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ARTICLE INFO ABSTRACT

Widespread public and scientific interest in the recent global warming hiatus and related multidecadal climate
variability stimulated a surge in our understanding of key metrics of global climate change. While seeking
explanations for the nearly steady global mean temperature from late 1990s through the early 2010s, the sci-
entific community also grappled with concomitant and seemingly inconsistent changes in other metrics. For
example, over that period, Arctic sea ice experienced a rapid decline but Antarctic sea ice expanded slightly,
summertime warm extremes continued to rise without evidence of a pause, and the expanding Hadley cell trend
maintained its course. In this article, we review recent advances in understanding the multidecadal variability of
these metrics of global climate change, focusing on how internal multidecadal variability may reconcile dif-
ferences between projected and recently observed trends and apparent inconsistencies between recent trends in
some metrics. We emphasize that the impacts of global scale, naturally occurring patterns on multidecadal
timescales, most notably the Pacific and Atlantic Multidecadal Variability, tend to be more regionally hetero-
geneous than those of radiatively forced change, which weakens the relationship between local climate impacts
and global mean temperature on multidecadal timescales. We conclude this review with a summary of current
challenges and opportunities for progress.
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1. Introduction multidecadal to centennial timescales, apparent discrepancies between

observed and expected changes in these metrics have challenged our

The climate system has experienced rapid warming since pre-
industrial times, and many of the observed changes since the mid-20th
century are unprecedented over decades to millennia (IPCC, 2014). The
secular rise in global mean surface temperature (GMST) has been ac-
companied by changes of regional significance, including rising sea
levels, changes in the likelihood and strength of extreme weather and
climate events, a widening of the tropical belt, and rapid loss of land
and sea ice. As a consequence of these changes and the consistency in
simulations with state-of-the-art global climate models (GCMs), many
of these metrics of global climate change have been detected in the
observational record and attributed to increasing greenhouse gas (GHG)
concentrations (Bindoff et al., 2013).

Despite the robustness of these observed climate changes on

understanding of global climate variability and change. The recent
surface warming slowdown, often referred to as the global warming
hiatus, is an example that received considerable public and scientific
scrutiny. For a period from the late 1990s until the early 2010s, GMST
remained nearly steady despite continued increasing GHG concentra-
tions, sparking intense interest in determining the cause of the differ-
ences between observed and modelled surface temperature changes
(Easterling and Wehner, 2009; Fyfe et al., 2016; Xie and Kosaka, 2017;
Liu and Xie, 2018). This surge of scientific research significantly ad-
vanced understanding of the role of the tropical Pacific Ocean on global
mean temperature (Meehl et al., 2011; Kosaka and Xie, 2013; Meehl
et al., 2013; England et al., 2014; Amaya et al., 2015; Wu et al., 2019),
called attention to data biases in our temperature record (Cowtan and
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Way, 2014; Karl et al., 2015) and radiative forcing (Schmidt et al.,
2014), and opened dialogue about how such variations in GMST should
be communicated (Lewandowsky et al., 2015; Fyfe et al., 2016). Al-
though the concepts of internal climate variability and data un-
certainties were already ingrained within the climate science commu-
nity (even if inadequately communicated to the general public
(Easterling and Wehner, 2009)), the global warming hiatus stimulated
the climate science community to fill important gaps in our knowledge
regarding the sources of deviation from the long-term trend for one of
the most closely monitored metrics of global climate change—GMST.

The global warming hiatus further challenged our understanding of
global climate variability and change through the consideration of
other well-known metrics and their relationship with GMST. For ex-
ample, despite GMST holding relatively steady, the occurrence of hot
extremes over land continued to increase (Coumou and Rahmstorf,
2012; Kamae et al.,, 2014; Seneviratne et al., 2014; Johnson et al.,
2018), Arctic sea ice continued its rapid decline (Vaughan et al., 2013),
and Hadley cell expansion accelerated (Allen and Kovilakam, 2017;
Amaya et al., 2018; Staten et al., 2018). These contrasting changes
indicate that these metrics of global climate change may track GMST in
counterintuitive ways. Such counterintuitive behavior can be re-
conciled by recent studies that have elucidated the differences between
regional patterns associated with internal climate variability and ra-
diatively forced changes associated with GHG warming.

In this review, we highlight recent advances in understanding the
multidecadal modulations of several metrics of global climate change,
focusing on the contrasting regional and temporally episodic patterns of
change associated with modes of internal climate variability with the
more spatially uniform and temporally monotonic changes associated
with GHG warming. These recent studies have sharpened our under-
standing of the impacts of the dominant modes of internal climate
variability on multidecadal timescales, particularly with respect to
Pacific Decadal Variability (PDV) and Atlantic Multidecadal Variability
(AMV). We focus on several iconic metrics of global climate change —
GMST change, Arctic sea ice decline, Antarctic sea ice variability, global
extreme temperature occurrence changes, and Hadley cell expansion —
but the broader themes likely apply to other metrics as well. This rapid
progress ensures that the climate science community is better prepared
to address decadal-timescale deviations from the expected changes in
these metrics, like the apparent GMST hiatus, but several challenges
remain. This review concludes with a discussion of these challenges and
pathways for progress.

2. Dominant modes of internal multidecadal variability

Given that many of the metrics of global climate change are strongly
impacted by same internal modes of climate variability, we offer a brief
summary of the dominant modes of PDV and AMV. (For more thorough
reviews of these topics, see, for example, Henley et al. (2017) for PDV
and Zhang et al. (2019¢) for AMV.) A key difference between each of
these modes and the pattern of sea surface warming induced by in-
creasing greenhouse gases is the degree of spatial heterogeneity. To first
order, the expected pattern of anthropogenically forced sea surface
warming is spatially uniform except for the subpolar North Atlantic,
although the spatial variations of sea surface temperature (SST) change
(e.g., enhanced warming in the equatorial eastern Pacific) has im-
portant consequences for changes in the mean and variability of tro-
pical rainfall (e.g., Xie et al., 2010; Power et al., 2013; Cai et al., 2014).
In contrast, the leading internal modes of PDV and AMV are much more
spatially heterogeneous, with high-amplitude SST anomalies (SSTA) of
both signs (Fig. 1a,b). This difference in spatial heterogeneity in SST
pattern is a key distinguishing feature between the response to GHG
warming and internal modes of climate variability, and this difference
has important consequences for the regional scale multidecadal varia-
tions discussed throughout this review.
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2.1. Pacific decadal variability

The PDV, also referred to as the Interdecadal Pacific Oscillation
(IPO; Power et al., 1999, Henley et al., 2015), is a pattern of variability
that encompasses the Pacific Decadal Oscillation (PDO) in the North
Pacific (Mantua et al., 1997), the South PDO (SPDO) in the South Pa-
cific (Chen and Wallace, 2015), and the El Nifo-Southern Oscillation-
(ENSO)-like decadal variability in the tropical Pacific (Nitta and
Yamada, 1989; Zhang et al., 1997). The PDV features an equatorially
symmetric pattern of SST anomalies (Fig. 1a). The observed time series
(Fig. 1e) features decadal to multidecadal periods of preferred phase
but without a clearly identifiable single frequency (the reason that some
prefer the “variability” terminology over “oscillation”). The positive
phase dominated the period from the mid-1970s through late 1990s,
and the subsequent period that encompassed the global warming hiatus
featured a notable shift to negative phase dominance. Although the
PDV is identified through the Pacific SST field, its influence extends
well beyond the Pacific, impacting regional- and global-scale climate on
multidecadal timescales, as discussed more thoroughly in the following
sections.

The extratropical North PDO features an SST anomaly dipole with
one lobe in the central North Pacific extending westward along the
Kuroshio-Oyashio extension, and the other along the west coast of
North America (Fig. 1a). Studies have identified that the PDO consists
of multiple physical processes. In particular, the PDO can be decom-
posed into two components, one of which is forced remotely by the
tropical Pacific variability and the other driven by atmospheric sto-
chastic forcing (Newman et al., 2016). Both components are tied to
variability of the Aleutian low associated with the Pacific-North
American (PNA) pattern (Wallace and Gutzler, 1981), which is a pre-
ferred mode of variability anchored geographically through interac-
tions with the zonally asymmetric background state and transient eddy
activity. The two components therefore share a similar structure and
are embedded in the basin-wide PDV pattern. A reddened ocean re-
sponse to the atmospheric forcing and adjustments through ocean
Rossby waves shape the PDO SST anomalies and timescale. They po-
tentially feed back to the atmosphere, forming an air-sea coupled mode
(Zhang and Delworth, 2015).

A coupled model study by Zhang et al., 2018b suggests that the
South Pacific counterpart of the PDV is predominantly a response to
forcing from the tropical Pacific through the Pacific-South American
pattern (Karoly, 1989), the Southern Hemisphere (SH) atmospheric
counterpart to the PNA. There is an internally driven component of the
SPDO, but its structure is distinct from the tropical-forced component
with a lack of SST anomalies along the South Pacific Convergence Zone
(Zhang et al. (2018b)). When forced by the tropics, the PDO and SPDO
covary and form the basin-wide PDV. Indeed, in the ensemble spread of
the tropical Pacific pacemaker simulations where the tropical Pacific-
forced variability is subtracted, the correlation between the PDO and
SPDO vanishes (Zhang et al. (2018b)). The high inter-hemispheric
symmetry also supports this hypothesis (Henley, 2017; Liu and Di
Lorenzo, 2018).

