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ABSTRACT

Although  atmospheric  greenhouse  gas  concentrations  continuously  increased,  there  was  relatively  little  change  in
global-averaged surface temperatures from 1998 to 2013, which is known as atmospheric warming slowdown. For further
understanding  the  mechanism  involved,  we  explored  the  energy  redistribution  between  the  atmosphere  and  ocean  in
different latitudes and depths by using data analysis as well as simulations of a coupled atmosphere–ocean box model. The
results revealed that, compared with observational changes of ocean heat content (OHC) associated with rapid warming, the
OHC changes related to warming slowdown are relatively larger in multiple ocean basins, particularly in the deeper layer of
the  Atlantic.  The  coupled  box  model  also  showed  that  there  is  a  larger  increasing  trend  of  OHC  under  the  warming
slowdown scenario than the rapid warming scenario. Particularly, during the warming slowdown period, the heat storage in
the  deeper  ocean  increases  faster  than  the  ocean  heat  uptake  in  the  surface  ocean.  The  simulations  indicated  that  the
warming  patterns  under  the  two  scenarios  are  accompanied  by  distinct  outgoing  longwave  radiation  and  atmospheric
meridional heat transport, as well as other related processes, thus leading to different characteristics of ocean heat uptake.
Due to the global energy balance, we suggest this slowdown has a tight relationship with the accelerated heat transport into
the global ocean.
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Article Highlights:

•  The atmospheric warming slowdown is closely coupled with the accelerated heat transport into the global ocean.
•  Observed decadal variability of OHC shows a tight relationship with atmospheric temperature change.
•  The  coupled  box  model  demonstrated  the  differences  of  energy  transport  in  the  climate  system  between  the  warming
slowdown and rapid warming period.

 
 

1.    Introduction

As  a  result  of  industrialization,  the  carbon  dioxide  in
the Earth’s atmosphere has increased continuously over the
past 100 years,  which is considered as the main reason be-
hind  global  warming  (IPCC,  2013).  However,  the  global
mean atmospheric temperature (especially in the surface lay-
er) leveled off over the first decade of the 21st century, in con-
trast to the rapid warming during the late 20th century (Fig.
1). This phenomenon has been referred to as an atmospher-
ic  warming  slowdown  or  hiatus  (e.g., Easterling  and
Wehner,  2009; Foster  and  Rahmstorf,  2011; Meehl  et  al.,

2011; England et  al.,  2014; Guan et  al.,  2015; Steinman et
al., 2015; Huang et al., 2017, He et al., 2018), and has attrac-
ted great attention worldwide owing to its ostensible contra-
diction  of  the  human-induced  global  warming  theory  (Ot-
terå et al., 2010).

Improving comprehension of the atmospheric warming
slowdown can provide a better projection of future climate
(Yao et al., 2017), and the energy balance of the climate sys-
tem may help us further  understand the mechanism behind
the phenomenon (Trenberth et al., 2014a). According to obser-
vations,  greenhouse  gases  (GHGs)  have  continued  to  in-
crease in the 21st century (WMO, 2014), which means that
the radiative forcing induced by GHGs is increasing and the
energy continued to be trapped in Earth’s climate system dur-
ing  the  atmospheric  warming  slowdown.  Thus,  there  must
have been a redistribution of heat from the atmosphere to else-
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where in the climate system to fit the slowdown of the atmo-
spheric warming. This points toward the vital role played by
the ocean in this slowdown owing to its huge heat capacity,
and, more importantly, there is a continuous “global warm-
ing ”  if  we  focus  on  the  whole  climate  system  rather  than
just the atmosphere (Cheng et al., 2018). Indeed, many stud-
ies  have  suggested  that  the  oceanic  decadal  modes,  which
are  tightly  linked  to  the  changes  in  ocean  heat  content
(OHC), may be the main cause of the atmospheric warming
slowdown. Kosaka  and Xie  (2013) concluded that  the  cur-
rent warming slowdown is tied specifically to La-Niña-like
decadal cooling in the Pacific, induced by accelerated trade
winds.  Some  researchers  suggest  that  the  phenomenon  oc-
curs during the negative phase of the Pacific Decadal Oscilla-
tion,  or  the  Interdecadal  Pacific  Oscillation,  which  can
broadly explain the Pacific  OHC changes in the slowdown
period (Trenberth and Fasullo, 2014b; Dai et al., 2015). Be-
sides,  the  Atlantic  Multidecadal  Oscillation  has  been  pro-
posed as a predictor or key factor for the mean surface temper-
ature over the Northern Hemisphere or globe (Wyatt et al.,
2012; Chylek et al., 2014). The atmospheric teleconnection
over the Atlantic  is  generally represented by the North At-
lantic Oscillation, which has been suggested to have contrib-
uted  to  the  recent  warming  slowdown  (Guan  et  al.,  2015).
Huang et al. (2017) suggested that these internal climate vari-
ability  modes  can  excite  a  decadal  modulated  oscillation,

which can explain up to 95% of the temperature variance in
the boreal cold season over the continental Northern Hemi-
sphere during the warming slowdown. Furthermore, Liu and
Zhou (2017) explored the atmospheric footprint of the warm-
ing slowdown,  and found it  to  be  coupled  with  changes  in
the air–sea latent heat flux. Chen and Tung (2014) also pro-
posed that the warming slowdown may have been caused by
oceanic heat transport.

Although the warming slowdown has been partially ex-
plained well by internal climate variability, its physical mech-
anism still needs to be further studied. In this study, the char-
acteristics  of  atmospheric  warming slowdown are  explored
from the global energy balance perspective. We investigate
the energy redistribution between the atmosphere and ocean
in different latitudes and depths based on analysis of observa-
tions, reanalysis products, and the simulations of a coupled
atmosphere–ocean box model. We attempt to provide a bet-
ter  understanding  of  the  oceanic  energy  transport  and  re-
veal the fundamental factors that influence this process.

