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Abstract: The Intergovernmental Panel on Climate Change (IPCC) noted a recent 15-year period
(1998-2012) when the rate of surface global warming was a factor of 4 smaller than the mean of
the state-of-art climate model projections and than that observed in the previous three decades.
When updated to include 2014 by Karl et al. using the new version of NOAA data, the observed
warming trend is higher, but is still half or less, depending on dataset used, that of previous
decades and the multi-model mean projections. This period is called a surface warming slowdown.
Intense community efforts devoted to understanding this puzzling phenomenon—puzzling because
atmospheric greenhouse gas accumulation has not abated while surface warming slowed—have
yielded insights on our climate system, and this may be an opportune time to take stock of what we
have learned. Proposed explanations differ on whether it is forced by counteracting agents (such as
volcanic and pollution aerosols and stratospheric water vapor) or is an internal variability, and if
the latter, on which ocean basin is responsible (Pacific, Indian, or Atlantic Ocean). Here we critically
review the observational records, their analyses and interpretations, and offer interpretations of
model simulations, with emphasis on sorting through the rather confusing signals at the ocean’s
surface, and reconciling them with the subsurface signals.
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1. Introduction

1.1. Was There a Hiatus, or a Slowdown?

IPCC’s Fifth Assessment Report (AR5) [1] noted “a much smaller increasing trend” of 0.05 °C per
decade of the global-mean surface temperature over the 15-year period 1998-2012, than the previous
30 to 60 years. This period, when the least-squares linear trend of surface temperature is close to zero,
has been referred to as the “hiatus” or “pause” in surface warming. When updated to 2014 [2], a record
warm year, it may be more appropriately called a “slowdown”, especially when the latest data from
National Oceanic and Atmospheric Administration (NOAA) revised this trend upward. The terminology,
“surface warming slowdown” has now been adopted for that period by the US CLIVAR panel [3].

Figure 1is an updated version of the figure in AR5 using the latest version of the four observational
products up to the end of 2017. Much of the change in the linear trend is due to the addition of 2013
and 2014. While the NOAA dataset has the largest increase in 2014 among the ones examined,
it nevertheless falls within the observational uncertainty given by the Hadley Centre and so is not
qualitatively different from the other datasets. The figure shows that the observed global-mean surface
temperature, including its error bars, remains near the lower bound of the projected warming by
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the 42 climate models assessed by IPCC, and significantly below the multi-model mean, up to 2014.
It then changed in 20152016, an extreme El Nifio year, when the observed warming caught up to the
multi-model mean projection, before declining in 2017.
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Figure 1. Modeled and observed annual-mean global-mean surface temperature relative to 1986-2005
mean. Adapted from IPCC AR5 Figure 11.9 and updated to the end of 2017. The observations
from HadCRUTA4.3 [4], GISTEMP [5] and ERA-Interim [6] are in black lines and NCDC (ERSST.v4
land + ocean) is in green. GISTEMP uses ERSST.v4 SST [2] for its sea-surface temperature (SST). The red
line is the one standard deviation of combined observational uncertainty due to measurement, sampling
and coverage. The shading shows the 5-95% range of 42 models, with grey for the historical simulation
and blue for the projection under the RCP4.5 scenario. The white line is for the multi-model mean.
The grey curves are the maximum and minimum envelopes of 107 ensemble members.

1.2. How Long Has the Slowdown Lasted?

This period of global-warming slowdown was bracketed by the strong El Nifio events of 1997-1998
and 2015-2016. These interannual variations may not be relevant to the decadal and interdecadal
phenomenon that we are interested in, and yet they prominently influence the determination of the
linear trends and popular perceptions on the start and end dates of this phenomenon. The interdecadal
and multidecadal behavior can be better revealed a few hundred meters under the ocean surface, since
interannual surface variations tend to have shallow subsurface manifestations.

Which ocean should we look at to find the subsurface signal? It is reasonable to look at the ocean
basin that contributes most to the slowdown in the global-mean surface temperature. As reviewed in
Section 2, and in Chen and Tung [7], the variation of the global-mean surface temperature at decadal
and interdecadal time scales is contributed mostly by an Atlantic pattern. The Pacific’s contribution
to the global mean surface temperature variation is mostly at the interannual scales (specifically
the interannual El Nino-Southern Oscillation (ENSO) timescales). Its contribution at decadal and
longer timescales is small and was found to be one order of magnitude smaller than that by the
Atlantic [7]. The Atlantic Meridional Overturning Circulation (AMOC) is strongly implicated as the
cause of the change in sea-surface temperature in the form of Atlantic Multidecadal Oscillation (AMO)
in models [8-11]. In a recent publication on observational evidence of AMOC’s variation and its
effect on the global-mean surface temperature, Chen and Tung [9] examined the subsurface change
associated with variation of AMOC in the recent decades. The acceleration of AMOC started in 1993,
reaching a peak in 2005. Then it declined, and will soon reach the previous low level, 26 years later.
Chen and Tung [12] argued that a period of rapid warming may resume and that period may last
over two decades. During AMOC'’s accelerating phase before 2005, deep convection increased and
more heat was transported downward in the subpolar Atlantic. The heat that was transported into
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the deeper layers was sequestered, depriving the surface of the heat that would have warmed it.
Unlike the preindustrial era, however, the surface still warms for a while because of the presence of
greenhouse heating even though some of the heating is sequestered in the oceans. It took 6 years for
the ocean sequestration to overcome the addition of heat from above, until 1999, for the surface to
experience a noticeable slowdown in global warming.

Figure 2 shows the coincidence of such heat and salinity subduction in the subpolar Atlantic with
the period of surface warming slowdown and acceleration.

