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Abstract: Ocean heat content (OHC) is the major component of the earth’s energy imbalance.
Its decadal scale variability has been heavily debated in the research interest of the so-called “surface
warming slowdown” (SWS) that occurred during the 1998-2013 period. Here, we first clarify that
OHC has accelerated since the late 1990s. This finding refutes the concept of a slowdown of the
human-induced global warming. This study also addresses the question of how heat is redistributed
within the global ocean and provides some explanation of the underlying physical phenomena.
Previous efforts to answer this question end with contradictory conclusions; we show that the
systematic errors in some OHC datasets are partly responsible for these contradictions. Using an
improved OHC product, the three-dimensional OHC changes during the SWS period are depicted,
related to a reference period of 1982-1997. Several “hot spots” and “cold spots” are identified,
showing a significant decadal-scale redistribution of ocean heat, which is distinct from the long-term
ocean-warming pattern. To provide clues for the potential drivers of the OHC changes during
the SWS period, we examine the OHC changes related to the key climate modes by regressing the
Pacific Decadal Oscillation (PDO), El Nifio-Southern Oscillation (ENSO), and Atlantic Multi-decadal
Oscillation (AMO) indices onto the de-trended gridded OHC anomalies. We find that no single mode
can fully explain the OHC change patterns during the SWS period, suggesting that there is not a
single “pacemaker” for the recent SWS. Our observation-based analyses provide a basis for further
understanding the mechanisms of the decadal ocean heat uptake and evaluating the climate models.
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1. Introduction

Recent changes in global mean surface temperature (GMST) or sea surface temperature (SST)
change have been heavily debated in the past ten years, because of an occurrence of a period (1998-2013)
with a slower increase in both the GMST and SST compared to the long-term trend (i.e., since 1951)
or than the previous decade (1983-1997) [1] (Figure 1). This phenomenon has been termed as a so-called
“global warming hiatus” or “surface temperature hiatus” in many literature references [2-8]. The use
of these terms immediately raises a question. Does it indicate the slowdown of the human-induced
global warming driven by the accumulation of greenhouse gases (GHG) in the climate system since
industrial revolution, which is well established in the climate community [9,10]?
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Figure 1. Global mean surface temperature (GMST) (green solid) and OHC (0-2000 m, purple solid)
time series since 1955 with monthly time series in light lines and 12-month running means in thick lines.
The surface warming slowdown (SWS) period (16 years from 1998 to 2013) is shaded in red and the
previous 16-year period (1982-1997) is marked by blue shading. The linear trends for the two records
during the two periods are shown in dashed lines. GMST data is Goddard Institute for Space Studies
(GISS) Surface Temperature Analysis (GISTEMP) available at (https://data.giss.nasa.gov/gistemp/).

It is important to articulate a clear meaning to the “hiatus” description. In the scientific community,
it generally describes a change in the range of surface warming that is outside the bounds of natural
fluctuations superimposed upon a long-term trend. The requirement of statistical significance allows
research tools to be used to determine whether or not some slowdown has occurred. Over the past few
years, many studies have looked at this very issue. For instance, Karl et al. [11], discovered artifacts in
temperature measurements that, when accounted for, showed a significant increase in warming rate.
Among the artifacts were differences in ship-based and buoy-based sensors and accounting for these
differences. In addition, historical changes in the SST, in particular changes to measurement techniques
circa 1940s were quantified and addressed. Finally, Karl et al. [11] used an updated land-temperature
dataset. The end result of these corrections was that over the preceding 17 years, GMST had increased
without a halt, and in fact, had increased at a steady rate.

A series of other studies applied multiple and independent statistical tests to the GMST record
and demonstrated, conclusively, that there is no statistically significant decrease in the rate of surface
warming and that the rate of warming within the past two decades is not unusual in a continuously
warming world [12-15]. The importance of differing definitions of a “hiatus” was discussed in
Medhaug et al. [16] where contradictory conclusions can arise in the literature based on the definition.
Consequently, elucidating the various different definitions of “pause” or “hiatus” is important.

Among the common definitions of pause/hiatus are: (1) a statistically significant change in the
rate of global warming, as measured by changes to the heat balance of the planet; (2) a statistically
significant change in the surface temperature record; (3) a non-statistically significant change in the
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rate of GMST change; and (4) Divergence between GMST predictions (from climate modes) and actual
GMST measurements. Unfortunately, these definitions are often conflated and their separate identities
must be maintained.

