4 and the AMO in section
5. The syntheses are discussed and summarized in section 6.

2. Data and methods

2.1. Reconstruction

All the reconstructions of the ENSO, PDO, and the AMO, freely
available from the National Climate Data Center (NCDC; https://
www.ncdc.noaa.gov/), were used in this study. As our study fo-
cuses on continuous series, event reconstructions of the ENSO from
NCDC (Gergis and Fowler, 2009) were not included. Since this study
quantitatively assessed the coherence among reconstructions, the
reconstructions without data availability were not included. To
make meaningful comparisons, we selected those reconstructions
which differed in terms of proxy locations or proxy types used, and
if the same proxy data were used in two reconstructions, we chose
the updated one. For example, one early ENSO reconstruction using
tree rings from subtropical North America (D'Arrigo et al., 2005)
was updated by a latter reconstruction (Cook et al., 2008), so we
used the latter one. The proxy data linked to the reconstructions are
presented in the following sections.

2.2. Methods

To evaluate the timescale dependent correlations between
different reconstructions of the same climate mode, we used the
Pearson correlation, Wavelet Coherence (WTC), and scale space
multiresolution correlation analyses. Pearson correlations were
calculated for the original, high-pass (f> 0.1) and low-pass (f< 0.1)
filtered data. The time-series of a given frequency range was created
by using Gaussian filtering (Ghil et al., 2002; Park,1992). An example
to illustrating the use of this method is shown in Fig. S1. The WTC
(toolbox available at: http://www.pol.ac.uk/home/research/
waveletcoherence/) is an ideal tool to transform time-series into a
time-frequency plane and then measure local correlations (Grinsted
et al., 2004; TorrenceandCompo,1998). This allows for investigations
of any time-varying and timescale dependent correlations between
time series. The WTC can also detect relative phase relationships.

A recently proposedmethod for the detectionof time-varying and
timescale dependent correlations is scale space multi-resolution
correlation analysis (Pasanen and Holmstr€om, 2017). This tech-
nique is an example statistical scale space methodology (Chaudhuri
and Marron, 1999), a family of techniques that has been success-
fully applied in various scientific fields, including climatology (Fang
et al., 2018a; Holmstr€om and Pasanen, 2017). In the scale space
multiresolution correlation analysis, two time series are first
decomposed to several additive multiresolution components of
different timescales. The number of components and their time
scales are determined by the data and not assigned a priori. For each
pair of the naturally identified components, the scale space method
allows localized correlations to be calculated for a range of time
window widths. Hence, the extracted components and their corre-
lation maps provide detailed, and easily interpretable, information
about scale and timedependent correlationsbetween the time series.

We only the synthesized the climatemodes of certain timescales,
which had coherent variations. The reconstructionswere considered
robust at a given timescale, if, based on the timescale dependent
correlation tools presented above, they appeared to match at that
timescale. We then applied Gaussian filtering to extract the time
series to produce synthesized series by averaging over the identified
timescales. Since themean and variances of the reconstructed series
of varying lengths used for averaging could be different, we keep all
the series with the same mean and variance during their common
periods before averaging. In application, we first ensure the recon-
structed series having the same mean and variance during their
most replicated period, and then keep the second most replicated
period having the same mean and variance. In so doing, we step by
step adding the longer series into the synthesized series. It is
reasonable to generate the synthesis via averaging reconstructions
thatwere based on independent proxies fromdifferent locations and
showed coherent variations with each other. This application is
similar to the reconstructions using sensitive proxies of multiple
locations, which was also applied in other studies (McGregor et al.,
2010). The time-varying periodicities were evaluated by wavelet
analysis based on a Morlet function, which can transform the time
series into a time-frequency profile (Torrence and Compo,1998). The
significance test was based on a red noise background.

3. ENSO

3.1. ENSO reconstructions

ENSO is a coupled ocean-atmospheric pattern, including an
oceanic component, defined based on SST in eastern Pacific Ocean,
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and an atmospheric component of the Southern Oscillation that is
defined as the pressure difference in the subtropical central and
western Pacific Ocean (Allan et al., 1996). The frequently used ENSO
indices (Ni~no1þ2, Ni~no3, Ni~no3.4, Ni~no4) were defined based on
the mean SST from eastern to western parts of the eastern and
central Pacific Ocean (Allan et al., 1996). ENSO dominates the
interannual climate variability over subtropical North America and
Asian monsoonal areas as well as distant regions of the pan-Pacific
areas (Li et al., 2013).

As shown in Fig. 1 and Table 1, the ENSO reconstructions
analyzed herein include one based on proxies from the western
equatorial Pacific Ocean (Wilson et al., 2010), two using tree rings
from subtropical North America (Cook et al., 2008; Li et al., 2011),
one using proxies from both the western equatorial Pacific Ocean
and subtropical North America (Stahle et al., 1998), and three using
proxies frommultiple regions from low to high latitudes (Braganza
et al., 2009; Li et al., 2013; McGregor et al., 2010).

