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Abstract
The global mean surface air temperature (GMST) shows multidecadal variability over the period of 1910–2013, with an 
increasing trend. This study quantifies the contribution of hemispheric surface air temperature (SAT) variations and individual 
ocean sea surface temperature (SST) changes to the GMST multidecadal variability for 1910–2013. At the hemispheric 
scale, both the Goddard Institute for Space Studies (GISS) observations and the Community Earth System Model (CESM) 
Community Atmosphere Model 5.3 (CAM5.3) simulation indicate that the Northern Hemisphere (NH) favors the GMST 
multidecadal trend during periods of accelerated warming (1910–1945, 1975–1998) and cooling (1940–1975, 2001–2013), 
whereas the Southern Hemisphere (SH) slows the intensity of both warming and cooling processes. The contribution of the 
NH SAT variation to the GMST multidecadal trend is higher than that of the SH. We conduct six experiments with different 
ocean SST forcing, and find that all the oceans make positive contributions to the GMST multidecadal trend during rapid 
warming periods. However, only the Indian, North Atlantic, and western Pacific oceans make positive contributions to the 
GMST multidecadal trend between 1940 and 1975, whereas only the tropical Pacific and the North Pacific SSTs contribute 
to the GMST multidecadal trend between 2001 and 2013. The North Atlantic and western Pacific oceans have important 
impacts on modulating the GMST multidecadal trend across the entire 20th century. Each ocean makes different contribu-
tions to the SAT multidecadal trend of different continents during different periods.

Keywords Multidecadal surface air temperature trend · Sea surface temperature change · Contribution rate · Model 
simulation · Hemisphere properties · Continental surface air temperature trend

1 Introduction

An apparent global mean surface air temperature (GMST) 
slowdown, known as the ‘global warming hiatus’, occurred 
between 2001 to 2013 (Kosaka and Xie 2013; England 
et  al. 2014; Fyfe and Gillett 2014; Santer et  al. 2014; 

Sillmann et al. 2014; Smith 2013; Trenberth and Fasullo 
2013). This global warming hiatus exhibits a substantial 
decadal cooling temperature trend, following a well-
defined rapid warming trend throughout the 20th century 
accompanied by a long-term carbon dioxide  (CO2; Mein-
shausen et al. 2017) increase (Fig. 1) (IPCC 2007; Stocker 
et al. 2014; Trenberth 2015; Trenberth and Fasullo 2013). 
The global warming hiatus has received much attention 
since 2009 (Easterling and Wehner 2009). The generative 
mechanisms of this phenomenon can be divided into two 
main schools of thought. One proposes external forcing 
effects, including the solar cycle variation (Knight et al. 
2009), the stratospheric aerosols increasing induced by 
volcanic eruptions (Jónsson et al. 1996; Ramaswamy et al. 
2006; Sato et al. 1993; Santer et al. 2014), and strato-
spheric water vapor decrease between 2000 and 2009 
(Solomon et al. 2010). The other proposes that climate 
internal variability, such as sea surface temperature (SST) 
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variations (Kosaka and Xie 2013; England et al. 2014; 
Trenberth and Fasullo 2013) and energy redistribution 
(Meehl et al. 2011, 2013) in the climate system are the 
major causes.

From the perspective of the importance of SST vari-
ation on the GMST decadal trend, previous studies have 
mainly focused on the tropical Pacific Ocean (Kosaka and 
Xie 2013; England et al. 2014) and the Atlantic ocean 
(Li et al. 2013, 2018; Sun et al. 2015). For example, the 
global warming hiatus is tied specifically to a La-Niña-
like decadal cooling and is part of the internal variabil-
ity of the climate (Kosaka and Xie 2013, 2016; Xie et al. 
2016; Xie and Kosaka 2017), and the changes in SST in 
the eastern tropical Pacific play a key role in modulating 
GMST variability (England et al. 2014; Li et al. 2015, 
2017; Yao et al. 2017; Zhang et al. 2010). The enhanced 
Atlantic warming since the early 1990s could amplify the 
eastern Pacific cooling and further offset the GMST warm-
ing (McGregor et al. 2014). The teleconnection between 
the Atlantic and western Pacific ocean and decadal climate 
variability also make a considerable contribution to GMST 
variations (Clement and DiNezio 2014; Li et al. 2016; Sun 
et al. 2017). In addition, the interaction between the sur-
face layers of the Indian and Pacific oceans (0–300 m) can 
also influence the GMST trend (Mochizuki et al. 2016; 
Nidheesh et al. 2013; Nieves et al. 2015; Timmermann 
et al. 2010).

A wide range of studies have demonstrated that dis-
tinct ocean modes have certain relevance to the decadal to 
multidecadal trend of GMST, for example, the Interdecadal 
Pacific Oscillation (Minobe and Mantua 1999; Power et al. 
1999; Zhang et al. 1997; England et al. 2014) phase shifts 
are associated with decadal GMST shifts (Chen and Wal-
lace 2015; Dai et al. 2015; England et al. 2014; Maher et al. 
2014; Trenberth and Fasullo 2013) and the Atlantic Multi-
decadal Oscillation and the Interdecadal Pacific Oscillation 

together account for 88% of the decadal GMST variations 
(Dai et al. 2015).

Although many studies have clarified the effects of dis-
tinct SSTs and ocean modes on the GMST multidecadal 
trend, it is still necessary to systematically analyze the 
impact of key regions on the GMST multidecadal trend. 
In addition, the contribution of SST variability from dif-
ferent regions to GMST multidecadal trend is distinct dur-
ing different periods. On this basis, we carry out a series of 
atmospheric general circulation model (AGCM) SST forcing 
experiments to quantify the effect of regional SSTs corre-
sponding to the ocean modes of the same regions on the 
GMST multidecadal trend during the periods 1910–1945, 
1940–1975, 1975–1998, and 2001–2013, and quantify the 
continental surface air temperature (SAT) trends tied to 
regional SST variation.