Atlantic was not the only ocean that was sequestering heat during this period. The subsurface
ocean heat content in the Southern Ocean was observed to increase at least since 1993. We will
show in Section 3 that while the Pacific and the Indian Oceans dominate the horizontal exchanges of
heat in the upper 300 m, the Atlantic and the Southern Ocean dominate the vertical redistribution.
They accounted for about 70% of the global heat storage increase in the 200-1500 m layer during
2000-2014, divided between the North Atlantic, which is dominant before 2005, and the Southern
Ocean after 2005. The subsurface warming in the Southern Ocean started at least since 1993, and
was attributed to the southward displacement and intensification of the circumpolar jet [13], caused
in large part by the Antarctic ozone hole [14]. North Atlantic’s role appears to be cyclic on decadal
timescales, with AMOC in an accelerating phase before 2005.
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Figure 2. Coincidence of the three AMOC phases with global warming slowdown and acceleration:
(a) Global mean surface temperature; (b) OHC north of 45° N in the Atlantic; (c): Salinity north of
45° N in the Atlantic. Adapted and updated to the end of 2017 from Chen and Tung [12].

2. Looking for Clues at the Surface

2.1. Contributions to the Global-Mean Surface Temperature Variation

The relevant question seems to be: what caused the low-frequency variability that has contributed
to the alternating periods of global-mean warming acceleration and slowdown? Figure 3a shows
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the observed global average of the HadCRUT4.3 land + ocean surface temperature [4,15] (in black)
and its smoothed version (in blue). It is seen that the global-warming slowdown in the 21st century
and the prior hiatus in mid-20th century exist in the smoothed data, with interannual fluctuations
(green) superimposed upon the smoothed, multidecadally varying, platform. The high-frequency
fluctuation is mostly associated with ENSO, as its associated spatial pattern is the cold-tongue pattern
in the equatorial Pacific, seen in Figure 3d. Zhang et al. [16] and Chen and Wallace [17] emphasized
that equatorial wave dynamics (Kelvin waves and Rossby waves) are mainly responsible for the
interannual “ENSO cycle”, with a spectral peak of ~2-7 years and the tight cold-tongue shape near
the equatorial Pacific. The spatial pattern associated with the secular trend (Figure 3b), on the other
hand, has the typical pattern of anthropogenic forced warming, with more uniformed warming over
the globe, but warmer continents than over oceans, and with a characteristic cool “warming hole” in
the North Atlantic [18].
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Figure 3. Decomposition of the annual-mean global-mean temperature (relative to 1961-1990 mean):
One hundred ensemble members in the HadCRUT4.3 dataset, sampling systematic components of
observational uncertainty, are shown in light grey. Their ensemble mean is in black. (a) Decomposition
of each of the ensemble members of the HadCRUT4.3 global-mean surface (land+ocean) temperature
into its high-frequency (shorter than decadal; in green) and low-frequency (longer than decadal,
in red) components. The secular trend is indicated with the brown line. The blue lines, which are the
sum of the red and the brown lines, are seen as a good smoothed version of the original time series.
The darker color line denotes the ensemble mean of the light color lines. The method used in the
decomposition is Ensemble Empirical Mode Decomposition [19] (EEMD), which has the advantage
that it is lossless (the three components add up to the original time series perfectly) and that the
high and low frequency components are constructed to be orthogonal (for all practical purposes in
the implementation). The high-frequency component can also be seen as the difference between the
original data and the smoothed version. Bottom panels: Spatial patterns obtained by regressing the
global land+ocean surface temperature for the period 1910-2014 onto the secular trend (brown curve)
(b) onto the low-frequency component (the red curve) (c) and the high-frequency component (the
green curve) (d) after the low and high frequency time series are first normalized to unit standard
deviation, so that the color shows the amplitude in degrees C. The left color scale is for the secular
trend, while the right color scale is for the low and high frequency oscillations. Adapted and updated
from Chen and Tung [7] to the end of 2017.

To explain the warming slowdown in the global-mean surface temperature, one needs to explain
the low-frequency (period longer than decadal) part of that time series—the associated spatial pattern
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is shown in Figure 3c—but not necessarily the high-frequency ENSO-cycle fluctuations on top of it.
The same procedure was previously used by Wu et al. [20] in finding the spatial SST pattern in the
multidecadal mode with an average period of 65 years, except that here we broaden the frequency
range to include the decadal variability in order to examine the recent period of slowed warming.
The SST pattern is dominated by the inter-hemispheric dipole, called the Atlantic Multidecadal
oscillation (AMO), in the Atlantic basin [11,20-24], being warm in the North Atlantic but cool in
the South Atlantic and vice versa; this much discussed pattern is known to reflect the subsurface
variation of the AMOC [9,22,25]: The upper branch of AMOC is north flowing in both hemispheres,
bringing warm tropical surface water to the subpolar North Atlantic, making it warmer, and cold
Antarctic surface water northward, making the tropics and midlatitudes of the South Atlantic cooler.
This inter-hemispheric pattern is strengthened when AMOC speeds up and weakened when it slows
down, giving rise to the alternating anomaly pattern of the multidecadal variability in the Atlantic
basin seen in Figure 3c. The Pacific extension (likely through the atmospheric bridge [9]) of this
low-frequency pattern in Figure 3c is very weak in comparison and is consistent with the view that
interdecadal components of ENSO should fall in the red-noise continuum of the spectrum [26,27]. It is
also consistent with the result of Chen and Tung [7] that the Pacific Decadal Oscillation contributes very
little to the global-mean surface temperature (see Figure 8 later) variation at decadal and interdecadal
timescales. In our decomposition shown in Figure 3, the high- and low-frequency components are
orthogonal and so it avoids the problem of the high variance ENSO pattern (Figure 3d) leaking into the
Pacific portion of Figure 3c and giving rise to an “ENSO-like” spatial pattern in the low frequencies.