The reconstructions by Wilson et al. (2010) and McGregor et al.
(2010) used proxies from the eastern equatorial Pacific Ocean, the
core areas to define the ENSO. Although ENSO is defined to eastern
equatorial Pacific Ocean, the reconstruction based on proxies from
western equatorial Pacific Ocean is more stable over time (Stahle
et al., 1998; Wilson et al., 2010). This may be because of a reduced
quality of the proxies from eastern equatorial Pacific Ocean. The re-
constructions by Stahle et al. (1998), Braganza et al. (2009), Wilson
et al. (2010), McGregor et al. (2010) and Li et al. (2013). Subtropical
North America is close to the eastern equatorial Pacific Ocean and its
winter-spring precipitation is strongly controlled by the ENSO. The
reconstructions by Cook et al. (2002), McGregor et al. (2010), Li et al.
(2011) and Li et al. (2013) used similar tree rings in this region. Apart
from the eastern and western equatorial Pacific Oceans and their
vicinity, ENSO can exert influence over remote areas via tele-
connections, thus proxies from these regions were used for re-
constructions. For example, McGregor et al. (2010) and Li et al. (2013)
used proxy data from central Asia and central part of South America.
Braganza et al. (2009), McGregor et al. (2010) and Li et al. (2013) used
proxies from and north parts of South America. Detailed descriptions
of these reconstructions were seen in the Appendix.
Fig. 1. Map of the locations of the proxy data used for the reconstructions of the (purple squ
(PDO), and the (green square) Atlantic Multidecadal Oscillation (AMO). The rectangular in
boundaries of the rectangular are the latitudinal and longitudinal limits of the locations of
interpretation of the references to color in this figure legend, the reader is referred to the
3.2. Synthesis of the ENSO reconstructions

As shown in Table 2, the ENSO reconstructions are highly corre-
lated, except for the two reconstructions by Wilson et al. (2010). In
general, the correlations between different reconstructions are
higher on interannual timescale than on long timescale. This agrees
with the fact that the ENSO is the major regulator in interannual
climate variability (Allan et al., 1996). The average of inter-
correlations with the reconstruction by McGregor et al. (2010) is
the highest on both short and long timescales (Table 2). This is
reasonable because that this reconstruction is the PC1 of many re-
constructions. The average of the inter-correlations with the recon-
struction by Braganza et al. (2009) is the second highest only on long
(f< 0.1) timescales. This may indicate that the proxies used in the
reconstruction by Braganza et al. (2009) were derived from locations
(New Zealand, subtropical North America and South America) that
more closely capture the long-term changes of the ENSO.

We calculated WTC for all pairs (Figs. S2, S3 and 2). The corre-
lations on multi-decadal timescales are more significant among the
reconstructions by Braganza et al. (2009), McGregor et al. (2010),
Stahle et al. (1998) and Wilson et al. (2010), which were selected
and shown in Fig. 2. The WTC analyses generally agree with the
Pearson correlations (Table 2) and suggest that the ENSO re-
constructions by Braganza et al. (2009) and McGregor et al. (2010)
have close matches from short to long timescales (Fig. 2a). For the
generation of a synthesized ENSO, we did not use the reconstruc-
tion by McGregor et al. (2010) because it has many overlapping
proxies with the rest and it is highly correlated with the recon-
struction by Braganza et al. (2009) and thus can be replaced by the
latter one. On multi-decadal timescales, we found close matches
between the ENSO reconstructions by Braganza et al. (2009), Stahle
et al. (1998) and Wilson et al. (2010) as indicated by high correla-
tions on these timescales (Fig. 2b, c and 2d).

Although the reconstruction by Wilson et al. (2010) has poor
matches with others on interannual timescales, it has close
matches with other reconstructions on multi-decadal scales.
Different from the other reconstructions mainly based on tree
rings, the ENSO reconstructions byWilson et al. (2010) weremainly
are) El Ni~no-Southern Oscillation (ENSO), the (blue square) Pacific Decadal Oscillation
dicate the range of locations of the proxy data used for each reconstruction. That is,
the proxy data. The codes of the reconstructions are shown in Tables 1, 3 and 5. (For
Web version of this article.)



Table 1
Metadata of the reconstructed El Ni~no-Southern Oscillation (ENSO) by Stahle et al. (1998) (Stahle), Cook et al. (2008) (Cook), Braganza et al. (2009) (Braganza), McGregor et al.
(2010) (McGregor), Wilson et al. (2010) (WilsonCOA andWilsonTel), Li et al. (2011) (Li 2011), and Li et al. (2013) (Li 2013). More detailed introductions on these reconstructions
were seen in the Appendix entitled as “Description of the ENSO reconstructions”.