So, has there been a pause in global warming? The answer would be mistakenly “yes” only
if one defines the “global warming” only by GMST changes (definition 3 above). Fundamentally,
the global warming is caused by the Earth’s energy imbalance (EEI). During equilibrium climate
states, the amount of incoming solar radiation is balanced by the outgoing radiation at the top of the
atmosphere (TOA). However, increases in GHGs in the air trap more energy within the climate system,
thus creating an imbalance of the Earth’s energy [17,18]. More heat available in the climate system is
manifested in many ways including increasing the GMST/SST [19], increasing the ocean/land interior
temperatures [20], raising the sea level [21], melting the ice sheets and permafrost [22], altering the
hydrological cycle [23], changing the atmospheric and oceanic circulation [24], supporting stronger
tropical cycles with heavier rainfall [25], among other “symptoms” of the global warming [9].

Due to its large heat capacity and huge volume, the ocean has a greater capability to store heat
than the other components of the earth system (i.e., land, atmosphere). Actually, more than 90% of
the EEI has been stored in the ocean [26]. This heat imbalance is manifested by the increase of ocean
heat content (OHC). Therefore, from the energy point of view, the most fundamental metric for global
warming is EEI and OHC [17,18,27,28]. Also OHC is a robust metric for global warming since it is
much less impacted by the natural fluctuations of the climate system than is GMST on inter-annual
scales [27].

Many studies have already shown that there is no slowdown in OHC records based on
observational datasets [29,30], reanalysis products [31], and model simulations [32,33]. Instead,
as presented in Figure 1, the rate of OHC increase is larger during the 1998-2013 period
(0.98 + 0.16 x 10%2 ] /yr, ~0.61 W m~2 averaged over the Earth’s surface) than the 1983-1997 period
(0.70 4+ 0.17 x 10?? J/yr, ~0.43 W m~2) and 1955-1997 period (0.30 + 0.07 x 10?? J/yr, ~0.19 W m~2),
consistent with the increase of GHG concentration in the atmosphere [10] (The 95% confidence interval
for the linear trend is provided according to Foster and Rahmstorf [34]). Therefore, “global warming
hiatus” to indicate a decrease in warming is misleading and has been misinterpreted; there is no
slowdown in the global warming nor any decrease in the energy imbalance of the planet. It would
be better to name the slowdown in the rate of GMST/SST during the 1983-1997 period as “surface
warming slowdown” (SWS hereafter), which will be used in this study. And it is imperative to establish
multiple climate indicators besides of GMST/SST as collected in last IPCC report [9].

With continuous warming of our climate, why was there a non-statistically significant slowing of
the GMST/SST increase during the 1998-2013 period? The leading hypothesis is that this SWS was
regulated by the natural variability generated near the air-sea interface, such as the Interdecadal Pacific
Oscillation (IPO) or Pacific Decadal Oscillation (PDO) [35,36] in the Pacific Ocean and the Atlantic
Multi-decadal Oscillation (AMO) [37] in the Atlantic Ocean. Some of the previous model-based
studies reported that the tropical Pacific was the main “pacemaker” as the stronger trade winds in the
central and eastern Pacific increased the cold water upwelling in the tropical eastern Pacific, which
cools the local sea surface, and increases the warm water penetration into the ocean subsurface as
the subtropical cell is strengthened [2,4,38]. The GMST/SST cooling induced by the tropical Pacific
cooling offsets the warming effects in the other oceans, leading to weak warming rates [8]. However,
other studies reported the importance of Atlantic and Southern Oceans [39], arguing that the sea
surface slowdown is caused by heat transported to deeper layers driven by the change of the Atlantic
Meridional Overturning Circulation. A detailed overview of the potential drivers of the SWS can be
found in Liu et al. [40].

Many of these hypotheses relate surface changes (GMST /SST) to the ocean subsurface changes
(OHC), as increased ocean heating driven by GHG must be sequestered in the ocean interior if it does
not appear in the near surface layers (represented by GMST/SST). And then an outstanding question
arises: where is the heat? What is the relationship between GMST/SST and OHC on decadal scales?
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This question is yet to be fully answered and a vigorous scientific debate has emerged. Palmer and
McNeall [41] suggested that global OHC changes on a decadal scale is out of phase with GMST in the
simulations of the fifth phase of the Coupled Model Inter-comparison Project (CMIP5). And many
other studies tried to identify local OHC “hot spots” and hypothesized their role in global GMST/SST
changes [32,39,42,43]. However, contradictory conclusions were drawn by these studies, highlighting
different ocean basins for SWS. The contradictions in previous OHC-related studies is tied to two
issues:

(1)  Uncertainties in OHC products, which are not fully accounted for in previous studies related
to SWS. They were substantial differences among OHC datasets [26,44,45], which is one reason
for the debate. Recently, progress has been made to understand the error in OHC estimates and
improve the OHC record [29,46-48]. This progress will be discussed in Section 3 and will allow
for a better identification of the OHC change during the SWS period.

