
Interdecadal Pacific Oscillation Drives Enhanced
Greenland Surface Temperature Variability
During the Last Glacial Maximum
Zhaoyang Song1,2 , Mojib Latif1,3 , Wonsun Park1 , and Yuming Zhang4

1GEOMAR Helmholtz Centre for Ocean Research Kiel, Kiel, Germany, 2School of Atmospheric Sciences, Sun Yat‐sen
University, Zhuhai, China, 3Faculty of Mathematics and Natural Sciences, Christian Albrechts University, Kiel, Germany,
4South China Institute of Environmental Sciences, Ministry of Ecology and Environment of the People's Republic of
China, Guangzhou, China

Abstract Stable oxygen isotope records from central Greenland suggest disproportionally large
long‐term surface air temperature (SAT) variability during the Last Glacial Maximum (LGM) relative to
preindustrial times. Large perturbations in mean atmospheric circulation and its variability forced by
extensive Northern Hemisphere ice sheet coverage have been suggested as cause for the enhanced
Greenland SAT variability. Here, we assess the factors driving Greenland SAT variability during the LGM by
means of dedicated climate model simulations and find remote forcing from the Pacific of critical
importance. Atmospheric teleconnections from the Interdecadal Pacific Oscillation (IPO), a multidecadal
oscillation of sea surface temperature in the Pacific Ocean, strongly intensify under LGM conditions,
driving enhanced surface wind variability over Greenland, which in turn amplifies SAT variability by
anomalous atmospheric heat transport. A major role of the IPO in forcing Greenland SAT variability also is
supported by a number of models from the Paleoclimate Modeling Intercomparison Project Phase III.

Plain Language Summary Stable oxygen isotope records, a proxy for the local surface air
temperature (SAT), from central Greenland indicate disproportionally large reductions in the multidecadal
variability from the Last Ice Age (Last Glacial Maximum, LGM; about 21,000 years before present) to
modern times. A climate model simulates the changes in multidecadal Greenland SAT variability as
inferred from the proxy data. The enhanced variability during the LGM is largely remotely driven by the
Interdecadal Pacific Oscillation (IPO), a multidecadal oscillation of sea surface temperature (SST) in the
Pacific Ocean. Atmospheric teleconnections from the IPO strongly intensify under glacial conditions,
driving enhanced surface wind variability over Greenland and through atmospheric heat transport the SAT
variability.

1. Introduction

Local surface air temperature (SAT) variability significantly affects Greenland ice sheet surface mass balance
(Hanna et al., 2008, 2011), with impacts on global sea level through freshwater runoff (Bindoff et al., 2007;
Lemke et al., 2007), and climate through altered ocean circulation (Fichefet et al., 2003; Rahmstrof
et al., 2005). Stable oxygen isotope (δ18O) records from central Greenland ice cores, providing
high‐resolution SAT reconstructions (Andersen et al., 2004; Masson‐Delmotte et al., 2005), suggest enhanced
SAT variability linked to more variable atmospheric circulation during the last glacial relative to the last mil-
lennium (Ditlevsen et al., 1996; Shao & Ditlevsen, 2016). Along with lower atmospheric greenhouse gas con-
centrations, excessive Northern Hemisphere continental ice sheet coverage has been recognized as an
important forcing of large perturbations in atmospheric circulation (e.g., Hofer et al., 2012; Justino &
Peltier, 2005; Pausata et al., 2009, 2011), with colder sea surface temperature (SST) and larger sea ice extent
as additional possible drivers of the atmospheric circulation (Byrkjedal et al., 2006; Kageyama et al., 1999).
Marine and terrestrial temperature proxies around the globe reveal that the variability over Greenland went
through disproportionally strong weakening from the Last Glacial Maximum (LGM) to the present as com-
pared to other regions (Rehfeld et al., 2018). For instance, the multicentennial to millennial Greenland SAT
variability decreased by a factor of 73 from the LGM to the Holocene, as compared tomild reductions by only
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a factor of 1.6–2.8 in the tropics and 8.0–14.0 in the northernmid‐latitudes (Rehfeld et al., 2018). In this study,
we investigate the origin of the disproportionally strong change in the SAT variability over Greenland.

