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ABSTRACT: Using an assemblage of four ice cores collected around the Pacific basin, one of the first basinwide histories

of Pacific climate variability has been created. This ice core–derived index of the interdecadal Pacific oscillation (IPO)

incorporates ice core records from South America, the Himalayas, the Antarctic Peninsula, and northwestern North

America. The reconstructed IPO is annually resolved and dates to 1450CE. The IPO index compares well with observations

during the instrumental period and with paleo-proxy assimilated datasets throughout the entire record, which indicates a

robust and temporally stationary IPO signal for the last;550 years. Paleoclimate reconstructions from the tropical Pacific

region vary greatly during the Little IceAge (LIA), although the reconstructed IPO index in this study suggests that the LIA

was primarily defined by a weak, negative IPO phase and hence more La Niña–like conditions. Although the mean state of

the tropical Pacific Ocean during the LIA remains uncertain, the reconstructed IPO reveals some interesting dynamical

relationships with the intertropical convergence zone (ITCZ). In the current warm period, a positive (negative) IPO co-

incides with an expansion (contraction) of the seasonal latitudinal range of the ITCZ. This relationship is not stationary,

however, and is virtually absent throughout the LIA, suggesting that external forcing, such as that from volcanoes and/or

reduced solar irradiance, could be driving either the ITCZ shifts or the climate dominating the ice core sites used in the IPO

reconstruction.
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1. Introduction

Over the twentieth century, Pacific climate and ecology have

experienced several regime shifts (Mantua et al. 1997; Minobe

1997; Zhang et al. 1997; Overland et al. 1999; Bond et al. 2003;

Deser et al. 2004). Mantua et al. (1997) defined this multi-

decadal variability as the Pacific decadal oscillation (PDO)

based on the oscillation of North Pacific sea surface tempera-

tures (SSTs) between warm and cold regimes about every 20–

30 years. The PDO shares a similar SST signature with the

interdecadal Pacific oscillation (IPO; Folland et al. 1999; Power

et al. 1999), a Pacific basin–wide signal of SST variability.

Figure 1 shows the SST and sea level pressure anomalies as-

sociated with a positive phase of IPO including warmer waters

in the eastern equatorial Pacific and along the west coast of

North America. Many authors suggest that the PDO and the

IPO are comparable in describing Pacific climate variability

(Folland et al. 2002; Deser et al. 2004; Dong and Dai 2015);

therefore, Pacific decadal variability (PDV) is used here to

encompass both phenomena.

Themultidecadal shifts in the background state of the Pacific

Ocean have both global and regional ramifications. PDV has

been shown to influence global surface temperature such that

periods of rapid warming are associated with warm/positive

phases of PDV and periods of reduced rates of warming are

associated with cold/negative phases of PDV (Meehl et al.

2013; Kosaka and Xie 2016; Henley and King 2017). The re-

lationship between global surface temperatures and PDV is

consistent on decadal and interdecadal time scales but is less

consistent on shorter time scales (Sankaran 2017). On the

regional scale, PDV modulates the influence of El Niño–
Southern Oscillation (ENSO) on temperature and precipita-

tion (Gershunov and Barnett 1998; Hu and Huang 2009; Wang

et al. 2014; Westra et al. 2015; Dong et al. 2018). On the con-

trary, others suggest ENSO events establish PDV by subtrop-

ical stochastic processes, such that PDV is the reddened,

autocorrelative response to ENSO (Shakun and Shaman 2009;

Di Lorenzo et al. 2015). To better predict, as well as hindcast,

the impacts of ENSO on global climate, it is essential to as-

certain the background state of PDV.

Understanding the drivers of the multidecadal behavior of

the Pacific Ocean is crucial for future climate projections, but

current understanding of this behavior is limited due to rela-

tively short observational records. Other methods are thus

required such as modeling and using paleoclimate proxy data.

Indeed, several studies, based primarily on tree ring data, have

attempted to reconstruct the long-term behavior of PDO.

These include data from North America (Biondi et al. 2001;
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D’Arrigo et al. 2001; Gedalof and Smith 2001; MacDonald and

Case 2005) and East Asia (D’Arrigo and Wilson 2006).

Historical drought/flood records from eastern China have also

been used for PDO reconstructions (Shen et al. 2006). Vance

et al. (2015) created a millennial IPO reconstruction based

on annual accumulation and sea salt concentrations from the

Law Dome ice core in East Antarctica. Linsley et al. (2008)

created a ;350-yr IPO reconstruction using oxygen isotopic

ratios from five South Pacific coral records. Little agreement

exists among these reconstructions prior to the twentieth

century (Wise 2015; Henley 2017) likely due in part to their

limited geographical extent. Buckley et al. (2019) created one

of the first trans-Pacific IPO reconstructions by including tree

ring samples from Vietnam and the North American Drought

Atlas. This current study uses readily available ice core records

from four separate regions around the Pacific Ocean including

the tropics and high latitudes (Fig. 1) to construct a basinwide

history of Pacific climate variability. The individual ice core

records used in this study and the reconstruction methodology

are discussed in section 2. In section 3, the characteristics of the

ice core–derived reconstruction are discussed and validated by

observations, paleo-proxy assimilated products, and previous

reconstructions of Pacific climate variability. Further explora-

tion of the Pacific variability and possible drivers during the

Little Ice Age are included in section 4, and the main conclu-

sions are summarized in section 5.