(2) Onadecadal scale, natural variability in OHC records are mixed with forced changes by GHGs
(manifested by a long-term warming trend in OHC), aerosols, ozone, volcanoes (manifested
by a several-years decrease in OHC records) etc. [32,49-53]. Therefore, one has to separate the
natural variability related to SWS from other changes such as a long-term anthropogenic warming
signals. One method is to use climate models [32], but the short-coming of this approach is the
model error at the ocean subsurface [54,55], resulting in some inconsistency among model-based
studies [43,51,56]. This study used a simple method accounting for the forced changes (will be
introduced in Section 2) the results will be shown in Section 3.

This study is organized as follows: data and methods will be introduced in Section 2. In the
results section (Section 3), we will first revisit the improvements to OHC estimates and show the
impact of OHC errors in investigating the surface warming hiatus (Section 3.1). Then we will quantify
OHC changes based on improved ocean observations during the SWS period (1998-2013) and compare
them with the 1982-1997 reference period. This decadal scale OHC change will also be compared with
the long-term ocean warming (i.e., OHC change for 1955-2017). These comparisons will highlight
the distinct pattern of the decadal ocean heat redistribution from the long-term trend (Section 3.2).
In Section 3.3, potential links between the key modes of climate variability and OHC on decadal scales
are investigated. Implications for the drivers of the ocean heat redistribution during the SWS period
will be given. The conclusion and discussion are presented in the final Section 4.

2. Data and Method

An observational ocean temperature product from the Institute of Atmospheric Physics (IAP) [29,57]
is used in this study. The IAP product has advantages in both instrumental bias correction (necessary
to ensure high-quality observations) and mapping method (to provide a homogenous product with
complete global ocean coverage). The instrumental bias refers to systematic errors in Expendable
Bathythermograph (XBT) data [58]. It was clear that the major uncertainty in OHC record comes from
two sources: bias corrections for XBT data and different choices made in the mapping method [48,59].
The impacts of these two advances on the SWS discussion will be discussed in Section 3.1. Other errors
are either less understood (i.e., quality control for the data) or dependence on the performance of the
mapping method (i.e., choice of climatology to calculate the anomaly field).

The IAP product uses a new XBT correction scheme which has been recommended by the XBT
scientific community [46]. A mapping method uses the data only near the analyzed grid within an
assumed area to perform the reconstruction at individual grid cells, with the size of the area defined
by the influencing radius. The covariance defines the correlation between the analyzed grid with the
adjacent locations, which are used in the reconstruction. The IAP mapping method uses the Ensemble
Optimal Interpolation (EnOI) framework with first-guess and covariance from a number of CMIP5
simulations. Models provide more reliable covariance than the traditional parameterization, which
always assumes a Gaussian distribution (e.g., in Levitus et al. [60] and Ishii et al. [61]). Use of models
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allows the choice of a larger “influencing radius” than previous methods, and ensures a near-global
fractional coverage (defined as the fraction of total ocean area obtained by the mapping method).

For comparison, we also use two other gridded ocean temperature products constructed based
on in-situ ocean observations and different mapping methods and XBT correction schemes. The first
is Ishii data with two different versions: an old version first published in 2003 [61] (Ishii-old) and an
improved version released in 2017 [47] (Ishii-new). Ishii-old data was used in many studies related to
the “hiatus” [32,39,62] and has been discussed in follow-on communications [63,64]. Therefore, it is
worthwhile to examine its quality in the present analysis. EN4 data from Met Office was also used
in [62,65]. We will provide some analyses on these datasets in our study, but a more comprehensive
comparison among these datasets can be found in Wang et al. [45] and a careful evaluation on
IAP-mapping can be found in Cheng et al. [29].

Differences between the linear trends of the SWS period (1998-2013) and the reference period
(1982-1997) are used to examine the ocean heat content redistribution related to SWS (this method is
named “Trend-Diff method”). As discussed before, there is a substantial global warming (GHGs forced)
signal in the OHC records which should be removed or reduced in order to show the natural variability.
Using the trend differences reduces the impact of long-term anthropogenic warming, assuming the
long-term warming is constant in time (especially during the 1982-2013 period). However, with more
GHGs accumulating in the atmosphere over time, there should be an acceleration of long-term warming
(nonlinear and non-constant), as shown in climate models [33]. Another way to consider the long
term trend is to use the global mean time series as a primary indicator of the non-constant component,
and remove it from each grid point prior to carrying out an analysis, as proposed in Trenberth and
Shea [66] (this method is named “Glb-Trend-Remove method”). Both methods are tested in this
study and show similar geographical patterns. Consequently, the result based on the first method is
always shown.