The  paper  is  arranged  as  follows.  Section  2  describes
the details of the datasets and the methodology. Section 3 in-
troduces the coupled atmosphere–ocean box model used in
this study. The characteristics of the atmospheric temperat-
ure anomaly and OHC anomaly related to the warming slow-
down  period  (WSP)  and  rapid  warming  period  (RWP)  are
presented  in  section  4.  Section  5  examines  the  heat  trans-
port  between  the  atmosphere  and  ocean  at  different  depths
and latitudes during the WSP and RWP in the box model. Dis-
cussion and conclusions are presented in section 6.

2.    Data and methods

2.1.    Data sources

The analysis of OHC was based on the Institute of Atmo-
spheric  Physics  (IAP)  gridded  ocean  temperature  dataset
and  the  ECMWF’s  Ocean  Reanalysis  System  4  (ORAS4)
dataset.  The  IAP  dataset  features  global  coverage  of  the
oceans at 41 vertical levels from the surface to 2000 m, and
monthly temporal resolution from 1940 to present (Cheng et
al.,  2016, 2017).  The  ORAS4  dataset,  which  assimilates  a
variety of observational information in an ocean model (Bal-
maseda et al., 2013), extends to a depth of 5000 m, but only
0–2000 m is used here to compare with the IAP dataset. The
analysis  of  global  surface  temperature  was  based  on  the
GISTEMP  and  HadCRUT4  datasets.  The  GISTEMP  data-
set,  which  consists  of  global  surface  temperature  and  cov-
ers the period from 1880 to the present day (Hansen et al.,
2010),  was used to calculate the linear trend of the surface
temperature, and HadCRUT4 (Morice et al., 2012) was used
for comparison with GISTEMP. The analysis of air temperat-
ure  for  the  whole  atmosphere  was  based  on  ERA-Interim
(Dee et al., 2011).

2.2.    Ensemble Empirical Mode Decomposition method

The  Ensemble  Empirical  Mode  Decomposition
(EEMD) method was used in our study. It is an adaptive 1D

 

Fig.  1.  Time  series  of  the  global  mean  temperature  anomaly
relative to the climatology of 1961–90 (a) and trends of global
mean temperature for 1983–98 (RWP, red) and 1998–2013 (WSP,
blue) (b). The black solid and dashed lines represent the surface
temperature  derived  from  GISSTEMP  and  HadCRUT4,
respectively.  The  colored  lines  represent  the  atmospheric
temperature  derived  from  ERA-Interim  for  the  near  surface
(brown),  lower  atmosphere  (green,  from  the  surface  to  500
hPa), upper atmosphere (blue, from 500 hPa to 100 hPa), and
the whole atmosphere (red, from the surface to 100 hPa).
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data analysis method that can reflect the nonlinear and non-
stationary  nature  of  climate  data.  Therefore,  by  using  this
method, the climate variability can be split into different oscil-
latory components with intrinsic time scales, including inter-
annual, decadal, and multidecadal extents. In this article, the
steps of EEMD were taken from Ji et al. (2014) and Huang
et al. (2017), which are described in detail in the Supplement-
ary Material.

2.3.    Division of the ocean

In  this  study,  the  ocean  was  divided  into  five  regions:
the Pacific  Ocean,  Atlantic  Ocean,  Indian Ocean,  Southern
Ocean, and others. The Southern Ocean was separated from
other basins by 35°S, and the boundary between the Indian
Ocean and the Pacific Ocean was 120°E. The ranges of each
ocean basin are presented in Fig. S1 in Electronic Supplement-
ary Material.

3.    Coupled atmosphere–ocean box model

A  coupled  atmosphere–ocean  box  model  was  used  in
this study to investigate the characteristics of energy trans-
port  in  the  climate  system  during  the  RWP  and  WSP.  It
takes regional differences by latitude into consideration and
divides the atmosphere and ocean into a small number of iso-
thermal reservoirs. The ocean model is based on Schneider
and Thompson (1981) and further developed in Danny Har-
vey  and  Schneider  (1985).  Detailed  derivations  can  be
found in these publications.

In the model, the atmosphere has only one layer and is
divided into two boxes; the ocean has three layers—namely,
the  upper  layer,  intermediate  layer,  and bottom layer—and
each layer is also divided into two boxes (Fig. 2).  There is
heat transport  among these boxes of the atmosphere–ocean
system. The boxes at low latitude and those at high latitude
are linked at 35°N, where the zonal-mean net radiative for-
cing is close to zero and the poleward atmospheric heat trans-
port  is  near  its  peak  (Nakamura  et  al.,  1994).  The  zonal-
mean  net  radiative  forcing  is  positive  (negative)  over  the
south (north) of 35°N. The equations for this system are as fol-
lows: 

CA1
dTA1

dt
= A1−B1TA1−χ (TA1−TA2)−R1+F1 ; (1)

 

CA2
dTA2

dt
= A2−B2TA2+χ (TA1−TA2)−R2+F2 ; (2)
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Here, TA, TU, TI and TB represent the temperature of the atmo-
sphere, the upper layer ocean, the intermediate layer ocean,
and the bottom layer ocean, respectively; CA, CU, CI and CB

are the corresponding heat capacities, which are equal to the
depth of each ocean layer multiplied by the heat capacity of
a unit of water; A is the net incoming radiation and B is the
climate feedback parameter, where A-BTA represents the net
radiative forcing at the top of atmosphere; F is the human-in-
duced radiative forcing; R represents the energy exchange oc-
curring  at  the  surface  of  the  ocean,  the  perturbation  of
which  is  of  vital  importance  in  our  study  and  will  be  dis-
cussed  in  detail  below; DU is  the  depth  of  the  upper  layer
ocean and Cw is the volumetric heat capacity of water; τ is
the turnover time of upper-layer water with intermediate lay-
er water;  is the thermohaline mass flux and σ is the area
of  the  ocean; χ is  the  efficiency of  atmospheric  heat  trans-
port. The subscript “1” represents the low latitudes and the
subscript  “2”  represents  the  high  latitudes.  All  parameters
used  in  this  study  are  listed  in Table  1.  Their  values  are
based  on  previous  box-model  studies  (Schneider  and
Thompson,  1981; Danny  Harvey  and  Schneider,  1985;
Marotzke  and  Stone,  1995; Krasovskiy  and  Stone,  1998;
Yang et al., 2016).