Note, however, that this result does not preclude the possibility that
the extratropical North and South Pacific anomalies drive or feed back
to the tropical anomalies via atmospheric (Okumura, 2013; Amaya,
2019) and oceanic (Gu and Philander, 1997; Luo et al., 2003; Tatebe
et al., 2013; Farneti et al., 2014) pathways. Additional potential drivers
of the PDV include inter-basin influences from the Atlantic (McGregor
et al., 2014; Li et al., 2015; Chikamoto et al., 2016; Kucharski et al.,
2016) and Indian Ocean (Luo et al., 2012; Han et al., 2014; Mochizuki
et al., 2016; Dong and McPhaden, 2017) through Walker circulation
changes.

The PDV is primarily a mode of internal climate variability, but
several studies have revealed possible influences of external forcing,
including solar (Meehl et al., 2009), volcanic aerosol (Wang et al.,
2012b; Maher et al., 2015), anthropogenic aerosol (Allen et al., 2014;
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Fig. 1. Structures and historical evolutions of the PDV (left) and AMV (right). (a,b) Regressed anomalies of SST (shading) and SLP (contours for every 0.1 hPa; zero
contour thickened) against the standardized (a) PDV index and (b) AMV index. The observed PDV and AMV index time series are shown in (e) and (f), respectively.
The observed regressions and time series are based on SST of Extended Reconstructed SST version 5 (Huang et al., 2017) and SLP of NOAA 20th Century Reanalysis
v2¢ (Compo et al., 2011) from 1880 to 2018 (SST) and 2014 (SLP). (c,d) As in (a,b) but based on a 700-year preindustrial control simulation by GFDL CM2.1. The
PDV index is defined as SST* anomaly difference between the equatorial Pacific box and an average of the Northwest and Southwest Pacific boxes in (a, c), following
Henley et al. (2015). The AMV index is defined as SST* anomalies in the North Atlantic box in (b, d), following Trenberth and Shea (2006). SST* indicates SST minus
its global average. All results are obtained after annual averaging and applying a 10-year Lanczos low-pass filter.

Dong et al., 2014; Boo et al., 2015; Smith et al., 2016; Takahashi and
Watanabe, 2016), and greenhouse gas forcing (Meehl et al., 2009; Lapp
et al., 2012; Dong et al., 2014; Fang et al., 2014; Xu and Hu, 2018). The
potential aerosol influence on the AMV (Section 2.2) and the afore-
mentioned inter-basin influence from the Atlantic to the PDV suggest
indirect external driving of the PDV. Yet, the impact of anthropogenic
forcing on the PDV in the historical record is still unclear, as contrasting
studies have suggested little influence (Si and Hu, 2017; Oudar et al.,
2018), a negative PDV trend over the past four decades forced by an-
thropogenic aerosols (Allen et al., 2014), and a positive 20th century
trend forced by the combined influence of greenhouse gases and an-
thropogenic aerosols (Dong et al., 2014). Based on the analysis of
CGCM simulations, both Fang et al. (2014) and Xu and Hu (2018)
conclude that the PDV will weaken and shift to a higher frequency in

the 21st century under increasing greenhouse gases.

The current generation of coupled global climate models (CGCMs)
successfully capture the spatial structure of the PDV (Henley et al.,
2017). Fig. 1c presents an example based on a Coupled Model Inter-
comparison Project phase 3 (CMIP3) generation CGCM, the Geophy-
sical Fluid Dynamics Laboratory CM2.1. The pattern similarity between
the observed and simulated PDV demonstrates the ability of CGCMs to
simulate the general PDV structure, although SST anomaly biases are
found east of Japan where the model overshoots the Kuroshio current,
and the simulated South Pacific signal is notably weaker than observed.
These biases are common to the multi-model ensemble (MME) mean of
CMIP5 models (Henley et al., 2017). The MME mean also features ex-
cessive westward extension of equatorial Pacific SST anomalies, which
is related to the common negative cold tongue SST bias (Henley et al.,
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2017). However, CM2.1 is not subject to that SST anomaly bias
(Fig. 1c). Apart from the spatial features, CMIP5 models tend to un-
derrepresent the magnitude of the PDV (Henley et al., 2017). The
standard deviation of the PDV index for Fig. 1 is 23% weaker in CM2.1
compared to the observations. In CMIP5, this bias is related to overly
biennial tendencies of ENSO (Kociuba and Power, 2015).

2.2. Atlantic multidecadal variability

A second leading pattern of internal multidecadal SST variability is
focused in the tropical and North Atlantic regions. This mode, termed
the “Atlantic Multidecadal Oscillation (AMO)” (Kerr, 2000) and more
recently the AMV, features a dipolar SST pattern over the Atlantic, with
the positive phase featuring positive SST anomalies in the tropical and
North Atlantic, and negative SST anomalies in the South Atlantic
(Fig. 1b). The observed time series features multidecadal periods of
preferred phase, with the positive AMV phase dominating since about
1995 (Fig. 1f). As with the PDV, the broad range of frequencies rather
than a single frequency over which the mode varies has resulted in
some preferring the “variability” over “oscillation” terminology (Zhang,
2017; Sutton et al., 2018). The AMV has significant impacts on many
climate phenomena of societal importance, including Sahel/Indian
summer monsoon rainfall, Atlantic hurricanes, and summer climate
over North America, Europe, and East Asia (e.g., Folland et al., 1986;
Sutton and Hodson, 2005; Knight et al., 2006; Zhang and Delworth,
2006; Si and Hu, 2017; Yan et al., 2017), and also modulates some of
the metrics of global climate change that are the focus of this review.

Several mechanisms are hypothesized to contribute to AMV. There
has been recent debate regarding the contribution from external ra-
diative forcing, particularly from anthropogenic aerosols (Booth et al.,
2012; Zhang et al., 2013a; Si and Hu, 2017), but evidence increasingly
supports the AMV as primarily arising through internal climate varia-
bility (Zhang et al., 2019c). Consistently, the CM2.1 simulation with
fixed radiative forcing captures the basic structure of the AMV (Fig. 1d)
though with some biases discussed briefly below. Some recent studies
have suggested that AMV can arise from stochastic atmospheric forcing
alone (Clement et al., 2015, 2016), but the degree to which this holds in
nature has been questioned (Zhang et al., 2016; Kim et al., 2018b;
Zhang et al., 2019c). Multiple lines of evidence instead support that
AMYV is strongly linked to internal variability of the Atlantic Meridional
Overturning Circulation (AMOC) (Zhang et al., 2019¢). Multidecadal
variability in the AMOC and associated meridional heat transport are
believed to be leading contributors of the AMV-related subpolar
Atlantic SST anomalies. These SST anomalies propagate southward to
the tropical Atlantic in a horseshoe pathway through coupled air-sea
feedbacks, including wind-evaporation-SST feedback, cloud feedback,
and dust feedback (Smirnov and Vimont, 2012; Wang et al., 2012a;
Bellomo et al., 2016; Brown et al., 2016; Yuan et al., 2016; Amaya
et al., 2017).

Several observational and modeling studies propose that AMV and
PDV may be dynamically linked. Observational analyses suggest that
the multidecadal component of the negative phase PDV lags the posi-
tive AMV by about a decade (d'Orgeville and Peltier, 2007; Zhang and
Delworth, 2007), although the short observational record limits the
confidence in this relationship. A potential causal link has been simu-
lated in a CGCM with prescribed AMV-related surface heat flux
anomalies that mimic the AMOC-induced changes in meridional heat
transport (Zhang and Delworth, 2007). According to this study, en-
hanced Atlantic meridional heat transport associated with the positive
AMV leads to reduced atmospheric meridional heat transport, and
weakening of the storm track and Aleutian low, and thus warming of
the western North Pacific through westward-propagating ocean Rossby
waves. The reverse scenario is expected for the negative AMV phase.
Additional studies have described a tropical pathway for an AMV and
PDV link by which Atlantic warming induces strengthening of the trade
winds, La Nina-like cooling in the eastern equatorial Pacific, and a

Global and Planetary Change 188 (2020) 103149

weakened Aleutian low in the North Pacific (McGregor et al., 2014;
Kucharski et al., 2016; Li et al., 2016; Ruprich-Robert et al., 2017).
Therefore, AMV may be a source of predictability for PDV (Chikamoto
et al., 2015).

Although state-of-the-art CGCMs are capable of simulating some
facets of AMV, as with PDV, notable biases in AMV and related AMOC
variability remain. Most CGCMs underestimate the amplitude of the
unforced component of AMV (Kavvada et al., 2013; Park et al., 2016;
Kim et al., 2018a; Yan et al., 2018). The CM2.1 representation of AMV
(Fig. 1d) is consistent with this tendency, as the SST regression pattern
is lower in amplitude than the observational counterpart in most re-
gions, with the 46% weaker standard deviation of the AMV index (al-
though the radiatively forced component is potentially aliased into the
observational estimate). Most current CGCMs struggle to simulate rea-
listic multidecadal AMOC variability and underestimate the linkage
between AMOC variability and AMV (Yan et al., 2018).

3. GMST: The global warming staircase

GMST remains the most widely monitored metric of global climate
change. Its importance is heightened by its prominence in proposed
policies for climate change prevention and mitigation, as international
agreements such as the United Nations Framework Convention on
Climate Change Paris Agreement use specific GMST change targets as a
basis for their structure. Global averaging for GMST has an advantage in
robustness over regional temperature metrics, given that the spatial
averaging eliminates regional contributions from internal climate
variability, and so GMST trends are expected to emerge from the noise
of internal climate variability more quickly than most regional tem-
perature trends. Another attractive feature of GMST for monitoring
climate change is long and relatively abundant instrumental records of
surface air temperature and SST measurements.

The observed GMST time series since 1880 (Fig. 2, top) indicates a
detectable upward trend that is attributable to anthropogenic influence
(Bindoff et al., 2013). However, the GMST record also reveals wide
variability across a range of timescales. On interannual timescales,
GMST fluctuations are dominated by ENSO (Pan and Oort, 1983;
Trenberth et al., 2002). Major volcanic eruptions, such as that of Mount
Pinatubo in 1991, are linked with rapid cooling that persists for several
years. On the multidecadal timescale, GMST increased steadily in the
early 20th century from around 1910 to the 1940s, and the late 20th
century from the 1970s to the late 1990s. These warming epochs are
interrupted by two hiatus or slower warming epochs in the mid-20th
and early-21st centuries.

