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ABSTRACT: In this study, the variations of annual land surface air temperature (SAT) over Eurasia and the northern part of
Africa (0∘–180∘E, 0∘–90∘N) were investigated using monthly SAT data from the Climatic Research Unit, University of East
Anglia for 1901–2014 and the simulations from the Geophysical Fluid Dynamics Laboratory coupled model. The observed
results suggested that the SAT variations exhibited robust non-uniform spatial features at multi-time scales. For the variations
in inter-annual to decadal time scales (IDV), the intensity generally increased from south to north, with the strongest intensity
being around Siberia and four times that of the weakest intensity found around China. The IDV leading pattern showed a
north–south dipole across 40∘N. The simulated results suggested that the north–south dipole and the northwards increase of
the IDV were due to internal interactions within the complex nonlinear climate system, but the natural and greenhouse gas
forcings could intensify the IDV.

The warming trend of the SAT was generally homogeneous, but it showed distinctive multi-decadal fluctuations in different
regions. The linear secular trends and robust multi-decadal variation around Siberia and China corresponded to the considerable
acceleration and deceleration in the warming over the two regions, respectively. The warming around Siberia was mainly
caused by greenhouse gases but its modulation due to natural forcing was also considerable because of the robust multi-decadal
variations. Around China, the multi-decadal variation, contributed by the natural forcing, can explain more than half the
variances in the warming. The warming trend around central Asia was intense and parabolic, and the multi-decadal variation
over there was weak and showed few modulating effects.
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1. Introduction

In the past two decades, the investigations of global sur-
face air temperature (SAT) have been a focal point because
of global warming and the significant effect of the warm-
ing on oceanic and atmospheric circulation variations (e.g.
Vecchi et al., 2006; IPCC, 2007, 2013; Wentz et al., 2007;
Toggweiler and Russell, 2008; Qian et al., 2010; Zuo
et al., 2012b). The non-monotonic features of surface air
warming trends have been revealed in several recent stud-
ies. For example, Levitus et al. (2000) reported that the
global oceans have undergone a net warming although
the warming was not monotonic for 1948–2008. Ji et al.
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(2014) suggested that a noticeable warming (>0.2 K since
1900) first took place in the subtropical and subpolar
regions of the Northern Hemisphere and that the two
zonal bands of warming expanded from 1950 to 1985
before merging to cover the entire Northern Hemisphere.
Pepin et al. (2015) documented that high-mountain envi-
ronments experience more rapid changes in temperature
than the environments at lower elevations.

Research investigating the plausible causes for global
warming has become a ‘hot spot’. Kravtsov and Spanna-
gle (2008) reported that the Atlantic multi-decadal oscil-
lation influenced the secular trend in the global-mean
surface temperature via the direct regional contribution
to surface temperature evolution and via the indirect
warming linked to the variability of oceanic uptake of
CO2 associated with the oceanic thermohaline circula-
tion. Wu et al. (2011) showed that the rapidity of the
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warming in the late 20th century was the result of the
concurrence of a secular warming trend and the warm-
ing phase of the multi-decadal oscillatory variation; they
estimated up to one-third of the late 20th-century warm-
ing could have been the consequence of natural variabil-
ity. Meehl et al. (2011) suggested that the deep-ocean
uptake of heat could have caused the hiatus periods of
the observed global-mean surface temperature. Xiao et al.
(2012) documented that the nonlinear responses to all
climate forcing (both anthropogenic and natural forc-
ing) contributed to approximately half of the warming
at the end of the 20th century over China. Booth et al.
(2012) suggested that volcanic activity and aerosol pro-
cesses can drive the pronounced multi-decadal variance
in the detrended 1860–2005 North Atlantic sea surface
temperature. Gao et al. (2015) reported that the Atlantic
multi-decadal oscillation and Pacific decadal oscillation
dominated the multi-decadal variability of the global land
surface air temperature.