The results could be sensitive to the choice of time-window, so we also tested the results by using
several other choices (i.e., 1998-2012, 1999-2013, 2000-2013), showing that they do not impact the OHC
pattern. All these methods and time-window choices impact the quantification of the OHC changes in
different ocean basins, but the key conclusion remains unchanged.

3. Results

3.1. Improving the OHC Record

For XBT bias corrections, there have been more than ten correction schemes proposed since
2008 [46] and techniques to utilize metadata to identify probe types [67]. Some of them (for example,
Ishii and Kimoto [68] used in Ishii-old and Ishii-new products) are not complete because only depth
error is taken into account. In addition, there is also a temperature error [46]. The incompleteness of
the correction schemes impact the long-term trend in OHC record [69]. Also, XBT bias has significant
latitude dependency, a larger warm bias appears in the low latitudes with smaller errors in the
higher latitudes. As a consequence, appropriately accounting for the XBT error is important for the
examination of the regional OHC changes. Since 2014, the community has recommended the method
proposed in Cheng et al. 2014 (CH14) [70] as the most complete correction for XBT data for calculating
OHC, as it accounts for all of the known factors that influence XBT error and latitude-dependency of
the error can be substantially reduced. Cheng et al. [69] identified three superior schemes for XBT
bias correction that all reduce global mean bias. Using these three schemes results in consistent OHC
changes since 1966 (Figure 2). Consequently, the uncertainty in OHC due to XBT error is reduced as a
more complete understanding of the error sources and corrections are proposed and identified.
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Figure 2. Ocean heat content changes in the upper 2000-m (1966-2016) with three superior XBT
bias correction schemes in solid lines: Levitus et al. [71] (L09), Gouretski and Reseghetii [72] (GR10),
and CH14 based on IAP mapping. For comparison, time series for Ishii-old, Ishii-new, and EN4 are
attached in dashed curves. Ishii-old data is for 0-1500 m and all other data are for 0-2000 m (note
that OHC change within 1500-2000 m is very small and is not responsible for the distinction between
Ishii-old and IAP). 12-month running means are applied to all time series.

Many mapping methods used smaller “influencing radii” less than 10°, which results in smaller
fractional coverage and a “conservative error” occurs in regions with major data gaps (mainly in the
Southern Hemisphere) [73-75]. This error occurs because these methods infill climatological value
(with zero anomaly) in the analyzed grid when there are no or insufficient adjacent observations
located within a distance smaller than the specified “influencing radii”. An example is provided in
Figure 3 which shows the temperature difference at the depth of 600-m between August 1971 and
August 1998 with observation distribution indicated by dots in the plots. As expected, there are much
less data in the Southern Hemisphere (70~30° S) in both 1971 and 1998. There appears to be near-zero
temperature changes over the 27 years in these regions for Ishii-old, Ishii-new, and EN4 data, directly
contradicting the significant Southern Ocean warming found in the literature using both observations
and models [50,76-78]. Ishii-old, Ishii-new and EN4 also show very weak spatial variability in the
data-sparse regions which are also not physically tenable because the Southern Ocean is one of the most
active areas over the global ocean with rich eddy variability [79]. Calculating the difference between
any two years before the Argo period yields similar results as in Figure 3. A more comprehensive
comparison among these datasets can be found in Wang et al. [45], showing multiple evidence for
the “conservative error” that occurred in the Ishii-old and EN4 data. Ishii-new data include a global
correction into their analysis so the global OHC time series are stronger than Ishii-old (Figure 2), but
the spatial pattern is still problematic (Figure 3). On the other hand, there are many quantitative
evaluations on the IAP data provided in previous studies, suggesting a negligible systematical errors
in that data [29]. Therefore, IAP stands out as the most reasonable reconstruction.
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Figure 3. Temperature difference between August 1971 and August 1994 revealed by Ishii-old, Ishii-new,
EN4, and IAP data at the depth of 600 m. Distribution of the temperature observations at 600 m in
August 1971 (purple) and August 1994 (grey) are shown in dots.