This staircase-like GMST increase contrasts markedly with the
purely externally forced warming as represented by the CMIP5 en-
semble mean of the historical simulations, extended by a
Representative Concentration Pathway (RCP) scenario (Fig. 2, middle).
The simulated radiatively forced GMST time series features a rather
smooth GMST increase devoid of the ENSO-related interannual varia-
tions. The increase slows from the 1950s to the 1960s due to increases
in anthropogenic aerosols, followed by accelerated warming punc-
tuated by temporary volcanically induced cooling from the 1960s to the
present. However, the simulated GMST time series lacks a considerable
amount of the observed decadal to multidecadal variability, including
the recent hiatus.

As discussed in the introduction, the discrepancy between simulated
and observed GMST motivated substantial scientific focus into its
causes (Medhaug et al., 2017). These efforts resulted in major updates
in observational GMST products (Karl et al., 2015; Hausfather et al.,
2017) with elaborate infilling of areas with missing observations
(Cowtan and Way, 2014), but the resulting adjustments still do not
remove the apparent slowing of the GMST increase during the hiatus
period. Instead, studies robustly identified the negative phase of PDV as
the major driver of the hiatus. Having a similar SST anomaly pattern to
ENSO, the PDV can modulate GMST on decadal time scales. Indeed,
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Fig. 2. GMST anomalies relative to 1970-1999 average. (top) Observations
from HadCRUT4.6.0.0 (Morice et al., 2012), GISTEMP v4 (Lenssen et al., 2019),
NOAAGIobalTemp version 5 (Zhang et al., 2019a). (middle) CMIP5 historical
simulations extended with the RCP4.5 scenario by 84 members from 42 models.
(bottom) CM2.1 20-member historical simulations extended with the RCP4.5
scenario (blue shading with a white curve), 10-member tropical Pacific pace-
maker simulations (orange shading with a red curve), and average of the three
observations shown at the top (a black curve). Rapid warming and hiatus/slow
warming epochs are highlighted by grey and white backgrounds, respectively.
For model simulations, the curve and shading indicate ensemble mean + one
ensemble standard deviation. For CMIP5 models, an anomaly is relative to
1970-1999 average of each ensemble member. For CM2.1, an anomaly is re-
lative to 1970-1990 average of the ensemble mean of the pacemaker simula-
tions. CM2.1 simulations are those used in Kosaka and Xie (2016).

studies have identified the PDV as the leading driver of internal GMST
variability on decadal time scales in observations and CGCMs (Meehl
et al., 2011, 2013; Mabher et al., 2014; Middlemas and Clement, 2016).
The PDV transition from positive (El Nifo-like) to negative (La Nina-
like) states in the late 1990s, and its persistence through the early
2010s, partially offset the radiatively-forced GMST increase. This is
corroborated by the success of pacemaker simulations with CGCMs,
where the PDV evolution is forced to follow observations but the si-
mulations are freely evolving outside of a portion of the tropical Pacific,
in reproducing the GMST hiatus (Kosaka and Xie, 2013; England et al.,
2014; Watanabe et al., 2014; see Fig. 2, bottom). Additional contribu-
tions have been suggested from atmospheric internal variability in the
winter Northern Hemisphere (NH) (Deser et al., 2017; Molteni et al.,
2017) and volcanic aerosols from small eruptions (Santer et al., 2014).

The recent hiatus and the success of tropical pacemaker experiments
has motivated researchers to revisit historical multidecadal GMST
variability extending farther back in time. In particular, a long pace-
maker simulation with SST anomalies restored toward observational
values in the tropical Pacific in a CGCM reproduces the full warming
staircase fairly well (Fig. 2, bottom). A notable discrepancy is found
during World War II for which GMST and tropical Pacific SST ob-
servations are less reliable. Still, improvement from historical simula-
tions is clear. The correlation coefficient of raw (quadratically de-
trended) GMST with the average of the three observational products for
1890-2014 is 0.93 (0.44) for the historical simulations and 0.97 (0.80)
for the pacemaker simulations after ensemble averaging. Other
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pacemaker simulations with different CGCMs where momentum flux
into the tropical Pacific Ocean is overridden by reanalysis values also
reproduce the historical warming acceleration and slowdown (England
et al., 2014; Svendsen et al., 2018).

The success of pacemaker simulations illustrates that the PDV is the
key pacemaker of the staircase-like GMST increase, determining the
timing of decadal warming acceleration and slowdown. Without the
PDV influence, the early 20th century warming (~1910-1940) would
have been much slower than the late 20th century warming, the mid-
20th century hiatus would have ended in the mid-1960s as opposed to
the 1970s in observations, and warming since the 1970s would have
been more linear except for short drops induced by volcanic eruptions.
The PDV's role is also supported by the spatial structure and seasonality
of observed decadal surface temperature trends (Kosaka and Xie, 2016).
Recent studies have demonstrated promise in generating skillful in-
itialized predictions of Pacific decadal variability, including the notable
PDV phase transitions and the associated changes in global and regional
temperature (Meehl and Teng, 2012, 2014; Meehl et al., 2014, 2016c;
Thoma et al., 2015). PDV predictability remains an active area of re-
search. Some studies (e.g., Dai et al., 2015; Wu et al.,, 2019) also
identified a role for AMV in modulating multidecadal GMST variability,
but the PDV is generally regarded as a much bigger driver of the GMST
staircase.

4. Earth's energy budget and climate feedbacks

The global warming hiatus also stimulated refinements in our un-
derstanding of climate feedbacks and GMST change from an energy
theory perspective. Most notably, studies focused on recent observed
GMST changes have challenged the notion that global climate feed-
backs are the same for internal variability and long-term climate
change, which sheds doubt on the ability to determine reliable esti-
mates of climate sensitivity from short-term observational records.
However, recent progress has illuminated sources of discrepancy be-
tween feedbacks operating on distinct timescales.

The energy view for GMST change relates the energy imbalance at
the top of the atmosphere (TOA) (N, downward positive) to the radia-
tive forcing (F) owing to, say, anthropogenic greenhouse gases and
aerosols and to a climate feedback parameter (A\) that is approximated
as proportional to GMST change (T)

N=F—AT (@)

The parameter A incorporates well-known feedback processes that
alter Earth's energy budget, including the Planck, lapse rate, water
vapor, cloud, and sea ice/snow surface albedo feedbacks (e.g., Bony
et al., 2006). The reciprocal, s = 1/A, is called the climate sensitivity
parameter and provides the steady state global warming per unit of
radiative forcing increase. Given that more than 90% of the energy
added to the climate system is absorbed by the oceans (Trenberth and
Fasullo, 2010; Von Schuckmann et al., 2016), the TOA radiation ap-
proximately balances the change in ocean heat content H (dH/dt = N).

The framework given by (1) has been supported extensively for
long-term climate change (Gregory et al., 2004), but its application to
the shorter-term changes, as with the hiatus, proved problematic. For
(1) to apply to the global warming hiatus (dT/dt = 0), a substantial
change in TOA radiation or an acceleration of ocean heat content
change would be required, but neither is supported by the observational
record (Levitus et al., 2012; Trenberth et al., 2014a; Loeb et al., 2012).
Therefore, the Earth's energy budget given by (1) cannot be closed for
the hiatus with realistic estimates of the budget terms.

Reconciling the energy theory and climate variability perspectives
for the hiatus requires the consideration of distinct feedbacks for ra-
diatively forced climate change and internal climate variability. Xie
et al. (2016) demonstrated that TOA radiation and GMST are only
weakly correlated for decadal and longer internal variability. They
modified the energy theory of GMST change on decadal to climate
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change timescales by decomposing the feedback into radiatively forced
and internal change components

N=F - M - MT, @

where the subscripts F and I refer to forced and internal changes, re-
spectively.

The reconciliation between the hiatus and energy view of GMST
changes relates more generally to the enhanced focus of the dependence
of the feedback parameter on timescale, and the ability to reliably es-
timate climate feedbacks and the related climate sensitivity from short
observational records. Although some evidence suggested a reasonably
strong correspondence between A for both decadal and long-term cli-
mate change (Forster and Gregory, 2006), more recent studies noted
that the differing patterns of surface temperature change between in-
ternal variability and climate change can result in distinct climate
feedback and, therefore, climate sensitivity parameters (Colman and
Power, 2010; Dalton and Shell, 2013; Dessler, 2013; Zhou et al., 2015;
Gregory and Andrews, 2016; Xie et al., 2016; Zhou et al., 2016).

For the recent period between the 1980s and 2000s, which en-
compassed the hiatus period and was dominated by the negative phase
of the PDV, evidence suggests that global mean cloud feedback is
substantially more negative than the long-term cloud feedback (Zhou
et al., 2016). This finding indicates that estimates of climate sensitivity
derived from recent observational records would be biased low. The
emerging physical explanation focuses on differences in surface tem-
perature changes in regions of tropical ascent relative to those of tro-
pical descent (Fig. 3). When warming is enhanced in the Indo-Pacific
warm pool, such as in negative phase of the PDV but not for climate
change, the enhanced tropical free tropospheric warming in response to
moist adiabatic lapse rate adjustment tends to increase the inversion
strength in regions of descent dominated by low cloud cover. This in-
crease in inversion strength in those regions results in an increase in
low cloud cover and a negative influence on the global cloud feedback
(Zhou et al., 2016; Zhou et al., 2017; Andrews and Webb, 2018;
Fig. 3b). In addition, the enhanced tropical free tropospheric warming
relative to that of a pattern with less relative warming in the warm pool
results in an enhanced lapse rate feedback, further contributing to a
smaller climate sensitivity (Andrews and Webb, 2018). If relative
warming instead is higher in regions of tropical and subtropical sub-
sidence, then the opposite scenario is expected: inversion strength in
subsidence regions weakens, low cloud cover diminishes, tropical free
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tropospheric warming is reduced, and both the global cloud and lapse
rates feedbacks are more positive than in the warm pool-concentrated
warming scenario.