The North Atlantic Oscillation (NAO), the leading mode of atmospheric variability over the North Atlantic,
is known to affect Southern Greenland SAT by shifting the position of the jet stream and storm track (Andres
& Peltier, 2013; Hanna et al., 2013; Hurrell, 1995; Hurrell et al., 2003). Greenland surface mass balance
reconstruction for the period of 1870–2010 exhibits statistically significant correlation with the NAO
(Hanna et al., 2008). The Atlantic Multidecadal Oscillation (AMO) also termed Atlantic Multidecadal
Variability (AMV), a spatially coherent pattern of SST variability over the North Atlantic with a period of
60–80 years, influences southern Greenland SAT by modulating the NAO and Greenland Sea ice cover
(Grossmann & Klotzbach, 2009; Kobashi et al., 2015; Rimbu et al., 2017). However, the mechanisms by
which the atmosphere, specifically the NAO, responds to extratropical SST anomalies are still highly contro-
versial. Stand‐alone atmosphere model experiments qualitatively demonstrated that atmospheric variability
is more affected by local internal atmospheric processes than by the extratropical SST anomalies under gla-
cial and present‐day conditions (Kushnir et al., 2002; Pausata et al., 2009). Sea ice anomalies also can poten-
tially affect the phase and amplitude of the NAO (Deser et al., 2000; Seierstad & Bader, 2009).

Over the Pacific El Niño–Southern Oscillation (ENSO)‐like multidecadal SST variations exist, referred to as
the Interdecadal Pacific Oscillation (IPO) (Deser et al., 2004; Liu, 2012; Zhang et al., 1997). It has been shown
that the IPO influences the NAO through atmospheric teleconnections on multidecadal timescales
(Latif, 2001; Parker et al., 2007) and thus Southern Greenland SAT (Dong & Dai, 2015). Yet little attention
has been payed so far to this teleconnection when discussing the pronounced weakening of
Greenland‐SAT variability from the LGM to the present. Here we investigate the role of the IPO in the weak-
ening of the variability by conducting a set of climate model experiments under LGM and preindustrial
conditions.

2. Methods and Experimental Setup

In order to obtain insight into the mechanisms underlying the change in variability, simulations are per-
formed with the Kiel Climate Model (KCM; Park et al., 2009). The KCM is a fully coupled atmosphere‐
ocean‐sea ice general circulation model, which consists of the atmosphere model ECHAM5 (Roeckner
et al., 2003) and the ocean‐sea ice model NEMO (Madec, 2008). In the version applied here, the atmo-
spheric component ECHAM5 is used with a horizontal resolution of T42 (2.8° × 2.8°) and 19 vertical levels
reaching up to 10 hPa. In ECHAM5, land surface temperature is calculated through the energy balance.
An implicit coupling scheme between the land and the atmosphere is used (Schulz et al., 2001), which
is unconditionally stable and allows for synchronous surface flux calculations. NEMO consists of OPA
for the ocean dynamics and thermodynamics and LIM for the sea ice dynamics and thermodynamics.
The horizontal resolution of NEMO is approximately 2° (ORCA2 grid), with a meridional refinement of
~0.5° near the equator and 31 vertical levels. The two models are coupled with the OASIS3 coupler
(Valcke, 2006).

Two simulations are performed: a 5,300‐year‐long preindustrial control run (PI) that is initialized with the
Levitus temperature and salinity climatology. The Levitus data set provides long‐term means of objectively
analyzed ocean temperature and salinity at multiple depths (Conkright et al., 1998). The PI simulation
employs preindustrial CO2 concentration (286 ppm), modern land‐sea mask, orography, and continental
ice sheet configuration. In the other 5,600‐year‐long simulation (LGM), the boundary conditions, green-
house gas concentrations, and orbital parameters are implemented in accordance with the Paleoclimate
Modeling Intercomparison Project Phase 4 (PMIP4) protocol for LGM experiments (Kageyama et al., 2017).
The ice sheet configuration is an average of three different reconstructions following the Paleoclimate
Modelling Intercomparison Project Phase III (PMIP3) LGM experiments (Braconnot et al., 2012). To account
for the 116‐m drop of the mean sea level, the LGM simulation is initialized with Levitus temperature clima-
tology and salinity climatology to which 1 psu has been added. The simulated mean climate and multideca-
dal Atlantic Meridional Overturning Circulation (AMOC) variability has been addressed in detail in a
previous study (Song et al., 2019). The output of the last 1,000 years of the two simulations is analyzed,
and 5‐year mean anomalies are computed in this study. To calculate 5‐year mean anomalies, monthly
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anomalies are calculated first and then averaged into 5‐year bins. This yields a total number of 200 5‐year
mean anomalies.