This “conservative error” in the traditional mapping methods before the Argo period leads to
an underestimation of the trend in OHC estimates before 2005 in the data-sparse regions (Figure 3)
and also in the global ocean shown in Figure 2 [45]. Consequently, larger differences will occur if one
compares the OHC change in the Argo period with the change in the previous decade (i.e., 1982-1997).
For example, Figure 4 shows the trend difference between the SWS period with the reference period.
Ishii data show a much larger difference in the Southern Ocean than the IAP data because of the
underestimation of the trend before the Argo period. Also, IAP data show that a large amount of
heat was stored in the Indian Ocean in the SWS period, and the Atlantic Ocean was a secondary
heat reservoir. The Pacific Ocean was cooling during the SWS period relative to the reference period.
Examining the net OHC change in the major ocean basins might not be helpful to judge which basin is
more important because there will always be “patterns” involved, which is more meaningful and will
be examined in the next section.

SWS (1998-2013) vs Reference (1982-1997)
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Figure 4. Trend difference of OHC over the global ocean and four major ocean basins during the SWS
period related to the reference period (1982-1997). IAP data is shown in red and Ishii-old is shown in
blue. The Southern oceans represent ocean areas within 70° S to 30° S.
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3.2. Observed Regional OHC Changes

First, it is imperative to clarify where the heat has been deposited during the SWS period
(e.g., the spatial pattern). Figure 5 shows the geographical distribution of the temperature trend
difference during the SWS period (1998-2013) compared with the reference period. Trend differences
on the latitude-depth, longitude-depth, and latitude-longitude planes are plotted together to provide a
3-D illustration of the ocean interior changes. It is apparent that there was more heat deposited in the
tropical and subtropical Western Pacific Ocean (20° S~20° N), the entire Indian Ocean (30° S~25° N),
the North Atlantic Ocean (40° N~70° N), and the Tropical/South Atlantic (60° S~0) (Figure 5).
The “hot spots” in the Western Pacific and Indian oceans are mainly located at ocean subsurface
within 50-500 m, with a maximum at ~100 m in the Indian Ocean and 100~200 m in the Western Pacific
Ocean, corresponding to the locations of the main thermocline. At the same time, the Eastern Pacific
cooled. This contrasting west—east change in the Pacific Ocean implies a strengthening of the trade
winds which leads to steepening tilt of the main thermocline in the tropical Pacific [4,38]. The stronger
trade winds in the Pacific Ocean increase the Indonesian Through Flow (ITF), which transports warmer
water in the Western Pacific into the Indian Ocean, primarily responsible for the Indian Ocean warming
shown in Figures 4 and 5 and other published studies [42,80]. Significant heating in the Indo-Pacific
regions has also been found and explained in previous studies [32,42,62].
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O3 0.02
200 -| 0.01
E 400 - 0
<
& 600 - -0.01
© -0.02
800 - :
-0.03
1000 -
308 -0.04
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Longitude W sow
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Figure 5. Trend difference between the surface slowdown period (1998-2013) and the 1982-1997 period.
The front section shows the meridional mean temperature trend over the global ocean, the right section
shows the zonal mean temperature trend. The upper map shows the trend of average temperature in
the upper 2000 m range. IAP data is used. The units are K/yr.

More heating in the Tropical/South Atlantic Ocean has not been extensively studied, but
McGregor et al. [81] and Li et al. [82] hypothesized that the warming Atlantic Ocean is a major
driver of the Pacific and Indian Ocean changes during the SWS period. Specifically, the AMO switched
to a positive phase since the late 1990s, this resulted in the warming of the North Atlantic SST, which
drives easterly wind anomalies over the Indo-Western Pacific through Kelvin waves and westerly
anomalies over the eastern Pacific as Rossby waves [81,82].

In the North Atlantic, OHC sustained increases, which has been attributed primarily to the
AMO [83-85]. Liu et al. [40] shows that the timing of the Atlantic Meridional Overturning Circulation
(AMOC) change is not consistent with surface warming slowdown, since the AMOC weakened since
mid-2000s while global surface warming was still paused.
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Although there is a strong warming in the North Atlantic Ocean within 40° N~60° N,
the “cold spots” in the broad areas in the North Pacific (20° N~60° N) and Atlantic Ocean (20° N~40° N)
result in the lack of warming in the overall OHC changes in the Northern Hemisphere, also shown in
Roemmich et al. [30] and Wijffels et al. [86] using Argo data.