Booth et al. [28] were able to simulate the multidecadal component of the global-mean temperature
as a forced response to anthropogenic time-varying aerosol forcing incorporating enhanced indirect
aerosol effects. However, since aerosol loading exists in the Northern Hemisphere in both the Atlantic
and Pacific, it appears inconsistent with the spatial pattern shown in Figure 3¢, which is dominant
only in the Atlantic. More importantly, Zhang et al. [29] pointed out that the simulated subsurface
behavior from aerosol forcing is different than the observed one, the latter being characteristic of an
internal variability caused by variations of AMOC. This mutidecadal quasi-periodic signal was also
found in long preindustrial records [11,30-33] and control climate model runs without anthropogenic
forcing changes [34-37].

2.2. Trade-Wind Intensification in the Tropical Pacific

A large number of papers—to be reviewed below—argued instead that it is the cooling in the
Pacific Ocean that is responsible for the global-warming slowdown. However, simultaneous with
the cooling trend in the eastern equatorial Pacific [38,39] for 19972014 a compensating warming
trend in the western and northern part of the Pacific is also observed (Figure 4). The underlying
cause of the compensating trends of the eastern and western Pacific is probably the intensifying
trade wind, which blows from east to west, as pointed out by England et al. [39], Han et al. [40] and
Delworth et al. [41]. Its effect is seen in the unprecedented sea-level rise in the western Pacific and
the lowering of sea level in the eastern Pacific [42,43]. Several authors suggested that the tropical
Pacific’s trade wind intensification was driven by SST warming in neighboring basins, by the Indian
Ocean [40,44], or by the Atlantic Ocean [25,45,460]. The recent work of Lee et al. [47] argued that the
warming of the Indian Ocean is not a cause but an effect, as the intensified trade wind drove warm
surface waters from the western Pacific into the Indian Ocean through the Indonesian Through Flow
(ITF). Clement et al. [48] had long predicted the strengthening trade winds and La Nifia-type SST as a
consequence of global warming via the mechanism of “oceanic thermostat”, which they claimed was
not adequately modeled in the current climate models. Evidence supporting their theory from the
past 130 years of anthropogenic warming had been weak [49], but could the predicted situation finally
emerged in the Pacific in the recent two decades? And could this be the reason why the Climate Model
Intercomparison Project version 5 (CMIP5) models are all, with the exception of one [50], too warm in
the eastern equatorial Pacific compared with observation [51]? Whatever its course, this multidecadal
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behavior did not impact the global mean because it serves mostly to move the warm surface water
from the eastern equatorial Pacific to the western and northern Pacific. The mean SST of the Pacific as
a whole actually has a slight warming trend.
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Figure 4. East vs. West Pacific SST (relative to 1961-1990 mean): The mean SST of the eastern tropical
Pacific in blue curve (with weight = 1), and the mean SST of the rest of the Pacific (area weighted
by 1.86). The mean SST for the Pacific basin as a whole is in green. The regions used are depicted
in the inset. The blue region in the eastern Pacific is the same as that used in Kosaka and Xie [38]
and is 35% of the Pacific basin. The SST time series have been smoothed using 27-month running
mean. The linear trend, using the same color as the SST for each region, is objectively determined by
least-square linear regression.

2.3. The Arctic

Cowtan and Way [52] raised a concern on the treatment of missing Arctic data (which should
have a faster warming rate). On the other hand, Gleisner et al. [53] suggested that the high latitudes
contributed only marginally. Uncertainties exist on the best ways to fill the gap, as discussed by
Curry [54]. What Figure 3 shows is that the observed pace of global warming during this period has
slowed markedly compared to previous two and half decade.

3. The Energy Budget

3.1. The Global Budget

When the global-mean surface temperature did not warm as expected in the presence of ever
increasing atmospheric concentration of greenhouse gases, there can only be two possible reasons,
both involving the energy budget of the earth: (1) the radiative heating was not appreciably reaching
the surface—most of it presumably was reflected back to space by, for example, increasing aerosols
from volcanic eruptions and anthropogenic pollution; or (2) that the heating was reaching the surface
and below, but was sequestered in the oceans below the mixed layer. (Of course, a combination of the
two is possible, for example, as in half from reduction of radiative forcing and half from ocean storage
of heat.) It then follows that no resolution of the “mystery” of the global warming slowdown can be
accomplished without a proper accounting of the “missing heat”, including whether any heat was
indeed “missing”. The pioneering work of Meehl et al. [55,56] supports (2) as a possible explanation.
They found in a coupled model that the surface hiatus periods are associated with enhanced storage of
heat in the intermediate layers of the global oceans.

Let AHtoa = Hsw — Hjy, be the radiative imbalance between the short-wave (sw) and long-wave
(lw) radiation at the top of the atmosphere (TOA) per unit area of the planet. Since the heat capacity of
the ocean is much larger than that of the atmosphere and of the cryosphere (93% since 1955, according
to Levitus et al. [57]; see Trenberth et al. [58] for a review), we have, approximately
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5
AHrop = aOHCtotul/ 1)

where OHC,,;,; is the total ocean heat content of the world’s oceans. Loeb et al. [59] estimated that
for the period 2001-2010, AHrpa = 0.5+ 043 W-m~—2 using TOA satellite radiative measurements
anchored to a well-observed but shorter period 2005-2010 of the ocean OHC change in 0-1800 m.

