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Abstract

How much and fast the Earth is warming in response to increasing greenhouse gas concentrations is one of the fundamental
questions in climate science. Here we investigate the role that different modes of climate variability play in modulating the
temperature response. We show evidence for a robust statistical relationship between global warming rate variations and
Atlantic Multidecadal Variability (AMYV) across multiple observational datasets since 1850. The correlation between AMV
and the global warming rate is maximized—with a correlation coefficient of about — 0.8—at ~ 10 to 20 years lead-time. In
contrast, such a relation between global warming rate and the Interdecadal Pacific Oscillation (IPO) is far less coherent,
showing negative correlation before the 1920s and positive correlation after that. Similar statistical relationships between
global warming rate variations and the AMV/IPO can also be seen in the majority of the models from the Phase 5 of Coupled
Models Inter-comparison Project. Further, a targeted model experiment is conducted to demonstrate the dominant control
of the AMV on the unforced fraction of the global warming rate (compared to the IPO).
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1 Introduction

Observations show that global mean atmospheric sur-
face temperature (GMST) have increased by ~0.85
[0.65—1.06] °C since the beginning of the Industrial Revo-
lution (1880-2012) due to steadily increasing anthropogenic
greenhouse-gas concentrations (IPCC 2013). However, the
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GMST has not increased at a constant rate over this period
due to a combination of time-varying forcing and internal
variability (e.g., Wu et al. 2007; Tung and Zhou 2015; Wei
et al. 2019). Recently, a transient slowdown of the warming
rate, which was coined “global warming hiatus”, occurred
during the first decade of the 21st century. It has been a
focal point of research activity and various mechanisms
explaining its occurrence have been proposed (e.g., Kosaka
and Xie 2013; Chen and Tung 2014, 2018; McGregor et al.
2014; Medhaug et al. 2017). Some studies emphasized the
role of external forcing and feedbacks, such as the changes
in stratospheric and tropospheric aerosols and decreased
stratospheric water vapor during recent decades (Solomon
et al. 2011; Fyfe et al. 2013; Santer et al. 2014; Takahashi
and Watanabe 2016). In contrast, others stressed the con-
tribution of natural variability from the El Nifio-Southern
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Oscillation (ENSO; Bjerknes 1969) and major decadal
climate modes, such as the Interdecadal Pacific Oscilla-
tion (IPO; Power et al. 1999)/Pacific Decadal Oscillation
(PDO; Mantua et al. 1997) and the Atlantic Multidecadal
Variability (AMV; Knight et al. 2005), in modulating the
global warming rate (Fyfe et al. 2013; Kosaka and Xie 2013;
Trenberth and Fasullo 2013; Chen and Tung 2014, 2018;
England et al. 2014; Gleisner et al. 2015; McGregor et al.
2014; Medhaug et al. 2017).

The IPO index describes dominant interdecadal variabil-
ity of sea surface temperatures (SSTs) in the Pacific. The
associated spatial pattern is characterized by positive SST
anomalies in the tropical eastern Pacific and negative SST
anomalies in the Northwest and Southwest Pacific during
its positive phase and vice versa during its negative phase
(Power et al. 1999; Parker et al. 2007; Henley et al. 2015).
The IPO has been proposed as one key factor for the recent
hiatus as its phase transition from positive to negative around
the late 1990s corresponds well with the start of the hia-
tus period (e.g., Trenberth and Fasullo 2013; England et al.
2014; Tollefson 2014; Dai et al. 2015; Medhaug and Drange
2016). The increased ocean heat content over the tropical
Pacific below 700 m during recent decades provides support
to the idea that the tropical Pacific plays an important role
in the hiatus phenomenon (e.g., Katsman and Oldenborgh
2011; Guemas et al. 2013; Medhaug and Drange 2016).
Additionally, enhanced heat storage during this period was
observed in the Indian Ocean, supplemented by increased
heat transport from the Pacific Ocean via the Indonesian
throughflow (Drijthout et al. 2014; Lee et al. 2015; Nieves
et al. 2015; Liu et al. 2016). In addition, the AMYV has been
proposed as another potential contributor to the recent global
warming hiatus. A positive phase of the AMV is character-
ized by basin wide positive SST anomalies over the North
Atlantic and a negative AMV phase by a basin-wide cool-
ing. Some scientists argued that changes in North Atlantic
heat-sequestration could have played some role (Chen and
Tung 2014, 2018). Other studies proposed that both IPO
and AMV contribute to global mean surface temperature
variability and ocean heat redistribution in similar magni-
tude (Drijfhout et al. 2014; Huang et al. 2016). In addition,
it has been proposed that the AMV can affect the global
warming rate through its indirect remote influence on the
IPO, especially during the hiatus period (McGregor et al.
2014; Chikamoto et al. 2016; Li et al. 2016; Ruprich-Rob-
ert et al. 2017). At present, the relationship between these
modes of climate variability and the recent warming hiatus
is still strongly debated, partly due to different definitions
and methodologies and due to the relatively short observa-
tional temperature record relative to (multi-)decadal climate
variability timescales. Moreover, the physical mechanisms
determining the IPO and AMYV patterns and time evolu-
tion are strongly debated as well (e.g., Zhang et al. 2013;
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Clement et al. 2015; Wills et al. 2019). For instance, whether
low-frequency climate variability in the Pacific and Atlantic
basins are actual oscillations (associated with characteristic
timescales) or autoregressive processes of order one (AR(1))
forced by stochastic noise can to date not be answered sat-
isfactorily given the length of the observational tempera-
ture record (see for instance discussions in Newman et al.
2016 and Mann et al. 2020). The role of external forcing
explaining part of the variance associate with these statis-
tical modes is also debated, especially for the AMV. For
instance, anthropogenic aerosols are proposed to modulate
the observed AMV (e.g., Booth et al. 2012; Clement et al.
2015; Murphy et al. 2017), while others argue that internal
variability associated with the Atlantic Meridional Over-
turning Circulation (AMOC) is predominant (e.g., Bjerknes
1964; Kushnir 1994; Delworth et al. 1993; Ting et al. 2009,
2014; Danabasoglu et al. 2012; Zhang et al. 2013; McCarthy
et al. 2015; DelSole et al. 2010). The distinction between
these has important implications for potential predictability
of climate variability on decadal timescales.