Furthermore, at hemispheric scales, the distributions of 
ocean and land on Earth are asymmetrical with respect to the 
hemispheres; that is, the Northern Hemisphere (NH) com-
prises 60.7% ocean and 39.3% land, whereas the Southern 
Hemisphere (SH) comprises 80.9% ocean and 19.1% land. 
The temporal properties of the SAT multidecadal trend of 
the land and ocean in the NH and SH has been discussed 
in previous research (Xing et al. 2017). However, it is also 
important to determine the spatial SAT variation for the NH 
and SH, and the contribution of both hemispheric distinct 
SAT multidecadal variations to the GMST multidecadal 
trend.

The remainder of this study is organized as follows. In 
Sect. 2, we introduce the data, model simulation setup, and 
methods of analysis. Section 3 presents a comparison of the 
model simulations with the observations. Then, in Sect. 4, 
we discuss the distinct contribution of NH and SH SAT vari-
ability to GMST and land surface air temperature (LSAT) 
multidecadal trends, and the effects of different regional 
SST changes on GMST and LSAT multidecadal trends are 

Fig. 1  Observed global mean 
surface air temperature (GMST; 
blue;  °C) anomalies and global 
atmospheric  CO2 concentra-
tion (black; ppmv) time series 
from 1910 to 2017. The GMST 
is derived from the GISTEMP 
dataset, relative to the base 
period 1951–1980. The global 
atmospheric  CO2 concentra-
tion is obtained from a suite 
of atmospheric concentration 
observations and emissions 
estimates for greenhouse gases 
(Meinshausen et al. 2017)
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illustrated, and the multidecadal continental SAT multi-
decadal trends tied to regional SST change are discussed. 
Finally, a summary of the main conclusions and discussion 
are presented in Sect. 5.

2  Data and methodology

2.1  Data

This study uses data from the National Aeronautics and 
Space Administration (NASA) Goddard Institute for Space 
Studies surface temperature analysis for the globe (GIS-
STEMP), monthly data for 1910–2017 on a 2° latitude × 2° 
longitude grid (360 × 180) spatial coverage (Hansen et al. 
2010). Monthly data of global mean atmospheric  CO2 con-
centration for 1910–2014 are obtained from the historical 
Coupled Model Intercomparison Project Phase 6 (CMIP6) 
greenhouse gas concentrations (Meinshausen et al. 2017). 
The  CO2 concentrations for the period 2015–2017 are 
obtained from the Scenario, AIM-ssp370, GCAM4-ssp434, 
and REMIND-MAGPIE-ssp534-over models from CMIP6 
at the same resolution as the historical  CO2 concentration 
data (Meinshausen et al. 2017).

2.2  AGCM simulations

The climate model used in this study is the atmospheric 
component of the Community Earth System Model version 
1.2.2 (CESM1.2.2), the Community Atmosphere Model 
version 5.3 (CAM5.3; Hurrell et al. 2013). The model is 
formulated in terms of an F component set, which means 
that the atmosphere is coupled with an active land model 
(CLM), a thermodynamics-only sea ice model (CICE), 
and a data ocean model (DOCN). We conduct a series of 
AGCM simulations from 1850 to 2017 (with 60 years as 
the model spin-up) to ascertain the quantitative contribu-
tions of observed global and individual ocean SST changes 
to the global and continental multidecadal SAT trend. The 
simulations are forced by the observed solar cycle and the 
atmospheric composition changes including greenhouse 
gases, aerosols, and volcanic aerosols from 1850 to 2005. 
We use Representative Concentration Pathway scenario 4.5 
(RCP4.5; Meehl et al. 2012) to simulate radiative forcing 
between 2006 and 2017. This scenario is selected because 
the concentration of  CO2 in RCP4.5 increases at a moderate 
rate, such that internal variability can occasionally offset 
the radiative warming effects and produce a decade with 
negative anomalies in the SAT trend (Meehl et al. 2011). 
We also use the observed SST dataset covering the period 
1850–2017. One simulation uses the observed SST to force 
the global ocean basins (control experiment) and the other 
six experiments use the observed SST to force the specified 

ocean basins while including climatological SST forcing for 
the other basins (sensitivity experiments). Here, we select 
six key ocean regions for simulation based on the corre-
sponding ocean basins in which the location of dominant 
SST modes are included and the mainly SST features have 
been paid attention in previous studies (England et al. 2014; 
Luo et al. 2012; Mantua et al. 1997; Nan and Li 2003; Tren-
berth and Hurrell 1994; Trenberth and Fasullo 2013; Sun 
et al. 2017; Yao et al. 2017). We select the North Atlantic 
Ocean (NA; 0°–60° N, 80° W–0°) and the North Pacific 
Ocean (NP; 20°–70° N, 110° E–100° W) basins following 
the main regions where AMO and PDO located respec-
tively. The eastern tropical Pacific Ocean (TP; 10° S–10° N, 
180°–90° W) is selected because this region is the key area 
in which ENSO is located, and because the recent warm-
ing hiatus featured a decadal La-Niña-like spatial pattern 
(England et al. 2014; Kosaka and Xie 2013; Trenberth and 
Fasullo 2013). The western Pacific Ocean (WP; 20°S–20° 
N, 120° E–180°) is an important source of heat and mois-
ture for the atmospheric circulation (Sun et al. 2017), and is 
selected based on the 28.5 °C isotherm covering region in 
winter as previous study has shown (Qiang and Yang, 2013). 
Also, the Indian Ocean (IO; 20° S–20° N, 40°–120° E) and 
the western Pacific Ocean are selected based on the region’s 
selection criteria by Luo et al. (2012) and Yao et al. (2017). 
The Southern Ocean (SO; 40°–70° S, 0°–360°) is selected 
based on the Southern Hemisphere annular mode region 
(Nan and Li 2003) (Fig. 2). The specific ocean basins have 
clear impact on the local and global climate (McGregor et al. 
2014; Sun et al. 2017). For convenience of discussion, we 
use ‘NA’ to represent the NA SST forcing experiment in this 
article, with the same approach for NP, TP, WP, IO, and SO.