Code Var. Data source Exp. var. Method Span Reference

Stahle Dec.eJan. Tree rings from Indonesia, North America and tropical ice cores and corals 53% 4 PCs 1706e1977 Stahle et al. (1998)
Cook Dec.eFeb. Tree rings from Mexico and Texas N/A 2 PCs 1300e2006 Cook et al. (2008)
Braganza year Tree rings and ice cores from New Zealand, subtropical North America

and South America
48% Mean 1525-1982 Braganza et al. (2009)

McGregor year Tree rings, corals and ice cores from western and eastern Pacific Ocean,
Indian Ocean, Asia, subtropical North America and South America

64% PC1 1650e1977 McGregor et al. (2010)

Wilson year Tree rings, corals and ice cores from the tropics (30oS- 30oN) 63% 2 PCs 1540e1998 Wilson et al. (2010)
Li2011 Jan.eMar. Southwestern North America 25% PC1 900e2002 Li et al. (2011)
Li2013 Nov.eJan. Asia, New Zealand, North and South America 64% PC1 1301e1992 Li et al. (2013)

Table 2
Correlations between the raw/high-passed (f > 0.1)/low-passed (f < 0.1) El Ni~no-Southern Oscillation (ENSO) reconstructions. The ENSO and Pacific Decadal Oscillation (PDO)
and Atlantic Multi-decadal Oscillation (AMO) have dominant timescales varying from short to long periods. The selection of the cutoff frequency at f¼ 0.1 is a tradeoff to
facilitate comparisons of the correlations between all the three modes. The codes of the ENSO reconstructions are shown in Table 1.

Code Cook Braganza McGregor Wilson COA Wilson TEL Li2011 Li2013

Stahle 0.73/0.75/0.65 0.65/0.67/0.69 0.86/0.89/0.78 0.24/0.23/0.34 0.32/0.33/0.36 0.67/0.69/0.73 0.61/0.64/0.49
Cook 0.68/0.66/0.73 0.86/0.87/0.81 0.29/0.12/0.27 0.34/0.35/0.31 0.64/0.70/0.58 0.57/0.61/0.40
Braganza 0.87/0.85/0.91 0.26/0.27/0.26 0.39/0.38/0.39 0.52/0.58/0.59 0.59/0.61/0.48
McGregor 0.36/0.33/0.44 0.42/0.41/0.44 0.68/0.74/0.64 0.67/0.71/0.51
Wilson
COA

0.46/0.52/0.36 0.11/0.12/0.20 0.28/0.27/0.35

Wilson
TEL

0.17/0.21/0.13 0.32/0.32/0.33

Li2011 0.45/0.48/0.48
based on coral records. Dating of some coral records might be less
accurate than tree rings and thus the coral based ENSO re-
constructionsmay have relatively low correlations with other ENSO
reconstructions on interannual timescales but generally agree with
the others on multi-decadal timescales. To further examine the
timescale dependent-correlations, we calculated the scale space
multiresolution correlations between the ENSO reconstructions by
Wilson et al. (2010) and Braganza et al. (2009). The two ENSO re-
constructions indeed have closer matches on interdecadal and
multi-decadal timescales but not on interannual timescales (Fig. 3).
Fig. 2. Wavelet coherence (WTC) between pairs of the reconstructed El Ni~no-Southern Osci
powers between the target pairs. The arrows pointing right mean in-phase changes and poin
The cone of influence is narrower at longer timescales. The codes of the ENSO reconstructi
This agrees well with the WTC analyses. Close matches between
these ENSO reconstructions on multi-decadal scales suggest that
the ENSO not only has strong interannual variability but also shows
interdecadal and multi-decadal variability.

We generated a synthesized reconstruction from the average of
the reconstructions with close matches from interannual to multi-
decadal timescales. All the reconstructions on short timescales
(<50 years) were averaged, except for the two from Wilson et al.
(2010) (Fig. 4a). The ENSO time series representing longer varia-
tions (>50 years) was generated by averaging the multi-decadal
llation (ENSO) reconstructions. The WTC indicates the correlations instead of common
ting left indicate anti-phase changes. Significant correlations are indicated by contours.
ons are shown in Table 1.



Fig. 3. Map of the scale space correlations between the reconstructed El Ni~no-Southern Oscillation (ENSO) by Braganza et al. (2009) (Braganza) and Wilson et al. (2010) (WilsonTel).
The time series components and the correlations from short to long timescales were calculated in consecutive panels. In the correlation map, the vertical axis represents the
logarithm of the parameter s that indicates the sliding window width used in the local correlation (see further details in Pasanen and Holmstr€om, 2017). The horizontal space
between the solid lines visualizes the width of the sliding-window kernel and the dashed lines indicate the width of the interval where the kernel height has decreased to 50% of its
maximum value. The color of each pixel indicates the value of the local correlation. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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variations of the reconstructions by Stahle et al. (1998), Braganza
et al. (2009), and Wilson et al. (2010) (Fig. 4b). It is reasonable to
generate the synthesized ENSO reconstructions on the short and
long timescales separately because of two reasons. First, the series
used to generate the long-term variations of the ENSO were also
included for the generation of the short-term variations of the
ENSO, such as the reconstructions by Stahle et al. (1998) and
Braganza et al. (2009). Second, previous studies revealed that the
ENSO agrees well with the Interdecadal Pacific Oscillation (IPO), the
dominant interdecadal SST variability of the whole Pacific Ocean,