2.1. Restoring Experiments

To support the results from the fully coupled model, partially coupled experiments are performed, in which
SST over the Pacific (50°S–45°N, 140°E–90°W) is restored to climatology, hereafter referred to as PIres and
LGMres. The SSTs in the PIres and LGMres simulations are restored over the nudging region to monthly
SST climatology calculated from the PI and LGM experiments, respectively, and with a relaxation timescale
of 30 days (supporting information Figure S1). The restoring largely eliminates the SST variability over the
Pacific including the IPO. Each experiment is integrated for 600 years, with the monthly output taken for
analysis. Two additional partially coupled experiments are performed that are referred to as PIresTP and
LGMresTP. The setup in these simulations is the same as in the PIres and LGMres experiments, except that
in the PIresTP and LGMresTP simulations only the SSTs over the tropical Pacific (20°S–20°N, 140°E–90°W)
are restored.

2.2. Stand‐Alone Atmosphere Model Experiments

Two sets of stand‐alone atmosphere model experiments, each set consisting of four integrations, are con-
ducted with ECHAM5, in order to investigate the sole influence of either IPO‐related SST anomalies over
the Pacific or IPO‐related sea ice concentration (SIC) anomalies over the North Atlantic and Arctic on
Greenland SAT. Both the composite anomalies of the positive IPO and negative IPO polarity are used to force
the atmosphere model. In the first set of stand‐alone atmosphere model experiments (Table S1), the IPO‐SST
composite anomalies (supporting information Figure S2) are used as forcing and ECHAM5 is integrated
under the PI and LGM conditions. SIC is set to the respective climatology. The second set (Table S2) is iden-
tical to the first but now IPO‐SIC composite anomalies drive ECHAM5 (supporting information Figure S3),
whereas SST is set to climatology. Each atmospheremodel experiment is integrated for 60 years.Monthly out-
put from the last 50 years is taken for analysis.

2.3. Tripole IPO Index

To quantify the IPO variability, a tripole SST index (TPI) is used (Henley et al., 2015). First, monthly SST
anomalies averaged over each of the three TPI regions are calculated (black boxes in Figure 2a). The IPO
index is defined as the difference between the SST anomalies over the central equatorial Pacific and the aver-
age of the SST anomalies over the northwest and southwest Pacific (boxes in Figure 2a). Consistent with the
processing of the δ18O records, we calculate from the model an IPO index that is based on 5‐year means. SST
and SIC composites are computed using the periods when the IPO index exceeds a threshold of ±1 standard
deviation.

2.4. Niño3.4 Index

In order to distinguish IPO‐related SST variability from that linked to the ENSO, which is the leading
mode of interannual SST variability in the tropical Pacific, we use the so‐called Niño3.4 index.
This index represents the equatorial Pacific SST anomalies averaged over the region 5°N–5°S and
170°W–120°W.

2.5. Eliassen‐Palm Flux

To diagnose the meridional eddy fluxes of heat and zonal momentum associated with the IPO over the
Atlantic sector (70°W–15°W), the Eliassen‐Palm flux (E‐P flux; Edmon et al., 1980) and its divergence in
the quasi‐geostrophic approximation is calculated as

F φð Þ ¼ −a cosϕu′v′

F pð Þ ¼ a cosϕf
v′θ′
θ p

∇ � F ¼ ∂F φð Þ

∂a cosϕ
þ ∂F pð Þ

∂p

where a is the radius of the Earth, f the Coriolis parameter, ϕ is the latitude, θ the potential temperature,
p the pressure, and (u, v) the zonal and meridional wind. Subscripts denote partial derivatives, and eddies

10.1029/2020GL088922Geophysical Research Letters

SONG ET AL. 3 of 11



(primed quantities) are calculated with respect to the zonal mean. All
eddy quantities are calculated from 1,000‐year daily output and then
averaged over 5 years. F (φ) is the meridional flux of zonal momentum,
and F (p) is the meridional heat flux by the eddies. The positive (negative)
E‐P flux divergence represents an acceleration (a deceleration) of the
westerly mean zonal flow.