The OHC changes in the Southern Ocean (60° 5~30° S) in the SWS period are not as dramatic as
other regions (Figures 4 and 5), contradicting the claims in Chen and Tung [39] who showed more
warming in the North Atlantic and Southern Oceans. That is because Chen and Tung [39] focused
on the total OHC changes since 1998, and here we examine the difference between the 1998-2013
and the 1983-1997 periods. Therefore, implicitly, Chen and Tung [39] assumed that all of the OHC
changes after 1998 are related to the SWS. However, as discussed earlier in this paper and many other
studies [9,50,77], the Southern Ocean was experiencing a significant warming since 1960 due mainly
to anthropogenic forcing, which was not related to the SWS. Therefore, one has to remove or reduce
the influence of anthropogenic forcing when attributing the driver of the SWS. Our study used the
trend difference between the 1998-2013 and 1983-1997 periods, Liu et al. [32] used models and also
composite analysis to compare the warming “hiatus” and “acceleration” periods. While these methods
are viable, it appears that Chen and Tung [39] failed to utilize them.

To give an idea of the long-term OHC changes caused by the anthropogenic forcing, Figure 6
presents the long-term ocean temperature trends from 1955 to 2017 to minimize the impact of
inter-annual and decadal scale fluctuations in the OHC record. A distinct long-term ocean heating
pattern was found and compared with the changes in the SWS period (comparing Figure 6 with
Figure 5). The most prominent feature is the warming among almost the entire global ocean down to
2000 m with stronger warming near the surface than the deeper ocean (increased stratification).
Some intriguing patterns emerge: stronger warming in the Southern Ocean (70° S~40° S) and
North Atlantic Ocean (20° N~60° N) than the other regions; weaker warming in the entire Pacific and
Indian Ocean (30° S~60° N). The long-term warming in the Southern Ocean has been identified and
attributed primarily to greenhouse gasses (GHG) and ozone changes play a secondary role [50,76,77,87].
This warming in the Southern Ocean is almost the same for the 1998-2013 and 1982-1997 periods
resulting in less significant changes for the trend differences shown in Figure 4.
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0.01

0.005

depth (m)

-0.005

-0.01

30E -0.015

80F

130 180 130w
Longitude 8ow

-0.02
30w
Figure 6. Long-term ocean temperature trend since 1955. The front section shows the meridional mean
temperature trend over the global ocean, the right section shows the zonal mean temperature trend.
The upper map shows the trend of average temperature in the upper 2000 m range. IAP data is used.
The units are K/yr.

In summary, regional OHC changes during the SWS period are examined and several “hot spots”
and “cold spots” are identified and linked to previous literature. We show a significant ocean heat
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redistribution during the SWS period, which is distinct from the long-term ocean warming trend
pattern. However, occurrences of the ocean “hot spots” or “cold spots” do not directly identify the key
regions associated with the “driver” of the SWS. We will use regression analysis next to examine the
possible linkage between surface changes and OHC, and give implications to the driver(s) of the ocean
heat redistribution.

3.3. OHC Heat Redistribution Linked to Surface Decadal Modes

As indicated in the preceding section, several questions remain related to the oceanic heat
redistribution. For instance, what mechanisms are responsible for the heat redistribution? Also,
how could the major modes of climate variability impact the OHC patterns? Models might be the
primary tool to fully disentangle these questions by separating the individual drivers, i.e., “pacemaker
experiments” [4]. Considering the model errors, observation-based analyses can complement and
provide a basis for model evaluation. In this section, we calculate linear regressions between the key
indices of the surface temperature variability and the regional OHC changes in order to explore the
OHC fingerprints of the major surface variability. The climate modes examined in this study include
El Nifio-Southern Oscillation (ENSO), PDO, and AMO, which are shown in Figure 7.
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Figure 7. Key indices of climate variability. El Nifio-Southern Oscillation (ENSO) index: sea surface
temperature in Nino 3.4 region, shown in as Oceanic Nifio Index (ONI)—Nifio (http://origin.cpc.
ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php); Pacific Decadal Oscillation
(PDO) (https:/ /www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/PDO/); and Atlantic Multi-decadal
Oscillation (AMO) (https://www.esrl.noaa.gov/psd/data/timeseries/ AMO/).
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3.3.1. ENSO

ENSO is the strongest inter-annual perturbation to the climate system [88]. It has been argued that
the changes in the frequency of different episodes of ENSO might be responsible for the SWS: there
were more La Nifia events during 2005-2013 and more El Nifio events during 1998-2004 including
an extreme 1997/98 event [89] (Figure 7). After removing ENSO’s impact from the GMST, the SWS
disappears [34]. Cheng et al. [90] investigated the OHC changes related to ENSO, showing that the
major OHC changes happen in the tropics including both adiabatic changes associated with the heat
redistribution within the ocean at upper 300 m and diabatic changes associated with the heat loss in
the tropical Pacific Ocean and gain in the tropical Atlantic/Indian Oceans.