As mentioned earlier, the global warming rate exhibits
multidecadal fluctuations (e.g., Wu et al. 2007; Li et al.
2013; Tung and Zhou 2015; Wei et al. 2019). Warming
hiatuses can be observed over different periods, such as
1880s—1910s and 1940s—1970s, whereas warming surges
can be seen during 1910s-1940s and 1970s-2000s. The
association of the recent hiatus with internal variability has
been a motivation to explore to which extent natural vari-
ability drives global warming rate changes (hiatuses/surges)
on multidecadal timescales on top of the secular trend driven
by increasing greenhouse gas concentrations. Recent stud-
ies argued that the IPO dominates the global warming rate
on interdecadal timescales (Kajtar et al. 2019; Wei et al.
2019), especially in recent decades (Steinman et al. 2015).
This includes the global warming hiatus, which has been
associated with IPO associated internal variability (Kosaka
and Xie 2013; Trenberth and Fasullo 2013; England et al.
2014; Tollefson 2014; Dai et al. 2015; Medhaug and Drange
2016). However, the relationship between the IPO and global
warming rate variations on longer (multidecadal) timescales
is still an open question. Recent work emphasizes that the
AMYV might play a larger role than the IPO for the multi-
decadal internal variability imprint on the GMST during
most of the twentieth century (Chylek et al. 2016; Stolpe
et al. 2017; Young-Min et al. 2019). At present, the general
relationship between AMV/IPO and the global warming
rate variations is still unclear and needs further attention.
In this study, we revisit the statistical relationship between
global warming rate variations and the AMV and IPO on
multidecadal timescales, based on multiple observational
records since 1850 as well as CMIP5 model simulations.
Our results show a robust stationary statistical relationship
between global warming rate variations and the AMV on
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multidecadal timescales while the relationship with the IPO
is far less coherent. Additionally, a climate model experi-
ment with an idealized sinusoidal AMV forcing further sub-
stantiates this conclusion.

In the remainder of the paper, Sect. 2 introduces data,
methods and our experimental design. Section 3 reports rela-
tionships of global warming rate with the AMV and IPO in
observations. Next, the relationships are examined in the
CMIP5 multi-model ensemble and with a targeted model
experiment in Sect. 4. The major conclusions are summa-
rized and discussed in Sect. 5.

2 Data and methodology
2.1 Data and methodology

The sea surface temperatures were obtained from the
National Oceanic and Atmospheric Administration (NOAA)
Extended Reconstructed SST version 4 (ERSST v4; Huang
et al. 2015). In this study, the AMV index is defined as the
SST anomalies averaged over the northern Atlantic (0°-70°
N, 0°-90° W, AMV1). An “unforced” AMV index (Fig. 3;
AMYV2) was calculated by removing the multi-model mean
of 28 CMIPS5 historical simulations which are extended to
2017 with the RCP 8.5 simulations (Riahi et al. 2011). The
RCP8.5 experiments were often used to extend the histori-
cal simulations (e.g., Schmidt et al. 2014; Frankignoul et al.
2017; Kajtar et al. 2019). The results of RCP4.5 experiments
were also examined and there was only a small difference
between them (not shown), which is expected as the radia-
tive forcing between the two pathways is small during the