Overall, these developments suggest weaker climate damping and
higher climate sensitivity for the more spatially uniform surface
warming pattern projected under global warming than for surface
temperature change associated with the PDV. These recent findings
emphasize the need to carefully consider the surface temperature trend
patterns over the period for which climate feedbacks are estimated to
determine if they are representative of long-term change, as important
discrepancies may remain over multidecadal periods (Zhou et al., 2016;
Xie, 2020).

These recent efforts also underscore that global ocean heat content
(OHC) can be a more reliable indicator of the climate response to ra-
diative forcing than GMST. TOA radiation imbalance does fluctuate in
association with internal variability, as seen in fluctuations associated
with ENSO (Loeb et al., 2012; Trenberth et al., 2015), but on decadal
and longer time scales the TOA radiation anomalies due to internal
variability become weaker (Xie et al., 2016) and the transient response
to external forcing dominates. Consequently, internal variability of
global OHC is also much weaker compared to GMST, even on multi-
decadal time scales (Palmer and McNeall, 2014; Fig. 4, top). This
highlights that GMST is only weakly correlated with global heat accu-
mulation due to external forcing and is not an ideal indicator to monitor
climate change on decadal time scales.

The relationship between global OHC and GMST changes becomes
complicated under aggressive GHG mitigations to slow global warming.
Achieving low warming targets (GMST <2 °C) as in the Paris
Agreement requires deep emission cuts to reduce radiative forcing in
the near future. Consider a scenario that stabilizes GMST by gradually
reducing radiative forcing in time. Even when GMST levels off (starting
in 2050 in RCP2.6, Fig. 5), TOA radiation remains positive and global
OHC continues to increase (dH/dt = N), albeit at reduced rates (Long
et al., 2019). In this scenario, global OHC fails to track the radiatively
forced change in GMST, which presumably controls global surface cli-
mate change.

(b) Cloud & Lapse-rate Feedbacks
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Fig. 3. Dependence of (a) net and (b) cloud and lapse-rate feedbacks on sea surface warming patterns. Feedbacks are determined through simulations of the Hadley
Centre Global Environmental Model, version 2 and compared against control simulations forced with monthly observed SST and all forcing agents from 1979 to 2008.
The perturbation experiments are the same as the control simulation but with perturbed SST forcing scaled to ensure a global-mean SST increase of 4 K and a
warming pattern determined by: observed 20th century trends (amip-obs4K), uniform warming of 4 K (amip-p4k), CGCMs forced by a 1% yr-1 CO, increase (amip-
future4k), years 1-20 (amip-fast4K) and years 21-150 (amip-slow4K) from CGCMs forced by an abrupt quadrupling of CO,. The warming pattern (x-axis of each
panel) is defined as the temperature change difference between the southeast tropical Pacific (30°S - 0°, 260°-280°E) and the west Pacific (15°S-15°N, 150°-170°E).
Figure from Andrews and Webb (2018). © Copyright 15 January 2018 American Meteorological Society (AMS).
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Fig. 4. Observed variability and change of global climate change metrics.
(From top to bottom) Global OHC anomalies ( x 10%2J) in CM2.1 10-member
historical simulations extended with the RCP4.5 scenario (white curve with
blue shading). An anomaly is relative to 1901-1950 average of each ensemble
member. The white curve and shading indicate ensemble mean =+ one en-
semble standard deviation. NH land warm (orange curve) and cold (light blue
curve) extreme occurrences (days). See Fig. 8 for details. Observed sea ice ex-
tent in the September NH (purple curve) and March SH (navy blue) based on
Version 3 of the National Snow and Ice Data Center (NSIDC) Climate Data
Record of Passive Microwave sea ice concentration. Anomalies of annual mean
Hadley cell extent relative to 1980-2016 based on reanalyses, evaluated as
distance of NH + SHysoo = O latitudes (black curves). Straight lines super-
posed on the curves except global OHC show linear trends since 1980, eval-
uated as Sen's median slope.

5. Polar amplified warming and sea ice changes
5.1. Understanding and attribution of the recent Arctic warming

Although the global warming hiatus indicated an apparent slow-
down in GMST rise, one of the most robust climate changes induced by
GHG warming, Arctic warming and the associated sea ice decline,
continued unabated. Indeed, the fastest rate of warming has occurred in
and around the Arctic (Serreze and Barry, 2011; Vaughan et al., 2013).
A dramatic reduction in Arctic sea-ice cover and melting of Greenland
ice sheet (GrlS) in the past decades are perhaps the most iconic symbols
of global warming. Many processes and positive feedbacks contribute to
polar amplified warming. Sea ice reduction initially triggered by an-
thropogenic forcing amplifies warming in the Arctic through sea ice-
albedo and other positive feedbacks (Serreze et al., 2009; Screen and
Simmonds, 2010a, 2010b). Other radiative and dynamical processes are
also suggested to be sensitive to anthropogenic forcing and may have
contributed to the warming process. These include cloud cover (Francis
and Hunter, 2006; Kay et al., 2008; Choi et al., 2014) and water vapor
changes in the high latitudes (Alexeev et al., 2005; Graversen and
Wang, 2009; Zhang et al., 2013b), the warming effect of the strength-
ening surface thermal inversion (Bintanja et al., 2011), increases in soot
on snow (Hansen and Nazarenko, 2004) and heat-absorbing black
carbon aerosols in the atmosphere (Shindell and Faluvegi, 2009), in-
creases in northward atmospheric transport (Graversen et al., 2008;
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Fig. 5. Radiative forcing, TOA radiation N, and GMST change in RCP2.6 sce-
nario. Eight CMIP5 models in thin lines and the ensemble mean in thick black
lines. After 2050, GMST is nearly constant while TOA radiation continues to be
positive (downward).

Yang et al., 2010; Lee, 2012), and ice and oceanic dynamics and heat
transport (Bengtsson et al., 2004; Woodgate et al., 2006; Shimada et al.,
2006; Chylek et al., 2009; Zhang, 2015; Polyakov et al., 2017).
Although CGCMs simulate most of these mechanisms that amplify
polar warming, the rate of observed Arctic warming and sea ice loss
over the past 40 years exceeds the response to increased anthropogenic
forcing according to these CGCMs (Stroeve et al., 2012; Notz and
Stroeve, 2016). This discrepancy has stimulated research into possible
deficiencies in simulating the forced polar warming as well as possible
sources of internal climate variability that may be responsible for this
difference. Internal drivers of sea-ice variability have been suggested to
originate from both oceanic (Zhang, 2015; Tokinaga et al., 2017) and
atmospheric processes (Ding et al., 2017; Olonscheck et al., 2019). The
AMV and the PDV were both suggested to be major internal drivers of
Arctic surface temperature and sea-ice variability via their related
oceanic and atmospheric heat transport on multidecadal timescales
(Zhang, 2015; Chylek et al., 2009; Screen and Francis, 2016). Recent
studies have revealed that tropical SST variability exerts significant
impact on Arctic climate (Ding et al., 2014, 2019; Screen and Deser,
2019; Meehl et al., 2018). The negative PDV phase has contributed to a
strong positive geopotential height trend near Greenland, via genera-
tion of a large-scale wave train extending from the equatorial Central
and Eastern Pacific to the Arctic (Ding et al., 2019; Baxter et al., 2019).
This localized circulation trend in the North American sector of the
Arctic has favored strong regional warming that has reinforced the
anthropogenic warming trend in the Arctic. This anomalous high-
pressure trend can also cause strong subsidence over the Arctic Ocean
and Greenland, which adiabatically warms the atmosphere above the
sea ice and land ice. At the same time, increases in moisture advection
and cloudiness are driven by an anomalous anticyclonic circulation
pattern centered over Greenland. This combination of a warmer, clou-
dier, and more humid atmosphere increases downward longwave ra-
diation and leads to increases in sea ice and GrIS melt, and SST
warming in high latitudes (Ding et al., 2019). Additionally, Meehl et al.
(2018) suggests that the SST warming trend in the tropical Atlantic
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Fig. 6. September Arctic sea ice variability in observations and the Community Earth System Model Large Ensemble (LENS; Kay et al., 2015) from 1979 to 2015. (a)
Total area of September sea ice extent in 40 members of the LENS (grey line) and National Snow and Ice Data Center (NSIDC) observations (red line) (unit: million
km?). The black curve represents the 40-member ensemble mean. Note that the right ordinate axis (in purple), corresponding to observed sea ice change, is shifted
downward by one unit to align with the ensemble mean change, but the relative scales for the simulated and observed sea ice extent are the same. (b-d) Linear trends
in June-August (JJA) zonal mean height (in m per decade), for the period 1979-2015: (b) observed (ERA-Interim reanalysis), (c) the 40-member LENS ensemble
mean, and (d) the fast-minus-slow difference of JJA zonal mean height in the LENS. The difference in (d) is divided by 2 to approximate the deviation from the
ensemble mean. The two JJA circulation patterns (c and d) were used in a fingerprint method (Ding et al., 2019) to represent atmospheric forced and internal drivers
of September sea ice variability. By matching a linear combination of these two patterns with the observed counterpart (d), we can quantify the relative contribution
of each forcing in causing total September sea ice variability over the period that is revealed in (e). e) Linear trends (% per decade) of September sea ice extent from
the NSIDC passive microwave monthly sea ice record (1979-2015). f) the ensemble average of 40 members of the LENS. g) Reconstructions of September sea ice use
the internal and forced modes derived from the fingerprint method described above. Figure adapted from Ding et al. (2019).

from 2000 to 2014 may drive a teleconnection that melts summer sea-
ice through the wind drift effect.