Relative to the number of studies on the SAT warming,
few have paid attention to the inter-annual to decadal vari-
ations (IDV) on a hemispherical scale. Shen and Kimoto
(2007) reported that the year-to-year variation in the
springtime Eurasian SAT exhibited a north–south see-
saw spatial pattern on the continental scale. Kang (1996)
demonstrated that both the inter-annual and inter-decadal
variations in the global mean temperature anomalies were
associated with the corresponding variations of tropical
Pacific sea surface temperature. Räisänen (2002) sug-
gested that the gradual doubling of CO2 led to a decrease
in the temperature variability during the winter half of the
year in the extra-tropical Northern Hemisphere and over
the high-latitude Southern Ocean. Over land in the low
latitudes and in the northern mid-latitudes in the summer,
a slight tendency towards increased temperature variabil-
ity occurred. Other studies focused on the IDV of the SAT
over some particular regions and its effects on regional cli-
mate variability (e.g. Kang, 1996).

It is well known that the variations of SAT over Eurasian
landmass are inextricably tied with the climate in the
Northern Hemisphere. For example, Zuo et al. (2012b,
2013) documented the importance of the spatially uneven
warming over the Eurasian landmass to the Asian summer
monsoon. The intensive IDV of Eurasian SAT might
also contribute considerably to the high-impact extreme
climate events in Europe and Asia (Zuo et al., 2011). Zuo
et al. (2012a) reported that the anomalies of Eurasian
SAT caused by snow cover played an important role in
the rainfall over southern China in the spring. However,
although the investigation of global SAT variation has
become a topic of interest, most studies focused on the
warming feature itself. The detailed features of Eurasian
SAT variations at multi-time scales have not been care-
fully documented. Specifically, what were the detailed
features of the Eurasian SAT IDV, multi-decadal variations
and secular trend? For example, what about the leading
patterns of Eurasian SAT at multi-time scales? Were there
some key regions where the SAT exhibits more or less
intensive variations at multi-time scales? What about the

contributions of the IDV, multi-decadal variations and
secular trend to the variations in these key areas? More-
over, what are the plausible causes for these variations
at multi-time scales? Motivated by these questions, the
ultimate goal of this study is to understand the Eurasian
SAT variations at multi-time scales and their plausible
causes of these variations in the past century.

The observed data sets, model outputs and methods used
in this study are described in Section 2. The observed
spatial uneven features of Eurasian SAT at multi-time
scales and their plausible causes are presented in Sections
3 and 4, respectively. The summary and conclusions are
provided in Section 5.

2. Data, model outputs and methods

The updated gridded land-based Climatic Research Unit
temperature database (CRUTEM4) for 1901–2014 is used
for the observational investigation (Jones et al., 2012).
The CRUTEM4 comprises 5583 station records, which
replaced the stations in CRUTEM3 with improved data
from the National Meteorological Services. For the North-
ern Hemisphere, the CRUTEM4 agrees well with the
ERA-40 (1958–2001) and excellently with ERA-Interim
(1979–2009). Additionally, the correlations between
CRUTEM4 and the temperature time series developed by
the National Climatic Data Center and the temperature
data set developed by the Goddard Institute for Space
Studies are 0.984 and 0.980, respectively (Smith et al.,
2008; Hansen et al., 2010).

The four data sets of the simulated SAT from the Geo-
physical Fluid Dynamics Laboratory (GFDL) coupled
model are used to investigate the causes for the SAT
variations at multi-time scales. The four data sets were,
respectively, derived from the pre-industrial control run
experiment (CTRL; 500 year after spin-up period), the
historical experiment with all forcing (HIS), experiment
with natural forcing only (NAT) and experiment with
anthropogenic greenhouse gas forcing only (GHG) for
1851–2005. The CTRL is two-member ensembles and the
other three sets of data sets are the four-member ensem-
bles, with one member for the CTRL and two member
for the other three experiments derived from GFDL’s
coupled physical model (Donner et al., 2012; https://www
.gfdl.noaa.gov/coupled-physical-model-cm3/), and one
member for the CTRL and two members for the other
three sets of data sets derived from the NOAA’s earth
system model with GFDL’s modular ocean model version
4.1 (Dunne et al., 2012, 2013; https://www.gfdl.noaa.gov/
earth-system-model/).