first few years and only becomes distinct later in the 21st
century. This method relies on each model having the same
response to the external forcing, which is not necessary a
good assumption (Frankcombe et al. 2015). While the secu-
lar trend is the dominant component, we emphasize that it
is difficult to fully separate the internal and external vari-
ability on shorter (i.e., decadal) timescales over the observa-
tional record. The models are listed in Table 1. Three models
(BNU-ESM, CESM1-WACCM, and MPI-ESM-P) are not
used as their RCP 8.5 simulations were unavailable. We also
tested the effect of removing the multi-model mean of the
subset of 25 CMIP®6 historical simulations which range from
1850 to 2014 and the results did not change significantly (not
shown). The IPO index is defined as IPOI=], SST]go— (1 SS
T]yw+ [SST]gw)/2 (Henley et al. 2015), where the brackets
represent the area-averaged SST anomalies over the region
of the tropical eastern Pacific (EQ: 10° S—10° N, 170°-90°
W), the Northwest Pacific (NW: 25°-45° N, 140° E-145°
W), and the Southwest Pacific (SW: 50°-15° S, 150° E-160°
W) respectively. An “unforced” IPO index was also calcu-
lated, and it shows little difference with the original one
(R=~1.0; not shown). The monthly surface temperature
data used was obtained from the Cowtan and Way global
mean temperature dataset (Cowtan and Way 2014; http://
www-users.york.ac.uk/~kdc3/papers/coverage2013/serie
s.html), the Goddard Institute for Space Studies dataset
(GISS; Hansen et al. 2010), and the NOAA GlobalTemp
dataset (Vose et al. 2012). To avoid the underestimation of
temperature trend caused by coverage bias (Cowtan and Way
2014; Karl et al. 2015), the Cowtan and Way dataset inter-
polates Hadley Centre—Climatic Research Unit Temperature
(HadCRUT; Morice et al. 2012) to global coverage. The

Table 1 The leading year

of the maximum contelation Model name Leading year L.ength .of Model name Leading year L.ength .of

between the AMYV and simulation simulation

global warming rate for pre- ACCESS1-0 6 500 GISS-E2-H-CC 10 251

lfrr‘gr‘:fgialcij’l?gs"lrsggglsa“ons bee-csml-1-m 6 400 GISS-E2-R 8 251
BNU-ESM 7 559 GISS-E2-R-CC 10 251
CanESM2 6 996 HadGEM2-ES 8 577
CCSM4 7 501 inmem4 7 500
CESM1-WACCM 6 200 IPSL-CM5A-LR 8 1000
CMCC-CESM 9 277 IPSL-CM5A-MR 8 300
CMCC-CM 7 330 IPSL-CM5B-LR 9 300
CMCC-CMS 8 500 MIROCS 8 670
CNRM-CM5 11 850 MPI-ESM-LR 7 1000
CSIRO-Mk3-6-0 8 500 MPI-ESM-MR 6 1000
EC-EARTH 8 452 MPI-ESM-P 8 1156
FIO-ESM 7 800 MRI-CGCM3 8 500
GFDL-ESM2G 10 500 NorESM1-M 5 501
GFDL-ESM2M 7 500 NorESM1-ME 9 252
GISS-E2-H 6 1770
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GMST was calculated from the Cowtan and Way data unless
otherwise specified. The ERSSTv4 dataset cover the period
1860-2017, Cowtan and Way dataset cover 1850-2017, and
both GISS and NOAA GlobalTemp data cover 1880-2017.
We also examined the relationship of global warming rates
with the AMV and IPO in the historical and pre-indus-
trial control simulations from 31 CMIP5 models (http://
cmip-pcmdi.llnl.gov/cmip5/index.html).

Anomalies for all variables were computed as the devia-
tion from the long-time climatological mean (1961-1990).
As the forced response can be better modeled as a quad-
ratic trend rather than a linear trend (Wu et al. 2007; Frank-
combe et al. 2015; Mann et al. 2014), we first remove the
quadratic trend from all data. Then we apply a 13-year low-
pass Lanczos filter (Duchon, 1979) on all data to focus on
multidecadal variability (except for the GMST anomalies
in Fig. 12a). In addition, 9-year and 17-year low-pass filters
are also tested, and the results are almost the same. Different
windows used in the low-pass filter do not affect our conclu-
sion. Warming rates are calculated as a trend in a sliding
21-year window defined at the centered year of the window.
To avoid the possible contribution of North Atlantic SSTs
to the GMST estimation, the adjusted global warming rate
in Fig. 2 is defined as 21-year sliding trends of global aver-
aged (excluding North Atlantic basin [0°-70° N, 0°-90° W1)
surface temperature. We also calculated the trend in sliding
11-year and 31-year windows and the results did not change
significantly (not shown). All statistical significance tests
were performed using the two-tailed Student’s 7 test. The
effective number of degrees of freedom, n, was computed
and we removed the influence of autocorrelation on the cor-
relation significance (Davis 1976), which was determined by
the theoretical approximation n = % where N is the sample
sizeand T = Z/:—oo Rm(j)Ryy(j) (Rxx(j) and Ryy(j) are the
autocorrelations of two sampled time series X and Y. The
false discovery rate (FDR) test was also applied to deal with
the multiplicity problem in our study (Wilks 2016).