2.3  Statistical method

Following previous studies (England et al. 2014; Xing et al. 
2017; Yao et al. 2017; Zuo et al. 2019), we analyze two 
periods of rapid global temperature warming (1910–1945 
and 1975–1998) and two periods of global cooling, or at 
least a slowdown in warming (1940–1975 and 2001–2013). 
The contribution rate is defined here as the percentage of 
SAT multidecadal trend of the factor A divided by the SAT 
multidecadal trend of global; that is, the percentage contri-
bution of A’s SAT multidecadal trend to the GMST multi-
decadal trend. To further quantify the contribution rate of 
each parameter of interest in each period, and also in con-
sideration of the fact that some of the observational data are 
missing in some regions, we calculate the contribution rate 
of the hemispheric SAT multidecadal trend to the GMST 
multidecadal trend during the acceleration and slowdown 
periods using the valid rate at each grid cell and area weight 
determined using the following equations:
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where Trti is the hemispheric SAT multidecadal trend; Ttti 
indicates the true value of the hemispheric SAT multidec-
adal trend with a weighted area average; num represents the 
number of grid points for which data are present; G and 
i represent global and individual hemisphere, respectively; 
TrtG is the GMST multidecadal trend with a weighted area 
average; and Cri represents the hemispheric contribution 
rate. A large model bias is present in the high latitudes of 
the SH between 2001 and 2013, and thus the multidecadal 
trends from these areas are removed prior to analysis. The 
sum of contribution rates of the NH and SH SAT multi-
decadal trend to the GMST multidecadal trend equals 1, 
whereas their separate contribution could be less than 0.

The contribution of the individual ocean SST forcing to 
the GMST variation is calculated as follows:

where Cri is the contribution rate (the percentage contri-
bution) of the individual ocean SST forcing experiment’s 
SAT multidecadal trend to the GMST multidecadal trend, Ti 
indicates the SAT response to individual ocean SST forcing, 
and T(O) is the SAT response to the historical SST forcing 
for global ocean basin; that is, T(O) is the combined lin-
ear effects of each individual ocean’s SST forcing experi-
ments and the ocean’s nonlinear interactions. Area weight 
is used in calculation and nonlinear effects are not taken into 
account here. Thus, the sum of the contribution rates from 
the various ocean SST forcing experiments might exceed 
100%, and this can be explained as the result of nonlinear 

(1)T
rti
= T

tti
×

num(i)

num(G)

(2)Cr
i
=

T
rti

T
rtG

× 100%

(3)Cr
i
=

T
i

T(O)
× 100%,

∑

r
i
≠ 1

climate effects and model biases. Least-squares methods are 
used in all SAT multidecadal trend calculations, and a two-
tailed Student’s t test is used to test for statistical signifi-
cance. The percentage of sign consistency of the individual 
ocean SST forcing experiments with the GMST multidec-
adal trend is also calculated, but only for specific regions for 
which observations are available.

3  Model performance

Here, the performance of the CESM_CAM5.3 model (con-
trol experiment) is evaluated using a suite of statistical tech-
niques. Figure 3 compares the time series of the observed 
and simulated SAT for the period 1910–2017. The model 
reproduces the observed record of both GMST and global 
land surface air temperature (LSAT) reasonably well. For 
GMST, all correlation coefficients between the observed and 
simulated data are greater than 0.96 at the global and hemi-
spheric scales, and the root-mean-square errors (RMSE) are 
less than 0.10. For LSAT, the model reproduces the observa-
tions with correlation coefficients above 0.89 in the SH, and 
this is accompanied by an RMSE of 0.18 °C. As for global 
LSAT, the correlation coefficient reaches 0.95, accompanied 
by an RMSE of 0.16 °C. A comparison of the spatial trend 
between 1910 and 2013 shows high consistency between the 
simulated and observed results (Fig. 4).

Considering the spatial variability of the four periods 
of warming and cooling identified above, Fig. 5 shows the 
spatial variations of the GMST over these four periods in 
the observations (Fig. 5a–d) and simulations (Fig. 5e–h). 
Except for Eurasia, the observed spatial variations of the 
four periods are reproduced well for most regions around the 
globe in the CESM_CAM5.3 model. The model performs 
better in the periods of accelerated warming (1910–1945 and 
1975–1998) than in the two periods of cooling (1940–1975 
and 2001–2013). The observed and simulated GMST 

Fig. 2  Selected basins where 
observed SST is specified in the 
CESM_CAM5.3 model experi-
ments. The six colored boxes 
are the North Pacific Ocean 
(NP; golden), North Atlantic 
Ocean (NA; green), eastern 
tropical Pacific Ocean (TP; 
blue), western Pacific Ocean 
(WP; red), Indian Ocean (IO; 
magenta), and Southern Ocean 
(SO; cyan)
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multidecadal spatial variations both reveal a flat accelerated 
warming trend over the two warming periods except for 
some mid-latitude regions (Fig. 5a, c, e, g). The percentage 
of sign consistency in the GMST spatial variations between 
the model and observation records is over 78% (76.7% for 
land percentage of sign consistency) during the accelerated 
warming periods. During 1940–1975 and 2001–2013, the 
observed and simulated GMST multidecadal spatial vari-
ations both show an explicit cooling signal over ocean and 
land. The tropical Pacific Ocean presents a cooling pattern 
and the mid-high latitude in the North American landmass 
also reveals cooling characteristics during these periods 
(Fig. 5b, d, f, h). Although more discrepancies are found 
between the simulation and observations in cooling periods 
compared with the accelerated warming periods, the per-
centage of sign consistency in the GMST spatial variations 
between the model and observation record is still over 59.8% 
(50.5% for land percentage of sign consistency) (Table 1). 
This indicates that even though there are some regions, such 
as Eurasia, where the model could not accurately reproduce 
the observed spatial variation, the model is capable of simu-
lating GMST trends that are temporally and spatially con-
sistent with the observations over the period 1910–2013. 