2. Data and methods

a. Ice core records

For more than 40 years, the Ice Core Paleoclimatology

Group at the Byrd Polar and Climate Research Center has

retrieved and preserved a worldwide collection of ice cores.

Each ice core has been analyzed to determine net annual ac-

cumulation (An), insoluble dust concentrations, and the stable

oxygen isotopic ratio (d18O), which typically serves as a proxy

for temperature. The specific ice core records from South

America, Tibetan Plateau, Antarctic Peninsula, and southeast

Alaska (Fig. S1 in the online supplemental material) were

chosen because previous research has established that each ice

core record exhibits a signal of Pacific climate variability on

either interannual or decadal time scales. Each core is annually

resolved to at least 1450 CE, and the autocorrelative and

spectral features of each record are shown in Figs. S2 and S3,

respectively. Their unique signatures of Pacific climate vari-

ability are described below.

In 2003, an ice core was retrieved from the summit of the

Quelccaya ice cap [13.938S, 70.838W; 5670m above mean sea

level (MSL)] situated in the southern Peruvian Andes (Fig. 1).

Thompson et al. (2013) demonstrated the remarkable repro-

ducibility of the results from the Quelccaya site between ice

cores drilled in 1983 and in 2003, as well as the spatial simi-

larities between the Summit and North Domes, suggesting a

high signal-to-noise ratio in the d18O and accumulation rec-

ords. Thompson et al. (2013, 2017) demonstrated that the an-

nually resolved d18O record is related to SSTs in theNiño-3 and
Niño-4 regions of the Pacific despite its primary Atlantic basin

moisture source. Net accumulation (An) reflects changes in

regional Amazonian rainfall as well as latitudinal shifts in the

position of the intertropical convergence zone (ITCZ). The

d18O record likely reflects the westerly wind anomalies asso-

ciated with a warm equatorial Pacific (Vuille et al. 2003).

However, the magnitude, spatial structure, and timing of

ENSO-related precipitation anomalies in South America vary

with the phase of PDV (Andreoli and Kayano 2005; Wang

et al. 2014). Thus, the Quelccaya ice core, through its rela-

tionship with equatorial Pacific SSTs, elucidates ENSO his-

tory and represents the eastern equatorial region of the

Pacific basin.

On the western side of the Pacific, ENSO events, and their

modulation of the Walker circulation, influence the monsoon

systems over Asia and India (Ropelewski and Halpert 1987),

although the ENSO influence has not been consistent (Kumar

et al. 2006). PDV modulates ENSO effects on the Indian

monsoon such that an El Niño (a LaNiña) event under a warm/

positive (cold/negative) PDV phase weakens (strengthens) the

monsoon to a greater extent than when ENSO and PDV are

out of phase (Krishnan and Sugi 2003; Wang et al. 2014).

Warm/positive PDV conditions initiate persistently dry pe-

riods in the Indian monsoon region and contribute to ‘‘mega-

droughts’’ (Meehl and Hu 2006). In 1997, an ice core was

drilled from the Dasuopu glacier (28.388N, 85.718E; 7200m
MSL) in the Himalaya along the southern Tibetan Plateau

(Fig. 1). The Dasuopu ice core was drilled to bedrock

(;167.7m) and is annually resolved to 1440 CE with an annual

net accumulation of about 1.0m water equivalent (Thompson

et al. 2000). The d18O record from Dasuopu exhibits a pro-

nounced upward trend coincident with the current warming

trend. The d18O and dust records are positively correlated (see

Table S1 in the online supplemental material), and d18O en-

richment is observed during the extreme drought period be-

ginning;1790 CE (Thompson et al. 2000). A contemporaneous

drought is also documented in Quelccaya ice core records

(Thompson et al. 2018). Accumulation, dust, and chloride

FIG. 1. Composite of observed positive IPO (tripole IPO. 0.75;

Henley 2015) anomalies (base period: 1981–2010) for sea surface

temperature (shading) and sea level pressure (0.5-hPa contours;

negative contours are dashed) from NCEP–NCAR (1996) re-

analysis. The drill site locations for the four ice cores used in this

study are shown.
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concentrations represent the strength of the monsoon and

drought events (Thompson et al. 2000) as the Indian summer

monsoon serves as a primary precipitation source over South

Asia and inland over the Himalaya and southern Tibetan

Plateau. Thus, the Dasuopu ice core is excellently situated to

provide the western Pacific perspective of PDV.

Interannual ENSO variability influences the orientation of

the South Pacific convergence zone (SPCZ), a band of con-

vection extending from New Guinea to French Polynesia

(Vincent 1994). Energy stemming from the SPCZ is trans-

ferred poleward by transient eddies, and this process enhances

cyclonic activity around Antarctica (Chen et al. 1996). ENSO

variability thereby influences the Antarctic Peninsula through

shifts in the position of the SPCZ. On longer time scales, PDV

also modulates the position of the SPCZ (Salinger et al. 2001;

Folland et al. 2002) and hence, cyclonic activity in the

Amundsen Sea low region (Fig. 1). Through Rossby wave

trains, PDV influences the surface heating rates over West

Antarctic and basal heating rates under the Ross Ice Shelf

(Clem et al. 2018). PDV also affects convective heating over

the eastern equatorial Pacific which has been linked to

Antarctic sea ice extent (Meehl et al. 2016). Goodwin et al.