Using 0-1500 m OHC change as an approximation of the total OHC change since 2000, Chen and
Tung [60] calculated, for the global ocean, a value for the right-hand side of Equation (1) as 0.49 W-m~2,
nearly matching the value given by Loeb et al. [59]. The observational uncertainty of subsurface data
obtained by various instruments were reviewed by Abraham et al. [61]. After the launch of Argo floats
since 2000 [62], the uncertainty has been much reduced. For the period in their review that overlaps with
the current review, Levitus et al. [63] deemed the global data coverage to be nearly 100% at 700 m for
1 x 1° squares with at least 4 measurements in 5 years, including all instruments. Roemmich et al. [64]
found the Argo data to be accurate and spatially homogenous after 2005. However, as pointed out by
Cheng and Zhu [65], the rapid transition from non-Argo to Argo observing platform around 2002-2003
may have introduced an artifact in the Southern Ocean, where non-Argo observations were sparse.
The data are here adjusted by us (shown in color in Figure 5, with the original unadjusted in grey) for
the Southern Ocean to remove this artifact, following Cheng and Zhu. The adjustment does not affect
data after 2003, but changes the slope of the OHC when referenced to year 2000. The 0-1500 m OHC of
the global oceans is now seen to be increasing at the rate of ~0.42 W-m 2, still close to the TOA net
radiative imbalance, considering that the latter is more uncertain [59].
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Figure 5. Global mean SST and OHC relative to 1998: SST from ERSST.v4 is in black and 0-200 m OHC
in light orange curve, showing that they co-vary and both are in a warming slowdown, while the “total”
OHC, as approximated by the 0-1500 m OHC in red curve, is increasing at the regressed linear rate of
0.42 W-m~2 (red dashed straight line). The orange shaded region is the amount of heat stored in the
200-1500 m layer, and it is about 89 zetajoules for the period 2000-2014. The data were adjusted by us
for the Southern Ocean to remove a possible artifact due to the rapid transition from no-Argo to Argo
observing platform around 2002-2003, as pointed out by Cheng and Zhu [65]. The original data [66]
for the unadjusted 0-1500 m OHC are shown in grey. The inset shows the division of the 89 zetajoules
of the global ocean increase in heat storage in 200-1500 m (linear trend multiplied by the number of
years) into the four ocean basins. Note that the definition of the Southern Ocean in oceanography and
here is south of 35S. The tip of the Drake Passage is at 38S. The error bars are from the linear trend
regression. For the subsurface ocean heat content we use Ishii data [66], which is available up to 2012.
Most of the recent measurements are from the Argo floats [62].

The question of why the SST is in a slowdown should also be asked of the upper 200 m of the
global oceans; the two are highly correlated (r = 0.82) (Figure 5) and physically related. The mixed
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layer varies in depth and with season in different parts of the oceans, but a rough global measure of
its depth is about 200 m. Through wind and turbulence mixing, the temperature in the mixed layer
is more uniform vertically and strongly influenced by surface processes. Given that the total OHC
in a column is increasing, the reason that the upper 200 m OHC is not increasing must be due to the
heat transported below 200 m. The difference between the 0-200 m and 0-1500 m OHC curves is the
amount of heat stored between 200 m and 1500 m. This amount has increased from year 2000 to 2014
by approximately 89 = 5 zettajoules (linear trend and regression error. 1 zettajoule = 10?! joules, about
twice the world’s energy consumption per year). When 89 zettajoules are divided by 15 years and the
area of the planet, it yields 0.37 W-m~2 (1 W = 1 Js~!). The small left-over 0.05 W-m~2 is why the
upper 200 m of the global oceans warmed only slightly.

The ocean need not always behave this way. It could instead distribute the OHC mostly in the
top 300 m, as it apparently did in the last two decades of the 20th century [60], when the surface
warmed rapidly. Therefore this energy budget calculation argues in favor of the explanation that it is
the oceans sequestering the heat below 200 m that would otherwise have warmed the surface, rather
than a reduction of radiative forcing, as the major cause of the global warming slowdown. However,
the latter explanation cannot be ruled out as a partial explanation, because the subsurface data were
probably not good enough around the turn of the century for us to detect a small change in slope.
Nevertheless, no large reduction of TOA radiative imbalance has been reported [67], and some datasets
even reported an increase (see Trenberth et al. [58]).

3.2. Partition Among Different Ocean Basins

Of the 89 zettajoules of increased storage in the global oceans between 200 and 1500 m for 20002014,
a majority of the heat storage increase (63 zettajoules, or 70%) occurred in the Atlantic and the Southern
Oceans, with the Indian Ocean (14 zettajoules) and the Pacific (11 zettajoules) playing secondary roles
(see Table 1). The Argo floats did not reach full coverage of the Southern Ocean until 2004 or 2005,
but the coverage by a combination of expendable bathythermographs and Argo floats was probably
adequate since 2000 in the North Atlantic. These instruments in the Atlantic showed that the Atlantic’s
uptake in the 200-1500 m layer was 31 zettajoules (60% of the corresponding global value) between
2000 and 2005, as AMOC sped up [68], thereby increasing the subduction of warm saline waters in
the subpolar Atlantic [54]. AMOC then slowed after 2005, as measured by the RAPID array [69,70],
and the Atlantic subducted little additional heat. Then the Southern Ocean picked up most of the heat
storage, accounting for 27 zetajoules of heat in the layer between 200 m and 1500 m between 2005 and
2014 (54% of the global value). Thus, the Atlantic and the Southern Oceans in turn carried the majority
of the increase in heat uptake in the 200-1500 m of the global ocean. This way of accounting does not
use the poorer data of the Southern Ocean prior to 2005.

There are also some horizontal compensation of heat increase in the upper layers of the global
ocean: Nieves et al. [71] commented on the cooling in the top 100 m of the eastern Pacific being
compensated by warming in the 100-300 m layer of the Western Pacific and the Indian Ocean. Using a
model simulation Lee et al. [47] suggested that the warming in the Indian Ocean has a Pacific origin:
the intensified trade wind might have blown some of the warm water accumulated in the western
Pacific over to the Indian Ocean through the Indonesian Through Flow. Since it is the only ocean basin
that warmed appreciatively in the upper layer, Indian Ocean may account for a large percentage of the
small global heat uptake in that layer (65% for the 0-200 m, see Table 1; 70% for 0-700 m, see Lee et al.,
and Chen and Tung [72]).