The  equilibrium  states  of  the  box  model  can  be  ob-
tained by setting all of the time derivations to zero (dTi/dt =
0 for each box). For the atmosphere, we obtain: 

A1−B1TA1−χ (TA1−TA2)−R = 0 ; (9)
 

A2−B2TA2+χ (TA1−TA2)+R = 0 . (10)

(TA1+TA2)/2

Note that we do not take the human-induced radiative for-
cing F into consideration now. According to the values lis-
ted  in Table  1,  we  can  determine  the  equilibrium states  of
the model. The temperature of the atmosphere is 28.2°C in
low latitudes (TA1) and 1.2°C in high latitudes (TA2), with a
global-averaged temperature  of 14.7 °C. The
meridional  temperature  contrast  is  equal  to  27.0  °C,  which
is consistent with the result of Yang et al. (2015). However,
it should be emphasized that the temperature of some ocean
boxes becomes the same when the model reaches the equilibri-
um state (TU2=TI2=TB1=TB2). Thus, the model is often used
to  study  the  response  (the  perturbation)  to  external  forcing
rather than the final state of the climate system.

Now let us proceed to consider the response (or the per-
turbation) of the system to the human-induced greenhouse ef-
fect. We assume that the concentration of CO2 increases lin-
early with time (Kim et al., 1992), and its radiative forcing

1190 WARMING SLOWDOWN COUPLED WITH OHC CHANGE VOLUME 36

 

  



can be expressed as
 

∆F = rtH (t) , (11)
 

H (t) =
{ 0, t < 0

1, t ⩾ 0 , (12)

where r = 0.03 W m−2 yr−1, which is equivalent to the green-
house effect caused by a doubling of the CO2 concentration
in 140 years; H(t) represents the impulse function; t repres-
ents the time. The additional heat into the climate system as
a result of the greenhouse effect can be calculated using Eq.
11 and 12.

There is another key point when we calculate the perturb-
ation of energy transport after taking CO2 forcing into consid-

∆R
eration, and that is  how to deal with the heat uptake in the
air–sea  interface  ( ).  Previous  studies  have  proposed
many parameterizations of the energy transport at the Earth’
s sea surface (Warren and Schneider,  1979; Danny Harvey
and  Schneider,  1985; Morantine  and  Watts,  1990),  but  it
seems  quite  difficult  to  reproduce  the  warming  slowdown
with these schemes. Besides, although over 90% of this posit-
ive energy imbalance is manifested in increased OHC (von
Schuckmann  et  al.,  2016),  there  is  still  not  enough  clarity
about how the heat is taken into the ocean, due to large uncer-
tainty  in  observational  air–sea  heat  flux  (Josey,  2011).  In
this  case,  we handle  it  on the  basis  of  energy conservation
rather than applying these schemes. The purpose of the box
model  is  to  investigate  the  characteristics  of  energy  trans-
port  in  the  climate  system during  the  WSP,  so  we  directly
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Fig. 2. Schematic plot of the coupled atmosphere–ocean box model. H0 is the
net  energy  gains  at  the  top  of  the  atmosphere; R represents  the  energy
exchange occurring at the surface of the ocean; Fo1–Fo6 illustrate qualitatively
the  heat  transports  among  different  ocean  boxes; Fa is  the  meridional
atmosphere energy transport.

Table 1.   Parameters used in the box model.

Symbol Physical meaning Value Notes

Cw Heat capacity of a unit of water volume 4 × 106 J m−3 K−1 —
A1 Net incoming energy in low latitudes 90 W m−2 Marotzke
A2 Net incoming energy in high latitudes −40 W m−2 —
B Climate feedback parameter 1.7 W m−2 K−1 Marotzke

DU Depth of upper layer 200 m —
DT Depth of intermediate layer 2000 m —
DB Depth of bottom layer 4000 m —
R0 Equilibrium air–sea energy exchange 6.9 W m−2 —
τ Turnover time of upper-layer water 10 yr Harvey
V̇ Thermohaline mass 4.84 × 107 m3 s−1 Harvey
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fix the change rate of atmospheric temperature, which is de-
rived  from  ERA-Interim  during  the  WSP  (shown  in Fig.
3c), in the box model. The changes of corresponding atmo-
sphere  heat  content  can  thus  be  calculated.  Due  to  the  en-
ergy  conservation  of  the  model  atmosphere–ocean  system,
we can now get the OHC change under the warming slow-
down scenario by subtracting the atmosphere’s heat content
change from the total  increased energy of the model atmo-
sphere–ocean system. Similarly, the characteristics of heat dis-
tribution  in  the  system  under  the  rapid  warming  scenario
can also be investigated with this method.

Assume any variable can be expressed as A+ΔA, where
A is the equilibrium state and ΔA is the perturbation. Consider-
ing Eqs. (9) and (10), the functions of perturbation in the mod-
el  system  (only  the  equations  of  the  atmosphere  part  are
shown here) can be written as 

CA1
d(∆TA1)

dt
= −B1∆TA1−χ (∆TA1−∆TA2)−∆R1+∆F1 ,

(13)
 

CA2
d(∆TA2)

dt
= −B2∆TA2+χ (∆TA1−∆TA2)−∆R2+∆F2 ,

(14)

where the terms in Eqs. (13) and (14), from left to right, rep-
resent  the  change  of  atmospheric  heat  content,  the  climate
feedback,  the  meridional  atmospheric  heat  transport,  the
ocean  heat  uptake,  and  the  radiative  forcing,  respectively.
The  ocean  heat  uptake  or  the  energy  transported  into  the
ocean  can  be  easily  determined  according  to  the  given
change in atmospheric temperature.