Figure 8 shows geographical patterns of OHC trends, and its relationship to various indices.
Figure 8b provides the regression between local OHC and an ENSO index (ONI: surface temperature
in the Nifio 3.4 region). A major feature of ENSO-related OHC change is the west-east seesaw pattern
in the Pacific and Indian Oceans, with maximum cooling near the equator in the Eastern Pacific and
maximum warming in the subtropical western Pacific Ocean. This relates to the change of the Pacific
trade winds during ENSO and the associated thermocline tilt [90,91]. The ENSO-driven OHC changes
in the Atlantic Ocean are very weak, with cooling within the 30° S~30° N region and warming in
higher latitudes. Comparison between this ENSO-related pattern (Figure 8b) with the total SWS-OHC
change (Figure 8a) shows some similarities in the Pacific Ocean, but a substantial difference outside
of the Pacific Basin. The total SWS-OHC changes in the Western Pacific are generally consistent with
ENSO-driven fingerprints: dramatic warming in the subtropical Western Pacific within 20° 5~20° N
and a cooling in the Northwest Pacific Ocean (20° N~40° N) and in coastal areas in the Northeast
Pacific Ocean. However, the ocean cooling in the Eastern Pacific during the SWS period occurs outside
of the equatorial areas, but ENSO-driven changes are near the equator. Also, SWS-OHC shows a broad
warming within 30° S~30° N in both the Indian and Atlantic Oceans, but ENSO-driven pattern shows
the opposite (Figure 8).

3.3.2. PDO

PDO (or IPO over the entire Pacific basin) is the leading hypothesis for the driver of the SWS
period [2—4,38]. The PDO-related OHC patterns (Figure 8c) are broadly similar to the ENSO-driven
patterns (Figure 8b), but with stronger signals in the middle- and high-latitudes. This is not surprising
because PDO was sometimes interpreted as the low-frequency manifestation of the ENSO outside of the
tropical bands [92]. A recent analysis based on model simulations show a broad similar PDO-related
OHC pattern as identified by our observations [93].

PDO-driven patterns can broadly explain the SWS-OHC changes in the Pacific Ocean (seen by
comparing Figures 8 and 8) and also in the North Atlantic Ocean (20° N~60° N). This provides OHC
evidence for the important role of PDO in SWS. The strong PDO-driven OHC changes in the North
Atlantic Ocean were related to the atmospheric teleconnections driven by the anomalous latent heating
in the tropical Pacific Ocean [94].

However, in the Northwest Pacific Ocean (20° N—40° N), OHC during the SWS period shows a
very strong cooling (Figures 4 and 8), but PDO-related cooling (Figure 8b) is very weak and confined
within a much smaller area around ~20° N. In the Indian Ocean, PDO-driven OHC changes appear as
a west-east seesaw pattern (similar to ENSO-driven pattern) and fail to explain the broad warming
during the SWS period. In the tropical and subtropical Atlantic Ocean, the PDO is related to a broad
ocean cooling (similar to ENSO), which is opposite to the SWS-OHC changes. Therefore, PDO cannot
explain the SWS-OHC changes in these regions.
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(a) OHC trend difference 1998-2013 vs 1982-1997 (10°J/yr)
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Figure 8. OHC 0-2000 m trend difference between the SWS period and reference period (a), similar
to the top panel in Figure 5. OHC changes regressed onto the ENSO index (ONI) (b), PDO index (c),
and AMO index (d). For ENSO/PDO, the negative regression coefficients are shown, because both
ENSO and PDO are shifted to the negative phase (more La Nina episode for ENSO) during the SWS
period. For OHC, a linear trend is removed before the regression is calculated, and the insignificant
regression coefficients (at 95% confidence interval) are stippled.
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3.3.3. AMO

The North Atlantic has been hypothesized as the major driver of the SWS by Chen and Tung [39],
which suggests that changes to the Atlantic Meridional Overturning Circulation play a key role.
The AMO is often thought to be driven by the variability of the Atlantic Meridional Overturning
Circulation (AMOC) [95]. Independent AMOC fingerprints derived from the observed subsurface
ocean temperature indicate that the past AMOC variations are coherent with the observed AMO [96].