The dominance of the Southern Ocean in heat storage after 2005 was confirmed by
Roemmich et al. [64], who examined the period 2006-2013, when Argo floats achieved global coverage.
Nieves et al. [71] on the other hand found the Southern Ocean to be secondary to the Indian Ocean in
heat storage increase since 2003 in terms of temperature trends. But, when multiplied by the smaller
area of the Indian Ocean in the OHC calculation, the Indian Ocean should have become secondary to
the Southern Ocean (see Table 1). Liu et al. [73] reexamined the observational analysis of Chen and
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Tung [60]. In agreement with Chen and Tung [60], they found that “the Atlantic and the Southern Ocean
contributed most to OHC increases at depths >300 m”. For the layer 300-1500 m, they found that the
percentage of the linear warming trend of the OHC in the Atlantic, Southern Ocean, Pacific and Indian
Ocean to the global OHC warming trend during 1998-2012 are 33.8, 40.7, 8.2 and 15.8%, respectively,
which were deemed similar to those during the longer period from 1970 to 2012—30.7, 41.3, 13.5 and
5.4%, respectively. Although they agreed with Chen and Tung [60] on the larger role played by the
Atlantic and Southern Oceans, they argued that the larger heat uptakes in these ocean basins have
not changed between the two periods and that fact should justify the interpretation that “the deep
heat penetration in these two basins is not unique to the hiatus but is characteristic of anthropogenic
warming”. In a rebuttal, Chen and Tung [72] pointed to their misleading use of percentages instead
of actual OHC magnitudes. The earlier, non-hiatus period, 1970-1997, was characterized by a small
OHC increase of 12 zettajoules in the global oceans, while during the latter, hiatus period, 1998-2012,
58 zettajoules was sequestered in the 300-1500 m layer in the global oceans. The Atlantic’s heat uptake
into the 300-1500 m layer increased by a factor of over 4 during the hiatus period compared to the
previous non-hiatus period, when measured in OHC magnitudes. Liu et al. [73]’s second conclusion,
“that heat redistribution in the upper 350 m between the Pacific and Indian Oceans is closely tied to
the surface warming hiatus”, was also based on the larger percentage of heat storage increase in these
two ocean basins in the upper layer. It can be seen in our Table 1 that it was a larger percentage of a
very small magnitude of global OHC.

Table 1. Ocean Heat Content during different periods and in different ocean basins, expressed in zettajoules,
obtained by multiplying the linear trend in each period by the number of years. (Unit: zettajoule).

2000-2005 2005-2014 2000-2014
0-200 m
Global 11+6 21+5 17+ 4
Atlantic 14+2 —7+2 0+2
Southern Ocean —-6+3 11+2 3+2
Pacific 8+4 4+4 2+3
Indian Ocean -5+1 13+2 11+1
200-1500 m
Global 52+7 50 +5 89+5
Atlantic 31+3 8+3 26 +£3
Southern Ocean 12+ 6 27+3 37+3
Pacific 6+5 7+4 11+£3
Indian Ocean 3+2 8+2 14+1

4. Proposed Mechanisms

A prerequisite for a decadal slowdown in global-mean warming must be a reduction of radiative
heating available to the surface. This could come about from either a reduction of radiative forcing from
above or from an enhanced uptake by the oceans below. In the first category, it has been proposed that
a reduction of radiative forcing can arise by a decrease in stratospheric water vapor [74], an increase
in background stratospheric volcanic aerosols [75], by 17 small volcano eruptions since 1999 [76],
increasing coal-burning in China [77], the indirect effect of time-varying anthropogenic aerosols [28],
or a low solar minimum [78]. These forcing reductions likely contributed no more than 20% of the
slowdown [58]. Schmidt et al. [79] showed that a combination of a revised aerosol parameters applied
to the recent moderate volcano eruptions and anthropogenic pollution from emergent China accounted
for half of the discrepancy between CMIP5 models and observation, with the solar minimum and
different phasing of ENSO one seventh. Asian pollution from coal burning however contain black
carbon as well as sulphate aerosols, and Kiihn et al. [80] found that the warming effect of the former
offset the cooling due to the latter, yielding very little global or regional effect.

The 30-year mid-20th century hiatus was also thought to be caused by aerosols from pollution
in an emergent economy after the war [28,81]. Because of the uncertainty associated with the aerosol
parameters and response, it is difficult to assess the efficacy of the proposals. However, aerosol cooling
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of the surface of the ocean from above should destabilize the ocean’s vertical stratification, and there
should be a subsurface signature but none was found. Zhang et al. [29] pointed out that the subsurface
observations in the Atlantic showed warming, in contrast to the modeled subsurface aerosol cooling.
Chen and Tung [60] found subsurface signature of salinity and heat content variations during the mid-20th
century hiatus to be that of an internal ocean variability of increased heat uptake, similar to the current one.

Kosaka and Xie [38] focused on the cold eastern equatorial Pacific as the main driver for the
global warming slowdown. Their results demonstrated dramatically that the slowdown in global
warming could be simulated when the observed SST in this cold-tongue region is specified in a
climate model that does not by itself produce the slowdown. What caused the eastern Pacific to
have more of the cold La Nina-type than the warm El Nifio-type of events in observation—but not
in the original model—was not pursued. While it is well known that the interannual part of ENSO
influences the interannual variation of the global-mean surface temperature through atmospheric
teleconnections [82,83], the influence of the multidecadal variability in the Pacific on the global
mean is much more subtle, as will be discussed in Section 5 on model “nudging” experiments.
England et al. [39] proposed that the intensification of the trade wind in the tropical Pacific is the
cause for the global warming hiatus, by creating the La Nifia-type pattern in the eastern Pacific SST.
They attributed this observed 20-year intensification of the Pacific trade winds to the negative phase
of the Interdecadal Pacific Oscillation (IPO) [84], though the coauthors later casted doubt on that
assertion [39]. Dai et al. [85] concluded that internal climate variability, “mainly through IPO, was
largely responsible for the recent slowdown”. In a Perspective in Science, Clement and DiNezio [86]
gave a short review of the literature up to that time, arriving at a tentative conclusion that the Pacific is
the “driver” of the observed decadal change in the current period, and much of the evidence in the
papers reviewed rested ultimately on the IPO and its kin, Pacific Decadal Oscillation [87] (PDO).