For a graphical display in latitude‐pressure coordinates, F (φ) and F (p) are
scaled as follows

eFφ; eFp

n o
¼ cosϕ ×

1
�
aF φð Þ

s∅
;
F pð Þ

sp

( )

where s∅ equals to π radians and sp is 105 Pa.

3. Results

We first analyze the Northern Greenland Ice Core Project (NGRIP)
δ18O data from central Greenland (75.10°N, 42.32°W; supporting infor-
mation Figure S4a), which provide estimates of seasonal‐to‐millennial
Greenland SAT variations. To highlight the multidecadal variability,
we calculate 5‐year mean values from the raw data (supporting infor-
mation Figure S4b). We consider two 1,000‐year long epochs,
21.5–20.5 kyr before present (LGM) and the last millennium
(985–1984). Clearly, the variability during the last millennium (support-
ing information Figure S4c) is much weaker than that in the LGM
(supporting information Figure S4d), which can be readily seen in the
spectra (Figure 1a).

3.1. Coherent Multidecadal Variations of IPO and Greenland SAT

The spectrum of the 5‐year mean SAT anomalies averaged over
Greenland exhibits enhanced multidecadal variability in the LGM relative
to the PI simulation (Figure 1b), illustrating some consistency of the
model simulations with the proxy data (Figure 1a). However, there are
noticeable differences, which reflect model bias, and/or biased or incom-
plete forcing (Kajtar et al., 2019; Power et al., 2017). Yet we conclude that
the model reproduces the salient feature in the change of SAT‐variability
over Greenland.

The 5‐year mean anomalies are regressed on the 5‐year mean Greenland
SAT (unit: K). In PI, variability of Greenland SAT is mostly linked to local
processes, that is, variations in the atmospheric circulation, over the
North Atlantic (Figure 2a), consistent with National Centers for
Environmental Prediction/Climate Forecast System Reanalysis (Saha
et al., 2010) and ERA‐Interim (Dee et al., 2011) reanalyses (supporting
information Figure S5). In the LGM simulation, on the other hand, the
regression pattern suggests processes over the North Atlantic and tropical
Pacific drive SAT variability over Greenland (Figure 2b). The regression
pattern over the Pacific in the LGM experiment resembles the IPO pattern
with centers of action over the equatorial and northwest and southcentral
Pacific. In contrast to the PI simulation, the regression coefficients in the
LGM simulation are statistically significant over large parts of the Pacific.

Cross‐spectral analysis is applied to evaluate in frequency domain the
relationship between Greenland SAT and the IPO index. High squared
coherence is consistently observed at decadal to centennial timescales in

Figure 1. (a) Spectra of 5‐year mean δ18O ratio (per million) from the
Northern Greenland Ice Core Project (NGRIP) during the last millennium
(985–1984) and LGM (21.5–20.5 kyr before present). The red dashed and
solid lines indicate the 95% confidence limit of the Markov Red Noise
model for the last millennium and LGM, respectively. (b) As in (a) but for
SAT averaged over Greenland in the PI and LGM simulations. (c) As in
(a) but for SAT averaged over Greenland in the restoring experiments PIres
and LGMres.
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the LGM but not in the PI (Figure 2c). Phase estimates indicate that the IPO index is generally in phase with
or slightly leads (positive phases) the variations of Greenland SAT at periods of up to 50 years (Figure 2d),
supporting the notion of remote forcing by the Pacific. On longer timescales, the IPO index lags
Greenland SAT anomalies by approximately one decade, which possibly could be related to interactions
between the AMOC, AMV, and IPO through the Walker Circulation (Levine et al., 2017).