The CTRL imposed non-evolving, pre-industrial condi-
tions. The HIS imposed changing conditions (consistent
with observations) which include atmospheric composi-
tion (including CO2) due to both anthropogenic and vol-
canic influences, solar forcing, emissions or concentrations
of natural and anthropogenic aerosols and their precur-
sors, numerous types of emissions due to natural vegeta-
tion change and land use. For NAT, the imposed conditions
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Figure 1. Spatial distribution (bottom) and the associated principal components (top) of the first EOF (left) and second EOF (right) modes of the
SAT over Eurasia and the northern part of Africa. [Colour figure can be viewed at wileyonlinelibrary.com].

are the same as in the CTRL, but with natural forcing (e.g.
volcanoes and solar variability) evolving as the HIS. The
GHG imposed the same conditions as in the CTRL, but
with the greenhouse gas forcing evolving as in the HIS.
This can yield an estimate of the contribution of green-
house gas forcing on recent warming (http://cmip-pcmdi
.llnl.gov/cmip5/docs/Taylor_CMIP5_design.pdf).

Empirical orthogonal function (EOF) analysis is used
to examine the spatial and temporal characteristics of
SAT over Eurasia and the northern part of Africa. The
ensemble empirical mode decomposition (EEMD) method
is a self-adaptive analysis method that decomposes a time
series into several oscillatory components on various time
scales and a nonlinear secular trend, which is used to
extract signals of SAT variations at various times scales
in this study. Specifically, an ensemble size of 1000 and a
white noise with an amplitude of 0.2 times the standard
deviation of the annual SAT series are used to conduct
the EEMD (Wu et al., 2011). The observed SAT time
series (1901–2009) is decomposed into five intrinsic mode
functions (IMFs) and a residual secular trend, and the
modelled SAT time series (1861–2005) is decomposed
into six IMFs and a residual secular trend.

3. Observed variability

Figure 1 shows the spatial distribution and the correspond-
ing time series of the first EOF mode and the second EOF
mode of the SAT over Eurasia and the northern part of
Africa (0∘–180∘E, 0∘–90∘N). The leading two patterns

can explain more than 50% of the total variance (41.5%
for the first EOF mode and 13.4% for the second EOF
mode). The prominent feature in the leading EOF mode
was the homogeneous warming trend over most parts of
Eurasia and northern Africa (Figure 1(b)). Nevertheless,
the uneven features of the warming trend were also dis-
tinct. The maximum warming was located across the zonal
belt of 50∘–70∘N and was larger than 0.8 K, whereas the
minimum warming south of 40∘N in China was less than
0.3 K. In terms of its temporal evolution, the warming
was obviously accelerated after the 1980s (Figure 1(a)).
The spatial distribution of the second EOF mode had
a north–south dipole structure across ∼50∘N. The SAT
north of 50∘N was anomalously warm while the SAT south
of 50∘N was anomalously cold. The maximum negative
anomalies were located over central Asia (CA) and the
maximum positive anomalies were located over north-
ern Europe and Siberia (Figure 1(d)). The corresponding
time series showed intensive inter-annual fluctuations and
robust variability on a decadal time scale (Figure 1(c)).
Generally, the inter-annual fluctuation was relatively mod-
erate before 1940 and became intense afterwards.

To further analyse the variations of SAT in the two lead-
ing EOF modes, we decomposed their associated time
series using EEMD. Figure 2 shows the time series of
each IMF and the secular trends of the first and sec-
ond EOFs, and Table 1 exhibits the variance explained
by each IMF and the secular trend. As expected, the sec-
ular trend explained the maximum variance of the first
EOF (67.8%), indicating that the homogenous but spa-
tially uneven variation of SAT was mainly contributed to
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Figure 2. EEMD decompositions of the time series of the first EOF (left) and second EOF (right). [Colour figure can be viewed at wileyonlinelibrary
.com].

by the warming tendency. The inter-annual component
(IMF1) explains 16.8% variance, which was the second
largest amount. The 24% variance was explained by the
total inter-annual to decadal components (IMF1, IMF2 and
IMF3), and less than 10% of the variance was explained by
the multi-decadal variation component (IMF4 and IMF5).
In comparison with the variance of the first EOF, the max-
imum variance of the second EOF (62.5%) was explained
by its inter-annual component (IMF1). Generally, IMF1

showed more intensive fluctuation in the 1940s–1970s
than those before the 1940s and after the 1970s; namely,
the inter-annual variations were stronger in cold periods
than in warm periods. The inter-annual to decadal compo-
nents explained nearly 90% of the variance of the second
EOF, suggesting that the north–south dipole feature was
mainly evident for inter-annual to decadal time scales.