2.2 Experimental design

To further examine the impact of the AMV on the global
warming rate, a 500-year model experiment was conducted
using the Geophysical Fluid Dynamics Laboratory (GFDL)
coupled model (CM2Mc; Galbraith et al. 2011) with a gen-
eral setup similar to Levine et al. (2017). The atmospheric
and oceanic component, respectively, has 3.5° longitude x 3°
latitude horizontal resolution with 24 vertical levels and
nominal 3 degree ocean resolution increasing to ~0.6° at the
equator with 28 vertical levels. In the AMV-forced experi-
ments, North Atlantic SSTs (10°-80° W, 0°-70° N) are
relaxed to the monthly climatology plus a 50-year sinusoidal
varying AMV-related SST anomaly. The AMV anomaly was
calculated by regressing Simple Ocean Data Assimilation
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(SODA) version 2.2.4 (Giese and Ray 2011) SSTs on the
normalized Earth System Research Lab AMYV index (https
:/l[www.esrl.noaa.gov/psd/data/timeseries/ AMOY/). The SST
relaxation timescale is 2 days and the associated reference
depth is 10 meters and the SSTs are allowed to evolve freely
outside of the prescribed regions. Similar relaxing time can
also be seen in other studies (Dong et al. 2006; Lu et al.
2006; Levine et al. 2017, 2018). We also conducted the
experiment with a 4-day relaxation timescale and the conclu-
sions are almost the same despite of slightly weaker impact
of the AMYV on the global warming rate. We here choose
the 50-year timescale for the AMV variability as a com-
promise between the observed timescale of Atlantic multi-
decadal variability and computational costs. The 50-year
AMV periodicity in our simulations does not influence the
simulated climate responses to the AMV (Levine et al. 2017,
2018) and our qualitative conclusions. When reconstructing
the global warming rate based on the idealized AMV-forced
experiment (Fig. 11), the experimental results are multiplied
by a scaling factor of 0.475 (ratio between observed and pre-
scribed AMV amplitude in model) assuming a quasi-linear
response owing to relative weak forcing amplitude.

3 Relationships of the global warming rate
with the AMV and IPO in observations

We here report that the statistical relationships between
global warming rate variability and the AMV/IPO are sub-
stantially different from each other during the extended
observational record since 1850. The lead/lag correlations
of the global warming rate with the AMV and IPO show
that AMV changes tend to lead global warming rate changes
within a range of 10-20 years (the year of maximum cor-
relation is 12 with a correlation coefficient of — 0.81),
while no statistically significant correlations can be found
between the IPO and the global warming rate at different
lead times (Fig. 1). We hereafter focus on the 12-year lead
relation between the AMV and the global warming rate
in the remainder of the manuscript. Since the simultane-
ous relationships between the IPO and global warming rate
was mentioned in many previous studies (e.g., Kosaka and
Xie 2013; Trenberth and Fasullo 2013; England et al. 2014;
Tollefson 2014; Dai et al. 2015; Medhaug and Drange 2016),
the simultaneous relationship between the IPO and global
warming rate is analyzed here. We focus on possible modu-
lations of the main SST modes on the GWR variability, thus
any marginally significant lag correlations are not considered
in this study. From investigating the time series of global
warming rate, the AMV (at 12-year lead), and IPO (Fig. 2),
it is evident that the multidecadal variations of the global
warming rate correspond well with AMYV phase transitions
throughout the entire period. The IPO phase transitions
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Lead/lag correlation of GWR with AMV and IPO
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Fig. 1 Cross correlations between the global warming rate and AMV
(blue)/TPO (red). Positive (negative) years on the x-axis indicate that
the AMV/IPO leads (lags) the global warming rate. The blue and red
dashed lines indicate the 95% confidence level of the correlation coef-
ficients for AMV and IPO indices, respectively

also correspond to GMST warming and cooling episode
transitions after the 1920s, consistent with previous studies
(Tollefson 2014; Dai et al. 2015; Trenberth 2015). However,
we see the opposite relationship before the 1920s, resulting
in an unstable statistical relationship between global warm-
ing rate and IPO over the 158-years record.

Global warming rate (GWR), AMV and IPO
P T T .

0.1 —
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-0.8 T T T T T T T T T T T T T T
1890 1920 1950 1980
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Fig.2 Time series of the global warming rate (black in °C/decade),
and indices of AMV (the AMV is shifted forward by 12 years; blue in
°C) and IPO (red in °C)

Previous studies argued that the traditional AMV index
might include the influence of anthropogenic forcing (Booth
et al. 2012). To exclude the possible forced signal, we here
calculate the unforced AMYV index based on the method of
Kajtar et al. (2019). After removing the multi-model mean
of 28 CMIP5 historical simulations (not shown) from the
observed AMYV index, the unforced AMYV is still statisti-
cal significantly correlated with the global warming rate
(R=-0.78; Fig. 3a). We also recalculated the global warm-
ing rate by excluding the North Atlantic basin (0°-70° N,
0°-90° W) and found similar results (R =-0.82 between
global warming rate and AMV; Fig. 3b). To check whether
these statistical relationships are robust over the entire
period, the 45-years sliding correlations of the global warm-
ing rate with the AMV and IPO are calculated respectively
(Fig. 4a). All of the three historical records consistently
show that the correlation between global warming rate and
the AMYV is largely stationary (R=— 0.68 for 1877-1926
and R=- 0.90 for 1927-2002 based on the Cowtan and
Way and ERSST datasets), while the correlation with the
IPO reverses its sign before and after the 1920s, leading to