Fig. 4. Comparisons between the (a) interdecadal (10e50 years) and (b) multi-decadal (50e100 years) variations of the El Ni~no-Southern Oscillation (ENSO) reconstructions, the (c)
synthesized ENSO reconstruction and its running variance based on a 31-year window, as well as (d) its wavelet spectrum. Insignificant periodicity in the wavelet spectrum is left
empty. The codes of the reconstructions are shown in Table 1.
on both interannual and interdecadatal timescales (Fang et al.,
2018a, 2018b). Since the long-term variations of the ENSO can
represent large-scale interdecadal variations of the Pacific Ocean, it
is reasonable to use the long-term variations ENSO reconstruction
based on proxies from different locations of the Pacific Ocean to
represent its long-term variability. We did not show the visual
comparisons between the short-term variations in Fig. 4 because
they are too compressed. Instead, the high correlations between the
interannual variations of the ENSO reconstructions were illustrated
in the correlation analyses above. The synthesized ENSO series
showed significant correlations with the core areas of the ENSO
(Fig. S4), suggesting its robustness in representing ENSO variability.

The synthesized ENSO reconstruction starts from 1540 onwards
(Fig. 4c). The variance of the reconstruction generally increases
since the LIA towards present (Fig. 4c). Previous studies also indi-
cated an enhancement of the interannual variability of the ENSO in
the ~20th century (Li et al., 2011; Liu et al., 2017; Stahle et al., 1998).
The synthesized ENSO reconstruction shows strong periodicity on
interannual andmulti-decadal timescales (Fig. 4d). The interannual
periodicity is most pronounced in the 20th century (Fig. 4d). The
multi-decadal periodicity is the most conspicuous from 1750 on-
wards, with a peak at ~1860.

4. PDO

4.1. PDO reconstructions

The PDO is an ENSO-like dominant interdecadal and multi-
decadal climate variability in the North Pacific Ocean (Mantua and
Hare, 2002; Mantua et al., 1997; Zhang et al., 1997). The PDO is
also considered as the low-frequency component of the ENSO
(Mantua et al., 1997; Zhang et al., 1997). It was defined as the



Table 3
Metadata of the reconstructed Pacific Decadal Oscillation (PDO) by Biondi et al. (2001) (Biondi), D'Arrigo et al. (2001), (D'Arrigo et al., 2001), MacDonald and Case (2005),
(MacDonald), D’Arrigo and Wilson (2006), (D'Arrigo, 2006), and Shen et al. (2006) (Shen). Detailed reconstructions on these reconstructions were seen in the Appendix
(Descriptions of the PDO reconstructions).

Code Var. Data source Exp. var. Method Span Reference

Biondi year California and Mexico 41% PC1 1661e1991 Biondi et al. (2001)
D'Arrigo
2001

year Alaska, NW Canada, NW USA and Mexico 53% PC1 1700e1979 D'Arrigo et al. (2001)

MacDonald year California and Alberta 45% Linear regression 993-1996 MacDonald and Case (2005)
D'Arrigo
2006

Mar.eMay Siberia, Mongolia, Japan and Bhutan 47% PC1 1565e1988 D'Arrigo and Wilson (2006)

Shen year Eastern China 78% partial least squares regression 1470e2000 Shen et al. (2006)

K. Fang et al. / Quaternary Science Reviews 215 (2019) 293e307 299
dominant SST mode of northern Pacific Ocean (northern of 20oN)
with its positive (negative) phase represented by the positive
(negative) SSTanomalies in the eastern rimof PacificOcean (Mantua
andHare, 2002). It has strong influence on climate change over both
western North America and eastern Asia (Zhang et al., 2018). The
major difference between the PDO and the ENSO is that the domi-
nant signal for the PDO is located in the northern Pacific Ocean.

As shown in Fig. 1 and Table 3, the PDO reconstructions used in
this reconstruction include three from tree rings in North America
(Biondi et al., 2001; D'Arrigo et al., 2001; MacDonald and Case,
2005), two based on tree rings and historical documents from
eastern Asia (D'Arrigo andWilson, 2006; Shen et al., 2006), and one
based on a global coverage of proxies (Mann et al., 2009). The re-
constructions by Biondi et al. (2001) and MacDonald and Case
(2005) used the tree rings from mid latitudes of western North
America, while the latter one is longer and based on two tree-ring
chronologies with persistent dipole changes. The reconstruction by
D'Arrigo et al. (2001) not only used the tree-ring data from mid
latitudes of western North America as in reconstructions by Biondi
et al. (2001) and MacDonald and Case (2005), they also employed
data from Alaska. The PDO were reconstructed from tree rings and
historical documents by D'Arrigo et al. (2005) and Shen et al.
(2006), respectively. Mann et al. (2009) constructed a global grid-
ded temperature data set and derived a PDO reconstruction from
reconstructed SST.