In short, the SAT variations exhibited robust
non-uniform features from the inter-annual, decadal, inter-
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Table 1. EEMD decompositions of the time series of first EOF and second EOF of the SAT over Eurasia and the northern part of
Africa, the SIB SAT, CHN SAT and CA SAT.

IMF1 (%) IMF2 (%) IMF3 (%) IMF4 (%) IMF5 (%) Secular trend (%)

First EOF 16.8 5.4 1.8 1.3 6.9 67.8
Second EOF 62.5 14.7 12.5 6.2 1.6 2.6
SIB 50.6 7.4 2.3 1.8 9.5 28.5
CHN 21.6 8.3 5.2 29.8 4.2 30.9
CA 32.4 7.2 7.4 4.5 2.8 45.6

decadal, multi-decadal time scales to the secular trend.
The maximum positive anomalies were located around
Siberia (SIB; 55∘–70∘N, 60∘–120∘E) in both the first
and second EOF modes, while the maximum negative
anomalies were located in CA (30∘–45∘N, 40∘–80∘E),
and moderately negative anomalies occurred south of
40∘N around China (CHN; 20∘–40∘N, 80∘–120∘E) in the
second EOF mode. Wu et al. (2011) and Gao et al. (2015)
also suggested that the SAT variations over the three areas
exhibited distinguishable characteristics at the long-term
scales, with strong secular trends but weak multi-decadal
variations over SIB and CA whereas robust multi-decadal
variations but moderate secular trends occurred over
CHN. Thus, we were especially interested in the detailed
characteristics of the SAT over the three key regions, in
addition to the features of the SAT over Eurasia and the
northern part of Africa at multi-time scales.

3.1. Inter-annual to decadal variations

We removed the 11-year smoothing from the original SAT
to investigate the SAT IDV. The leading EOF mode of
SAT IDV was illustrated in Figure 3(a), which explained
31.1% variance. As expected, the north–south dipole was
the leading pattern. The negative anomalies south of 40∘N
were much weaker than the positive anomalies north of
40∘N, indicating SAT over northern Eurasia exhibited
much more intensive IDV than the SAT over southern
Eurasia and the northern part of Africa. The maximum
anomalies, those larger than 0.7 K, were located in the
zonal belt between 50∘ and 70∘N; namely, the SAT over
northern Eurasia not only showed a more rapid warming
trend but also more intensive IDV compared to the SAT
over southern Eurasia and the northern part of Africa.

Considering that the cycle of IMF1 was approximately
2 years and that IMF1 explained more than 60% of the
variance of the north–south dipole pattern in the second
EOF mode, we further analysed the leading EOF mode
of the year-to-year (Y2Y) variation of the SAT. The
32.3% variance explained by the leading EOF mode of
the SAT Y2Y was slightly larger than that of SAT IDV.
Generally, the spatial distribution of the SAT Y2Y in the
leading EOF mode was similar to that of the SAT IDV,
aside from the larger values north of 40∘N (Figure 3(b)).
The maximum anomalies over central Siberia were
greater than 1.2 K, which is about twice of the SAT
IDV variation.