In addition, it could capture the main characteristics of the 
spatial distribution of SAT variations in the four periods 
(Fig. 5). Therefore, the model can help to improve our under-
standing of the relationship between the regional SAT and 
the GMST, as well as the contribution of the various ocean 
basins to the GMST trend.

4  Results

4.1  Contribution of NH and SH SAT variability 
to the GMST (LSAT) multidecadal trend

Figure 6 shows the GMST and LSAT trends for differ-
ent periods from the observations and model simulation 
(control experiment). The observed GMST trends over 
1910–1945 and 1975–1998 are + 0.137 °C  decade−1 (+ 
0.136 °C  decade−1 in simulation) and + 0.187 °C  decade−1 
(+ 0.187 °C  decade−1 in simulation) respectively, much 
higher than over the periods of reduce warming; i.e., 
1940–1975 (− 0.021  °C  decade−1) and 2001–2013 (+ 
0.039 °C  decade−1) for the global scale, and similar results 
are found for LSAT. The GMST (LSAT) trends show an 

 

(a) (b)

(c) (d)

(e) (f)

Fig. 3  Time series of the observed (GISSTEMP; blue line) and simu-
lated (CESM_CAM5.3; red line) SAT for 1910–2017. Units:   °C. a 
GMST, b global LSAT, c NH SAT, d NH LSAT, e SH SAT, and f SH 

LSAT. In all panels, the correlation coefficients (R) are significant at 
the 99% level (Student’s t test)
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obvious multidecadal variability. Moreover, this multidec-
adal variability is also found in the NH and SH (Fig. 6). It is 
clear that the rates of SAT (LSAT) increase in the NH over 
the periods 1910–1945 [+ 0.178 (+ 0.152) °C  decade−1] and 
1975–1998 [+ 0.242 (+ 0.310) °C  decade−1] are noticeably 
higher than the GMST (LSAT) trends for the same periods 
[+ 0.137 (+ 0.128) and + 0.187 (+ 0.279) °C  decade−1, 
respectively], whereas the rates of SAT increase in SH 
are + 0.091 (+ 0.059) and +0.131 (+ 0.210)  °C  decade−1 
respectively, which are lower than the GMST (LSAT) trends 
for the same periods (similar to that shown in the model) 
(Fig. 6a). This result indicates that the increase of NH SAT 
enhances the GMST (LSAT) change, whereas that of the 

SH considerably limits the increase in GMST (LSAT). This 
contrast can be interpreted as a response to the different dis-
tributions of ocean and land across the NH and SH. The 
oceans store huge amounts of heat, and oceanic processes 
are much slower than those on land; therefore, the warming 
rate of the SH is much slower than that of the NH.

For 1940–1975, consistent with observation and simu-
lation, the NH (− 0.059 °C  decade−1) follows the global 
trend (− 0.021 °C  decade−1), whereas the SH shows a slight 
warming trend (+ 0.02 °C  decade−1). The model simula-
tion of the hemispheric trends show the same characteristics 
as the observations during the first three periods (Fig. 6). 
During the most recent hiatus period (2001–2013), the 

Fig. 4  Observed and simulated 
GMST trends for the period 
1910–2005. Units:  °C 100  yr−1. 
a GISSTEMP observed, and 
b) CESM_CAM5.3 simulated. 
Shading indicates the GMST 
trend for each decade. Stippling 
indicates regions exceeding the 
95% confidence level (Student’s 
t test). White areas indicate 
missing values

Observed °C/100yr

Simulated °C/100yr

 

(a)

(b)
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 5  Observed and simulated GMST trends during different peri-
ods. Observed GMST trends for a 1910–1945, b 1940–1975, c 1975–
1998, and d 2001–2013; and CESM_CAM5.3 simulated GMST 
trends for e 1910–1945, f 1940–1975, g 1975–1998, and h 2001–

2013. Units:  °C  decade−1. Shading indicates GMST trends for each 
decade. Stippling indicates regions exceeding the 95% confidence 
level (two-tailed Student’s t test). White areas indicate missing values
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observation shows a GMST trend of + 0.039 °C  decade−1, 
whereas the simulation shows − 0.029 °C  decade−1, but nei-
ther are statistically significant. The discrepancy between 
the observations and the model is probably caused by the 
Arctic amplification (Cohen et al. 2012), which strengthens 
cooling over Eurasia and Australia and is not incorporated 
into the simulation.

The rate of GMST and LSAT increase is clearly much 
higher in the later period than the earlier period for both 
warming and cooling periods (Fig.  6a, b). Taking the 
1975–1998 observed NH SAT variation as an example, it 
increases by about 36% (61.6% in simulation) compared 
with the first period of faster warming (Fig. 6a). The GMST 
multidecadal average follows a gradually increasing trend 
over the period 1910–2013.

To quantitatively analyze the contribution of NH and 
SH to GMST and LSAT multidecadal trends, we compute 
the contribution rates of the NH and SH SAT variability to 
the GMST trend (Fig. 7). The observed contribution rates 
of the NH SAT variability to the GMST trend are 70.8% 
(1910–1945) and 67.6% (1975–1998) respectively during 
the two warming periods, which are over two times higher 
than those for the SH (29.2% and 32.4%, respectively). The 
simulated results also show that the NH SAT variabilities 

contribution to GMST (58.5% and 68.7% for 1910–1945 
and 1975–1998 respectively) during warming periods are 
much higher than those of the SH (41.5% and 31.3% for 
1910–1945 and 1975–1998 respectively) (Fig. 7a). The same 
can be seen in LSAT for observation and model simulation 
results (Fig. 7b).