Meehl and Hu [88] gave the only mechanistic explanation of the IPO as wind-stress forced Rossby
waves at 20N and 25S crossing the Pacific, with a decadal transit time, setting the timescale of the
portion of the IPO spectrum in the 20-30 year period, but not the 60-70 year period now alluded to
as explaining the multidecadal variability in the global-mean temperature seen in Figure 2. We will
discuss the IPO later in Section 6 and address whether or not it is “ENSO-like”.

Intensifying trade wind is not expected to subduct appreciable heat in the tropical Pacific, or for
that matter, in the Pacific as a whole (see Figures 3 and 5 inset). Huang [89] investigated the adjustment
of OHC in response to the wind-driven circulation in the form of “heaving” of the isopycnal surfaces
and suggested that the adiabatic movement of warm water along such sloping surfaces as a mechanism
for vertical redistribution of heat in the oceans. However, he concluded: “heat content variability
inferred from our model is at least one order of magnitude smaller than the mean warming rate
inferred from observations”.

In the Atlantic, the multidecadal variability in the SST is understood from modeling studies to be
caused by the variations of subsurface AMOC. “Water hosing” experiments of Zhang et al. [25] suggest
that freshening of subpolar North Atlantic waters can lead to a slowdown of AMOC and a cooling of
the surface temperature under preindustrial conditions. In the presence of top-of-atmosphere radiative
imbalance, Chen and Tung [60] showed using subsurface ocean data, including salinity and ocean
heat content, that as the AMOC sped up during 1999-2005, it subducts heat in the subpolar latitudes
of the North Atlantic. That this is a period of increasing overturning in the Atlantic was previously
calculated by Willis [68] using satellite altimetry data available since 1993. The proposed mechanism is
as follows: As AMOC speeds up, it brings the warmer and more saline subtropical surface water to the
sub-polar latitudes of the Atlantic, where it loses part of its heat to the cold atmosphere and sinks due
to its saltiness. The heat released by the warm water to the atmosphere melts glacier ice over Greenland
and the surrounding areas bounding the North Atlantic, gradually leading to a freshening of the North
Atlantic water that eventually slows the sinking. As AMOC slows, its northward transport of heat
slows and the freshwater outflow from glacier ice melt is reduced. Salinity and hence density of the
seawater build up slowly over decades, until it is dense enough to initiate another speeding up of the
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AMOC. In this way the AMOC alternately speeds up and slows, taking approximately 60-70-years for a
full cycle, leading to warmer and colder AMO at the sea surface with the same multi-decadal variations.
A more detailed discussion can be found in Sarachik et al. [90]. Most recent CMIP5 models tend to have
20-30-year oscillations [91], with the exception of MPI and an older version of GFDL model.

Figure 6 compactly shows the OHC changes in the four ocean basins. The size of the different
ocean basins is taken into account. Figure 6a,b show that before 2005, the North Atlantic subducted a
large amount of heat through deep convection down to at least 1500 m in the subpolar Atlantic, caused
by a sped-up AMOC [60]. After 2005, AMOC slowed and the deep convection reduced. There is cooling
in the subpolar Atlantic, but warming in the subtropical Atlantic due to the northward displacement of the
Gulf Stream as AMOC slowed [92]. Figure 6¢,d are meridional integral of the Pacific and Indian Oceans
as a function of longitude. There was a continuous trend of trade wind intensification over both periods,
creating a La Nifia mean state in the eastern tropical Pacific. The intensifying trade wind blows more warm
surface water from the eastern Pacific to the western Pacific, and a little over the Indonesian Through
Flow into the upper layer of the Indian Ocean, which can be seen clearly in this figure. Its magnitude of
warming is relatively small and it is shallow and located near the Indonesian Through Flow opening to
the Pacific. This figure adds observational confirmation of the possible Pacific origin of the Indian Ocean
warming [47]. Indian Ocean’s shallow warming is a secondary player in the heat sequestration in the
energy budget below 200 m, consistent with Figure 5 and Table 1. In the Pacific, the heat sequestered in the
western Pacific is large, but the change is mostly balanced by the cooling in the eastern Pacific above 300 m
in the two periods. When summed over the basin, Pacific also plays a minor role in the energy budget, as
shown in Figure 5 and Table 1. In the Southern Ocean, the heat storage increase is large after 2005 when
integrated over the circumpolar band of the ocean. The larger magnitude is due to the larger area being
integrated over in the circumpolar band in our way of accounting for the total contribution to the global
OHC. Locally the warming is not particularly intense in the Southern Oceans. The increase appears to be a
continuation of the warming from 1990s, but the data before 2004 was not adequate.