(2016) demonstrated the influence of Pacific climate variability

on the Antarctic Peninsula using an accumulation record from

the Bruce Plateau ice core. This core was recovered to bedrock

(448.12m) in 2010 from the Bruce Plateau ice field on the

Antarctic Peninsula (66.038S, 64.078W; 1975.5m MSL).

Tropical Pacific variability imparts a greater influence on

Bruce Plateau accumulation during cold/negative PDV phases

when the SPCZ is shifted southwestward (Goodwin et al.

2016). The interaction between tropical Pacific variability and

the strength of the circumpolar westerlies described by the

southern annular mode has been shown to influence the cli-

mate of the Antarctic Peninsula (Clem and Fogt 2013). Hence,

PDV also controls the relationship between Bruce Plateau

accumulation and the southern annular mode (Goodwin et al.

2016), thereby demonstrating the far afield effects PDV has on

global climate.

PDV in the North Pacific manifests as shifts in the SST

patterns with a dipole between the central North Pacific and a

horseshoe-shaped pattern along the western coast of North

America. Changes in the overlying atmospheric pressure in-

cluding the Aleutian low (Fig. 1), a semi-permanent low

pressure system over the central North Pacific, accompany this

horseshoe-shaped SST pattern. The strength and position of

the Aleutian low ultimately influence the temperature and

precipitation over northwestern North America. In 2002, the

460m Bona–Churchill ice core was retrieved to bedrock from

the col between Mount Bona and Mount Churchill in the

Wrangell–St. Elias Mountain Range (61.48N, 141.78W; 4420m

MSL) in southeastern Alaska. The d18O record from Bona–

Churchill reflects changes in the climate over the Bering Sea

(Porter et al. 2019), which is strongly influenced by the strength

and position of the Aleutian low.

b. Observational and reanalyzed data

The observed IPO index used in this study for calibration,

comparison, and validation is based on SST anomalies in three

centers of action in the Pacific Ocean that create a tripole index

(Henley 2015; Henley et al. 2015). The NCEP–NCAR gridded

reanalysis is used for climate variables in the instrumental

period (Kalnay et al. 1996; NCEP–NCAR 1996). Observed

precipitation data for the satellite era (post-1979) are from

the Global Precipitation Climatology Project v2.3 (Adler

et al. 2018; GPCP 2016). The observed monthly Palmer

Drought Severity Index (PDSI) spans a global 2.58 grid (Dai

et al. 2004; Dai 2017). Paleo-proxy data assimilations are in-

cluded in this study to validate the ice core–derived recon-

struction of Pacific climate variability. These include the

Paleo Hydrodynamics Data Assimilation (PHYDA 2018)

product from Steiger et al. (2018) and the Last Millennium

Reanalysis (LMR 2019) v2.0 (Tardif et al. 2019; Anderson

et al. 2019) and v2.1 (Tardif et al. 2019). PHYDA provides

2-m temperature and PDSI on a 28 grid by combining nearly

3000 proxy data series and modeled output from the

Community Earth System Model Last Millennium Ensemble

(Otto-Bliesner et al. 2016). The PHYDA product also in-

cludes the latitudinal location of the ITCZ in 11 longitudinal

zones and the equatorial Pacific zonal SST gradient. LMR

v2.1 assimilates the PAGES 2k Consortium (2017) proxy

network with both climate and proxy system modeling

(Tardif et al. 2019). LMR v2.0 includes 2290 additional proxy

records, comprising mostly tree ring chronologies (Anderson

et al. 2019). Output data from LMR v2.0 and v2.1 include

annually resolved surface air and sea temperature, sea level

pressure, 500-hPa geopotential height, precipitation, precip-

itable water, and PDSI, all on a 28 grid, as well as time series

for various climate indices (e.g., PDO, Niño-3.4, Atlantic

multidecadal oscillation, etc.) (LMR 2019). It should be

noted that the PHYDA and LMR products contain consid-

erable overlap in their proxy networks, and the d18O records

from the Quelccaya and Dasuopu ice cores are included in

both networks.

c. Principal component regression

Principal component regression (PCR) reduces the ice core

variables to their principal components, which reduces the

number of variables for inclusion into amodel and accounts for

collinearity under the presumed independence of principal

component analysis. Mann et al. (1998) employed this method

to examine global temperature patterns with a multiproxy

network of paleoclimate data, and later Mann et al. (2008)

demonstrated its robustness among various reconstruction

methods. The annual average oxygen isotopic ratio, net accu-

mulation, and dust concentration records from each of the four

ice cores from 1900 to 1996 (their post-1900 period of overlap)

were used in the principal component analysis. The data were

pretreated by linearly detrending each record over its entire

length. The 1600 CE eruption of Huaynaputina strongly im-

pacted the Quelccaya dust record; thus, the 8 years following

the eruption that exhibited dust concentrations exceeding the

mean by more than two standard deviations were removed.