Between 1940 and 1975, the SH SAT multidecadal 
change makes a contribution to global rapid warming of 
− 33.5%, based on the observations (− 34.8% in the model 
simulation), which is opposite to the NH SAT multidec-
adal change contribution to GMST multidecadal change 
(+ 133.5% for the observation and + 134.8% for the model 
simulation) (Fig. 7a). As for the changes in LSAT during 
this period, the proportion accounted for by the NH SAT 
variability contribution rate to LSAT multidecadal trend 
is also similar to GMST (131.5% for the observation and 
164.3% for the model simulation), which is much greater 
than that from the SH (− 31.5% for the observation and 
− 64.3% for the model simulation) (Fig. 7b). These findings 
indicate that NH SAT multidecadal variability contributes 
more than SH SAT multidecadal variability to the GMST 
and LSAT multidecadal trends. The NH SAT multidecadal 
variability is the main reason for GMST and LSAT cool-
ing during 1940–1975 and the SAT change over the SH 
acts to offset this cooling effect. The contribution rate of 
NH SAT variability to the GMST multidecadal trend over 
the period 2001–2013 is 77.3%, which is higher than that 
of SH (22.7%). However, the contribution rate of SH SAT 
variability to the LSAT trend (54.4%) is higher than that of 
NH (45.6%). This corresponds with the SH land warming 
more quickly (+ 0.098 °C  decade−1) than the NH land (+ 
0.042 °C  decade−1) and the SH land have a homogeneous 
spatial warming pattern (Fig. 5d, h). This indicates that SH 

Table 1  Observed and simulated percentage of spatial sign consist-
ency for the entire globe and land areas only for alternating periods 
of rapid warming and slight cooling (1910–1945, 1940–1975, 1975–
1998, and 2001–2013)

1910–1945 1940–1975 1975–1998 2001–2013

Global (%) 78.0 62.6 85.8 59.8
Land (%) 76.7 60.9 84.1 50.5

(a) (b)

Fig. 6  Observed and simulated multi-decadal SAT trends in four dif-
ferent periods. GMST (left), LSAT (right). Black, grey, brown, yel-
low, royal blue, and pale blue bars denote SAT trends of the observed 

global, model simulated global, observed NH, simulated NH, 
observed SH, and simulated SH, respectively
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LSAT variability has important impacts on modulating the 
global LSAT trend during 2001–2013.

The above results indicate that although the NH and the 
SH SAT multidecadal variabilities both make positive con-
tributions to the GMST multidecadal trend during the dif-
ferent periods (except for 1940–1975), their contributions 
are not identical. Moreover, the NH SAT contribute to the 
GMST and LSAT multidecadal trend more than SH SAT 
does during the four periods between 1910 and 2013, except 
for the contribution rate to LSAT between 2001 and 2013. 
The GMST (LSAT) shows a weak cooling trend driven 
mainly by the NH between 1940 and 1975.

4.2  Contribution of regional SST changes 
to the GMST (LSAT) multidecadal variability

To further illustrate the effects of regional SST changes 
on the GMST (LSAT) trend, we conduct six individual 
ocean SST forcing experiments (sensitivity experiments) 
and evaluate the contribution of each experiment to the 
GMST (LSAT) trend. We calculate the sign consistency 
rate between the combined six individual ocean region 
SST forcing simulations and the entire global SST forcing 
simulation to illustrate the similarity of LSAT spatial pat-
tern, and the results are 86.6%, 77.9%, 74.8%, 60.3% for 
1910–1945, 1940–1975, 1975–1998, 2001–2013 respec-
tively (not shown). This indicated that the combined six 
individual ocean SST forcing experiments can reproduce 
the majority of the LSAT multidecadal trend driven by the 
entire global SST variation, in spite of some discrepancies 
exist on amplitude between them. The trend and contribu-
tion of each SST forcing experiment to the different peri-
ods’ GMST trend are listed in Table 2, and the contribu-
tion rate of each SST forcing experiment to the different 
periods’ GMST and LSAT trends are presented in Fig. 8. 

When considering contribution from different periods, we 
find that over the periods 1910–1945 and 1975–1998, the 
GMST (LSAT) trends simulated by the individual ocean 
SST forcing experiments all contribute to the GMST (LSAT) 
rapid warming trend, as indicated in the global SST forcing 
experiment (Fig. 8a, b). The contribution of different SST 
forcing experiments to the GMST and LSAT varies. The 
experiments show that the contribution rates of SST vari-
ation in SO (30.1%), NA (27.5%), and WP (24.3%) to the 
GMST are higher than those in the other SST forcing experi-
ments over 1910–1945 period. As for 1975–1998, the con-
tribution rates of SST variation in IO (39.7%), NA (38.6%), 
WP (37.5%), and TP (36.8%) to the GMST are much higher 
than those of SO (13.4%) and NP (20.5%) (Fig. 8a). 