(a) Global warming rate (GWR) and unforced AMV
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(b) Adjusted global warming rate (GWR) and AMV
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Fig.3 a Time series of the global warming rate (black in °C/dec-
ade), and the unforced AMV index (blue in °C). b Time series of the
adjusted global warming rate (global average but excluding the North
Atlantic basin (0°-70° N, 0°-90° W); black in °C/decade) and AMV
index. The AMV indices in a, b are shifted forward by 12 years
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(a) 45-yr sliding corr of GWR with AMV (t-12) and IPO

(b) Correlation of GWR with AMV (t-12) and IPO
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Fig.4 a 45-year sliding correlation coefficients between the global
warming rate and the IPO (red and black) and AMV (AMV is lead-
ing the global warming rate by 12 years; blue and black). Colors (red
and blue) in the solid curves indicate correlation coefficients exceed-
ing the 95% confidence level. The vertical dashed line marks the year
(1926) for the transition of the statistical relationship between the
IPO and global warming rates. b Correlation coefficients between
the global warming rate and IPO (red) and AMV index (blue) during

a statistically insignificant correlation over the entire period
(R=-0.60 for 1877-1926, R=0.69 for 1927-2002, and
R =0.29 for 1877-2002; Fig. 4b). 51-years sliding correla-
tions are also tested and the results remain the same despite
some differences (not shown).

The global warming rate can be mathematically under-
stood as the first derivative of the GMST. We argue that
there exists about 1/4 phase shift or 1/4 time lead/lag of their
dominant periodicity between the two time series. As the
AMYV index shows high simultaneous correlation with the
detrended GMST (Fig. 5a), there may exist~ 12-year lead
correlation between the AMV and the global warming rate.
The AMYV induced surface temperature anomalies feature
a spatially uniform warming over almost all regions north
of ~30° S (Fig. 5b). Similar patterns can also be detected in
other observational records, with some uncertainties over
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1877-1998, 18771926, and 1927-1998. Filled bars in b indicate sta-
tistical significance at the 95% confidence level. The global warming
rate is calculated based on the HadCRU (upper row), GISS (middle
row), and NOAA (lower row) data, respectively. The IPO and AMV
indices are derived from the ERSST data. The results based on the
GISS and NOAA data are derived from 1895 onwards due to the
shorter data period

the North Pacific as well as the tropical central and eastern
Pacific (Fig. 6). Consistently, a large-scale cooling pattern
is evident for the regression coefficient of the surface tem-
perature warming rate anomalies upon the normalized AMV
at a 12-year lead, especially over the North Hemisphere.
Some statistically insignificant signals are again evident over
the North Pacific as well as the tropical central and eastern
Pacific (Fig. 7a).

In contrast, the surface temperature anomalies associ-
ated with the IPO index exhibit a distinct tripole pattern in
the Pacific (Fig. 8). Surface temperatures in regions around
the Pacific, such as North America and northeast Australia,
and even the Eurasian mid-latitudes are affected by the IPO,
which is consistent with previous studies (e.g., Meehl et al.
2016; Dai 2013; Dong and Dai 2015). The averaged GMST
during different IPO phases are also examined. There is no
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(a)GlobaI mean surface temperature (GMST) anomalies and AMV
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(b) Regressed surface temperature anomalies on AMV
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Fig.5 a Time series of the global mean surface temperature anoma-
lies (black in °C) and AMV index (blue in °C). b Linear regression
pattern of the surface temperature anomalies (°C) to the normalized
AMYV index. Values exceeding the 90% confidence level and exam-
ined with the FDR approach under agpr =0.1 are stippled

evident relationship between the IPO and GMST variabil-
ity, and the related GMST responses are weak and statisti-
cally insignificant except for the period of 19241944 (not
shown). As for the global warming rate, only a few regions
show a statistically significant simultaneous relationship
between the IPO and surface temperature warming rates,
even over the Pacific (Fig. 7b). Thus, it seems that the AMV
rather than the IPO has a strong and robust stationary sta-
tistical relationship with the global warming rate on multi-
decadal timescales.