4.    Change  in  atmospheric  temperature  and
OHC

The characteristics of both the global atmospheric temper-
ature anomaly and OHC anomaly during the WSP are evid-
ently different from those during the RWP.

For  the  atmosphere,  both  observational  datasets  (GIS-
STEMP and HadCRUT4) show that the warming trends of
the  global  mean  surface  temperature  anomaly  during  the
WSP are obviously smaller than those during the RWP (Fig.
1b). The characteristics of the atmospheric temperature anom-
aly derived from ERA-Interim are consistent with the two ob-
servational datasets, though their amplitudes have some differ-
ences. It is apparent that the whole atmosphere (from the sur-
face up to 100 hPa) experiences a warming slowdown in the
21st century, compared with the rapid warming in the 1980s
and 1990s (Fig. 1; details of atmospheric temperature trend
distribution  in  different  pressure  levels  shown  in Fig.  S2).
Comparing  the  trends  of  atmospheric  temperature  during
the two periods, it is evident that the atmosphere accommod-
ates less heat in the WSP than the RWP: while the atmospher-
ic heat content in total increases about 0.62 × 1021 J  in the
period of the warming slowdown, this increase is much less
than that in the RWP (approximately 1.37 × 1021 J), which re-

veals  the  different  features  of  heat  transport  between  the
two periods.

The  shift  in  heat  transport  in  the  climate  system  can
also be demonstrated by the trends of zonal mean atmospher-
ic  temperature  (pressure  versus  latitude)  during  the  RWP
and WSP, which are shown in Fig. 3. It can be seen that the
vertical  distributions  of  the  zonal  mean  temperature  trend
are  obviously  different  between  the  two  periods  (Figs.  3a
and b). The low-latitude atmosphere shows an apparent warm-
ing trend from the surface to around the 150 hPa level dur-
ing the RWP; however, this warming trend weakens or even
becomes negative during the WSP. As for the high latitudes,
significant  cooling  is  in  the  upper  atmosphere  during  the
RWP, but this cooling weakens over the Arctic regions and
even becomes warming over the Antarctic during the WSP.
The spatial distribution of the temperature trend in each pres-
sure level can be found in Fig. S2. Overall, in the high latit-
udes,  the  atmosphere  warms  even  faster  during  the  WSP
than during the RWP; whereas, in the low latitudes, the warm-
ing trend during the WSP shows a sharp decline, compared
with the warming trend during the RWP (Fig. 3c). These res-
ults  indicate  that  the  atmospheric  temperature  trend  in  the
low  latitudes  contributes  most  to  the  warming  slowdown,
and  more  importantly,  changes  in  heat  transport  in  the  cli-
mate system occur during the two periods.

Figure 4 presents the time series of OHC in the global
ocean and each ocean basin, from which continuous rapid in-
creases in OHC since the 1980s due to the growth of green-
house gasses  (GHGs) can be seen.  This  GHG-forced long-
term warming can also be found in the reanalysis dataset OR-
AS4  (Fig.  S3),  though  it  suffers  from  discontinuity  due  to
an upgrading of  the oceanic observation system (Palmer et
al.,  2017).  That  is,  the  substantial  anthropogenic  warming
(GHG-forced)  signal  in  the  OHC  records  should  be  re-
moved before investigating OHC changes related to the slow-
down  (i.e.,  natural  variability  of  OHC).  Here,  we  used  the
EEMD method,  proposed by Wu and Huang (2009) and Ji
et  al.  (2014),  to  separate  the  decadal  variability  from  the
long-term  anthropogenic  warming.  Based  on  this  method,
we were able to decompose the atmospheric temperature an-
omaly  and  OHC  anomaly  into  different  time  scales.  As
shown  in Fig.  5,  there  are  two  main  components  in  both
OHC and atmospheric temperature series: a decadal to multi-
decadal  oscillation  (Figs.  5a and b),  and  the  long-term up-
ward  trend  (Figs.  5c and d).  The  long-term  trend  is  con-
sidered  to  be  mainly  contributed  by  the  radiative  forcing
(Wu  et  al.,  2011; von  Schuckmann  et  al.,  2016; Huang  et
al., 2017). The oscillation component, which represents the
natural  variability,  enhances  or  suppresses  the  long-term
trend on decadal to multi-decadal time scales. For the OHC,
when  the  oscillation  is  in  a  downward  phase  (Fig.  5a),
which means less heat uptake in the ocean, it contributes to
an  accelerated  warming  trend  in  atmospheric  temperature,
as in the 1990s (Fig. 5b). There is an upward swing in the os-
cillation  of  OHC  in  1995–96  (Fig.  5a),  and  thus  a  sub-
sequent downward phase of the atmospheric temperature os-
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cillation since about 2002 (Fig. 5b), which reduces the long-
term  upward  trend  in  atmospheric  temperature  and  ulti-
mately results in the recent surface warming slowdown (Fig. 5f).
It should be noted that the response of atmospheric temperat-
ure  to  the  OHC  increase  seems  to  have  a  lag  in  time  (~5
years; Figs.  5a and b).  The  downswing  of  OHC  arises  in
2006–07 and, after about 5 years, the atmospheric warming
slowdown comes to an end with an upswing of atmospheric
temperature. Similar results about this lag can also be found
in Chen and Tung (2018), when they discussed the relation-
ship between the warming slowdown and Atlantic Overturn-
ing Circulation. The sensitivity of the EEMD to the time peri-
od selected was also examined,  and the results  showed the
time period has little impact on the pattern of the oscillation
component of OHC (Fig. S4).