It is reasonable to use proxies of western North America to
reconstruct the PDO because it is close to one of the two core re-
gions of the PDO, i.e. the eastern rim of the Pacific Ocean. The PDO
anomalies can modulate the temperature and precipitation of the
coastal areas of western North America (Dai et al., 2015; Dong and
Dai, 2015). Apart from western North America, climate in eastern
Asia is also closely linked to the PDO. For example, the PDO can
modulate the strength of the Asian summer monsoon (Dong and
Dai, 2015). In addition, SST of the north central Pacific Ocean, one
of the core areas of the PDO, is closely linked to climate in Tibetan
Plateau via atmospheric circulations (Zhao et al., 2012). However,
the PDO reconstruction was defined to be positive when the SST of
the northern Pacific Ocean was positive (Mann et al., 2009). This
definition is reverse to current definition, so we reversed the PDO
reconstruction for comparisons. Detailed information on the PDO
reconstructions used herein was described in the Appendix.
4.2. Synthesis of the PDO reconstructions

As shown in Table 4 the PDO reconstructions are generally poorly
Table 4
Correlations between the raw/high-passed (f > 0.1)/low-passed (f < 0.1) PDO reconstruct

D'Arrigo2001 MacDonal

Biondi 0.25/0.04/0.37 0.59/0.51/
D'Arrigo 2001 0.20/0.20/
MacDonald
D'Arrigo 2006
correlated, except for the two reconstructions by Biondi et al. (2001)
and MacDonald et al. (2005). We did not calculate the correlations
between the PDO reconstruction by Mann et al. (2009) and the
others because the Mann et al. (2009) dataset does not have annual
resolution, unlike the rest. High correlations between the two re-
constructions may be because the proxies used for reconstruction
were not very far from each other. Previous studies also indicated
generally poor correlations between PDO reconstructions, particu-
larly for the reconstructions using data fromNorth America and Asia
(D'Arrigo and Wilson, 2006; Kipfmueller et al., 2012). The correla-
tions between PDO reconstructions are lower on interannual time-
scales but higher on long timescales. This is different from the
correlations between ENSO reconstructions, which are higher on
interannual timescales. This is reasonable because the PDO is more
conspicuous on interdecadal and multi-decadal timescales (Mantua
et al., 1997), while the ENSO has stronger signal on interannual
timescales (Allan et al., 1996).

The timescale dependent correlation results are in line with the
correlation analyses, and only the pairs with high correlations are
shown. The PDO reconstructions by Biondi et al. (2001) and by
MacDonald and Case (2005) are highly correlated, particularly on
multi-decadal timescales from ~50 to 70 years (Figs. 5a and 6). Since
the reconstructions by Biondi et al. (2001) and by MacDonald and
Case (2005) agree well with each other and the latter one is
longer, we selected the longer reconstruction by MacDonald and
Case (2005) for following analyses. In addition, we found that the
PDO reconstruction by MacDonald and Case (2005) shows signifi-
cant correlations with the reconstruction by D’Arrigo and Wilson
(2006) on multi-decadal scales at ~50 years, but their correlations
are out-of-phase (Fig. 5b). As the correlations between PDO re-
constructions by D'Arrigo and Wilson (2006) and MacDonald and
Case (2005) are only significant on multi-decadal timescales and
out-of-phase, it is not surprising that D'Arrigo and Wilson (2006)
stated poor correlations with other reconstructions using proxies
from North America in their original publication. Actually, for the
calibration of the reconstruction byD'Arrigo andWilson (2006), high
correlation between the instrumental PDO and tree rings are mainly
attributable to their good agreement on the interdecadal andmulti-
decadal timescales (r¼ 0.70), while the correlation between tree
rings and instrumental PDO on interannual timescales is quite low
(r¼ 0.28). Correlations between the other pairs of reconstructions
are less significant (Fig. S5). We found that the reconstructions by
MacDonald and Case (2005) and D’Arrigo andWilson (2006) match
well on multi-decadal timescales, with the reconstruction by
D’Arrigo and Wilson (2006) leading by 9 years (Fig. S6). However,
ions. The codes of the reconstructions are shown in Table 3.

d D'Arrigo2006 Shen

0.63 0.13/0.01/0.17 0.17/0.04/0.32
0.21 0.11/-0.02/0.20 0.20/0.12/0.34

0.06/-0.02/0.10 0.11/0.08/0.17
0.16/0.09/0.26



Fig. 5. Wavelet coherence (WTC) between pairs of the reconstructed Pacific Decadal Oscillation (PDO) during their common periods. The codes of the PDO reconstructions are
shown in Table 3. The arrows pointing right indicate in-phase changes and pointing left indicate anti-phase changes. Significant correlations are indicated by contours and the cone
of influence is shown with a narrower range at longer timescales.
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regimes on the lead-lag relationships between the two PDO re-
constructions remain unclear and thus the reconstruction by
D’Arrigo and Wilson (2006) was not included in the synthesis.