3.2. Climatic Response to IPO Forcing

Selected variables are regressed over the North Atlantic sector on the IPO index. During the positive phase of
the IPO, geopotential height anomalies at 250 hPa in the PI and LGM simulations exhibit a dipole structure
with decreasedmeridional gradient over themiddle‐ to high‐latitude North Atlantic (Figures 3a and 3b). The
IPO‐related atmospheric circulation change over the North Atlantic is equivalent barotropic in the two

Figure 2. Regressions (K/K) of 5‐year mean SAT anomalies on the 5‐year mean SAT averaged over Greenland for the (a) PI and (b) LGM simulations. Stippling
indicates significance at the 95% confidence interval using p value test. (c, d) Results from cross‐spectral analysis between the tripole IPO index and Greenland
SAT. (c) Squared coherence spectrum of the IPO index and Greenland SAT in the PI and LGM experiments. The red dashed and solid lines indicate the 95%
confidence limit for the squared coherence. (d) Phase spectrum between the IPO index and Greenland SAT. Positive phase refers to the IPO index
leading the variations in Greenland SAT. Note that phase only is shown at frequencies with statistically significant squared coherence. 5‐year mean
IPO index in the (e) PI (black) and (f) LGM (blue).
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simulations (Figures 3c and 3d). However, the magnitude of the height anomalies is much larger in the LGM
(~0.40 m) relative to the PI (~0.15 m). Only in the LGM experiment are both centers of action statistically
significant. Southeasterly wind anomalies are implied over large parts of Greenland by the circulation
change, which are much stronger in the LGM relative to the PI, as shown by the wind anomalies at the
700‐hPa level (Figures 3e and 3f). We note a statistically significant negative anomaly over North America
in the PI that is missing in the LGM.

To estimate the changes in the atmospheric eddy fluxes of momentum and heat, the E‐P flux and its diver-
gence are calculated and regressed on the IPO index. Negative E‐P flux divergence (dashed contours in
Figures 3g and 3h) over 30°N–60°N supports stronger westerly zonal wind anomalies over the North
Atlantic in LGM (Figures 3e and 3f). During the positive phase of the IPO, large upward E‐P flux vectors
indicate much enhanced northward heat transport by eddies over the Atlantic sector (70°W–15°W) north
of 35°N in the LGM experiment (Figures 3g and 3h). Additionally, the wave‐activity flux (supporting infor-
mation Text), a measure for themomentum flux by the quasi‐stationary Rossby waves on the zonally varying
westerlies (Takaya et al., 2001), confirms that the atmospheric teleconnections associated with the IPO is

Figure 3. Regressions of selected quantities on the 5‐year mean IPO index. Regressions (m/K) of geopotential height (GPT) anomalies at 250 hPa in the (a) PI and
(b) LGM simulations. Regressions (hPa/K) of sea level pressure (SLP) anomalies in the (c) PI and (d) LGM. Regressions (m/s/K) of wind anomalies at
700 hPa in the (e) PI and (f) LGM. Regressions of Eliassen‐Palm flux (E‐P flux, vectors) over the Atlantic sector (70°W–15°W) and its divergence (contours) in the
(g) PI and (h) LGM. Dashed (solid) red contours indicate the convergence (divergence) of E‐P flux, which represents a deceleration (an acceleration) of the
westerly mean zonal flow. Missing values indicate the elevation and location of the Greenland ice sheet in the model. Regressions (K/K) of SAT anomalies in
the (i) PI and (j) LGM. Regressions (%/K) of sea ice concentration (SIC) anomalies in the (k) PI and (l) LGM. The green contours indicate the range for 95% sea ice
concentration. Red contours (contour interval: 10%) indicate the variance explained by the IPO index. Hatching indicates significance at the 95% confidence
interval using p value test.
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stronger in the LGM relative to the PI (supporting information Figure S6). Thus, the forcing of Greenland
SAT by the IPO is considerably amplified in the LGM (Figures 3i and 3j).