Figure 4(a) shows the time series of the SAT IDV over
SIB, CHN and CA. The positive SAT IDV anomalies over

SIB were associated with the negative SAT IDV anoma-
lies over CHN, with the correlation coefficient exceeding
the 95% confidence level (R=−0.29). The SAT IDV in
CA showed significant positive relationships with that in
CHN (R= 0.42), which was consistent with the anomalous
feature in the second EOF mode (Figure 1(d)). Generally,
the relation of SAT Y2Y among the three regions was sim-
ilar to those of the SAT IDV, including both the significant
out-of-phase relationship between those of SIB and CHN
and the significant in-phase relationship between those
of CHN and CA (Figure 4(b)). Overall, the north–south
dipole was represented by the opposite anomalies over
CHN and SIB on inter-annual to decadal time scales.
The opposing features between the SAT around CA and
the SAT around Siberia, as displayed in Figure 1(b), can-
not be found on the inter-annual to decadal time scales.
The SAT IDV over CA showed an insignificant nega-
tive relationships with SAT IDV over SIB. The spatial
distributions of the second EOF mode of the SAT IDV
also did not show out-of-phase relationships over CA and
SIB (not shown).

Another distinguishable feature in Figure 4(a) is the
fluctuation of the SAT IDV over SIB, which was much
more intense than those of SAT IDV over CHN and CA.
The difference between the SIB and CHN SAT Y2Y
was more evident (Figure 4(b)). Specifically, the standard
deviation of SAT Y2Y over SIB was nearly five times that
over CHN. The standard deviation of the SAT Y2Y over
CA was approximately half of that over SIB and twice that
over CHN. The maximum SAT Y2Y standard deviation
was located around Siberia, with a value greater than 1.4 K.
The standard deviation gradually decreased southwards,
with a minimum value of less than 0.4 K occurring around
southern China (Figure 5(a)).

The SAT IDV did not show any intensive fluctuations
in the time evolution over CHN. However, it exhibited
abrupt increases in 1930, with a deviation that was gen-
erally less than 1.0 before 1930 and larger than 1.0 after-
wards over SIB. Over CA, the SAT Y2Y exhibited a
slightly larger deviation for 1950–1975 than those in the
other periods (Figures 4(a) and (b)). The 11-year-running
standard deviation of the SAT Y2Y over CA showed a
robust increasing trend for 1940–1975 and decreasing
trends before 1940 and after 1975 (Figure 5(b)), which
was generally consistent with the IMF1 of the second
EOF, as shown in Figure 2(b). The 11-year-running stan-
dard deviation of the SAT Y2Y over SIB showed sim-
ilar variation to that over CA, but with a more robust
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Figure 3. (a) Spatial distribution (bottom) and the associated time series (top) of the first EOF of SAT IDV. (b) Same as (a) except for SAT Y2Y.
[Colour figure can be viewed at wileyonlinelibrary.com].

increasing trend for 1935–1975, while the standard devi-
ation of the SAT Y2Y over CHN showed a moderate
increasing trend.

3.2. Multi-decadal variation and secular trend

Figure 6(a) shows the multi-decadal variation modes
derived from EEMD decompositions of the SAT over SIB,
CHN and CA. The SIB SAT exhibited relatively intense
multi-decadal variations (approximately 1.0 K) among
the three areas, with the cycle of approximately 60 years.
The CA SAT showed a 20-year cycle. The discrepancy in
the multi-decadal variations may contribute to part of the
out-of-phase relationship between the SIB SAT and CA
SAT seen in Figure 1(b). Nevertheless, the multi-decadal
variations of the CA SAT were much weaker than that
of the SIB SAT (by approximately 0.4 K), indicating a
limited contribution of multi-decadal variations to the
warming over CA. The cycle of the SAT over CHN was
approximately 80 years, longer than those over SIB and
CA. Additionally, the multi-decadal variation magnitudes
of the CHN SAT were approximately 0.8 K, which is
twice of that of the CA SAT and only slightly smaller
than that of the SIB SAT. These results suggested that
the contribution of multi-decadal variations to the total
SAT variation over CHN and SIB was probably much
larger than that to the total SAT variations over CA. The
secular trend in SIB and CHN generally showed linear
warming trends, with 1.88 K for SIB and 0.64 K for CHN
(Figure 6(b)). Unlike the SIB and CHN SAT, the secular
trend in the CA SAT was parabolic, with the minimum
in 1927–1928 and then continual warming (Figure 6(b)).
Furthermore, the warming trend of the CA SAT after 1950

is as intensive as that of the SIB SAT, with the secular
trend in 2014 being 1.12 K warmer than that in 1901 and
1.26 K warmer than that in 1927–1928. In comparison,
the secular trend is much less over CHN than those over
SIB and CA.