Overall, as with the hiatus in GMST, these recent studies increas-
ingly support that much of the discrepancy between the observed and
simulated Arctic warming and sea ice decline can be attributed to in-
ternal climate variability. Specifically, current estimates suggest that
about 30-50% of the observed September Arctic sea ice decline is due
to internal variability (Stroeve et al., 2012; Kay et al., 2011; Zhang,
2015; Ding et al., 2017, 2019). Because the fingerprints of internal
variability and radiative forcing on Arctic atmospheric circulation
trends are quite distinct, and because Arctic circulation exerts a strong
influence on multidecadal Arctic sea ice trends, Ding et al. (2019)
successfully reconstructed a substantial fraction of the observed Arctic
sea ice extent trends as a linear combination of internal and radiatively
forced components (Fig. 6). To the extent that this internal variability is
rooted in the tropical Pacific processes (Lee et al., 2011; Ding et al.,
2014), both the GMST slowdown and accelerated Arctic warming may
have similar origins; the tropical Pacific cooling slows the forced rising
trend in the case of GMST but enhances the forced trend in the case of
Arctic warming.

5.2. Understanding and attribution of recent Antarctic climate variability

In contrast to the broad warming and sea ice melting trends in the
Arctic, recent atmospheric and surface temperature changes over the
Antarctic exhibit strong regional and seasonal dependence with sig-
nificant warming over the West Antarctic and the Peninsula region in
winter and spring (Nicolas and Bromwich, 2014). Over most of East
Antarctica, the temperature trend is not significant since 1979. Most
surprisingly, the area covered by sea ice in the Antarctic exhibits a
slight increasing trend from 1979 to 2014 that ended with a sudden
drop in 2016 (Stuecker et al., 2017; Meehl et al., 2019; Fig. 7a), and
SSTs in the Southern Ocean (SO) encircling the continent show cooling
trends in the past three to four decades (Marshall et al., 2014, 2015;
Armour and Bitz, 2015; Armour et al., 2016; Meehl et al., 2016a; Purich
et al., 2016; Zhang et al., 2019b). The sea ice increase and SO cooling
and mixed trends of temperature changes in the Antarctic are puzzling,
because from energy balance considerations, increased greenhouse
gases should have led to temperature warming and decreased sea ice
extent (Fig. 7c) in the high latitudes of both hemispheres (Maksym
et al., 2012).

Several mechanisms have been suggested to explain why the
Antarctic cryosphere behaves so differently from its northern counter-
part (Marshall et al., 2014, 2015). Anthropogenic forcing due to in-
creased CO; and SH high-latitude ozone depletion are thought to be the
primary drivers of the trends in Antarctic circulation (Thompson and
Solomon, 2002; Fogt et al., 2009), which features a poleward shift of
the jet stream that projects onto the positive phase of the Southern
Annular Mode (SAM, Thompson and Wallace, 2000) in SH summer. It
has been suggested that the strengthening of the circumpolar westerlies
associated with the positive SAM trend has cooled Antarctica and, thus,
increased the sea ice extent along the coast (Goosse et al., 2009).
However, this explanation is debatable (Turner et al., 2009; Sigmond
and Fyfe, 2010) and some model simulations driven by recent CO,

increase and ozone depletion (Bitz and Polvani, 2012; Smith et al.,
2012) show sea ice, SST and land surface temperature responses that
are opposite to the observations; still others suggest that the simulated
response of sea ice depends on the length of the time taken for the
ocean to respond to anthropogenic forcing (Marshall et al., 2014,
2015). Another school of thought suggests that the high latitudes of the
SH should be the last place on the planet to respond to global warming
because the climatological meridional transport of surface water away
from the continent can cool the SO surface by pumping unmodified
water up from the deep ocean (Marshall et al., 2014, 2015; Armour and
Bitz, 2015; Armour et al., 2016). Multiple factors can stabilize the upper
part of the SO and limit the heat mixing into the deep water (Kirkman
and Bitz, 2011).

In addition, some studies (e.g., Ding et al., 2011, 2012; Ding and
Steig, 2013; Meehl et al., 2019) suggest that multi-decadal variability in
the tropics may also play an important role for Antarctic climate.
Temperature trends in West Antarctica and the Antarctic Peninsula can
be well explained by trends in the high-latitude atmospheric circulation
over the South Pacific Ocean mediated by barotropic Rossby waves due
to the trend in tropical Pacific and Atlantic SSTs. Several studies reveal
PDV- and AMV-related SST modes in the tropics that can exert a strong
impact on the Pacific sector of Antarctica on decadal to multidecadal
time scales. This tropical-related circulation trend may also influence
the upper-ocean current and sea ice conditions along the coast of West
Antarctica and the Peninsula region. These influences can well explain
the recent increase of sea ice area around Antarctica (Li et al., 2014;
Meehl et al., 2016a; Purich et al., 2016) and, in combination with other
tropical and high-latitude climate variability, also may have con-
tributed to the sudden decline in 2016 (Meehl et al., 2019).

5.3. Arctic and Antarctic warming during the early 20th century

Observations in the last 30 years reveal the importance of internal
climate variability in shaping decades-long climate anomalies in the
Arctic and Antarctic. Some suggest that the recent changes in the Arctic
and Antarctic are not unparalleled in the past 100 years. From the
1910s to the 1940s, the Arctic experienced significant warming that is
comparable to the recent 30-year warming (Johannessen et al., 2004;
Bengtsson et al., 2004; Grant et al., 2009; Wood and Overland, 2010;
Yamanouchi, 2011; Bronnimann, 2009). Several hypotheses were pro-
posed for this early twentieth century warming, including external ra-
diative forcing and internal climate variability. Some studies suggest
increased solar radiation, decreased volcanic aerosols, and raising black
carbon aerosols as key factors (Overpeck et al., 1997; Fyfe et al., 2013).
However, most climate models driven by historical radiative forcing fail
to simulate the early Arctic warming (Bengtsson et al., 2004; Semenov
and Latif, 2012; Jones et al., 2013; Wegmann et al., 2017). Another
explanation is internal low-frequency atmospheric variability, which
can generate substantial interdecadal variability in long-term climate
model control simulations (Johannessen et al., 2004). Furthermore,
observational analyses by Wood and Overland (2010) and Yamanouchi
(2011) suggest that the atmospheric circulation around Greenland in
the last 100 years is dominated by interdecadal variability with another
prominent rise in the 1930s-1940s. A possible cause of this multi-
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Fig. 7. Annual mean Antarctic sea ice variability in observations and the LENS from 1979 to 2018. a) Total area of annual mean sea ice extent in 40 members of the
LENS (grey line) and NSIDC observations (red line) (unit: million km?). The black curve represents the ensemble mean of 40 members. b) Linear trends (% per
decade) of annual mean sea ice extent from the NSIDC sea ice record (1979-2018) and c) the 40-member LENS ensemble mean.

decadal circulation variability is interactions of the Arctic with low and
mid-latitude regions (e.g., Polyakov et al., 2010).

More recently, both PDV and AMV have been suggested to be im-
portant for the early Arctic warming (Tokinaga et al., 2017; Svendsen
et al., 2018). Both dominant interdecadal variability modes con-
currently shifted from a negative to a positive phase in the mid-1920s,
strengthening warm advection into the Arctic through changes in at-
mospheric circulation. Models forced by these interdecadal SST/surface
wind changes successfully simulate the early Arctic warming. The most

10

plausible answer to the earlier warming in the Arctic is a combination
of intrinsic internal climate variability and positive feedbacks that
amplified radiative and atmospheric forcing.

In the Antarctic, a warming period was also observed from the
1920s to 1940s in several ice core and ocean sediment core records
(Schneider and Steig, 2008; Smith et al., 2017). However, few studies
have investigated the causes of this early warming period. Tropical SST
variability was suggested to be the most important forcing for this early
20th-century warming because CO, and ozone forcing was largely
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muted during that period (Schneider and Steig, 2008; Smith et al.,
2017). Over the Southern Ocean, the SST variability (Fan et al., 2014)
seems to be out-of-phase with temperature changes in and around the
Arctic over the past 50 years on low-frequency timescales. However,
how robust this bipolar contrast between SST changes in the Southern
Ocean and the temperature changes in the Arctic in a longer time period
remains an open question.

6. Increasing warm and cold extreme occurrences

Since at least the beginning of the 20th century, Earth's land areas
have experienced a significant increase in hot extreme occurrences and
a decrease in cold extreme occurrences (Donat et al., 2013). Anthro-
pogenic forcing is very likely a contributor to these changes since the
mid-20th century (Bindoff et al., 2013). The global warming hiatus
revealed, however, that these changes also may be interrupted, at least
temporarily, by multidecadal periods for which the behavior of global
land temperature extremes may be inconsistent with long-term trends
and with GMST changes. Moreover, the behavior may vary sub-
stantially across seasons. Despite the nearly steady GMST during the
hiatus, summertime hot extremes over land continued to increase
without any evidence of a pause (Seneviratne et al., 2014; Su et al.,
2017; Johnson et al., 2018), whereas wintertime cold extremes also
increased during this period (Cohen et al., 2014; Sillmann et al., 2014;
Johnson et al., 2018).