In the 1940–1975 and 2001–2013 cooling periods, the 
SAT trends generated by the individual ocean SST forcing 
experiments do not always have a positive contribution 
to the GMST (LSAT) trend from the global SST forcing 
experiment; only a few individual ocean SST forcing simu-
lation results are in phase with the GMST (LSAT) trend 
(Fig. 8a, b). For 1940–1975, the individual ocean SST 
forcing experiments show a wide range of GMST trends 
and contribution rates. Only IO (− 0.01 °C  decade−1), NA 
(− 0.008 °C  decade−1), and WP (− 0.006 °C  decade−1) 
capture the cooling trend seen in the global SST forcing 
experiment (− 0.008 °C  decade−1) (Table 2). The contribu-
tion rates of these three ocean areas to the GMST trend are 
128.4%, 102.1%, and 73%, respectively. The other experi-
ments fail to capture the weak cooling trend during this 
period (Fig. 8a). The same results can be found for LSAT 
(Fig. 8b). It is clear that the relative contribution rates of 
SAT variation over IO and NA to the GMST trend both 
exceed 100%, which is because SST changes over IO and 
NA drove the GMST cooling effect and offset the warming 
simulated in other experiments during 1940–1975 (i.e., 

(a) (b)

Fig. 7  As in Fig. 6, but for the contribution rates. Black, grey, royal blue, and pale blue bars indicate contribution rates for the observed NH, 
simulated NH, observed SH, and simulated SH, respectively
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the SAT multidecadal trends of IO and NA are greater 
than that of the global SST forcing experiment). During 
the period 2001–2013, only TP and NP contribute to the 
GMST trend, at 73.3% and 7.71% respectively (Fig. 8a). 
The same results are found for LSAT, except that WP 
makes a positive contribution to LSAT, opposite to the 
negative contribution that it makes to GMST (Fig. 8b).

The above findings indicate that each ocean SST change 
can have a positive contribution to the GMST (LSAT) over 
the periods 1910–1945 and 1975–1998. As for the periods 
1940–1975 and 2001–2013, only partial ocean SST forc-
ing can positively modify the cooling temperature trend as 
indicated by GMST (LSAT), whereas other regions have 
negative effects on the GMST (LSAT) multidecadal cool-
ing trend.

The individual ocean SST forcing experiments reveal that 
the various SST forcing experiments do not always have the 
same impact on the GMST and LSAT multidecadal trend 
during the four periods. The SAT response in SO makes 
the largest contribution to the GMST trend between 1910 
and 1945. However, over the period 1975–1998, the con-
tribution rate of SO (13.4%) to the GMST multidecadal 
trend is smaller than the results from the other individual 
ocean SST forcing experiments (Table 2; Fig. 8). The aver-
age contribution rate of the individual ocean SST forcing 
experiments over 1975–1998 is 31.08%, which is twice 
above the SO’s contribution rate. During the cooling peri-
ods of 1940–1975 and 2001–2013, SST variation in SO even 
makes a negative contribution to the GMST multidecadal 
trend. Indian Ocean SST change only contribute 21.5% to 

Table 2  SAT trends (°C 
 decade−1) and relative 
contributions of global and 
individual ocean SST forcing 
over the periods 1910–1945, 
1940–1975, 1975–1998, and 
2001–2013

Positive and negative contribution rates are shown. The least-squares method is used to estimate trends. A 
single asterisk (*) indicates trends significant at the 90% level, and a double asterisk (**) indicates trends 
significant at the 95% level (Student’s t test)

1910–1945 1940–1975 1975–1998 2001–2013

Global ocean 0.136** − 8.1 × 10−3 0.187** − 2.92 × 10−2

NP 2.67 × 10−2** 7.58 × 10−3 3.84 × 10−2** − 2.25 × 10−3

19.6% − 94% 20.5% 7.71%
NA 3.74 × 10−2** − 8.27 × 10−3 7.21 × 10−2** 5.07 × 10−2

27.5% 102.1% 38.6% − 173.6%
TP 2.33 × 10−2** 2.91 × 10−3 6.89 × 10−2** − 2.14 × 10−2

17.1% − 35.9% 36.8% 73.3%
WP 3.31 × 10−2** − 5.91 × 10−3 7.02 × 10−2** 1.02 × 10−3

24.3% 73.0% 37.5% − 3.49%
IO 2.93 × 10−2** − 1.04 × 10−2* 7.42 × 10−2** 8.31 × 10−2**

21.5% 128.4% 39.7% − 284.6%
SO 4.10 × 10−2** 1.37 × 10−2** 2.50 × 10−2** 6.66 × 10−2

30.1% − 169.1% 13.4% − 228.1%

(a) (b)

Fig. 8  Relative contribution rates of individual ocean SST forcing to the a GMST, and b LSAT trends over the periods 1910–1945, 1940–1975, 
1975–1998, and 2001–2013
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GMST multidecadal trend during 1910–1945, and makes 
the most important contribution to the GMST trend during 
the periods of 1940–1975 (128.4%) and 1975–1998 (39.7%), 
compared with the other experiments. As for 2001–2013, IO 
makes a negative contribution to the GMST multidecadal 
trend. It is clear that NA and WP have important effects 
on GMST multidecadal trend throughout the 20th century. 
Eastern tropical Pacific SST change affect the GMST trend 
during the recent hiatus period (2001–2013) and contribute 
73.3% of the GMST trend along with NP (7.71%) (Fig. 8).

The above results indicate that SST change in different 
oceans have varying effects on the GMST multidecadal 
trend. NA and WP make explicit contributions to the whole 
20th century GMST multidecadal trend, which reveals that 
changes in the SST of NA and WP are important controls 
on the decadal variability of the GMST throughout the 
20th century. The SO makes the greatest contribution to 
the 1910–1945 warming period, but its contribution to the 
GMST trend is low during the other three periods. The IO 
makes the greatest contribution to modulating the GMST 
trend between 1940 and 1975 and 1975–1998.