We emphasize here that it is difficult to fully remove the
effect of external forcing from the observational temperature
record. To further support our conclusions, we examine sev-
eral AMV definitions, such as removing the simultaneous
global mean temperature from the SST between 25°-60° N
and 7°-75° W (van Oldenborgh et al. 2009; AMV3), remov-
ing the simultaneous SST between 60°S—60° N from the
SST over 0°-60° N and 0°-80° W (Trenberth and Shea,
2006; AMV4), as well as the multidecadal component of the
North Atlantic (0°-70° N, 0°-90° W) SST anomaly decom-
posed with the multidimensional (ensemble) empirical mode
decomposition (EMD or EEMD; Wu et al. 2007; AMVY).
We also employed different methods to exclude the external
forcing effect, such as linear (Enfield et al. 2001; AMV6),
nonlinear detrending (Enfield and Cid-Serrano 2010;
AMV1), removing the regressed SST anomaly at each grid

Fig.6 Spatial patterns for
regressed surface temperature
anomalies (°C) on the normal-
ized AMYV index based on a

(a)aiss
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Fig.7 Spatial patterns for regressed surface temperature warming
rate (°C/decade) on the normalized a AMV and b IPO indices. The
regression is calculated when the AMYV leads the surface temperature
warming rate by 12 years in a. Values exceeding the 90% confidence
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level and examined with the FDR approach under ogpr =0.1 are stip-
pled. The surface temperature warming rate is calculated based on the
GISS data from 1880 to 2013 due to relatively good data coverage
during that period
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Fig.8 Spatial patterns for regressed surface temperature anomalies
(°C) on the normalized IPO index based on a HadCRU, b GISS, and
¢ NOAA data. Values exceeding the 90% confidence level and exam-
ined with the FDR approach under oppg =0.1 are stippled

point on the yearly global mean SST anomaly (Frankignoul
et al. 2017; AMV7), and removing the multi-model mean
of the historical simulations (AMV?2). All of the different
definitions and methods result in a statistically significant
relationship between the AMV and global warming rate in
the observations (Table 2). The qualitative conclusions are
not affected by our definition of the AMV and the estimation
of the external forcing.

4 Relationships of global temperature
rate variations with the AMV and IPO
in climate models

The relatively short (i.e., with respect to resolving multidec-
adal timescale variability) global climate records regrettably
only provide a small sample size to investigate the statistical
relationship between AMV/IPO and multidecadal fluctua-
tions of the global temperature rate. The observed relation-
ships between them is also challenged by the uncertainty
of the SST reconstructions before the 1950s, especially in
the Pacific Ocean (Deser et al. 2010). Therefore, we further
examine the relationships between global temperature rate
changes and these two modes of climate variability in pre-
industrial control simulations in 31 climate models partici-
pating in CMIPS5 (Table 1). In these simulations, the external
forcing (e.g., greenhouse-gas, aerosols, solar, and volcanic
forcing) is kept constant and thus our analyses reflect purely
internal climate variability.

Figure 9 shows the statistical relationships between AMYV,
IPO, and the global temperature rate in these state-of-the-
art coupled models. Almost all of the models exhibit sig-
nificant negative correlations (all above the 95% confidence
level except for one model) between the AMV and global
temperature rate that are maximized at~5 to 11-year lead-
time (ensemble mean =28 years; Table 1, Fig. 9a). Despite
different performances in simulated AMV variability by
various coupled models, they consistently capture the sta-
tistically significant relationship between AMYV variability
and global temperature rate variations despite a weaker
correlation compared with the observations. The surface
temperature rate associated with the AMV at~5 to 11-year
lead times displays same-sign patterns for almost all mod-
els (not shown). A similar lead-lagged correlation between
global warming rate and the AMV is also captured in the
historical simulations from the CMIP5 models (not shown).
The composite (Fig. 9b) of these patterns is also roughly
consistent with the observed AMV-related pattern over
regions north of ~30°S (Fig. 7a) with some uncertainties
evident over the North Pacific and tropical central Pacific.
The actual AMV contribution to the global warming rate
that is depicted by the global averaged regression coeffi-
cient ranges from — 0.01 to — 0.05 (°C/decade) in different
CMIP5 models (not shown) compared to — 0.03 (°C/decade)
in the observations. In detail, the AMV in CMIP5 models

Table 2 The simultaneous and maximum lead correlation coefficient of the AMV with GMST and GWR

AMV1 AMV2 AMV3 AMV4 AMVS5 AMV6 AMV7
GMST 0.89 0.64 0.81 0.81 0.73 0.79 0.79
GWR —0.81 (12year) —0.78 (12 year) —0.96(15year) —0.88(15year) —0.77(14year) —0.94 (13 year) - 0.79 (14 year)
(leading
year)
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Fig.9 a Correlation coefficients between the global warming rate
with the leading AMV (the leading years are shown in Table 1; blue)
and the simultaneous IPO (red) for the 31 CMIP5 models. Filled and
hollow bars indicate that the correlations are significant and insig-
nificant at the 95% significance level, respectively. b Multi-model
ensemble mean of the regressed surface temperature warming rate
(°C/decade) on the normalized AMV index (AMV lead the surface
temperature warming rate by 5-11 years in different models). ¢ Multi-
model ensemble mean of the regressed surface temperature warming
rates (°C/decade) on the normalized IPO index. Stippling indicates
regions where the regression coefficients have the same sign in more
than 2/3 of the models