The contrasting behavior noted above suggests that the drivers of
multidecadal extreme temperature changes over land differ from the
dominant drivers of GMST and vary across seasons. In order to de-
termine the factors influencing these recent changes, Johnson et al.
(2018) developed an empirically based linear regression model that
captures more than 75% of the variance of the observed summertime
(June - September) warm extreme occurrences and wintertime (De-
cember — March) cold extreme occurrences over NH land, where ex-
treme temperature occurrence is defined by daily maximum tempera-
ture falling below the 10th percentile or above the 90th percentile of
the climatological distribution. In contrast with regression models for
GMST (Lean and Rind, 2008; Foster and Rahmstorf, 2011), the models
that successfully capture most of the variance of land temperature ex-
treme occurrences require the influence of modes of climate variability
in addition to ENSO.

For wintertime cold extreme occurrences, a large-scale “warm
Arctic/cold continents” (WACC) pattern (Overland et al., 2011; Cohen
et al., 2014) resembling the negative phase of the North Atlantic Os-
cillation or Arctic Oscillation was found to be critical for explaining the
increase in cold extreme occurrences during the hiatus period. This
pattern, identified in the 500 hPa geopotential height field and termed
the “z500 extremes pattern,” features height anomalies concentrated
over the North Atlantic and Eurasia, with positive anomalies over the
high latitudes and negative anomalies over the midlatitudes (Fig. 8a).
The z500 extremes pattern represents the height pattern that explains
the most wintertime cold extreme occurrence variance over NH land,
after linearly removing the effects of the trend, ENSO, and volcanic
aerosols (Johnson et al., 2018). The occurrence of this WACC height
pattern is associated with increased cold extreme occurrences over
North America and especially over Eurasia (Fig. 8c), indicating that the
recent increase in hemispheric cold extreme occurrences is closely
linked with a general wintertime Eurasian cooling (Cohen et al., 2012,
2014; Trenberth et al., 2014a, 2014b; Li et al., 2015; Deser et al., 2017).
The increased frequency of the z500 extremes pattern over the past
couple of decades has counteracted the long-term downward trend of
NH land cold extreme occurrences, resulting in an overall increase
during the hiatus period (Fig. 8e).

The corresponding analysis for summertime warm extreme occur-
rences revealed that an SST rather than 500 hPa geopotential height
pattern played a leading role in explaining multidecadal extreme tem-
perature variability. This SST pattern (Fig. 8b), which resembles the

11

Global and Planetary Change 188 (2020) 103149

warm phase of AMV and referred to as the “SST extremes pattern,”
reinforced the long-term upward trend during the hiatus (Fig. 8f). The
emergence of a pattern focused in the Atlantic contrasts the Pacific-
centered PDV that has been the focus of multidecadal GMST variability
(Section 3). The influence of the SST extremes pattern on warm extreme
occurrences is focused over southeastern North America, central and
eastern Europe, and Southeast Asia (Fig. 8d), a pattern that is consistent
with AMV influence on seasonal mean temperature (Sutton and
Hodson, 2005; Ruprich-Robert et al., 2017).

The identification of these two distinct modes of variability for
modulating hemispheric land extreme temperature occurrence high-
lights that regional-scale temperature changes of greatest societal
consequence may not track annual GMST closely, which underscores
the limited usefulness of annual GMST as a measure of the state of the
climate. Anomalous extreme temperature variability over continental
regions, which mirrors the patterns of seasonal mean temperature
anomalies (Johnson et al., 2018), are dominated by distinct modes of
variability from those of GMST that vary seasonally. As seen during the
hiatus period, the combined influence of the wintertime z500 extremes
and summertime SST extremes patterns may result in multidecadal
periods when both wintertime cold and summertime warm extreme
occurrences over land increase simultaneously.

Although internal climate variability remains a likely culprit to
explain a substantial amount of extreme temperature variability related
to the WACC-like z500 and AMV-like SST extremes pattern, the possible
role of anthropogenic forcing in modulating these modes of variability
remains an area of intense scientific interest and debate. Regarding the
recent prevalence of the WACC pattern, the debate focuses on the
possible impact of polar amplified warming and Arctic sea-ice loss
(Overland et al., 2011; Francis and Vavrus, 2012; Cohen et al., 2014;
Barnes and Screen, 2015; Kug et al., 2015; Li et al., 2015; McCusker
et al., 2016; Sun et al., 2016; Ogawa et al., 2018; Koenigk et al., 2019),
especially in the Barents-Kara Seas region (Honda et al., 2009;
Petoukhov and Semenov, 2010; Inoue et al., 2012; Kim et al., 2014;
Mori et al., 2014; Zhang et al., 2018a). Disagreements are rooted in the
incomplete knowledge of the mechanisms that may link Arctic sea ice
loss and midlatitude cooling, with hypotheses suggesting both tropo-
spheric (e.g., Alexander et al., 2004; Magnusdottir et al., 2004) and
stratospheric (e.g., Kim et al., 2014; Zhang et al., 2018a) pathways, and
inconsistencies among climate models in simulating the wintertime
midlatitude temperature response to Arctic sea ice loss, which includes
important dependencies the choice of atmosphere-only or fully coupled
simulations (Deser et al., 2016; Screen et al., 2018) and sufficient
vertical resolution to simulate possible stratospheric pathways (e.g.,
Zhang et al., 2018a). Johnson et al. (2018) found a statistically sig-
nificant link between negative boreal autumn Barents-Kara sea ice
anomalies and the enhanced wintertime occurrence of the z500 ex-
tremes pattern in observations, but confidence in a physically mean-
ingful link requires additional lines of evidence. Through an analysis of
surface turbulent heat fluxes associated with sea ice loss in observations
and CGCMs, Blackport et al. (2019) suggest that both reduced sea ice
and recent cold midlatitude winters are driven by atmospheric circu-
lation, indicating that reduced cold midlatitude winters are coincident
with but not caused by reduced Arctic sea ice. Cohen et al. (2020)
provide a more thorough review of the challenges in deciphering the
role of Arctic amplification in midlatitude severe winter weather, par-
ticularly with respect to diverging conclusions from observational and
climate modeling studies, while also noting that converging scientific
evidence and ideas may allow consensus to emerge in some facets of
this problem.

The AMV-like SST extremes pattern, which captures the non-
linearity in the warm extreme temperature occurrence trend (Fig. 8f),
also may reflect, in part, an influence from anthropogenic forcing, as
discussed in Section 2.2. Evidence indicates that North Atlantic cooling
induced by anthropogenic aerosols projects onto observed AMV (Mann
and Emanuel, 2006; Villarini and Vecchi, 2013), and so care must be
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Fig. 8. Dominant climate patterns modulating extreme temperature occurrence over Northern Hemisphere land. a) Partial regression coefficients of 500 hPa geo-
potential height on the z500 extremes pattern index time series (m per standard deviation) for December — March (DJFM), where the z500 extremes pattern is defined
as the 500 hPa geopotential height pattern that explains the most Northern Hemisphere land cold extreme temperature occurrence after linearly removing the
influence of ENSO, trend, and volcanic aerosols (Johnson et al., 2018). Stippling indicates regression coefficients that are significant at the 5% level based on an F-
test. Extreme occurrence data (below the 10th or above the 90th percentile of the temperature distribution) are based on HadEX2 data (Donat et al., 2013) through
2010 and ERA-Interim (Dee et al., 2011) after 2010. b) As in a) but for the partial regression of SST anomalies on the June-September (JJAS) SST extremes pattern
(Johnson et al., 2018). ¢) Partial regression of December—-March cold extreme occurrences (days) on the z500 extremes pattern time series and of d) June-September
warm extreme occurrences on the SST extremes pattern time series. e) 1951-2014 time series of December-March cold extreme Northern Hemisphere land cold
extreme occurrences (days; dark blue and right y-axis) and the z500 extremes pattern index (light blue and left y-axis). Dashed lines indicate the 2002-2014 linear
trend lines. The correlation coefficient between the two time series is 0.52. f) As in e) but for the June-September warm extreme occurrences (red and right y-axis)
and the SST extremes pattern index. The correlation coefficient between the two time series is 0.56.

taken to distinguish internal from forced AMV (Mann et al., 2014; Ting 7. Hadley cell expansion
et al., 2014; Si and Hu, 2017). However, a large fraction of AMV likely

is internally generated (Zhang et al., 2019c), potentially contributing to Another robust climate response to human activity is the poleward
the apparent acceleration of sea surface warming in the late 20th and expansion of the Earth's subtropical dry zones. These arid regions are
early 21st centuries (Delsole et al., 2011) and, by extension to the centered at roughly 30°S and 30°N and result from dynamics associated
analysis above, of summertime warm extreme temperature occurrence with a pair of global-scale circulations—the Hadley cells. Within the
over NH land. The SST extremes pattern emerged as a leading pattern of tropics, the Hadley cells dominate zonal mean atmospheric circulation,
summertime extreme temperature occurrence variability, after re- with moist convection in the deep tropics (e.g., the Intertropical
moving the effects of ENSO, in a 500-yr coupled GCM simulation with Convergence Zone, ITCZ), poleward flow aloft, dry subsidence in the
constant radiative forcing (Johnson et al., 2018). These lines of evi- subtropics, and equatorward flow near the surface. Subtle shifts in the
dence support the existence of an AMV-like SST extremes pattern as a poleward extent of the descending branches, in particular, can have
naturally occurring pattern that can induce apparent accelerations or profound impacts on surface hydrology over land (Hoerling et al., 2012;
decelerations of the warm extreme occurrence trend over land. Ye, 2014; Zhang and Delworth, 2018). Therefore, understanding
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Fig. 9. Relationship between Hadley cell expansion/contraction and Pacific sea surface temperatures. (a) Correlation (shading) of 100 total (NH + SH) yso0 = O
trends with 100 SSTA* trends at each grid point using MPI-GE from 1985 to 2014. (b) Scatter plot of total w500 = O trends (y-axis; ‘latitude decade ™) and SSTA
trends averaged in the Nino3.4 region (x-axis; °C decade ~'). Grey circles represent trends derived from MPI-GE. Dashed black line indicates MPI-GE total ysoo = O
ensemble mean. Note that MPI-GE Nino3.4 trends are relative to the ensemble mean (i.e., Nifio3.4*). Red box and whiskers represent the median and range,
respectively, of trends derived from observed products. Observed total ysoo = O trends calculated using ERA-Interim, ERA5, MERRA2 (analyzed), and JRA-55.
Observed Nifo3.4 trends calculated using ERSSTv3b, ERSSTv5, HadISSTv1.1, and ICOADS.