The  characteristics  of  OHC  differ  in  different  ocean
basins  (Fig.  4),  which  indicates  the  contribution  of  each
ocean  basin  to  the  warming  slowdown  may  be  different
(Yao et al., 2017). Therefore, to remove the long-term anthro-
pogenic  warming  signal,  as  well  as  quantify  the  contribu-
tion of each ocean basin to the warming slowdown, we ap-
plied  the  “Trend-Diff  method ”,  which  was  proposed  in

Cheng  et  al.  (2018),  to  each  ocean  basin  with  different
depths. This method uses the trend differences to reduce the
impact  of  the  substantial  warming  signal,  assuming  the
long-term warming rate is constant in the research period. Al-
though there should be an acceleration of long-term warm-
ing (non-constant in rate) due to the accumulation of GHGs,
this method shows similar results with analysis of the non-
constant trend proposed in Trenberth and Shea (2006), and
is thus acceptable, as mentioned in Cheng et al. (2018). Due
to  the  5-year  prior  phase  of  OHC  shown  in  the  EEMD
(Figs.  5a and b),  the  trend  differences  were  calculated
between the years 1993–2008 (period of OHC decadal variab-
ility related to warming slowdown) and 1979–92 (period of
OHC decadal variability related to rapid warming), and the
oceans were divided into two layers vertically: the upper lay-
er (0–200 m) and the deeper layer (200–2000 m).  The res-
ults are shown in Table 2. It can be seen that both the upper
and deeper  layer  in  the Atlantic,  Pacific  and Indian oceans
present  a  positive  trend  difference,  while  the  Southern
Ocean makes a negative contribution. According to the calcu-
lations, the largest trend differences exist in the Atlantic, espe-
cially its deeper layer (~2.44 × 1021 J yr−1; > 70% in the deep-

 

 

Fig.  3.  Trend  of  zonal-mean  atmospheric  temperature  during  the  (a)  RWP
(1983–98) and (b) WSP (1998–2013) derived from ERA-Interim. Trends for
the atmosphere in low and high latitudes (divided by 35°N) in the two periods
are shown in (c). Shaded zones are statistically significant at the 5% level.
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Fig.  4.  The  OHC anomaly  (red)  averaged in  the  global  ocean,  Atlantic  Ocean,  Southern  Ocean,  Pacific  Ocean,  and
Indian Ocean, relative to the climatology from 1961 to 1990 based on the IAP dataset. The dashed lines represent the
linear trend of OHC during 1983–98 and 1998–2013, respectively.

 

 

Fig.  5.  EEMD  global  annual  mean  OHC  from  the  IAP  dataset  (red,  from  the  sea  surface  to  2000  m  depth)  and
atmospheric  temperature  from  GISSTEMP  (black)  anomalies  for  the  oscillation  component  (a,  b),  long-term  trend
component (c,  d),  and the trend plus oscillation (e,  f).  The oscillation component is  the sum of IMF (intrinsic mode
function)  3,  4  and  5  from  the  EEMD,  and  the  long-term  trend  is  IMF  6.  We  mainly  focus  on  the  decadal  and  the
multidecadal time scales, so IMF 1 and 2 are ignored, which represents high-frequency oscillation.
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er  layer),  followed  by  the  Indian  and  Pacific  oceans,  with
trend differences of ~2.08 × 1021 J yr−1 and 1.69 × 1021 J yr−1,
respectively.  The  global  trend  of  OHC  in  1993–2008  in
total increases about 5.15 × 1021 J yr−1 compared with the ref-
erence  period  1979–92,  and  the  deeper  ocean  (below  200
m) contributes  about  60% of  the  total.  The results  indicate
that  more  heat  is  transported  to  the  deeper  ocean,  such  as
the deeper layer of the Atlantic.

For  further  investigation,  EOF  analysis  of  the  de-
trended OHC was also applied to each layer. The results are
shown  in Fig.  6.  After  removing  the  linear  trend  from  the
OHC series, the EOF analysis for the OHC of the upper lay-
er ocean showed that the spatial pattern of the first leading
mode (EOF1),  which explains about  33% of the total  vari-
ance, is mainly characterized in the tropical Pacific, and has
an east–west structure (Fig. 6a). The time series (PC1) associ-
ated  with  EOF1  changes  to  a  negative  trend  from  1998
when the warming slowdown occurs, while it persists in a pos-
itive  trend during the  1980s  and 1990s  (Fig.  6c).  This  pat-

tern,  which has  a  close  relationship  (correlation coefficient
of ~0.91; significant at the 0.01 level) with Oceanic Niño In-
dex,  indicates  the  important  role  of  ENSO  in  the  modula-
tion of OHC in the upper ocean. Consistent with the EOF ana-
lysis,  the  trend  differences  of  OHC  in  the  Pacific  Ocean
mainly occur within a shallow layer and in the east–west dir-
ection  (Figs.  S5a and b),  with  an  opposite  pattern  between
the RWP and WSP. As for the deeper layer ocean, EOF1 ex-
plains about 15% of the total variance, and the positive pat-
terns  of  OHC  changes  in  the  deeper  layer  are  mainly  loc-
ated  in  the  Atlantic  and  the  Indian  Ocean  (Fig.  6b).  PC1
shows  a  downward  trend  in  the  1980s–90s  and  a  sub-
sequent  upward  trend  at  the  end  of  the  20th  century  (Fig.
6d). This indicates that there is a positive OHC anomaly asso-
ciated with the warming slowdown and a negative OHC an-
omaly associated with the rapid warming,  suggesting more
heat is stored in the deeper layer ocean during the WSP than
during the RWP (also shown in the trend differences of the
OHC anomaly in the Atlantic basin in Figs. S5c and d). The

 

 

Fig. 6. First EOF mode of the detrended OHC in the upper layers (0–300 m) (a) and the deeper layers (300–2000 m)
(b).  The  PC1 time series  associated  with  the  EOF mode  are  shown in  (c)  and  (d)  for  the  upper  layers  and  deeper
layers,  respectively.  The percentage of variance explained by each mode is indicated in the right-hand corner.  The
second EOF modes and their associated PC2 time series are not shown. The observational OHC is based on the IAP
dataset.