Since the PDO reconstructions using proxies from different re-
gions have poormatches on interannual timescales, we generated a
synthesized PDO reconstruction with the interannual variability
lower than 10 years removed (Fig. 7). As shown in Fig. 7a, themulti-
decadal variations of the PDO reconstructions by Biondi et al.
(2001) and MacDonald and Case (2005) have close agreements. A
synthesized PDO reconstruction was generated by calculating the
mean of the two North America reconstructions (Biondi et al., 2001;
MacDonald and Case, 2005) The synthesized PDO reconstruction
has the most significant multi-decadal periodicity from late 19th to
the 20th centuries (Fig. 7c). The multi-decadal periodicity is
moderately strong from middle 11th to 13th centuries. Its multi-
decadal periodicity is particularly low from the 17th to the mid-
dle 19th centuries. The bi-decadal periodicity is relatively strong in
the 11th, late 14th, early 16th, and the late 18th centuries (Fig. 7c).
In general, the bi-decadal periodicity in the synthesized PDO
reconstruction is less strong than the multi-decadal periodicity,
which is mainly because of a weak bi-decadal periodicity in the
reconstruction by MacDonald and Case (2005) (Fig. S7).

5. AMO

5.1. AMO reconstructions

The AMO is the natural variability of the dominant sea surface
temperature (SST) pattern of the Atlantic Ocean (Schlesinger and
Ramankutty, 1994). The positive (negative) AMO is defined as the
above-average (below-average) SST averaged over the 25�-60�N,
7�-70�W region minus the global mean temperature (Schlesinger
and Ramankutty, 1994). Some studies stated that the AMO is an
internal process related to the Atlantic Meridional Overturning
Circulation (Gray et al., 2004; Jungclaus et al., 2005), while others
found linkages between the AMO and external forcings particularly
after the LIA (Knudsen et al., 2014). The dominant periodicity for
the AMO is 65e70 years (Schlesinger and Ramankutty, 1994).



Fig. 6. Scale space correlation maps between the reconstructed Pacific Decadal Oscillation (PDO) by MacDonald and Case (2005) (MacDonald) and Biondi et al. (2001) (Biondi). The
time series and the correlations from short to long timescale components were shown in consecutive panels. Introduction on the interpretation of these panels was detailed in the
caption of Fig. 3.
There are four AMO reconstructions used in this work. Among
them, there are two AMO reconstructions using independent
proxies from northern Atlantic regions (Gray et al., 2004; Wang
et al., 2017), one from northeastern Asia (Wang et al., 2011) and
one based on a network of global proxies (Mann et al., 2009)
(Table 5). The reconstructions by Gray et al. (2004), Wang et al.
(2011) and Wang et al. (2017) have no overlapping proxies.

The AMO can influence the areas surrounding the core area of the
AMO and it is straightforward to used proxy data from northern
Atlantic areas for AMO reconstruction. Of the two reconstructions



Fig. 7. Comparisons between the (a) low-frequency (20e100 years) variations of the Pacific Decadal Oscillation (PDO) reconstructions, the (b) synthesized PDO reconstruction, and
(c) its wavelet spectrum. The codes of the PDO reconstructions are shown in Table 3.

Table 5
Metadata of the reconstructed AtlanticMulti-decadal Oscillation (AMO) by Gray et al. (2004) (Gray), Mann et al. (2009) (Mann), Wang et al. (2011) (Wang 2011) andWang et al.,
(2017) (Wang 2017). Detailed descriptions on these reconstructions were seen in the Appendix (entitled as “Descriptions of the AMO reconstructions”).

Code Var. Data source Exp. var. Method Span Reference

Gray year Southeastern America, southern Europe, Scandinavia, and Middle East 66% 4 PCs 1567e1990 Gray et al. (2004)
Mann year Global coverage N/A RegEM 500e2005 Mann et al. (2009)
Wang2011 year Northeastern Asia 49% PC1 1568e2009 Wang et al. (2011)
Wang2017 summer Pan-Atlantic (northern of 20 oN) 45% Eigen value > 1 800e2010 Wang et al. (2017)

K. Fang et al. / Quaternary Science Reviews 215 (2019) 293e307302
using proxies from north Atlantic regions, the reconstruction by
Gray et al. (2004) was based only on tree rings, while the recon-
struction by Wang et al. (2017) included several proxies, including
tree rings. Proxy data of the two reconstructions are independent. In
addition, the AMO can cause climate anomalies over much of the
northern hemisphere via modulating the westerlies and the Rossby
wave. For example, during the warm phase of the AMO, the low
surface pressures in the Atlantic areas can extend to eastern Asia and
cause aweak Siberia High, resulting in aweakAsianwintermonsoon
and a strengthened Asian summer monsoon (Fang et al., 2018c;
Wang et al., 2014). This can be associated withwarm conditions over
much of eastern Asia and awet northeastern Asia. Accordingly, tree-



Table 6
Correlations between the raw/high-passed (f> 0.1)/low-passed (f < 0.1) Atlantic
Multi-decadal Oscillation (AMO) reconstructions. Codes of the reconstructions are
shown in Table 5.