contributes to the surface temperature of the Northern and
Southern Hemisphere within a range of — 0.01 to — 0.07 and
— 0.04 to 0.008 (°C/decade), respectively. In observations,
it contributes around — 0.09 in the Northern Hemisphere
and — 0.0007 (°C/decade) in the Southern Hemisphere. The
AMV associated global surface temperature changes are

likely non-negligible to the total global warming trend over
recent decades. For example, the observed AMV using our
methodology contributes ~25.4% to 38.8% to the global tem-
perature trend during 1951-1980 and accounts for~3.0 to
8.7% during 1981-2010. These values are obtained by calcu-
lating the fraction of AMV-related global-mean temperature
changes (via linear regression) compared to the total global-
mean temperature change during these time periods. The
uncertainty range is obtained by considering different ways
of defining the unforced AMV (Table 2).

In comparison, the IPO index in most of the models
exhibits no statistically significant simultaneous correla-
tions with the simulated global temperature rate variations
(Fig. 9a). We also examine their lead/lag relationships and
the models exhibit a large diversity for their relation. Almost
all of the models show no statistically significant correlations
except for 9 models (Fig. 10). The composite of regressed
surface temperature rate on the normalized IPO index also
shows no consistent signal except for weakly negative rates
over the Pacific (Fig. 9c). This suggests that the AMV has a
close relationship with natural GMST fluctuations on multi-
decadal timescales. In contrast, the IPO again exhibits no
consistent statistical relationship with the simulated global
temperature rate variations.

To further investigate whether the AMV effectively mod-
ulates the global temperature rate, we conduct a targeted
model experiment with the GFDL coupled model, version
2Mc (CM2Mc). In the coupled model, a 50-year sinusoi-
dally varying AMV-like SST anomaly is prescribed in the
North Atlantic (Fig. 11). We find that the simulated global
temperature rate is significantly modulated by episodes of
both global warming and cooling. This idealized simulation
is largely in agreement with the AMV impact on the multi-
decadal warming rate fluctuations seen in the observations
(Fig. 12). Moreover, this idealized AMV-forced experiment
produces GMST variations that are closely connected to
the AMV variability. In addition, the corresponding sur-
face warming pattern (Fig. 13) is largely consistent with the
observations (Fig. 5). There are opposite signs of the simu-
lated SST anomalies over the North Pacific as well as the
tropical central and eastern Pacific, which may due to either
uncertainties in the observations and/or model deficiencies
in capturing the AMV signature in these regions (e.g., Zan-
chettin et al. 2016; Ruprich-Robert et al. 2017; Fig. 13b).
We emphasize that the simulated global temperature rate
is phase shifted by about 1/4 of the dominant periodicity
compared with the GMST and AMYV (Fig. 13a). The global
mean temperature rate accordingly lags the AMV by about
14 years at the maximum correlation (Fig. 14a), which is
close to the 12 years seen in the observations (Fig. 1). Cor-
respondingly, the regressed temperature rate pattern exhibits
cooling in the regions north of ~30° S as in the observations
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IPO and global warming rate lead/lag correlation
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Fig. 10 Cross correlations between global warming rate and IPO in the pre-industrial control simulations from 31 CMIP5 model. Positive (nega-
tive) years on the x-axis indicate that the IPO leads (lags) the global warming rate. The dashed lines indicate the 95% confidence levels

except for the North Pacific, tropical central and eastern
Pacific (Fig. 14b).

At present, no consistent argument is proposed to explain
how the AMV modulates the GMST variability. Previous

AMV SST pattern on CM2.1 Grid
. . I . . | s .

60N —

30N —

0 02040608 1

12141618 2

Fig. 11 The AMV-related SST anomalies that are used to force the
coupled model. The pattern varies sinusoidally on a 50-year timescale
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work on the role of the AMV mostly involves variations of
the AMOC (e.g., Wyatt et al. 2012; Chen and Tung 2014).
When the AMOC is strengthening, the ocean transports
more heat poleward, increasing North Atlantic SSTs and
leading to increased sea ice melt (Drijfthout et al. 2014).
As the surface signature of the AMOC (Knight et al. 2005;
Msadek et al. 2011), the AMV is often regarded to modulate
GMST through surface heat flux changes (e.g., Wu et al.
2007; Semenov et al. 2010, 2014; Mahajan et al. 2011; Wyatt
et al. 2012). Thus, we examine the relationship between
anomalous net heat flux into the atmosphere and the AMV in
the CMIP5 pre-industrial control simulations. The positive
correlation between AMV and net heat flux indicates that
net surface heat flux into the atmosphere is increased (i.e.,
reduced ocean heat uptake), thereby increasing GMST when
the AMV is in its positive phase (Fig. 15a). It is further evi-
denced by our experiments (Fig. 15b), in which the surface
sea temperature restoring provides additional heat fluxes into
the atmosphere during a positive AMV phase. Regions north
of ~30° S, especially the Northern Hemisphere are largely
affected by this modulation of ocean heat uptake (Fig. 15b).
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Fig. 12 Time series of the global mean surface temperature anoma-
lies (grey in °C), global warming rate reconstructed by AMV index
in the observations (orange in °C/decade, AMYV leading global warm-
ing rate by 12 years) and the GFDL model experiment (green in °C/
decade, AMV leading global warming rate by 14 years). The recon-
structed rate is plotted relative to the mean global warming rate in
1880-2002 (0.05 °C/decade). The experimental results are multiplied
by a scaling factor of 0.475, which is the ratio between observed and
prescribed AMV amplitude in the model