The oxygen isotope records exhibit a normal distribution, and a

natural log transformation was performed on the dust and

accumulation records to achieve normality. The Dasuopu

dust record did not achieve normality with a natural log
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transformation; therefore, a square root transformation was

performed for this record.

These pretreated records were subjected to a rotated vari-

max principal component analysis using SPSS. Five factors

explaining a total of 57% of the variance were extracted from

the ice core records while random time series with the same

statistical moments only explained;47% of the total variance.

Each factor individually explains 9.5%–13.4% of the variance

(Table S2) and not surprisingly, some factors are strongly

influenced by individual ice core site variables. For example,

factors 1 and 2 are heavily weighted in the Bruce Plateau and

Dasuopu records, respectively. The remaining three factors

represent combinations of variables from Quelccaya, Bona–

Churchill, Bruce Plateau, and to a lesser extent, Dasuopu.

Correlation coefficients were calculated between the five

principal components (PCs) and the annual and seasonal IPO

indices determined by the tripole index fromHenley et al. (2015)

for the 1900–96 CE period, given uncertainties in the observa-

tional network prior to the twentieth century. For the IPO, the

strongest correlations are for the annual (calendar year) IPO.

Since Dasuopu, Bona–Churchill, and Quelccaya are dated as

thermal years (July–June), an inherent lag exists when their

records are compared with the January–December IPO, such

that the IPO is leading by half of the year. For example, the

calendar year IPO for 2000 is correlated to the 2000/01 thermal

year variables from the respective ice cores. The higher corre-

lations between the calendar year IPO and thermal year ice core

variables are likely due in part to the intrinsic lag time between

oceanic and atmospheric processes in the climate system.

The five PCs were used to perform stepwise linear regres-

sions onto annual and seasonal IPO indices for the 1900–96

calibration period. For the annual IPO, factors 1, 2, and 5 were

significant regressors in the model. Regression analysis was

also performed for the pre- and post-1950 calibration periods

to test the robustness of each model. PCR analysis was also

performed for subsets of the ice core records, which demon-

strated that the best-performing regression model included all

four ice core sites. The calibration periodmade little difference

to the models. Figure S4 shows the correlation coefficients

between the observed IPO and the ice core–derived IPO for

four different calibration periods. The linear regression equa-

tion for the ice core–derived IPO used in this study is

IPO(Jan–Dec)
Pred

5 (20:1283PC1)1 (0:1673PC2)

1 (20:2483PC5)1 (20:251).

Uncertainty in the regression model was estimated using a

bias-corrected and accelerated bootstrapping method of 10 000

random samples to determine the 95% confidence intervals for

each regression coefficient and the root-mean-square error of

the verification period (RMSEy 5 0.470 for 1854–1900).

3. Characteristics of the IPO reconstruction

The annually resolved IPO reconstruction to 1450 CE is

shown in Fig. 2a and compared with the observational record

(1854–2010 CE) in Fig. 2b. The regression model explains

24.6% of the variance (R2
ADJ 5 0:246) in the annual IPO record

and is statistically significant according to the analysis of vari-

ance (F5 9.31; p, 0.001). When the interannual variability is

smoothed to decadal resolution, the regression model explains

50.3% of the variance (R2
ADJ 5 0:503). The unitless model bias,

mean average error, and root-mean-square error over the ob-

servational period are 0.021, 0.417, and 0.528, respectively

(Table S3). Although the annual and decadal variability are

well captured, the model amplitude is less than the observed

amplitude. This is likely due to local climatic conditions at each

ice core site as well as post-depositional impacts on the pre-

served ice core records. The reduced amplitude has little im-

pact on the following correlative, composite, and spectral

analyses. Model skill statistics are shown in Table S3 and

demonstrate that the choice of calibration period has little

effect on the resulting model performance.

As shown in the linear regression equation, the ice core–

derived model is a combination of PCs 1, 2, and 5. To examine

the physical links between these PCs and the IPO, spatial

correlation fields for surface air temperature and sea level

pressure were determined for each PC (Fig. S5). PC2 and PC5

capture the observed IPO temperature patterns over the

Pacific basin. For instance, PC5 captures the horseshoe pattern

along the west coast of North America, while PC2 captures the

eastern equatorial tongue. PC2 also exhibits the sea level

pressure dipole between the eastern and western Pacific, which

is also influenced by the IPO. Although PC1 does not show

much IPO coherence in the Pacific Basin, the temperature

patterns in the Indian Ocean are reflective of the IPO pattern.

Thus, the temperature and pressure variance captured by PCs

1, 2, and 5 combine to reveal a cohesive IPO pattern.