4.3  Multidecadal continental SAT trends tied to SST 
changes

The SST change in different oceans also have varying effects 
on different continents. As mentioned in Sect. 4.2, SST vari-
ations in SO, NA, and WP have higher contributions to the 
GMST multidecadal trend than other SST forcing experi-
ments between 1910 and 1945. Therefore, it is also very 
important for us to further investigate their continental 
SAT responses. The multidecadal SAT trend for the Europe 
region from the SO (+ 0.233 °C  decade−1) is higher than 
that from the global SST forcing experiment (+ 0.163 °C 
 decade−1). In addition, the contribution rates of Europe SAT 
variability in SO to GMST is 142.9%. This indicates that the 
high contribution rate from SO to global SST forcing experi-
ment SAT multidecadal trend is closely related to the over-
estimate of the multidecadal SAT trend for Europe (Figs. 9h, 
13a). We can also conclude that the SAT multidecadal trend 
in NA is consistent with the global SST forcing experiment 
SAT multidecadal trend for Asia (56.2%), South America 
(52.2%), and Africa (73.2%) during this period (Figs. 9d, 
13a). The WP SST variation explain the multidecadal SAT 
trend for most continents, except for a negative contribution 
for Europe (− 24.1%) and weak positive contribution for 
South America (3.5%) (Figs. 9f, 13a). As for the spatial pat-
tern, the WP SST variation explain the north of 60° N SAT 
trend very well (Fig. 9f). The SST variations in IO, NP, and 
TP also have different contributions to the continental SAT 
multidecadal trends. SST variations in IO contributes the 
most to the Europe SAT multidecadal change (72.4%), NP 
contributes the most to the North America SAT multidecadal 

change (85.5%), and contributions of TP to different con-
tinents are all positive (Figs. 9c, e, g; 13a). Between 1975 
and 1998, SST variation in IO, NA, and WP have an excel-
lent performance in explaining the SAT trends across Asia, 
North America, and South America, with contribution rates 
all above 31.3% (Figs. 10d, f, g; 13b). The SST variation 
in NA and IO also make clear positive contributions to the 
European SAT trend, with relative contribution rates of 
134.9% and 101.5%, respectively (Figs. 10d, g; 13b). How-
ever, SST variations in WP contributes only 11.3% to this 
region during this period (Figs. 10f, 13b). The above find-
ings demonstrate that even though individual ocean SST 
forcing experiments all make positive contributions to the 
GMST trend during the period of accelerated warming, dif-
ferent regions’ SST still have varying impacts on continental 
SAT multidecadal changes during warming periods. For a 
certain ocean, discrepancies would also occur for different 
continents.

As for 1940–1975, SST variation in IO makes a positive 
contribution to Asia, North America, Africa, and Australia 
(Figs. 11g, 13c), which differs markedly to the situation for 
the periods 1910–1945 and 1975–1998. SST variations in 
NA contributes to the SAT trends across Asia, South Amer-
ica, and Africa, and WP contributes to all continents except 
for South America during this period (Figs. 11d, 13c). TP 
captures the SAT trends of Asia, South America, Africa, 
and Australia during the period 2001–2013 better than the 
other SST forcing experiments (Figs. 12e, 13d). There is no 
doubt that the change in TP SST play a key role in modulat-
ing the GMST trend during the recent hiatus period. These 
results indicate that SST changes in the various oceans do 
not always play the same role in modifying GMST variabil-
ity during the four periods.

The SST variations in NA, TP, WP, and IO simulate the 
Asia SAT trend well during the whole 20th century, which 
implies that the SAT multidecadal trend in Asia has great 
relevance with SST variation of these oceans (Fig. 13). It 
is also clear that NP simulates the spatial pattern of North 
America well during the whole 20th century (Figs. 9c, 10c, 
11c). Despite some differences between the global SST 
forcing simulations and observations, the North American 
SAT trend from the NP SST forcing remains consistent with 
the observations during the period 2001–2013 (Fig. 12c). 
The relative contribution rates of the individual ocean SST 
forcing experiments show that the SAT trends of the NH 
continents are more consistent with the global SST forcing 
experiment trend in both the accelerated and slower warm-
ing periods, compared with the SH continents (Fig. 13). 
The above result indicates that the SST forcing experiments 
during the different periods do not always have the same 
impacts on the multidecadal SAT trends of the various con-
tinents. The temporal and spatial variations show no periodic 
variation in the multidecadal regional SAT trend.



1306 Y. Xu et al.

1 3

(a)

(c)

(b)

(d)

(e) (f)

(g) (h)

Fig. 9  LSAT trend and sign consistency of individual ocean SST 
forcing simulations over the period 1910–1945. Shading indicates 
the LSAT trend for each decade (°C  decade−1). Stippling indicates 

regions with the same sign trends as observations and the global SST 
forcing experiment
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(a)

(c)

(b)

(d)

(e) (f)

(g) (h)

Fig. 10  As in Fig. 9, but for 1975–1998
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(a)

(c)

(b)

(d)

(e) (f)

(g) (h)

Fig. 11  As in Fig. 9, but for 1940–1975
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(a)

(c)

(b)

(d)

(e) (f)

(g) (h)

Fig. 12  As in Fig. 9, but for 2001–2013
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During 1910–1945, the percentage of spatial sign con-
sistency of the individual ocean SST forcing experiments 
varies between 23.8% (in NA) and 26.7% (in TP; Fig. 9), and 
the various experiments show explicit spatial differences in 
the SAT multidecadal trend. For 1975–1998, the percent-
age of sign consistency of the IO, NA, WP, and TP experi-
ments with both the observation and the global SST forcing 
experiment are all above 41.5%, which is higher than NP 
(33.8%) and SO (33.6%) (Fig. 10). This is also much higher 
than sign consistency in the former period. For 1940–1975, 
the percentage of sign consistency of the individual ocean 
SST forcing experiments is between 19.1% (in SO) and 
26.7% (in WP). Despite only IO, NA, and WP simulating 
the weak cooling trend of this period, their sign consistency 
(20.7% in IO, 22.1% in NA, and 26.7% in WP) with observa-
tions and global SST simulations results are not very high 
(Fig. 11). The percentage of sign consistency for 2001–2013 
is between 14.5% (in SO) and 19.5% (in WP), which is lower 
than for the other three periods (Fig. 12). It can be inferred 
from the above results that impacts of individual ocean SST 
variation on LSAT spatial pattern have explicit regional 
characteristics.