Hadley cell edge variability and its forced trends is of great socio-
economic concern and has been a major focus of recent scientific in-
quiry.

In response to GHG increase, theoretical and modeling studies in-
dicate a widening and weakening of each hemisphere's Hadley cell (Lu
et al., 2008; Staten et al., 2012; Tao et al., 2016). The precise dynamical
mechanisms governing GHG-induced Hadley cell expansion are still an
open research question (Staten et al., 2018); however, the literature has
highlighted the importance of forced changes in subtropical static sta-
bility (e.g., Lu et al., 2008) and the equator-to-pole temperature gra-
dient (Wittman et al., 2007; Lorenz, 2014) across the tropopause in
determining the meridional location and intensity of breaking mid-la-
titude eddies, which are thought to significantly contribute to the
descending motion of the Hadley cell via the so-called “eddy-pump”
effect (Robinson, 2002; Walker and Schneider, 2006). Other anthro-
pogenic contributions to Hadley cell expansion arise from stratospheric
ozone depletion over Antarctica (e.g., Polvani et al., 2011) and the
atmospheric heating effects of aerosols such as black carbon and tro-
pospheric ozone (Allen et al., 2012).

What role does anthropogenic climate forcing play in observed
Hadley cell expansion in recent decades and to what extent do observed
trends deviate from the expected external forcing? The best estimates
using modern reanalysis data show that each zonal mean Hadley cell is
expanding at a rate of ~0.1-0.5° latitude decade ™', with the SH cell
currently outpacing its NH counterpart (Staten et al., 2018). However,
climate models forced with the aforementioned anthropogenic radia-
tive forcings produce expansion trends on the lower end of the observed
range (~0.1° latitude decade ~ '), suggesting that external forcing alone
cannot explain the observations.

As with the other metrics discussed in previous sections, growing
evidence has pointed to the primary importance of internal climate
variability for explaining the faster than expected Hadley cell expan-
sion. It has long been established that El Nifio (La Nina) drives Hadley
cell contraction (expansion) due to upper tropospheric heating
(cooling) within the tropics, which drives an equatorward (poleward)
shift of the subtropical jet stream (Robinson, 2002; Lu et al., 2008).
Given the known interannual variability of the Hadley circulation, re-
cent studies have focused on the degree to which similar modulations
occur on multidecadal timescales. Specifically, targeted modeling
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experiments have shown that low-frequency tropical Pacific forcing
associated with the observed shift from a positive to a negative PDV
phase can account for much of the observed trend since 1980, parti-
cularly in the NH (Allen et al., 2014; Allen and Kovilakam, 2017;
Amaya et al., 2018).

The PDV-driven multidecadal modulations of the Hadley circulation
have important implications for interpreting future climate change
projections. To illustrate this concept, we utilize simulations from the
Max Planck Institute Grand Ensemble (MPI-GE; Maher et al., 2019). The
MPI-GE features a 100-member ensemble of coupled climate model
simulations, each forced with the same historical radiative forcings
from 1850 to 2005. We further extend our analysis beyond 2005 with
model data forced with the RCP8.5 emissions pathway. Since each
member is initialized with a slightly different initial condition, internal
climate variations are incoherent across the ensemble. Therefore, the
MPI-GE ensemble spread provides the opportunity to investigate the
influence of low-frequency coupled climate modes in relation to the
externally forced signal common to each member.

A common metric used to measure the Hadley cell edge is the la-
titude at which the meridional overturning streamfunction (y) at
500mb is equal to zero polewards of the ITCZ (ys500 = 0). This metric is
part of a class of lower tropospheric Hadley cell edge indicators that
strongly co-vary with each other from year-to-year and show a direct
linkage to surface impacts (Davis and Birner, 2017; Staten et al., 2018).
The streamfunction can be calculated as:

_ 2acosp P
p(P.g) = == [ ldp @

where a is the radius of the Earth, g is gravitational acceleration, ¢ is
latitude, P is some arbitrary pressure level, and v is the meridional wind
component, with brackets denoting the zonal average. For each MPI-GE
member, we use annual mean y to calculate the w500 = O trend (“lati-
tude decade ™ ') in each hemisphere over the 30-year period 1985-2014
using a linear least-squares fit. We then calculate SSTA* trends (°C
decade ') over the same time period for each member and at each grid
point, where the superscript * represents deviations from the ensemble
mean. A careful comparison of these two variables allows us to in-
vestigate which (if any) internal SSTA patterns can explain the spread
in the model's estimate of forced Hadley cell expansion from 1985 to



N.C. Johnson, et al.

Positive PD\

Negative PDV

Time

Fig. 10. Schematic illustration demonstrating the influence of PDV (red/blue
shading) on Global Mean Surface Temperature (GMST; red line) and Hadley cell
width (green line). During the multidecadal transition from a positive PDV
phase to negative PDV phase, the long-term rise in GMST due to anthropogenic
forcing (grey line) is partially compensated by internal cooling, resulting in a
warming slowdown. In contrast, the superposition of internal and forced trends
leads to a concurrent accelerated Hadley cell expansion. This thought experi-
ment can be applied to other combinations of internal decadal climate varia-
bility and climate change metrics discussed in the text. Figure adapted from
Amaya et al. (2018).

2014.

Fig. 9a shows the correlation of the ensemble spread of total
(NH + SH) w500 = 0 trends with the ensemble spread of SSTA* trends
at each grid point. Consistent with previous studies, the correlation map
reveals a negative PDV-like pattern (cf. Fig. 1a), suggesting that mul-
tidecadal trends in tropical Pacific climate variability can significantly
modulate the model's representation of the forced Hadley cell edge
trend (Allen and Kovilakam, 2017; Amaya et al., 2018). This relation-
ship is readily apparent in Fig. 9b, which compares each ensemble
member's total yso9 = O trend with its SSTA* trends averaged in the
Nifo3.4 region (5°S - 5°N, 120°W - 170°W) (i.e., Nifi03.4*). Within the
MPI-GE, Hadley cell edge trends and Nifno3.4* trends are significantly
anti-correlated at R = —0.63. This suggests that ensemble members
experiencing a decadal cooling in the tropical Pacific from 1985 to
2014 tend to have accelerated Hadley cell expansion relative to the
ensemble mean or forced expansion (horizontal black line). This re-
lationship is summarized in the schematic illustration depicted in
Fig. 10. Note that this thought experiment can be applied to other forms
of decadal climate variability and other climate change metrics dis-
cussed in this review.

The opposite is true of ensemble members with warming trends in
the tropical Pacific, which tend to have Hadley cells that are either
expanding slower than the ensemble mean or even contracting. The
presence of contracting trends in the MPI-GE highlights the dominance
of internal noise over the relatively weak (~0.15° latitude decade™)
forced signal in recent decades (Amaya et al., 2018; Quan et al., 2018).
Further, estimates of this observed Nino3.4 cooling (horizontal whis-
kers) fall well within the spread of MPI-GE generated Nifio3.4* trends,
supporting research that suggests the recent PDV phase transition can
be explained by internal climate variations alone (Newman et al.,
2016).

Moving forward there are myriad outstanding research questions
that must be addressed in order to improve predictability of future
Hadley cell width changes. First, although ENSO- and PDV-driven
Hadley cell width variations represent the dominant form of internal
variations (Amaya et al., 2018), they are not the only climate modes
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that influence the edge of subtropical dry zones. For example, recent
multidecadal trends of the Northern and Southern Annular Modes to
more positive phases may have contributed to recent Hadley cell ex-
pansion as well (e.g., Previdi and Liepert, 2007). Further, the North
Atlantic Oscillation and AMV have also been linked to Hadley Cell
width variability in the NH (Lucas and Nguyen, 2015).

Second, recent literature has highlighted the importance of main-
taining a regional perspective when investigating Hadley cell width
variations. Zonal mean Hadley cell metrics are useful tools that simplify
otherwise complicated dynamics; however, such indices limit quanti-
tative analysis on the regional level where impacts are felt. Preliminary
studies on this topic show promise in regressing SLP, precipitation, and
evaporation onto zonal mean Hadley cell width metrics (e.g., Schmidt
and Grise, 2017; Amaya et al., 2018), while others have also made
progress by decomposing the meridional streamfunction into regional
components using the Helmholtz Decomposition (Staten et al., 2019).
Regardless, future work is needed to elucidate the regional manifesta-
tion of the zonal mean Hadley cell response to internal and forced
variations.

Finally, although internal variability has contributed a large portion
of the observed Hadley cell width trend, the anthropogenic signal will
become increasingly important as GHGs continue to accumulate in the
atmosphere. Current estimates from coupled climate models suggest
that forced Hadley cell expansion in the zonal mean SH (NH) will
emerge beyond the range of internal variations by the mid- (late-) 21st
century (Quan et al., 2018; Grise et al., 2019). However, as strato-
spheric ozone continues to recover in the SH (e.g., Eyring et al., 2007;
Staten et al., 2018) and as the PDV cycle transitions to a warm phase
(Fig. 9b), we expect a slowdown in Hadley cell expansion until such
time as the forced signal dominates.