Figure 8d provides the regression between regional de-trended OHC changes with an AMO
index. In the Atlantic Ocean from 30° S to 70° N, the AMO-driven changes are consistent with the
SWS-OHC changes. This consistency suggests that, in addition to the PDO, the AMO might also
be another mechanism in setting the Atlantic OHC patterns during the SWS period. In the Indian
Ocean, AMO-driven patterns show a broad warming within 10° S to 30° N, similar to the SWS-OHC
changes. Thus, the AMO provides the only mechanism among the three modes considered in this
study to explain the Indian Ocean warming pattern; this supports the model-based study in Li et
al. [82] suggesting an Atlantic driver of the global SST pattern during the SWS period.

In the Pacific Ocean, AMO can also drive an ocean cooling in the Eastern Pacific Ocean and
warming in the Western Pacific Ocean (the maximum heating is located at Northwest Pacific at around
30° N). Therefore, AMO, PDO, and/or ENSO can all explain the Eastern Pacific cooling and Western
Pacific heating pattern during the SWS period.

However, the AMO cannot explain the “cold spots” in the Northwest Pacific Ocean (20° N~40° N).
Instead, AMO drives a strong warming trend in this region. In the Southern Ocean, AMO-driven
patterns are generally opposite to SWS-OHC patterns, suggesting it is unlikely responsible for the
Southern Ocean changes during the SWS period.

4. Discussion

Motivated by the debate related to the “global warming hiatus”, this study first suggests that
it is a mistake to deny the “global warming” according to a slowing rate increase of GMST or SST
over 13 years, despite the inability to find any statistically significant change in trends of these metrics.
On the other hand, EEI and global OHC are fundamental metrics, as they indicate the radiative
imbalance driven by GHG and they are less impacted by natural variability. Based on global OHC
records, there is no indication of any pause in “global warming”, and in fact, the ocean warming is
accelerating. Therefore, the term of “surface warming slowdown” was used in this study to clearly
indicate any changing trend was unassociated with global warming. The scientific question then turns
to: why is there a slowdown in GMST/SST with the continuous global warming and how are the
GMST/SST changes related to ocean heat uptake?

On this basis, we reviewed the progress in OHC measurements and show the estimation error
in traditional datasets could impact the identification of the ocean heat uptake. In this effort, a new
dataset (IAP) was available for use. The most notable improvements in the new data are improved
corrections for XBT bias, which significantly improvs the data quality; and a better mapping method,
which effectively reduces the “conservative error” in previous dataset.

Based on the IAP data, complete 3-D temperature changes in the SWS period (related to the
1982-1997 period) in the ocean interiors are provided, with several “hot spots” and “cold spots” being
identified. The decadal-scale ocean heat redistribution pattern is distinct from the long-term ocean
heat uptake, confirming that natural variability dominates the decadal scale local OHC changes.

To give some implications on the driver of the ocean heat redistribution, we further perform a
regression analysis to identify the OHC pattern related to three different climate models: ENSO, IPO,
and AMO. The results indicate that none of them can solely explain the formation of the OHC patterns
in the SWS period. Nevertheless, they can be important in different locations. The implication is that
there might be no single answer to the occurrence of the SWS, instead, it is a combination of different
phenomenon and different climate variability. Several model-based analyses also suggest that there are
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different flavors of the SWS period [8,97]. More analyses are required to investigate climate sensitivity
and ocean heat uptake efficiency on decadal scales [98,99].

5. Concluding Remarks

Although this study attributes the SWS-related OHC change to natural variability, it does not
relate it to the net EEI change in the climate system. Hedemann et al. [100] argued that SWS might be
also caused by the reduction of EEIL. Our results do not support this idea because the OHC increase
(indicative of the EEI) has accelerated during the SWS period (Figure 1).

Furthermore, In Figure 1, it is apparent that the SWS ends with the appearance of the extreme
2015/16 El Nifio event: the linear trend of GMST for 1998-2017 is 0.017 K/yr, larger than the linear
trend during the reference (1982-1997) period (0.015 K/yr), also suggested in Hu et al. [101]. Loeb et
al. [102] observed a shape increase of the net downward fluxes into the Earth system after 2014, more
energy would support the further acceleration of the global warming.

This study also gives some implications for the future actions to understand the ocean heat uptake
on different spatial and temporal scales:

(1). The community should be clearer about the uncertainty in OHC. There are many lessons learned
from the discrepancy of the different published analyses due to the uncertainty in OHC records.
In the future, it will be helpful to quantify the signal versus error in OHC records at different
temporal and spatial scales.

(2). How do different climate modes impact the ocean heat uptake? Our observational analyses
provide an ability to answer this question, but the caveat is that the record is still too short: i.e., the
typical period of AMO and PDO is 30~70 years, similar to the length of the reliable OHC record
(~60 years since the late 1950s). Combined analyses of models and observations are the proposed
way forward.
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