5 Conclusions and discussion

Various factors control variations of the global warming rate
about the forced long-term secular trend. The most recent
decadal global warming slowdown or so-called global
warming hiatus may have been caused by a combination
of different mechanisms (Solomon et al. 2011; Fyfe et al.
2013; Gleisner et al. 2015; Santer et al. 2014; Medhaug et al.
2017), including tropical air-sea interactions related to the
IPO (Kosaka and Xie 2013; Trenberth and Fasullo 2013;
England et al. 2014; Tollefson 2014; Dai et al. 2015; Med-
haug and Drange 2016), the ocean overturning circulation
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Fig. 13 a Time series of the global mean surface temperature anoma-
lies (black line in °C), the AMYV index (blue line in °C), and global
warming rate (purple dashed line in °C/decade) in the CM2Mc
model. b Spatial pattern for the regressed surface temperature (°C)
on the simultaneous normalized AMV. Only values exceeding the
90% confidence level and examined with the FDR approach under
appr =0.1 are shown

or remote forcing from the Atlantic (Chen and Tung 2014,
2018; Dong and Zhou 2014; McGregor et al. 2014; Li et al.
2016, Sun et al. 2018, 2019), and the combined contribution
of them (Drijfhout et al. 2014; Huang et al. 2016). Different
from the decadal timescale (~ 10 to 20 years) that is typi-
cally investigated in these studies, we here focus on longer
prolonged episodes (~50 to 60 years) of global warming
slow-downs and surges over the observed climate records
and propose that they are possibly attributable to Atlantic
multidecadal variability rather than IPO related variability.
Changes in the AMYV phase tend to lead global warming rate
changes by around 10-20 years in observations, while the
statistical relationship between the global warming rate and
the IPO is far less coherent. Similar relationships can also
be seen in the majority of the pre-industrial control simula-
tions from the CMIP5 models. In addition, a climate model
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Fig. 14 a Lead-lagged correlation between the global warming rate
and the AMYV in the CM2Mc model and b regressed pattern of the
global warming rate onto the AMV index (AMYV is leading surface
temperature warming rate by 14 years; units: °C/decade). The dashed
lines in a indicate the 95% confidence level. Only values exceeding
the 90% confidence level and examined with the FDR approach under
oppr =0.1 are shown in b

experiment with an idealized sinusoidal AMV forcing fur-
ther substantiates this conclusion. As AMV-associated SST
anomalies exhibit a relatively long persistence and thus
potential predictability due to their potential relationship
with AMOC variability, they could be used for attribution
assessments of future episodes of global warming surges and
hiatuses on the multidecadal timescales.

However, there are still several issues needed to be
explored further in the future. Some previous studies
argued that the AMV SST index is representative of the
ocean surface signature of AMOC variability rather than
the oceanic heat transport, which may exhibit decadal delays
with respect to SST due to oceanic dynamical inertia (e.g.,
Marshall et al. 2001a, b; Kravtsov et al. 2008; Frankignoul
et al. 2017). Wyatt et al. (2012) argue that oceanic/atmos-
pheric heat transport changes have a minimum/maximum
about 10 years after the peak of a negative AMV phase. The
related physical mechanisms of prolonged heat sequestra-
tion and heat transport changes in the ocean require further
discussion. In addition, the IPO and AMV may not be inde-
pendent from each other (Hu et al. 2017). There is an evident
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Fig. 15 a Correlation coefficients between the global mean net heat
flux anomalies (positive sign denotes upward heat flux into the atmos-
phere) and AMV (blue) in pre-industrial control simulations from 28
CMIP5 models. Three models (EC-EARTH, FIO-ESM, and GISS-
E2-H) are not included due to the heat flux data being unavailable.
Filled and hollow bars indicate that the correlations are significant
and insignificant at the 95% significance level, respectively. b Zonal
mean of the regressed net heat flux anomalies (W/m?) on the nor-
malized AMV index from the CMIP5 multi-model ensemble mean
(black) and coupled model experiment (green). Shading in b indicates
the spread (1 standard deviation) of these CMIP5 models

linear correlation between the IPO and AMYV at~ 13-year lag
(D’Orgeville and Peltier 2007; Wu et al. 2011). The origin of
the low frequency part of tropical Pacific decadal variabil-
ity is argued to be partially caused by remote forcing from
the Atlantic (Zhang and Delworth 2006; Levine et al. 2017,
2018; Sun et al. 2017). These scientific issues also deserve
future research to deepen our understanding the climate vari-
ability on multidecadal timescales.
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