Table 2.   OHC trend differences between two periods (1993–2008 minus 1979–92).

Pacific Ocean
(1021 J yr−1)

Atlantic Ocean
(1021 J yr−1)

Southern Ocean
(1021 J yr−1)

Indian Ocean
(1021 J yr−1)

Others
(1021 J yr−1)

Total
(1021 J yr−1)

Upper 200 m 0.66 0.68 −0.08 0.73 0.12 2.11
Below 200 m 1.03 1.76 −1.33 1.35 0.23 3.04

Total 1.69 2.44 −1.41 2.08 0.35 5.15
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increase of Atlantic OHC in EOF1 was also found by Lee et
al. (2011) and Chen and Tung (2014).

These  characteristics  of  OHC  described  above  reflect
the  different  mechanisms  of  OHC  redistribution  in  the
ocean basins. The thermohaline circulation plays an import-
ant  role  in  the  Atlantic  (Rahmstorf,  2002).  Therefore,  the
OHC anomaly  contributed  by  the  Atlantic  is  mainly  in  the
deeper layer (Table 2, Fig. 6c); whereas, heat redistribution
in the upper 200 m in the Pacific is strongly influenced by EN-
SO (Fig. 6a). The OHC changes in the Indian Ocean are dom-
inated  by  the  Indonesian  Throughflow,  the  increases  of
which could be responsible for the positive OHC trend differ-
ences shown in Table 2 (Lee et al., 2015; Li et al., 2017).

In summary, we found that the whole atmosphere (from
the surface to 150-hPa level), particularly the low-latitude at-
mosphere, shows an obvious warming slowdown during the
WSP  (1998–2013)  compared  with  that  during  the  RWP
(1983–98).  After  removing  the  long-term  anthropogenic
warming signal (forced by GHGs), we found that the global
changes of OHC related to the atmospheric warming slow-
down increase faster than its changes in the reference peri-
od related to rapid warming, particularly the OHC in the deep-
er  layer  (200–2000  m)  of  the  Atlantic  and  Indian  Ocean.
From the global energy balance perspective, we suggest that
the recent global atmosphere warming slowdown is closely
coupled with the faster increasing of global OHC.

5.    OHC anomaly simulated by the box model

To further investigate the characteristics of energy trans-
fer  in  the  climate  system,  especially  the  heat  uptake  at  the
air–sea interface and vertical heat transport in the ocean, un-
der different scenarios, a coupled atmosphere–ocean box mod-
el was used in this study. Its simple process can help us under-
stand  the  nature  of  energy  transportation  during  the  WSP.
Its  basic  idea  and  equations  are  discussed  in  detail  in  sec-
tion 3.

Firstly, we simulated the changes of energy transport in
the  climate  system  when  warming  slowdown  occurs.  The
trend of atmospheric temperature in the box model was set
as 0.03°C (10 yr)−1 in the low latitudes and 0.08°C (10 yr)−1

in  the  high  latitudes  (Table  3)  to  correspond  with  results
from ERA-Interim (shown in Fig. 3c). The equations of the
model  are  solved  numerically  using  an  Euler  scheme  with
4-day  time  steps.  The  model  runs  for  100  years,  and  note
that all of the results shown below are the perturbation state
of the model system. Figure 7 presents the OHC trend in the
box model and the observations during the WSP. The result
of the bottom layer ocean (2000–4000 m) in the box model
is not shown because its temperature changes are relatively
small and observations are limited for the ocean below 2000
m. It can be seen from the observation that the OHC in both
low-  and  high-latitude  areas  shows  an  obvious  positive
trend, with an increase of about 5.8 × 1021 J yr−1 and 3.4 ×
1021 J yr−1, respectively. For the box model, the simulated pat-
terns  of  OHC  trends  in  the  deeper-layer  and  upper-layer
ocean  are  quite  consistent  with  the  observations  (Fig.  7),

though their magnitudes are relatively larger. In addition, it
is  notable  that  the  OHC trend  in  the  deeper  layer  is  larger
than its trend in the upper layer, as shown both in the observa-
tion and the simulation, indicating more heat storage in the
deeper ocean.

The  warming  patterns  in  the  ocean  during  the  WSP
have  a  tight  relationship  with  the  features  of  energy  trans-
port in the climate system, which is also demonstrated in the
box  model.  The  OHC  changes  in  the  upper  ocean  are  af-
fected by the energy taken into the ocean at the sea surface.
Figures 8c and e demonstrate the contribution of related pro-
cesses to the ocean heat uptake in low latitudes and high latit-
udes  during  the  warming  slowdown scenario,  respectively.
It is shown that the differences are mainly due to changes in
features  of  energy  transport  in  the  climate  system,  espe-
cially the atmospheric heat  transport  and climate feedback.
Because  the  warming  rate  of  atmospheric  temperature  in
high latitudes is larger than that in low latitudes during the
WSP,  the  meridional  atmospheric  temperature  gradient
would  be  reduced,  which  would  lead  to  less  atmospheric
heat transport from the low to high latitudes. As a result, the
atmospheric heat transport facilitates the ocean heat uptake
in low latitudes, but suppresses it in high latitudes (Figs. 8c
and e; green lines). Meanwhile, the higher warming rate in
high latitudes means more outgoing longwave radiation (out-
going  energy).  As  a  result,  the  climate  feedback  has  a
stronger inhibiting effect on the ocean heat uptake in high lat-
itudes than that in low latitudes (Figs. 8c and e; blue lines).
Consequently, the heat uptake and the increased OHC of the
upper ocean in high latitudes is less than those in low latit-
udes during the WSP (Fig. 8a, Fig. 7). As for the deeper (inter-
mediate  layer)  ocean,  the  seawater  mixing  and  thermo-
haline circulation impact the deeper-ocean heat storage. Dur-

 

Fig.  7.  OHC  trend  in  the  observations  and  simulation  of  the
box  model,  from  the  left  to  the  right  representing  the  global,
low-latitude and high-latitude ocean, respectively. The red part
represents  the  upper-layer  and  the  blue  part  the  deeper-layer
ocean. The observational OHC is based on the IAP dataset.