Reduced SIC southeast of Greenland (Figure 3l) also would lead to warming over Greenland in LGM
(Drijfhout et al., 2013; Kleppin et al., 2015; Rhines & Huybers, 2014). When regressed on the IPO index, sta-
tistically significant SIC changes are absent around Greenland in the PI experiment (Figure 3k). The IPO
index in the LGM simulation, however, accounts for up to 20% of total SIC variance over the Irminger Sea
and south of Greenland (red contours in Figure 3l), suggesting a potential SIC impact on Greenland SAT.
We note that during the satellite era, links between Greenland sea ice concentration and SST to
Greenland SAT extremes and related Greenland ice sheet surface mass balance changes also have been
documented (e.g., Ballinger et al., 2018; Noël et al., 2014).

We performed two partially coupled experiments, termed PIres and LGMres, which are identical to the PI
and LGM simulations except that SST is restored to climatology over the tropical and mid‐latitude Pacific
(supporting information Figure S1). The SST variability is essentially eliminated over the restoring domain,
including the IPO and its teleconnections. The multidecadal variability of Greenland SAT in the LGMres

simulation considerably weakens relative to the fully coupled experiment LGM (Figure 1b) and is of similar
magnitude as in the PI simulation (Figure 1c). This confirms the important role of the IPO in driving
Greenland SAT in LGM in our model.

3.3. Relative Importance of Atmospheric Teleconnections and Sea Ice for Greenland
SAT Variability

Enhanced multidecadal Greenland SAT variability in the LGM relative to the PI is attributed to stronger
IPO‐related atmospheric teleconnections as well as sea‐ice influence. We performed two sets of
stand‐alone atmosphere model experiments (supporting information Figures S2 and S3), in order to investi-
gate the relative roles of the two factors. In the first set consisting of four experiments (Table S1), the atmo-
sphere model is forced over the Pacific by composite SST anomalies calculated for negative and positive IPO
phases, and the experiments are performed under PI and LGM conditions. SIC is set to the respective clima-
tology. This set yields insight into the impact of atmospheric teleconnections from the Pacific on Greenland
SAT. The results are shown in terms of the SAT response difference between the experiments employing
positive and negative composite SST anomalies (PISST+− PISST− and LGMSST+− LGMSST−). There is no sta-
tistically significant temperature signal over Greenland when the atmosphere model is integrated under PI
conditions (Figure 4a). In contrast, a statistically significant warming signal is observed over Greenland
under LGM conditions (Figure 4b). The marked difference between the stand‐alone experiments performed
under PI (Figure 4a) and LGM (Figure 4b) conditions is linked to the 700‐hPa wind responses. Strong
changes in the zonal and meridional winds over south and central Greenland only exist under LGM condi-
tions, whereas wind signals under PI conditions are considerably smaller (supporting information Figures
S7a and S7b).

The second set of stand‐alone experiments (Table S2) explores the influence of IPO‐related SIC variations.
This set is analogous to the first set but instead of composite SST anomalies, composite SIC anomalies drive
the atmosphere model and SST is set to climatology. Again, the signal is rather weak under PI conditions
(Figure 4c), whereas it is much stronger under LGM conditions (Figure 4d). This again can traced back to
the 700‐hPa wind response that is much stronger under LGM conditions (supporting information Figures
S7c and S7d). The stand‐alone atmosphere model experiments also support an important role of the IPO
for Greenland SAT variability under LGM conditions, and they reveal that it is mostly the IPO‐related tele-
connections from the Pacific and to a lesser extent the IPO‐related SIC changes driving Greenland SAT
variability.

We also investigate the link of Greenland SAT to the IPO in eight models participating in the PMIP3
(supporting information Table S3), which provide output for the PI and LGM setups. The correlation between
the 5‐year mean IPO index and 5‐year mean Greenland SAT is calculated. Consistent with the KCM results,
three out of the eight PMIP3 models exhibit a significantly larger correlation in the LGM relative to the PI,
that is, a stronger link of the Greenland SAT to the IPO in the LGM (supporting information Figure S8).