For the variations in the SIB SAT, the multi-decadal vari-
ation explained 11.3% of the variance and the secular trend
explained 28.5% of the variance (Table 1), suggesting that
the standard deviation of the multi-decadal variations were
more than one-third of the secular trend in the SIB SAT.
In other words, the intense multi-decadal variation had a
considerable effect on the warming of the SIB SAT. Thus,
the sum of the multi-decadal variation and secular trend in
the SIB SAT showed two wave crests in the 1940s and the
1990s, two warming troughs in the 1960s and after 2005,
and a hiatus for 1990–2005 because of the modulation of
the multi-decadal variations (Figure 6(c)). However, more
than 60% of the variance is explained by the IDV, indi-
cating that the signals of the multi-decadal variations and
secular trend were relatively damped in comparison with
the intensive IDV (Table 1). Over CHN, the contributions
of IDV, multi-decadal variations and secular trend to the
CHN SAT variance were equivalent, with 35.1% for the
IDV, 34.0% for the multi-decadal variation and 30.9% for
the secular trend (Table 1); namely, the multi-decadal vari-
ation could explain more than 50% warming in CHN SAT,
and both signals of the multi-decadal variations and secu-
lar trend were as significant as the signal of IDV, different
from the results of SIB SAT. Because of the equivalent
effect of multi-decadal variation and linear secular trend
on the long-term variations in the CHN SAT, a total of
the two wave crest appeared in the 1940s and 2000s, and
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Figure 4. (a) Time series of the SAT IDV over SIB (long dash), CHN
(solid) and CA (short dash). (b) Time series of the SAT Y2Y over SIB
(long dash), CHN (solid) and CA (short dash). [Colour figure can be

viewed at wileyonlinelibrary.com].

the two warming troughs appeared in the 1900s and the
1970s. After 2005, the CHN SAT exhibited a decreasing
warming rate due to the combination of downwards posi-
tive phase of the multi-decadal variation and linear warm-
ing trend (Figure 6(c)). Over CA, the weak multi-decadal
variations and intensive secular trend corresponded to the
damped fluctuation and primary warming trend of the sum
of multi-decadal variation and secular trend. The secular
trend explained 45.6% of the variance, indicating its dom-
inant role in the variation of the CA SAT (Table 1). Only
7.3% variance was explained by multi-decadal variation.
The warming rate over CA may be the steadiest because
of the damped modulations of multi-decadal variation on
the warming.

4. Plausible causes for the variations at multi-time
scales

Figure 7 shows the leading EOF modes of SAT over Eura-
sia and the northern part of Africa in the HIS, NAT,
GHG and CTRL. In the HIS, the SAT exhibited homo-
geneous but uneven spatially multi-decadal variations and
warming trend with gradually increasing anomalies from
south to north (Figure 9(a)). Moreover, 38.3% of the
variance was explained by this pattern, which is close
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Figure 5. (a) Spatial distribution of the SAT Y2Y standard deviation. (b)
Time series of the 11-year-running standard deviation of the SAT Y2Y
over SIB (long dash), CHN (solid) and CA (short dash). [Colour figure

can be viewed at wileyonlinelibrary.com].

to the 39% of the variations in the observation. Gener-
ally, the pattern was similar to that in the observation,
except the intensity was slightly smaller in the HIS. The
homogeneous multi-decadal variations in the NAT and the
homogeneous warming trend in the GHG suggested that
the multi-decadal variation was a response to the natural
forcing while the warming trend was a response to the
well-mixed increasing greenhouse gases (Figures 7(b) and
(c)). Furthermore, the homogeneous multi-decadal varia-
tions in the NAT and the homogeneous warming trend in
the GHG show a northwards increase, which were simi-
lar to those in the observations. Namely, the northwards
increase of the multi-decadal variations and warming trend
were also the consequences of natural and greenhouse gas
forcing, respectively. Additionally, 67.8% of the variance
was explained by the leading EOF mode in the GHG, indi-
cating that the major warming was the response of the
atmosphere to the increasing greenhouse gases. Compar-
ing the leading EOFs in the three experiments, the positive
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(a)

(b)

(c)

Figure 6. (a) Multi-decadal variations, (b) secular trends and (c) the sum
of multi-decadal variations and secular trends derived from EEMDs of
the SAT over SIB (long dash), CHN (solid) and CA (short dash). [Colour

figure can be viewed at wileyonlinelibrary.com].