Table  3.   Atmospheric  temperature  trends  imposed  in  the  box
model.

Warming slowdown
scenario

Rapid warming
scenario

Low latitudes 0.030°C (10 yr)−1 0.196°C (10 yr)−1

High latitudes 0.080°C (10 yr)−1 0.025°C (10 yr)−1
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Fig.  8.  Ocean heat  uptake at  the sea surface (a,  b)  and the contribution of each term to it  (c–f)  during the
warming slowdown scenario (left-hand panels) and rapid warming scenario (right-hand panels). The dashed,
dotted  and  solid  lines  in  (a,  b)  represent  the  low-latitude,  high-latitude  and  global-averaged  oceans,
respectively. The four terms—AHT (green), CF (blue), AHC (red), and RF (black)—in (c–f) represent the
atmospheric heat transport, climate feedback, atmospheric heat content, and radiative forcing, respectively.
The ocean heat uptake at the surface is equal to the sum of these terms.
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Fig. 9. Heat storage in the deeper-layer (intermediate-layer) ocean (a, b) and the contribution of each term to
it  (c–f)  during  the  warming  slowdown  scenario  (left-hand  panels)  and  rapid  warming  scenario  (right-hand
panels).  The  dashed,  dotted  and  solid  lines  in  (a,  b)  represent  the  low-latitude,  high-latitude  and  global-
averaged oceans, respectively. The red and blue lines in (c–f) represent the contributions of the thermohaline
circulation and mixing effect, respectively. Heat storage in the deeper-layer ocean in the model is equal to the
sum of the two terms.
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ing the WSP, the surface ocean heat uptake in the low latit-
udes increases faster than that in the high latitudes. As a res-
ult, compared with the equilibrium states (all results shown
here  are  perturbation  states),  the  seawater  mixing  brings
more heat from the upper-layer to deeper-layer ocean in low
latitudes  than in  high latitudes  (Figs.  9c and e;  blue  lines),
due to a faster increase of temperature gradient. The thermo-
haline circulation wells up and bring cold water from the bot-
tom layer  in  the  low latitudes,  while  it  conversely  sinks  in
the high latitudes, thus facilitating heat storage in high latit-
udes and suppressing it in low latitudes (Figs. 9c and e; red
line). However, this cannot compensate the differences due
to the thermohaline, and eventually, under the concurrent ef-
fect  of  these  processes,  the  heat  storage  and  the  increased
OHC in low latitudes are larger than those in high latitudes
(Fig. 9a, Fig. 7).

Furthermore,  we  compared  the  characteristics  of  OHC
changes between the scenarios of rapid warming and warm-
ing  slowdown  in  the  box  model,  by  fixing  different  atmo-
spheric warming trends for the two scenarios. A faster atmo-
spheric warming trend, about 0.196°C (10 yr)−1 in low latit-
udes  and  0.025°C  (10  yr)−1 in  high  latitudes  (Table  3),
which  was  also  derived  from  ERA-Interim  (shown  in Fig.
3c), was set in the box model to simulate the rapid warming
scenario. The simulated OHC difference between the warm-
ing  slowdown  scenario  and  the  rapid  warming  scenario  is
shown in Fig. 10a. It is clear that, compared with the rapid
warming scenario, OHC increases faster in both the upper-lay-
er ocean and deeper-layer ocean in the warming slowdown
scenario; particularly, the increased OHC in the deeper-lay-
er ocean is greater than that in the upper-layer ocean after sev-
eral simulated years. The box model ultimately simulates a
total  OHC  trend  difference  of  about  6.2  ×  1021 J  yr−1

between  the  two  scenarios,  and  the  deeper  ocean  contrib-
utes over half of it. This trend difference can be attributed to
faster ocean heat uptake at the sea surface and faster deeper-
ocean  heat  storage  during  the  WSP  than  those  during  the
RWP (Figs. 10b and c). The warming rate of atmospheric tem-
perature in high latitudes is much smaller than that in low latit-
udes during the RWP, which is opposite to the result during
the WSP. Thus, the atmospheric heat transport (Figs. 8d and
f;  green  lines)  and  climate  feedback  (Figs.  8d and f;  blue
lines)  show a  much stronger  inhibiting  effect  on  the  ocean
heat uptake in low latitudes than in high latitudes, which are
also opposite to the results during the WSP. Consequently,
the  perturbation  of  ocean  heat  uptake  at  the  sea  surface  in
low latitudes is negative, which is far less than that in high lat-
itudes during the RWP (Fig. 8b). It indicates that more heat
is transported from the ocean to the atmosphere in low latit-
udes  during  the  RWP.  Thus,  the  mixing  effect  shows  a
strong inhibiting effect on the deeper-ocean heat storage in
low latitudes (Fig. 9d; blue line) owing to the reduced temper-
ature gradient between the upper-layer and intermediate-lay-
er ocean—opposite to the situation during the WSP. To com-
pensate,  the  thermohaline  circulation  in  low  latitudes  sub-
sequently behaves as a positive effect (Fig. 9d; red line). As
for the high latitudes, due to the energy conservation, there

would  be  faster  heat  transport  from  the  atmosphere  to  the
ocean  during  the  RWP  than  that  during  the  WSP.  Thus,
both the mixing effect and thermohaline circulation show a
moderate  facilitating  effect  on  the  deeper-ocean  heat  stor-
age in high latitudes (Fig. 9f). Consequently, for the global
ocean (including the low latitudes and high latitudes), the sur-
face ocean heat uptake and the deeper-ocean heat storage dur-
ing the RWP (Fig. 8b, Fig. 9b, Fig. 10) are both slower than
those during the WSP.