Wang2011 Wang2017

Gray 0.25/0.10/0.34 0.31/0.06/0.46
Wang 2011 0.22/0.01/0.39
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ring data of northeastern Asia were used to reconstruct the AMO by
Wang et al. (2011). Similar to the PDO reconstructions by Mann et al.
(2009), they also produced an AMO reconstruction from their grid-
ded temperature reconstructions. More descriptions of the AMO
reconstructions were seen in the Appendix.

5.2. Synthesis of the AMO reconstructions

As the AMO reconstruction by Mann et al. (2009) has a different
temporal resolution than other reconstructions, we did not calcu-
late Pearson correlations with this reconstruction. As shown in
Table 6, the three AMO reconstructions have almost no correlation
on interannual timescales. The correlations on longer timescales
are stronger, with high correlations between the AMO re-
constructions by Gray et al. (2004) and Wang et al. (2017), both of
Fig. 8. Wavelet coherence (WTC) between pairs of the reconstructed Atlantic Multi-decadal
are shown in Table 5. The arrows pointing right indicate in-phase changes and pointing left
cone of influence is shown with a narrower range at longer timescales.
which were based on proxies of the northern Atlantic areas. The
correlations were more significant on long than short timescales
even after accounting for the decrease in freedom due to low-pass
filtering using the Chelton methods (Pyper and Peterman, 1998).
The closer matches at longer scales than shorter scales in the AMO
reconstructions are perhaps to be expected because the AMO
mainly modulates multi-decadal climate variability. Interannual
variations of the two reconstructions using proxies in the northern
Atlantic areas by Gray et al. (2004) and Wang et al. (2017) have
limited similarities, indicating that the interannual variability of the
AMO cannot result in coherent variations even in the nearby
northern Atlantic areas.

The WTC analyses supports that all the four AMO re-
constructions have significant correlations but only on multi-
decadal and centennial timescales (Fig. 8). The broad agreement of
AMO reconstructions on multi-decadal timescales is in line with the
findings that AMO can cause large-scale climate changes, including
the northern Atlantic areas and the Asia (Li and Bates, 2007;
Schlesinger and Ramankutty, 1994). These reconstructions have
significant correlations onmulti-decadal scales from ~65 to 90 years
(Fig. 8). Themulti-decadal correlations are generally weakened from
~1750 to 1800 (Fig. 8). During this period, a shift from coherent
variations from ~90 years to ~60 years is seen. Strong correlations
Oscillation (AMO) during their common periods. The codes of the PDO reconstructions
indicate anti-phase changes. Significant correlations are indicated by contours and the



Fig. 9. Scale space correlation maps between the reconstructed Atlantic Multi-decadal Oscillation (AMO) by Gray et al. (2004) (Gray) and Wang et al. (2011) (Wang 2011). The
consecutive panels are the time series and the correlations from short to long timescales. Detailed introduction on the interpretation of these panels was seen in the caption of Fig. 3.
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over multi-decadal timescales for the AMO reconstructions differ
from the PDO reconstructions with high correlations on inter-
decadal timescales. This is reasonable since the PDO has both bi-
decadal and multi-decadal periodicities and the AMO mainly has
multi-decadal periodicities. To further investigate the timescale
dependent correlations between reconstructions based on proxies
of remote areas, we calculated the scale space correlations between
the reconstructions by Gray et al. (2004) and Wang et al. (2011)
based on tree rings from two sides of the Eurasian continent. As
shown in Fig. 9, the two reconstructions have close matches on
multi-decadal timescales, which agree with the above findings. This
suggests the robust linkages between climate in northeastern Asia
and the AMO on multi-decadal scales. In addition, it may also be
possible that tree rings in both areas are sensitive to temperature
and temperature variations are coherent over large areas of the
northern hemisphere (PAGES 2k Consortium, 2013).



Fig. 10. Comparisons between the (a) multi-decadal (50e100 years) variations of the Atlantic Multi-decadal Oscillation (AMO) reconstructions, the (b) synthesized AMO recon-
struction, and (c) its wavelet spectrum. The codes of the AMO reconstructions are shown in Table 5.
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Since different AMO reconstructions have coherent variations
only on multi-decadal timescales, we only retained the multi-
decadal variations of the AMO reconstructions for following ana-
lyses. As shown in Fig. 10a, the multi-decadal variations of the AMO
reconstructions by Gray et al. (2004), Wang et al. (2011) and Wang
et al. (2017) have close matches with each other. We first averaged
the two reconstructions based on proxies from northern Atlantic
areas (Gray et al., 2004; Wang et al., 2017), which were then
averaged with the reconstruction using proxies from eastern Asia
(Wang et al., 2011) to produce the synthesized reconstruction
(Fig. 10b). This is to avoid overweighting the reconstructions using
proxies of Atlantic areas relative to the one using the proxies of
eastern Asia. The synthesized AMO reconstruction shows largest
amplitude in the early 15th century (Fig. 10b), which correspond to
a strong centennial periodicity (Fig. 10c). The multi-decadal
periodicity is pronounced in the 12th, 16th and from late 19th to
20th centuries (Fig. 10c). A strongest multi-decadal periodicity is
seen in the 20th century. Multi-decadal periodicity of the AMO is
low from the 9th to 10th centuries and the 18th century.