(negative) phase in the NAT corresponded to the positive
(negative) phase in HIS before the 1970s, suggestive of
the dominant effect of natural forcing in comparison with
the greenhouse gas forcing. After the 1970s, correspond-
ing to the accelerated concentration of greenhouse gases,
the HIS exhibited positive anomalies while the NAT had
negative phase, indicating the more important effect of
greenhouse gases after the 1970s. The second EOF mode
in the HIS showed a north–south dipole, with positive
anomalies north of 45∘N and negative anomalies south of
45∘N and over the landmass north of the Okhotsk Sea. The
pattern showed intensive IDV, multi-decadal variation and
a moderate decreasing trend (Figure 7(a)). The patterns in
both the second EOF modes of the NAT and GHG were
similar to those in the HIS (Figures 7(b) and (c)). Spe-
cially, the negative anomalies north of the Okhotsk Sea and
the moderate decreasing trend seemed to have been the
consequences of increasing greenhouse gas forcing. The
patterns in the second EOF modes of the HIS, NAT and
GHG were similar to those in the observations, except for
the much weaker negative centre around CA. Generally,
the leading and second EOF modes in the CTRL exhibited

large differences from those of the observations, suggest-
ing that the multi-decadal variations and warming trend
were the consequences of forcings (Figure 7(d)).

Figures 8(a)–(c) show the leading EOF modes of the
SAT Y2Y in the HIS, NAT and GHG, respectively. The
SAT Y2Y in all three experiments exhibited north–south
dipoles across ∼35∘N, which were generally similar to
those in the observation. It seems that both natural and
greenhouse gas forcing could cause the dipole pattern.
However, the SAT Y2Y in the CTRL also showed a
north–south dipole (Figure 8(d)), which was similar to
that in the observations. That is, the north–south dipole
of the SAT Y2Y was the consequence of the internal inter-
actions within the complex nonlinear climate system. The
spatial distribution of the pattern in the GHG has more
similarities with that in the CTRL, suggestive of weaker
influence of greenhouse gas forcing on the spatial pattern
of the SAT Y2Y in comparison with that in the NAT. In
fact, more than 45% of the variance of the leading EOF
in the NAT was explained by IMF1, indicating the con-
siderable effect of the natural forcing on SAT Y2Y. The
regions with negative anomalies in the NAT were much
smaller than those in the CTRL. Consequently, the nega-
tive anomalies south of 40∘N in the HIS were weaker than
those observed. In other words, the impact of natural forc-
ing on the SAT IDV might have been exaggerated in the
GFDL numerical model outputs.

In comparison with the observation, the standard devia-
tion of SAT Y2Y in the CTRL were much weaker, with
the values of less than 0.2 K south of 40∘N and less
than 0.4 K in most parts of the regions north of 40∘N
(Figure 9(d)). Both the natural and greenhouse gas forc-
ings could intensify the SAT Y2Y. However, both kinds of
forcing exaggerated the variations south of 40∘N whereas
they underestimated the variations in Europe and western
SIB (Figures 9(b) and (c)). Generally, the values of the
standard deviations of the SAT Y2Y in the NAT and GHG
were greater than 0.2–0.4 K south of 40∘N and less than
0.2–0.4 K north of 40∘N in comparison with the obser-
vation. The standard deviation in the HIS was similar to
those in the NAT and GHG (Figure 9(a)). For the period
1910–2005, the 11-year-running standard deviation of the
SAT Y2Y exhibited a peak in the 1980s over SIB and
an increasing tendency before the 1980s over CA and a
weakly increasing trend over CHN (Figure 9(e)), similar
to the patterns in the observations. However, the variability
of SAT Y2Y over CA after the 1980s and the robust fluc-
tuation in CHN were quite different from those observed.
Additionally, the large spread of the HIS, NAT and GHG in
the three regions suggested the difficulty in estimating the
relative importance of natural or greenhouse gas forcings
in the time evolution of the SAT Y2Y.