6.    Summary and discussion

The warming slowdown phenomenon has attracted world-
wide attention and has been intensely debated since it was pro-
posed (Easterling and Wehner, 2009; IPCC, 2013). Studies
on the warming slowdown have been published since then,
and many of them have found a tight link between the warm-
ing slowdown and the oceanic energy change (Meehl et al.,
2011; Chen and Tung, 2014; Steinman et al., 2015). The im-
portance of the thermohaline circulation has been proposed
by several studies, the change of which could influence en-
ergy transport in the climate system (Chen and Tung, 2018).
However, the physical mechanism of how the ocean energy
changes still needs be further explored and clarified.

In  this  study,  we  show  a  distinction  between  the  en-
ergy transport in the climate system of the RWP and WSP.
Notably,  the characteristics  of  the atmospheric  temperature
change and the OHC change, as well as the ocean heat up-
take,  in  the  low and  high  latitudes  during  the  WSP are  al-
most opposite to those during the RWP. After removing the
substantial  anthropogenic  warming  signal,  it  can  be  seen
that, during the period of global atmospheric warming slow-
down, the global OHC increases faster than that during the
period  of  rapid  atmospheric  warming.  From the  global  en-
ergy balance perspective, we suggest the accelerated ocean
heat uptake is tightly coupled with the recent global warm-
ing slowdown. Based on the EEMD method, it can be seen
that  the oscillation component  of  OHC differs  between the
WSP and RWP, which indicates the different “drain rate” of
energy from the atmosphere to ocean. The upward swing in
the oscillation of OHC implies enhancement in ocean heat up-
take, thus leading to a downward phase of the atmospheric
temperature oscillation, which suppresses the long-term warm-
ing  trend  and  finally  behaves  as  a  period  of  atmospheric
warming  slowdown.  Furthermore,  EOF  analysis  showed
that  the  dominant  variability  of  OHC  in  the  upper-layer
ocean  occurs  mainly  in  the  Pacific,  while  the  OHC  in  the
deeper-layer ocean varies mostly in the Atlantic,  which re-
veals  the  important  influence  of  the  thermohaline  circula-
tion.

A coupled box model was used in the final part of this
study to investigate the characteristics of energy transport in
the climate system and confirm the OHC changes under the
two scenarios. The model reproduces the accelerated increas-
ing of global OHC under the warming slowdown scenario,
the  trend  of  which  corresponds  well  with  the  results  de-
rived from the  observational  IAP dataset.  In  particular,  the
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simulated OHC differences presented in Fig. 10 emphasize
the  important  role  of  the  deeper  ocean  in  the  warming  hi-
atus,  which  contributes  over  half  of  the  total  trend  differ-
ences.  Furthermore,  the  model  also  revealed  that  the
changes of atmospheric temperature are tightly linked with
the  characteristics  of  air–sea  energy  transport.  Comparing
the warming slowdown scenario with the rapid warming scen-
ario,  it  can  be  seen  clearly  that  the  different  atmospheric
warming patterns in low/high latitudes under the two scenari-
os  are  accompanied  by  distinct  outgoing  longwave  radi-
ation and atmospheric meridional heat transport,  as well as
other related processes, thus leading to different characterist-
ics of air–sea heat transport and demonstrating the distinct en-
ergy transport in the climate system in the two scenarios.

Some limitations of this study should be acknowledged.
The  real  climate  system  is  extremely  complex;  neither  the

simple box model we used (which is oversimplified) nor com-
plex coupled general circulation models (which possess con-
siderable  uncertainty)  can  directly  reveal  the  energy  trans-
fer in the atmosphere–ocean system. Therefore, the box mod-
el  was  mainly  used  to  explain  some  phenomena  qualitat-
ively, and not for quantitative analysis. In addition, an accur-
ate  heat  transport  at  the  sea  surface  on  the  decadal  time
scale  remains  elusive,  due  to  the  large  uncertainty  (~10 W
m−2) in observations of air–sea heat flux (Josey, 2011). Be-
sides,  the  vertical  and  inter-basin  heat  redistribution  in  the
ocean  is  not  well  understood,  and  estimates  of  OHC  from
oceanic datasets may be uncertain (Wang et al., 2018). The
results  presented  in  this  paper  are  primarily  derived  from
the IAP dataset; however, the characteristics of OHC in the
deeper layer of the Indian Ocean seem to be different if oth-
er  datasets  are  used,  and  this  may  contribute  to  the  uncer-

 

 

Fig. 10. OHC difference (units: J) between the warming slowdown scenario and the rapid warming scenario
(former minus the latter) in the box model (a) and comparison of the global ocean heat uptake at the surface
(b) and heat storage in the deeper layer ocean (c) between the two scenarios. The dark red and light red in (a)
represent  the  deeper-layer  and  upper-layer  ocean;  the  blue  line  and  red  line  in  (b)  and  (c)  represent  the
warming slowdown scenario and rapid warming scenario, respectively.
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tainty of estimates of oceanic warming in the low latitudes
(Fig. S6). Therefore, this study is just preliminary and heurist-
ic. For a further understanding of the energy transfer in the
climate system, more accurate observational datasets and reli-
able climate models should be developed in the future.
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