Southern Ocean - Atlantic Indo-Pacifi
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Figure 6. Linear trend of OHC cross-sections: (a,b) linear trends in the two periods indicated, zonally
integrated (not averaged) over the longitude of the Atlantic basin as a function of latitude. South of
355, the zonal integration is circumpolar (skipping over the land). The thin black line at 35S separates
the two latitude regions with very different zonal extents. (c,d) OHC linear trends in the two periods
indicated, as a function of longitude in the Indo-Pacific sector, meridionally integrated (not averaged)
from 35S to the northern boundary of the ocean basins. The topography in the Indonesia Through Flow
is 85-8N averaged and shown in black. Top two panels are linear trends over 1995-2004. Bottom two
panels are the linear trends over 2005-2014. Each period is 10 years. The Southern Ocean part is
blanked out in (a) due to poor data quality. Regions where signal is statistically significant above 95%
confidence level are stippled.
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5. Model “Nudging” Results and Their Interpretations

The unexpected slowdown in global warming offers lessons that can help future climate model
developments. Fyfe and Gillett [51] noted the severe discrepancy that existed in the eastern Pacific,
with the observed SST much colder than any of the model runs. Kosaka and Xie [38] attempted to
remedy this deficiency in the GFDL model by specifying from observation the colder eastern equatorial
Pacific SST. The model surface air temperature (SAT) over this region was initially warmer than
observed. Model “SST is restored to the observed evolution by a Newtonian cooling over the deep
tropical eastern Pacific”. Thus a numerical heat sink was introduced, absorbing whatever energy is
needed to bring the model SST in that region back to the observed cold temperature. The atmosphere
always tends to move heat from other (warmer) regions into the cold eastern Pacific to be absorbed,
eventually yielding a global hiatus with just enough heat transported to this region to be absorbed,
and the model SAT becomes compatible with the specified observed SST, meaning that the model
SAT becomes close to the observed SAT. One may be able to assess whether the Pacific heat sink
in the model is consistent with the observed OHC in the Pacific to provide a crucial check on the
reasonableness of the proposed mechanism. However, the model diagnosed heat flux in the ocean was
“overridden” in the nudging experiment of Kosaka and Xie [38], and so the amount of heat uptake
cannot be compared with observation. But such information is available in another model (see later).

This effect on heat absorption in the eastern Pacific is not as prominent in a model setup where the
observed atmospheric field is specified, as in Drijthout et al. [93], because the SAT over the cold SST is
also cold. Instead of specifying the wind field only in the tropical Pacific, Drijfhout et al. [93] specified
the meteorological field throughout the globe, and found that it drove an increase in ocean heat uptake
of 0.5 W-m—2 during 2001-2009 over 1992-2000. The Southern Ocean (south of 35S) and the subpolar
North Atlantic were dominantly responsible for such an increase, and the tropical Pacific less so.
Watanabe et al. [94] specified the wind stress from observation for 30S-30N over the world oceans,
including the tropical Atlantic, not just over the Pacific. Zonal mean subsurface temperature of the
world oceans, which was allowed to adjust, was shown by Watanabe et al. [94] and compared favorably
with observation, pointing to the importance of high latitude oceans, especially the North Atlantic,
in deep heat sequestration. The high-latitude response in the model is remotely forced by the nudged
tropical Atlantic winds, and is absent in the experiment of England et al. [39], where only the Pacific
winds are nudged. Inferred regions of heat sink from “nudging” experiments are seen to be sensitive
to the region of “nudging”. Douville et al. [95] suggested that the nudging or pacemaker experiment
should include not just the tropical Pacific but also the North Atlantic. In addition Douville et al. [95]
found that most climate models underestimate the potential role of North Atlantic ocean while
overestimate the influence of ENSO on global-mean surface temperature (GMST). In particular “none
of the CMIP5 models is able to capture the observed persistent positive correlations between AMV
and GMST, which might explain why the role of North Atlantic multi-decadal variability has been so
far much less tested than the role of the tropical Pacific.”

Trenberth et al. [96] showed that a somewhat better simulation is obtained over Eurasia if the
negative latent heating implied by the cold (and dry) eastern and central Pacific SST is put aloft instead
of at the surface, using an atmosphere-only model.

Meehl et al. [55,56] were the first to show in a coupled model without nudging that periods of
global-warming hiatus occur even though the model top-of-the atmosphere radiative imbalance happens to
be constant. They attributed the internal ocean variability to the IPO, the AMOC and the Antarctic Bottom
Water. Guemas et al. [97] in a retrospective prediction of the surface hiatus of the past decade attributed
the onset to an increase in ocean heat uptake in the Pacific and Atlantic. Meehl et al. [98] suggested that if
model’s IPO is made to coincide with observation, CMIP5 models could possibly predict the slowdown.

6. IPO as an Interdecadal Modulation of ENSO

The IPO came to the public’s attention recently as the role of internal multidecadal climate
variability in influencing the global surface temperature is increasingly recognized in the scientific
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literature. Two appealing aspects of the IPO/PDO have often been alluded to: (i) the phase of the IPO
appears to coincide with the “climate regime shifts” in the global-mean surface temperature, so that
by implication the former causes the latter, and (ii) its spatial pattern is “ENSO-like” and therefore it
implicates the tropical Pacific [39,84,96]. It turns out that neither of these attributes is robust.

As a low-frequency modulation of ENSO, IPO is obtained by performing Empirical Orthogonal
Function (EOF) decomposition on the low-passed SST data using a Fourier filter. A reasonable 15-year
low passed filter, reasonable for getting the “interdecadal oscillation”, is sufficient in filtering out the
high variance, high-frequency ENSO in the tropical Pacific, leaving very little ENSO-related signature.
This is consistent with the historical definition of IPO by Folland et al. [84]. A 13.3-year low-pass filter was
used to “remove ENSO-related variability”. As a consequence, their IPO does not have the ENSO-related
variability in the eastern tropical Pacific. They used 84 years of SST data, from 1911-1995. The degrees
of freedom is extremely small after low passed by a 13.3 year filter [99]. Later Parker et al. [100]
extended the record backward by 20 year to 1891, used an 11-year low-pass filter and redefined
the second EOF of the low-pass global SST as the IPO. Its spatial pattern has what appears to be a
more prominent ENSO-related variability in the tropical eastern Pacific. Tung et al. [101] reexamined
Parker et al.’s calculation, removing the poorer quality data prior to 1911. The “ENSO-related” feature
of Parker et al.’s IPO largely disappears, and remains absent when 20 more years of recent data are
added to the end of the time series. Because of the closeness of the eigenvalues in the EOF analysis
of decadally filtered SST, the second and third EOFs form what North et al. [102] called “effectively
degenerate multiplet” within the large sampling error of the finite sample. Some authors used the
second EOF as the IPO and others chose the third EOF. The second EOF looks more like the AMO
while the third more like the PDO. They are in effect not distinct because of the degeneracy.