Throughout the last ;550 years, the reconstructed IPO in-

dex exhibits significant (.95%) periodicity in the ;30–70-yr

multidecadal range, the decadal (;10 yr) range, and the

higher-frequency 2–4-yr range (Figs. 3a,b). The multidecadal

variability is typical of these large-scale climate patterns like

the IPO and PDO. The higher-frequency variability is also

typical as it falls in the time scale of ENSO. Wavelet analysis

indicates that both the high-frequency and multidecadal

variability persist for much of the last 550 years except during

the ;1600–1750 CE period when multidecadal variability is

relatively absent (Figs. 3c,d). Previous IPO/PDO recon-

structions have shown that the 50–70-yr periodicity is most

prevalent after 1850 CE and nearly absent during the Little

Ice Age (Biondi et al. 2001; D’Arrigo et al. 2001; MacDonald

and Case 2005; Shen et al. 2006). Similar results are found

here, as the;1800 CE peak in the 30–70-yr range in Fig. 3d is

dominated by the 30–50-yr periodicity (Fig. 3c). During

the 1600–1750 CE period, when multidecadal variability di-

minishes, centennial-scale variability appears more active

(Fig. 3c), perhaps suggesting lower-frequency solar or inter-

nal variability. However, the IPO reconstruction is currently

not long enough to determine centennial variations with

confidence. Variability in the ENSO (2–8 yr) range appears

more amplified during the 1650–1900 CE period (Fig. 3d),

which suggests that higher-frequency events like El Niño and

La Niña were more influential on the climate at the ice core

sites during this time than, for example, in the twentieth

century.
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Multidecadal variability in the IPO reconstruction peaks

;1800 CE. However, outside of this peak, the wavelet char-

acteristics are very similar to those from Shen et al. (2006),

whose PDO reconstruction is based on historical drought/

flood indices from eastern China. Shi et al. (2019) attribute

the multidecadal variability in Asian summer rainfall to

fluctuations in the Atlantic multidecadal oscillation (AMO).

South American precipitation is influenced by the AMO

(Apaéstegui et al. 2014), which likely influences the

Quelccaya ice core site, as it receives much of its moisture

from the tropical Atlantic (Thompson et al. 2013). During the

1600–1700 CE period, when multidecadal variability in the

IPO reconstruction was weak, accumulation at Quelccaya

was persistently above average (Thompson et al. 2013) due to

the southward position of the ITCZ and d18O was below av-

erage. The AMO has also been shown to be related to, or

even a driver of, Pacific climate variability (d’Orgeville and

Peltier 2007; Zhang and Delworth 2007; Sun et al. 2017). Thus,

further investigations are needed to tease out the Atlantic in-

fluence on the Pacific climate system.

a. Validation with observations

The reconstructed IPO index compares well with the ob-

served IPO pattern among several climatic variables over the

instrumental period (Fig. 4). Correlation fields between surface

air temperature and both the observed and reconstructed IPO

are quite similar, although the coefficients are somewhat

muted for the reconstructed IPO compared to the observa-

tions. This is expected given the local climatic impacts at each

ice core site and the post-depositional impacts on the preserved

ice core records. Nevertheless, the positive correlations in the

eastern equatorial Pacific are apparent along with the negative

correlation regions in the central North Pacific and off the east

coast of Australia. Sea level pressure correlations are also

similar between the reconstructed and observed IPO, as both

display a pressure dipole between the western and eastern

Pacific. Precipitation patterns are similar showing a positive

band of correlation coefficients over the equatorial Pacific and

negative correlations over the area of the SPCZ. Last, the re-

lationship between the IPO and the Palmer Drought Severity

Index (PDSI) shows negative correlation coefficients across

eastern Asia and south through Indonesia and Australia.

Positive correlations are evident over Eurasia and the Middle

East. Both North and South America exhibit negative corre-

lations to the north and positive correlations to the south. Each

of these climate variables demonstrates the strong similarities

between the observed and reconstructed IPO over the

instrumental period.

b. Validation with paleo-proxy data assimilation products

Paleo-proxy data assimilation products combine multiproxy

networks with climate models to produce gridded datasets of

climate variables over the last millennium. PHYDA and LMR

v2.0 and v2.1 are used to further validate the ice core–derived

IPO reconstruction. These paleo-assimilation products are not

independent due to considerable overlap among the individual

proxy networks utilized. Similarly, these products are not en-

tirely independent from the reconstructed IPO, as the oxygen

isotope records from Quelccaya and Dasuopu are included in

both assimilations. However, these assimilation products

combine ;500 (LMR v2.1) and ;3000 (PHYDA, LMR v2.0)

different paleo-proxy records, such that the overall impact of

FIG. 2. The ice core–derived IPO reconstruction (red) with annual resolution to 1450 CE.

The observed IPO from Henley et al. (2015) is shown in black. Results are shown for (a) the

full record and (b) the instrumental period (1854–2010 CE). Shading represents estimated

uncertainty in the reconstruction.
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the Quelccaya andDasuopu records should be minimal in each

assimilation. Given the limited number of these comprehen-

sive, global paleo-assimilation datasets that are currently

available, the overlap with the individual ice core records from

this study is unavoidable.

Composites of surface air temperature (SAT) and PDSI were

created by averaging the anomalies for both positive and nega-

tive IPO events (61.5 standard deviations) using the ice core–

derived IPO reconstruction and then calculating the difference.