The IPO‐related SST anomalies exhibit a similar spatial pattern as that linked to the ENSO.Whether the IPO
is distinct from ENSO, either physically or statistically, has been debated in many studies (e.g., Dong &
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Dai, 2015; Newman et al., 2016). Nevertheless, interannual to decadal ENSO variability can be
communicated to the mid‐latitude Pacific via the atmospheric bridge (Newman et al., 2016), which by
themselves may force Greenland SAT variations. Therefore, we examine the relationship between the
ENSO and Greenland SAT. The spectra of the annual‐mean Niño3.4 index and Greenland SAT are
calculated in the PI and LGM simulations (supporting information Figure S9). The ENSO variability in
the LGM is weaker than that in the PI. The variance of 10‐year high‐pass filtered annual‐mean Nino3.4
index amounts to 0.47 and 0.27 K2 in the PI and LGM simulations, respectively. In contrast, the
Greenland SAT variability in the LGM is still considerably stronger than in the PI. The variance of 10‐
year high‐pass filtered annual‐mean Greenland SAT is 0.24 and 0.53 K2 in the PI and LGM simulations.

Two additional partially coupled experiments are performed, PIresTP and LGMresTP, in which only the SSTs
over the tropical Pacific (20°S–20°N, 140°E–90°W) are restored (supporting information Figure S10). Despite
that the ENSO variability is essentially eliminated, the variability of the Greenland SAT remains stronger in
the LGMresTP simulation in comparison to the PIresTP simulation (supporting information Figure S11). This
supports the notion that it is the extratropical variability associated with the IPO that in our model primarily
forces the Greenland SAT rather than its tropical part and thus ENSO.

4. Summary and Discussion

Proxy data suggest an enhanced multidecadal Greenland SAT variability during the LGM relative to the pre-
sent. Based on simulations with the KCM and models participating in the PMIP3, we propose that the
enhanced multidecadal Greenland SAT variability can be largely attributed to the IPO, a mode of

Figure 4. Responses of SAT (unit: K) to the anomalous SST associated with the IPO (positive phase minus negative
phase) for the (a) PI and (b) LGM simulations. Responses of SAT (unit: K) to the anomalous sea ice concentration
associated with the IPO (positive phase minus negative phase) for the (c) PI and (d) LGM simulations. Stippling indicates
the differences are significant at the 95% confidence level using Student's t test.
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low‐frequency SST variability over the Pacific, which drives global atmospheric teleconnections that also
changes the atmospheric circulation over the North Atlantic and Northern Hemisphere sea ice. Both the
atmospheric teleconnections and the sea ice variability intensify under LGM conditions, thereby enhancing
lower‐atmosphere wind variability over the North Atlantic/Greenland sector and in turn Greenland‐SAT
variability through increased atmospheric eddy heat transport. In our model, the teleconnections from the
IPO better explain the enhanced multidecadal Greenland‐SAT variability in the LGM compared to the for-
cing from ENSO and SIC. Moreover, partially coupled experiments with the model reveal that it is the extra-
tropical SST variability associated with the IPO that primarily gives rise to the enhancement of the
multidecadal Greenland SAT variability during the LGM.

However, the changes in the atmospheric teleconnections under different background climatic states
remains controversial, thus deserving further research (e.g., Hu et al., 2020; Merkel et al., 2010). Further,
the atmospheric response to extratropical SST anomalies also is under debate. This study suggests that atmo-
spheric teleconnections from the Pacific can strongly change under different external forcing and boundary
conditions, and thus under different climatic background states. This could be of importance in the interpre-
tation of proxy data from different regions of the globe. Finally, we suggest longer output from future PMIP
simulations, as the current PMIP3 output, which is limited to 100 years, is inadequate to assess multidecadal
climate variability and its drivers.

Data Availability Statement

The δ18O estimates from the North Greenland Ice Core Project are available from the Centre for Ice and
Climate at the Niels Bohr Institute, University of Copenhagen via the link (http://www.iceandclimate.nbi.
ku.dk/data/). Output from the KCM simulations presented in this study is available at the Pangaea reposi-
tory (https://doi.pangaea.de/10.1594/PANGAEA.922864). The PMIP3 data output is available at the website
(https://esgf‐data.dkrz.de/search/cmip5‐dkrz/).
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