Despite its name, the main component of the IPO is actually the AMO, along with some PDO
and ENSO. They are “mode-mixed” because of the low-pass filtering. See Figure 7, showing the
composition of the IPO. At decadal filtering commonly used, ENSO is almost entirely filtered out.
There is a small trend (TR) and a small PDO component. The largest component is the AMO.
Chen and Tung [7] found that it is actually the AMO component in some of the IPO indices that appear
to mimic the low frequency variation of the global-mean surface temperature. The PDO contributes
very little to the global-mean surface temperature (see Figure 8), because of its compensating warm
and cold centers of action, as shown in more detail in Chen and Tung [7].

T T T
IPO TR ENSO AMO
| Reconstructed IPO

\ L | . .
1910 1930 1950 1970 1990 2010
Year

Figure 7. The composition of the IPO. IPO index in black. The composition of the IPO as reconstructed
using the sum of its four leading components in blue. The individual component is also shown. It is
dominated by the AMO. IPO is here defined as the second Principle Component of 13-year low-pass
filtered SST. Reproduced from Chen and Tung [7].
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Figure 8. The global-mean surface temperature (GST). Shown are the four orthogonal components
of the GST of unfiltered data as a function of time. Each curve has been offset vertically by 0.2.
From top to bottom, GST and the sum of the first 4 components. They are the trend mode (TR),
the ENSO-cycle mode (ENSO), the global PDO mode (PDO), and the global AMO mode. Reproduced
from Chen and Tung [7].

7. Conclusions

Although IPCC referred to the 15-year period 1998-2012 as the “hiatus”, the trend to 2014 as
reported by Karl et al. [2] disqualifies the period to 2014 as a “hiatus”, but it can still be considered a
“slowdown”. The appearance of the “warm blob” in the north Pacific [103,104], possibly due to air-sea
interaction, made 2014 a warm year, but that phenomenon did not last. Then came the extreme El Nino
of 2015-2016, producing record surface temperature globally. So the period of slowdown probably
ended in 2014.

In trying to understand this phenomenon the community, through intensive modeling and
analysis efforts, seemed to have gained a better recognition of the role of multidecal internal variability
in climate change and a clearer assessment of various factors of external forcing. The new Argo data
allowed a glimpse of the global oceans below the surface about the possible pathways of heat uptake.

Multidecadal variations in the global surface temperature were previously noted [20,33,34,105],
and the negative phase of the recent cycle appears to account for the slowdown in warming in the 21st
century. The spatial pattern of this variability contributing to the global mean was found to center in
the North Atlantic, and much weaker in the Pacific [20] (Figure 3). There was indeed a cooling trend in
the eastern tropical Pacific for 1997-2014, but there was a compensating warming trend in the western
Pacific (Figure 4), explainable by the trade wind blowing warm surface water from the east to the
west Pacific.

Although many in the scientific literature attribute the current (and prior) episode of the warming
slowdown to the IPO, significant mathematical issues exist with its definition [101] due to its extremely
low degrees of freedom. The ENSO-related spatial pattern often referred to as the IPO was found to be
an artifact of strong sensitivity to sparse data prior to 1910. When that part of the data was excluded,
the spatial pattern is no longer ENSO-like, along with the implication that IPO modulates ENSO.
This was shown in Tung et al. [101]. The time series of the IPO which appears to coincide with the
multidecadal variation of the global-mean surface temperature turns out to be the AMO component
contained in the IPO. Low-pass filtering of the SST in the definition of IPO mixes AMO with PDO.

“Nudging” experiments focused on the Pacific produced a slowdown in warming probably
because of the presence of a numerical sink of heat introduced. That the numerical sink was introduced
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in the Pacific in these numerical experiments probably should not be interpreted as where the real sink
should be located. When wind stress was specified over pan tropical oceans instead of just over the
eastern tropical Pacific, large deep heat sequestration is found in high latitude oceans, especially the
North Atlantic, instead of over the equatorial ocean. It is now known that “nudging” or “pacemaker”
experiments are sensitive to experimental setup, and it was suggested that surface conditions in other
ocean basins, including the tropical Atlantic, should be included.

In a somewhat related study on the transient climate sensitivity of CMIP5 coupled climate models
to 4 x CO, forcing, Kostov et al. [106] found that “a substantial portion of the global ocean heat uptake
occurs within a relative small region in the North Atlantic and that anomalous heat is advected to
depth along the upper AMOC cell” and intermodal differences in response to the greenhouse forcing
“can be understood in terms of variations in the depth of heat storage, which in turn reflects the depth
and strength of the AMOC.” “Models with a deeper and stronger overturning circulation store more
heat at intermediate depths, which delays the surface temperature response on multidecadal time
scales”. This model result is consistent with the observational evidence presented here.

Observed subsurface ocean heat content data show that the major sinks of heat are in the North
Atlantic and the Southern Ocean, accounting for a majority of the heat stored in the intermediate layers
of the world’s oceans, although the debate continues regarding whether it is the Pacific-Indian oceans
on one side or Atlantic-Southern Oceans on the other side that is mostly responsible for causing the
warming slowdown. Regardless, the result so far favors the explanation of the warming slowdown as
an internal variability of the ocean’s ability in storing the heat that otherwise would have warmed the
surface more.
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