The years used in the composites are listed in Table S4. The

composites thereby represent the positive-minus-negative IPO

signal in SAT and PDSI using each gridded paleo-assimilation

dataset for the 1450–1996 CE period (Figs. 5a–c,e–g) and the

observed IPO signal in SAT and PDSI for the 1948–2018 CE

period (Figs. 5d,h). The SAT paleo-composites (Figs. 5a–c)

strongly resemble the observed composite (Fig. 5d), especially in

the eastern equatorial Pacific and along the west coast of North

America. The observed negative anomalies in the central North

Pacific and along the SPCZ are not captured as well by the

paleo-assimilations. This may reflect the lack of paleo-proxy

data from those regions. The PDSI composites from the paleo-

assimilations (Figs. 5e–g) are also very similar to the observed

composite (Fig. 5h). This analysis serves to validate the ice core–

derived IPO index regarding both the climate signals recorded in

the ice cores and the time scales determined for the ice core

records. Timescale accuracy is critical for all paleo-proxy data

and achieving consistent accuracy among different proxy rec-

ords is difficult. Thus, the fact that individual years chosen from

the IPO reconstruction align with the individual years in the

assimilations suggests that time scale errors are minimal.

Spatial correlation fields were also determined between the

IPO reconstruction and the paleo-assimilations (Fig. S6) to

analyze the relationships for all years and not just for the ex-

treme years as determined for the composite analysis. These

correlation fields for SAT and PDSI are like those observed in

Fig. 4. Likewise, correlation coefficients were determined for

each century to determine the temporal stationarity of the IPO

signal (Figs. S7 and S8). Although the SAT and PDSI corre-

lations are somewhat weaker in the seventeenth and nine-

teenth centuries, the relationship between the reconstructed

IPO index and global climate is robust. Figures S7 and S8 only

show the correlations between the IPO and PHYDAvariables;

however, the results were similar when using LMR v2.0 and

v2.1 (not shown).

c. Comparison with previous reconstructions

Numerous reconstructions of Pacific climate variability have

been created to investigate the multidecadal behavior of the

FIG. 3. (a) Spectral power of the ice core–derived IPO index and (b) an inset of the decadal-to-multidecadal

power spectra; (c) wavelet analysis for the reconstructed IPO; black outlines represent 95% significance; (d) the

average variance in the 2–8-yr (gray) and 30–70-yr (black) periods.
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climate system. Many of these reconstructions focus on the

climatic effects of the PDO or IPO on one limited area such as

western North America or eastern Asia. Due in part to their

limited regional coverage, there is little agreement among the

10 or so previous reconstructions of PDV (Wise 2015; Henley

2017). Nevertheless, we compare our ice core–derived IPO

index with these reconstructions (Fig. 6). The LMRv2.0 dataset

includes the tree ring records that were used to generate sev-

eral of the other reconstructions shown in Fig. 6; hence, the

PDO index derived from LMR contains some overlap with the

other tree ring–derived reconstructions. PDO or IPO indices

are not available from PHYDA as only air temperature (not

SST) and PDSI are included in the assimilation. The recon-

structions demonstrate good agreement over the twentieth

century as expected since this contains the calibration period.

Figure S9 indicates stronger agreement among the recon-

structions over the twentieth and eighteenth centuries.

Correlations between the IPO from this study and previous

reconstructions are stronger after 1750 CE (Table S5). There is

also agreement in the early part of the records (pre-1600 CE) as

several records show a pronounced positive IPO/PDO phase.

The timing of this period varies somewhat; thus, the correla-

tions are weaker before 1750 CE (Table S5). The IPO index

from this study and the PDO index from Shen et al. (2006), for

instance, show the positive phase ending a decade or two

earlier than the other reconstructions. The composite record of

the seven previous paleo-proxy reconstructions (Fig. 6) shows

good coherence with the ice core–derived IPO. Although the

IPO constructed in this study shows lower magnitude events

compared to observations (Fig. 2b), both the composite and

this IPO index show relatively higher-amplitude events before

1550 CE and after 1900 CE and lower-amplitude fluctuations

between 1550 and 1900 CE. These lower-amplitude fluctua-

tions are predominantly in the negative IPO phase. The ice

core–derived IPO reconstruction, which uses four well-dated,

spatially diverse records, captures the main features of the

FIG. 4. Correlation coefficients between the (a)–(d) observed and (e)–(h) reconstructed IPO with (a),(e) surface

air temperature and (b),(f) sea level pressure (1948–96) from the NCEP–NCAR (1996) reanalysis, (c),(g) pre-

cipitation (1979–96) from GPCP (2016), and (d),(h) PDSI (1948–96) from Dai (2017). Only significant (.95%)

correlations are shaded in the (a),(e) surface air temperature and (b),(f) sea level pressure panels. Hatching in (c),

(d), (g), and (h) represents the .95% significance level.
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composite record, which incorporates numerous proxy records

from around the globe.

4. IPO and external forcing interactions during the Little
Ice Age

The ice core–derived IPO reconstruction indicates that a

negative IPO state dominated much of the Little Ice Age

(LIA) (Fig. 6) in agreement with several older reconstructions,

exhibiting an average negative phase during the eighteenth

century (Fig. S9). This characterization of the LIA arises from

the contribution of the different proxy indicators preserved in

four ice core records upon which the IPO reconstruction is

based. The Quelccaya accumulation record shows a sharp

transition from wetter to drier conditions at ;1700 CE due to

the northward migration of the ITCZ in the latter half of the

LIA. This suggests a shift from an El Niño–like state to a La

Niña–like state at ;1700 CE. However, depleted (more neg-

ative) d18O values throughout much of the LIA reflect cooler

conditions in the eastern equatorial Pacific (Thompson et al.