6. Responses of oceanic and atmospheric modes to solar
irradiation

With these synthesized reconstructions, we studied the re-
sponses of climate modes of the Pacific and Atlantic Oceans to solar
irradiation. The PDO generally agree with the ENSO particularly
when their bi-decadal variability was enhanced in the 18th century
(Fig. S8). Since the ENSO modulates both the interannual, inter-
decadal and multi-decadal climate variability of the whole Pacific
areas (Allan et al., 1996; Fang et al., 2018a). Thus we used the AMO



Fig. 11. Comparisons between the multi-decadal variations of the solar irradiation and (a) the synthesized reconstructions of the Atlantic Multi-decadal Oscillation (AMO), and the
(b) El Ni~no-Southern Oscillation (ENSO). The reconstructed ENSO has been lagged for about 20 years.
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and ENSO to represent the climate variability of Atlantic and Pacific
Oceans. As the synthesized AMO reconstruction only contains
multi-decadal variability, the comparisons were only implemented
on multi-decadal scales (Eddy, 1976).

From the Maunder Minimum from 1645 to 1715 (Eddy, 1976) to
the 20th century, the AMO appears to have a prompt and positive
response to the solar irradiation (Fig. 11a). This agrees with the
previous findings based on comparisons between solar irradiation
and the AMO reconstruction by Gray et al. (2004) (Knudsen et al.,
2014), which has similar multi-decadal variations with our syn-
thesized AMO reconstruction (Fig. 10). Previous study revealed that
their correlations were highly significant on multi-decadal time-
scales comparing with the 10,000 randomly generated red-noise
data (Knudsen et al., 2014). Our comparisons generally agree with
this previous study, suggesting that the solar activities play a
dominant role pacing the AMO after the Maunder Minimum.
Modeling studies indicated that enhanced solar irradiance can
strengthen the Atlantic Meridional Overturning Circulation and
cause a positive phase of the AMO in a prompt way (Seidenglanz
et al., 2012).

On the other hand, multi-decadal variations of the ENSO showed
a negative response to solar irradiation lagging about 20 years
(Fig. 11b). A negative response to solar irradiation was widely re-
ported in previous studies. Modeling studies evidenced a negative
phase of the ENSO in response to an enhanced solar irradiation (Liu
et al., 2013). A reconstruction based on globally distributed proxy
data also supports a negative phase of ENSO during the solar forced
warm period (Mann et al., 2009). A negative phase of ENSO is in
general followed by an enhanced Asian summer monsoon (Liu
et al., 2013). A lagged response of PDO to AMO was revealed in
previous study (D'Orgeville and Peltier, 2007). The AMO changes
can force Pacific SST anomalies via atmospheric circulations
(D'Orgeville and Peltier, 2007; Sun et al., 2017).

7. Conclusions

Different ENSO reconstructions have close matches on from
interannual to multi-decadal timescales, while the PDO and AMO
reconstructions only have closematches on interdecadal andmulti-
decadal timescales. The interannual and interdecadal variations of
the synthesized ENSO reconstruction are based on all the existing
reconstructions, except for the reconstructions by Wilson et al.
(2010). The multi-decadal variations of the synthesized ENSO
reconstruction are produced as the mean of the reconstructions by
Stahle et al. (1998), Braganza et al. (2009), Wilson et al. (2010) and
McGregor et al. (2010). A synthesized multi-decadal PDO recon-
struction was produced as the average of the reconstructions by
Biondi et al. (2001) and MacDonald and Case (2005) A synthesized
multi-decadal AMO reconstruction was constructed as the average
of the reconstructions by Gray et al. (2004), Wang et al. (2011) and
Wang et al. (2017).

The interannual variability and periodicity of the ENSO are most
pronounced in the 20th century. Both of the PDO and AMO exhibit
the strongest multi-decadal periodicity from late 19th to the 20th
centuries. On multi-decadal timescales, after the Maunder Mini-
mum period, the AMO was promptly and positively responded to
solar irradiation, while the ENSO showed a negative response to
solar irradiation with a lag of ~20 years. This study is the first
attempt to catalogue and compare reconstructed major modes of
the Pacific and Atlantic Oceans. We are encouraged by being able to
extract some robust long-term behavior of climate signals via
comparisons of these reconstructions. At the same time, our study
brings light tomany remaining challenges and research priorities to
more accurately address the climate system. Addressing these
challenges is particularly important as the long-term dynamics of
the oceanic and atmospheric modes are primarily responsible for
climate changes on societally relevant timescales and politically
relevant spatial scales.
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