8. Summary and discussion

The human influence on the climate is clear (IPCC, 2014), and this
influence has manifested through significant trends in many metrics of
observed global climate change. Over the past few decades, however,
several key metrics of global change experienced notable changes. The
GMST increase underwent an apparent slowdown, Antarctic sea ice
expanded, boreal summer Arctic sea ice declined rapidly, both cold and
warm extreme occurrences increased over NH continents, and the
Hadley circulation expanded poleward (Fig. 4). Many of these changes
deviated substantially from the expected trends resulting from in-
creasing GHG forcing, calling into question whether these recent
changes indicate fundamental deficiencies in our understanding and
simulation of radiatively forced changes of these key metrics or if in-
ternal climate variability alone is sufficient to explain these deviations.
The global warming hiatus from the late 1990s through the early 2010s
received particularly wide attention, providing a focus for scientific
inquiry into the sources of variability for GMST and other important
metrics.

Recent work has significantly advanced our understanding of the
multidecadal variability of these key metrics, providing insight into
modulations by internal climate variability. These studies expanded our
focus beyond the question of whether internal variability can explain
these deviations from the expected changes, which often reduces the
problem to a matter of statistical significance, to the question of how
internal variability may explain these deviations, through process-or-
iented studies that have attempted to understand the observed reali-
zation of internal variability. This research brought a closer integration
of the climate change and climate variability communities, capitalizing
on the merging of unique perspectives and traditions.

A common theme emerging from these studies is the prominent role
of decadal-to-multidecadal SST variability, as both the PDV and AMV
played important roles in multidecadal modulations of GMST, polar
temperature and sea ice, continental extreme temperature occurrence,
and Hadley circulation expansion/contraction. These modes of
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variability have patterns that are unique from the more spatially uni-
form response to GHG warming, resulting in distinct seasonal and re-
gional climate impacts but projecting onto these metrics of global cli-
mate change. Because of these multidecadal modulations, the trends of
these metrics must be calculated over several decades to suppress the
noise of internal variability. The hiatus demonstrated that GMST in-
ternal variability can overcome the effects of radiative forcing over
periods of about 15 years. For other more regionally confined metrics,
this timescale tends to be even longer and may extend beyond available
observational records; for example, the forced changes in Hadley cir-
culation expansion may not begin to emerge from the noise of internal
variability until the mid-21st century (cf. Section 7).

Despite the rapid research progress over the past decade, several
challenges remain, particularly with respect to the brevity of the ob-
servational record and the limitations of CGCMs in simulating internal,
multidecadal climate variability and potentially radiatively forced
changes that project onto these modes of variability. The period over
which we have reliable observations is relatively short, limiting the
number of independent realizations of observed multidecadal varia-
bility. Uncertainties in many observational datasets, such as sea ice,
increase substantially or become entirely unavailable before the be-
ginning of the satellite era in the late 1970s. Other datasets with records
extending more than a century, such as global SST, still have large
uncertainties in the first half of the 20th century (Kent et al., 2017),
particularly over the Southern Ocean due to limited observations. Be-
cause of these uncertainties, many existing SST reconstructions may
have underestimated the amplitude of early 20th century AMV and
PDV, hindering our ability to understand concomitant climate changes
such as accelerated Arctic warming (Tokinaga et al., 2017). Re-
constructions through paleoclimate proxies have yielded PDV (e.g.,
Henley, 2017) and AMV (e.g., Zhang et al., 2019c) records extending
back hundreds of years, and sometimes longer, but these reconstruc-
tions expectedly have higher uncertainty than the instrumental records.
Nevertheless, efforts to improve the length and reliability of the ob-
served record for these modes of internal variability and the metrics
they affect remain a worthwhile endeavor.

In addition, available evidence suggests that although state-of-the-
art CGCMs simulate the basic structure of the dominant decadal modes
of variability, they generally underestimate the amplitude of some
important modes of internal multidecadal variability. As discussed in
Section 2, climate models generally underestimate both PDV and AMV.
The decadal-to-multidecadal component of the North Atlantic Oscilla-
tion is also underestimated in CMIP5 models (Wang et al., 2017b),
which has important consequences for the simulation of Northern
Hemisphere mean (Wang et al., 2017b) and extreme (Johnson et al.,
2018) temperature occurrence. Such biases likely relate to deficiencies
in simulating slow ocean processes, such as the AMOC (Wang et al.,
2017b; Kim et al., 2018a; Yan et al., 2018), and coupled ocean-atmo-
sphere interactions (e.g., Bellomo et al., 2016). Large spreads exist
among models in tropical Pacific SST variance and its impact on GMST
(Wang et al., 2017a), although the cause is unclear. This under-
estimation of internal multidecadal variability makes it challenging to
disentangle errors in radiatively forced trends versus errors in simulated
internal variability when assessing significant trend differences be-
tween climate models and observations.

The aforementioned challenges call for sustained efforts in im-
proving paleoclimate and long-term observations while also addressing
model biases through a hierarchy of modeling approaches. Despite
these current limitations in both observations and CGCMs, the com-
munity has employed and should continue to pursue innovative hybrid
approaches that combine observational analysis with state-of-the-art
climate modeling to disentangle the effects of internal climate varia-
bility from radiatively forced changes. The key element of this pursuit is
the ability to distinguish distinct spatial and/or temporal fingerprints
between internal variability, which tends to be spatially heterogeneous,
and GHG forced changes, which tend to be more spatially uniform, and
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Fig. 11. Estimating the radiatively forced GMST changes through a hybrid
observational/climate modeling approach. Three-year running mean GMST
anomalies (K) relative to 1970-1999 average. Raw anomalies (black) and ra-
diatively-forced anomalies estimated following Kosaka and Xie, 2016 (purple).
Based on HadCRUTA4.6.0.0, GISTEMP v4, NOAAGlobalTemp version 5, and
CM2.1 historical-RCP4.5 and pacemaker simulations as used in Fig. 2.

then to use the evolution of observed fingerprints as a constraint.

An application of the tropical pacemaker experiments described in
Section 3 represents one such approach. Given the success of the pa-
cemaker experiment in simulating the observed GMST time series, and
that the multidecadal variability of observed tropical Pacific SST is
expected to be dominated by internal variability, Kosaka and Xie, 2016
inferred the radiatively forced GMST response as Traq = Tops — (Tpar —
Trst), where Ty is the observed GMST time series and the term in
parenthesis (ensemble mean GMST difference between the tropical
Pacific pacemaker and historical simulations) represents internal
variability induced by tropical Pacific SST. The time series of T,,q shows
a steeper climb from about 1900 through the early 2010s when the
hiatus ended (Fig. 11), indicating that the centennial trend in observed
GMST may have underestimated the true radiatively forced trend owing
to the effects of internal variability, at least until the sharp rise in GMST
following the end of the hiatus in 2014 (Hu and Fedorov, 2017; Su
et al., 2017). The method of Kosaka and Xie et al. (2016) represents one
approach to estimating the influence of PDV on GMST that may be
complemented by other approaches that use more direct estimates of
PDV-related GMST changes from long unforced climate model control
runs (Meehl et al., 2016b).

The growing availability of large ensembles from several CGCMs,
where external forcing is held the same but initial conditions are varied,
also has benefited the study of internal multidecadal climate variability.
For example, Ding et al. (2019) analyzed simulations of the Community
Earth System Model Large Ensemble (Kay et al., 2015) to determine the
role of internal multidecadal variability on the observed September
Arctic sea ice trend. Because the simulations reveal that the forced and
internal fingerprints of Arctic circulation change are quite distinct, they
were able to apply a pattern-matching technique to decompose the
observed Arctic circulation and related sea ice trends into radiatively
forced and internal components (Fig. 6). Therefore, the analysis relied
on the CGCM to simulate realistic patterns of forced and internal cli-
mate variability but also relied on the observed variability to constrain
the temporal evolution of the two components. In general, the in-
creasing availability of CGCM large ensembles has enhanced our ability
to test methods of distinguishing internal variability from radiatively
forced changes in a single realization of nature, which include methods
to separate the influence of external radiative forcing on the AMV and
PDV (Si and Hu, 2017; Xu and Hu, 2018).

Other recent approaches have applied novel statistical approaches
to observational data alone in order to distinguish radiatively forced
changes from internal variability and to diagnose CGCM errors. The
method of “dynamical adjustment” (Smoliak et al., 2010; Wallace et al.,
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2012) was introduced as a means of decomposing observed climate
trends into dynamic and thermodynamic components by statistically
separating the component of the trend related to atmospheric circula-
tion (dynamic component) from the residual component attributed to
thermodynamic processes. If the radiatively forced circulation trends
are expected to be much weaker than the internal component, such as
in wintertime extratropical circulation trends, then the dynamic com-
ponent is primarily attributed to internal climate variability, and the
thermodynamic component is primarily attributed to radiative forcing.
Another recent observations-based approach relies on statistical re-
sampling of historical data to construct “observational large ensembles”
(McKinnon et al., 2017); comparisons of internal variability in ob-
servational large ensembles with that of CGCMs may provide insights
into CGCM internal variability amplitude biases.

The recent developments of these approaches signify potential ad-
vances in compensating for CGCM deficiencies and in disentangling
internal multidecadal variability from radiatively forced changes for
many key metrics of global climate change. Importantly, these meth-
odologies point toward pathways for near real-time diagnoses of the
effects of internal variability so that we may identify the sources of
modulation of these metrics as it occurs, informing on how these
sources either constructively or destructively interfere with the radia-
tively forced trend. As with the recent hiatus, it is inevitable that de-
structive interference by the effects of these internal modes will offset
and possibly even temporarily reverse the radiatively forced trends for
each of these metrics over decadal to multidecadal periods. The insights
gained through the past decade of research have better prepared the
community to address these modulations as they occur.
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