2013) and hence, a more La Niña–like state. The Bona–

Churchill core shows enriched d18O during the LIA likely

due to a weaker Aleutian low (Porter et al. 2019), which gen-

erally corresponds to negative PDO/IPO conditions. After

1850 CE, the IPO reconstruction remains in a predominantly

positive phase, consistent with the Dasuopu records of in-

creasing d18O and dust concentrations and decreasing accu-

mulation over much of the twentieth century. These conditions

suggest a warming trend and a weakening monsoon (Thompson

et al. 2000, 2006) and thereby resemble a more El Niño–like
state during the current warm period.

A prolonged negative IPO, as observed in the IPO recon-

struction during the LIA, would generally include more fre-

quent La Niña events (Verdon and Franks 2006; Sun and

FIG. 5. Composite (a)–(d) temperature and (e)–(h) PDSI anomalies for positive minus negative IPO events from

paleo-proxy data assimilation products: (a),(e) PHYDA, (b),(f) LMR v2.1, and (c),(g) LMR v2.0 for the 1450–1996

CE period. (d),(h) The observed composite anomalies for the 1948–2018 CE period. Reconstructed IPO events6
1.5 standard deviations from themean are included in the composites (Table S2), and the 10 highestminus 10 lowest

observed IPO events (Table S2) are included in (d) and (h).
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Okumura 2020); however, numerous studies suggest that the

LIA climate was more El Niño–like (Cobb et al. 2003; Mann

et al. 2005, 2009). Many of the proxies that indicate an en-

hanced El Niño–like state during the LIA capture a decreased

equatorial ocean temperature gradient between the western

and eastern Pacific and/or a southward shift in the ITCZ.

However, hydrological records have indicated that an en-

hancedWalker circulation is commonwith LaNiña events and,
rather than a pronounced southward shift in the ITCZ, a

contraction of the latitudinal range of the ITCZ around the

equator (Yan et al. 2015; Griffiths et al. 2016). In further con-

trast, Henke et al. (2017) and Zhou et al. (2020) have suggested

that there is little difference in the mean climate state of the

PacificOcean among theMedieval ClimateAnomaly, the LIA,

and current warm period. Future work combining paleo-proxy

records and climate modeling is required to better understand

tropical Pacific climate dynamics throughout Earth’s climate

history.

From the PHYDA paleo-proxy assimilation (Steiger et al.

2018), the Pacific SST gradient and latitudinal range of the

eastern Pacific ITCZ are compared with the IPO reconstruc-

tion (Fig. 7). The latitudinal range was determined by the

difference between the boreal summer (JJA) and winter (DJF)

latitudinal positions of the ITCZ, and the eastern Pacific region

(1708–2608E) was chosen due to PHYDA’s stronger skill in

reconstructing the ITCZ position in that region than in the

western Pacific region (Steiger et al. 2018). During the current

warm period (post-1850 CE), the IPO is positively related to

the SST gradient and ITCZ range, such that a positive IPO is

related to a stronger thermal gradient and larger range of the

ITCZ. Each variable is dominated by an increasing trend after

1850 CE, which likely influences the correlation coefficients.

As the trend is steepest after 1850 CE, detrending each vari-

able over the full 1450–1996 CE period makes little difference

to the correlation coefficients. Detrending each variable over

the post-1850 period, however, reduces the correlation coeffi-

cients determined between the IPO reconstruction and the

SST gradient to r 5 0.153 (p 5 0.070) and the ITCZ range to

r5 0.568 (p, 0.001). Thus, in the current warm period, there is

little connection between the IPO reconstruction and the

tropical Pacific SST gradient; however, the IPO reconstruction

is strongly correlated with the latitudinal range of the ITCZ.

The latitudinal range of the ITCZ determined from

PHYDA also supports an expansion of the eastern Pacific

ITCZ in the current warm period and a contraction during the

LIA. Prior to 1850 CE, relationships between the IPO and both

SST gradient and ITCZ range weaken considerably and even

change sign (Fig. 7), such that a positive IPO coincides with a

weakened SST gradient and reduced latitudinal range in the

ITCZ.According to the wavelet analysis (Fig. 3d), the ice core–

derived IPO reconstruction exhibits little multidecadal vari-

ability from 1600 to 1750 CE, when subdecadal and centennial

variability dominated. The relationship between the IPO and

the ITCZ range is virtually absent during the LIA. This sug-

gests that the state of the IPO had little impact on the ITCZ

contraction, both of which were possibly forced by external

factors such as reduced solar forcing and/or enhanced volcanic

forcing.

The response of tropical Pacific climate variability to vol-

canic and solar forcing has been studied extensively; however,

there is still considerable uncertainty associated with these

responses. While recent work by Dee et al. (2020) shows little

FIG. 6. Time series of seven PDO and IPO reconstructions and a

simple Pacific decadal variability (PDV) composite of these seven

series compared with the ice core–derived IPO from this study.

Data are shown as 21-yr running means.