5  Summary and discussions

We analyze the variability of the global and hemispheric 
GMST and LSAT multidecadal trends and quantify the 
direct effects of SST changes in individual ocean basins 
on the SAT multidecadal trend. During the rapid warming 
periods (1910–1945 and 1975–1998), the SAT multidec-
adal variability in NH and SH both have positive contribu-
tions to the GMST (LSAT) trend. The GMST multidecadal 
cooling trend between 1940 and 1975 is mainly caused 
by the effect of the NH SAT multidecadal variability on 
GMST and LSAT multidecadal variability. The NH SAT 
multidecadal variability promotes the GMST warming 
(cooling) trend, whereas the SH reduces the intensity 
of the warming (cooling) process in the GMST (LSAT) 
multidecadal trend compared with the NH. The NH SAT 
multidecadal variability contributes more strongly than SH 
SAT to the GMST and LSAT multidecadal trends between 
1910 and 2013, except for 2001 and 2013, in which the NH 
SAT multidecadal variability contribution to the LSAT is 
weaker than that of SH SAT. The rate of GMST (LSAT) 

(a) (c)

(d)(b)

Fig. 13  Relative contribution rates of individual ocean SST forcing to SAT variability in different continents during a 1910–1945, b 1975–1998, 
c 1940–1975, and d 2001–2013. North_AM and South_AM denote North America and South America, respectively
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increasing is much higher in the latter period than the ear-
lier period for both warming and cooling periods.

The experiments show that different regional SSTs 
all generate positive contributions to the GMST (LSAT) 
over the periods 1910–1945 and 1975–1998. Over the 
period 1910–1945, SO, NA, and WP contribute most to 
the GMST trend, whereas SST variations in IO, NA, and 
WP play the most important role in modulating the GMST 
trend during 1940–1975. The SST change in some regions 
(IO, NA, and WP) modify the cooling temperature trend as 
shown for GMST (LSAT) during 1940–1975, and TP and 
NP make positive contributions to the GMST multidecadal 
trend during 2001–2013. The SST variation in NA and WP 
make significant contributions to the whole 20th century 
GMST trend. At the continent scale, SST changes in the 
various oceans do not always play the same role in modify-
ing GMST variability during the four periods. Compared 
with the SH continents, the simulated SAT trend of indi-
vidual ocean SST forcing experiments contribute more to 
SAT variation in the NH continents during the four peri-
ods. The results also indicate that the processes by which 
the different oceans modulate SAT do not show periodic 
variabilities.

In this study, the boundaries between the selected key 
oceanic regions and the real ocean basins are not the same 
exactly. In some areas, there are certain small differences 
between the selected oceanic regions and the actual coast-
lines (Fig. 2). Take the Indian Ocean as an example, although 
there are small areas not covered in the selected oceanic 
region, the Persian Gulf and the near region for instance, 
which may cause some biases, the key domain including 
the main SST variability of Indian Ocean is already in the 
selected oceanic region (Fig. 2). Therefore, the biases caused 
by these areas would be relatively small. Similar situations 
occur in other basins.

It have to point out that the observed SAT trend from 
GISS dataset shows significant warming trend, while the 
simulated result shows slightly negative SAT trend over 
the equatorial East Pacific Ocean area (Fig. 4). The simu-
lated SAT variability over the ocean area usually follows 
the regional SST variability inputted in model. The SST 
inputted in CESM_CAM5.3, the SST dataset from Had-
ley Centre sea ice and SST dataset version 1 (HadISST1; 
Rayner et al. 2003), shows the slight negative trend over 
the equatorial east Pacific Ocean area between 1910 and 
2005 (not shown), which is associated with the simulated 
slight negative SAT trend over this region actually. While 
the observed SAT trend from GISS dataset is generated 
by not only SST but also by other factors in climate sys-
tem, such as aerosol, volcanic eruptions (Jónsson et al. 
1996; Ramaswamy et al. 2006; Sato et al. 1993; Santer 
et al. 2014), climate interaction and so on (Hurrell and 
Trenberth 1999; Vecchi et al. 2008). These probably are 

the reasons why the SAT trend in the GISS observed and 
model simulated results show discrepancy over the equato-
rial east Pacific Ocean.

The global multidecadal SAT trends are not modulated 
simply by oceanic surface temperature effects, but are also 
generated by multiple oceans via complex internal physical 
mechanisms and other factors, such as recent Arctic warm-
ing effects, nonlinear interactions within the climate sys-
tem, external radiative forcing (Cohen et al. 2012; Meehl 
et al. 2013; Ramaswamy et al. 2006; Trenberth and Fasullo 
2013; Wallace et al. 2014), ocean–atmosphere interaction 
(England et al. 2014), and ocean heat content change (Chen 
and Tung 2014, 2018). The influencing mechanisms as men-
tioned above and nonlinear effects cause more discrepancies 
between the model and observations during the cooling peri-
ods (1940–1975 and 2001–2013) compare with the warm-
ing periods (1940–1975 and 2001–2013). The underlying 
physical mechanisms associated with oceanic influence on 
the GMST trend will be pursued in our future work.

Previous studies have addressed the close linkage 
between GMST variability and the global oceans. It is 
essential to consider the effects of trans-basin variability, 
as well as the influence of the general atmospheric circu-
lation, on the GMST trend to improve our understanding 
of the characteristics of GMST variability and its causes. 
In this study, we use a series of AGCM experiments to 
quantify the effect of SST on the GMST trend at the hemi-
spheric scale and at the level of regional oceans. Although 
many important features have been captured in the AGCM 
simulations, as shown by the observations, there remain 
many nonlinear characteristics in the observations that 
AGCM and fully coupled model experiments cannot yet 
reveal. Hence, pacemaker experiments (i.e., partially 
coupled simulations that nudge the regional SST into the 
coupled model) are a necessary tool for further studies to 
determine the causes of regional climate anomalies.
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