FIG. 7. Time series of the reconstructed IPO index (black) and

(a) the equatorial Pacific SST gradient from PHYDA (blue) and

(b) the eastern Pacific ITCZ latitudinal range (green) from

PHYDA. Data are shown as 13-yr running means. The line at 1850

CE marks the approximate end of the Little Ice Age.
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influence of volcanic forcing on ENSO, numerous other studies

suggest that El Niño events can be triggered by explosive

volcanic eruptions (Adams et al. 2003; Mann et al. 2005; Emile-

Geay et al. 2008; Lim et al. 2016; Maher et al. 2015; Stevenson

et al. 2016). Some studies suggest that after an initial El Niño–
like response to an eruption, a persistent La Niña may develop

up to 31 years post-eruption (Maher et al. 2015; Pausata et al.

2015), which in combination with reduced solar irradiance can

influence the long-term state of the Pacific by initiating a

negative PDO phase (Wang et al. 2012). Comparing the ice

core–derived IPO index with volcanic activity over the last 550

years does not show a clear response to volcanic forcing

(Fig. 8); however, some interesting features do appear.

Volcanic activity is greater prior to 1850 CE during the LIA,

and the IPO is generally more negative during this time rela-

tive to the current warm period (Fig. 8). Also, two of the peaks

in volcanic forcing occur around 1783 CE (Laki) and 1815 CE

(Tambora). These two major eruptions also coincide with two

of the three most extreme, negative phases of the IPO. There

is, however, an extremely low IPO event ;1550 CE, which

shows no coincidental timing with volcanic activity. After 1850

CE, volcanic activity begins to decline. Although solar irradi-

ance increases steadily throughout the 1450–2000 CE period,

the IPO only exhibits a strong positive trend after 1850 CE.

Further investigation with climate models is needed to eluci-

date the role of external forcings on tropical Pacific climate

during the LIA.

It is also difficult to determine how the IPO may be affected

by increased anthropogenic forcing. Some studies have sug-

gested that both greenhouse gases and anthropogenic aerosols

influence PDV (Dong et al. 2014; Smith et al. 2016), but the

responses are again mixed. Dong et al. (2014) attribute the

positive trend in PDV to increased tropical warming due to

greenhouse gases and cooling over the central North Pacific

due to anthropogenic aerosols. Smith et al. (2016) suggest that

increased anthropogenic aerosol emissions over China and

decreased aerosol emissions over North America initiate a

negative PDO by weakening the Aleutian low. Likewise, the

SST signature of El Niño events has been evolving from the

canonical eastern Pacific El Niño to the central Pacific El Niño,
as coral records indicate the increased frequency of central

Pacific events in the twentieth century (Freund et al. 2019).

Thus, the response of tropical Pacific climate variability to a

warming world requires further investigation.

5. Conclusions

Using an assemblage of ice cores collected around the

Pacific basin, one of the first basinwide histories of Pacific cli-

mate variability has been created. This ice core–derived IPO

index incorporates ice core records from South America, the

Himalaya, the Antarctic Peninsula, and northwestern North

America. The reconstructed IPO is annually resolved and

dates to 1450 CE. Comparisons between the observed and

reconstructed IPO indices and their relationships with ob-

served climatic variables show a strong resemblance over the

instrumental period. Paleo-proxy assimilation datasets such as

PHYDA and LMR are similarly used to validate the IPO re-

construction further back in time. The IPO reconstruction

demonstrates a strong and temporally stationary IPO signal for

the past 550 years. The agreement between the IPO recon-

struction and the assimilation products validates the ice core–

derived IPO reconstruction and alleviates concerns regarding

possible time scale errors. Thus, this ice core–derived IPO re-

construction, which uses four well-dated, spatially diverse sites,

captures the main features of Pacific climate variability as

demonstrated by the PHYDA and LMR datasets, which in-

corporate numerous proxy records from around the globe. The

comparison between the ice core–derived IPO index and pre-

vious reconstructions demonstrates some similarities, although

the geographical extent represented by many previous recon-

structions is limited.

The reconstructed IPO index suggests that the LIA was

primarily defined by a negative IPO phase and hence more La

Niña–like conditions. The mean ENSO state during the LIA

remains uncertain; however, the reconstructed IPO reveals

some interesting dynamics with the ITCZ. In the current warm

period, the latitudinal range of the ITCZ is positively related to

the IPO such that a positive IPO increases the seasonal range

of the ITCZ. This relationship is not stationary and is nearly

absent prior to 1850 CE and throughout the LIA. External

forcing from volcanoes and reduced solar irradiance may have

influenced the ITCZ shifts and/or the climate at the ice core

sites included in the IPO reconstruction. Future work is needed

to explore these dynamics more thoroughly. Further investi-

gations of the interactive effects between the multidecadal

background state of the Pacific Ocean and individual ENSO

events using global climate model simulations are in progress.

These simulations will help identify physical mechanisms

influencing the climate at these ice core sites and clarify how

signals of those mechanisms are preserved in the ice core

records.

FIG. 8. The reconstructed IPO index with volcanic forcing (W

m22; blue) from Gao et al. (2008) and total solar irradiance (TSI;

red) from Steinhilber et al. (2009) back to 1450 CE. TSI is given as

anomalies to the mean solar irradiance of 1364.5Wm22 for the

1450–2000 CE period. The line at 1850 CE marks the approximate

end of the Little Ice Age.
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