Figure 10 illustrates the multi-decadal variations, secular
trends and the sum of multi-decadal variations and secular
trends of SIB, CHN and CA SAT in the HIS, NAT and
GHG. The multi-decadal variations in the HIS over SIB
and CHN were similar to those observed for 1901–2005.
The simulated multi-decadal variations over the CA exhib-
ited a time evolution similar to that over the CHN, which
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Figure 7. (a) Spatial distribution (left) and the time series (right) of the leading EOF (top) and the second EOF (bottom) modes of the SAT in the
HIS. (b)–(d) Same as (a) except for the NAT, GHG and CTRL, respectively. [Colour figure can be viewed at wileyonlinelibrary.com].

was considerably different from the 20-year circle in the
observation. The time series of the multi-decadal varia-
tions in the HIS showed considerable similarity to those
in the NAT and little similarity to those in the GHG, sug-
gestive of the dominant effect of natural forcing on the
multi-decadal variations. The difference between the HIS
and NAT occurred after the 1970s for SIB SAT. Although
the SAT in both HIS and NAT exhibited upwards varia-
tions, the multi-decadal variations were in a positive phase
in the HIS after 1980 whereas the variations were in a neg-
ative phase in the NAT. A similar situation also occurred in
the 1900s. Namely, other forcings also contributed to the
multi-decadal variations in the SIB SAT.

The secular trend intensities of the SIB, CHN and CA
SAT in the HIS were much weaker than those observed.
The secular trend of the CHN SAT in the HIS could be
generally ignored for 1861–2005. For 1901–2005, aside
from the secular trend of the CA SAT, the secular trend of
the CHN SAT in the HIS also looked like a parabola, which
was inconsistent with the linear trend of the CHN SAT in
the observation. Note that the secular trend in the GHG
exhibited a warming greater than 2.5 K for the SIB SAT
and greater than 1.5 K for the CHN and CA SAT, which
were much more greater than those in the HIS and the
observations. That is, large parts of the warming caused by
the greenhouse gas forcing were modulated by the cooling
effects of some other forcing (e.g. anthropogenic aerosols)

and the cooling effect was exaggerated in the GFDL mod-
els considering the minor effect of natural forcing on the
warming. Consequently, although the warming of the SIB
SAT and CHN SAT in the HIS for 1901–2005 exhib-
ited similar fluctuations to those observed, such as the
two troughs in the 1910s and the 1960s, the two peaks
in the 1940s and the 1990s, and the warming hiatus after
the 1990s for the SIB SAT, as well as the wave crest in
the 1970s and the continuous warming after 1980s for the
CHN SAT, the warming trends were much weaker than
those observed (Figure 10(a)). For the CA SAT, the sum
of the multi-decadal variations and secular trend in the HIS
showed a considerable discrepancy from the observations.
Parts of the Tibetan and Iran Plateau, where the elevation is
generally higher than 2000 m and the terrain is quite com-
plex, were located in CA, which was an important reason
for the inferior simulation skill in the CA SAT.

5. Summary and conclusion

Using the observed SAT data and four sets of simulated
SAT from the GFDL coupled model, we investigated the
variations of SAT over Eurasia and the northern part of
Africa in multi-time scales and their plausible causes.
The leading pattern of Eurasian SAT exhibited a homoge-
nous warming. However, the warming was modulated
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Figure 8. (a) Spatial distribution (left) and the associated time series (right) of the leading EOF mode in terms of the SAT Y2Y in the HIS. (b)–(d)
Same as (a) except for the NAT, GHG and CTRL, respectively. [Colour figure can be viewed at wileyonlinelibrary.com].

by a robust multi-decadal variation and exhibited uneven
spatial features. The observed patterns seemed to be a
response to the joint impact of natural and greenhouse gas
forcings on SAT as the leading pattern in the NAT exhib-
ited homogenous multi-decadal variations, the leading pat-
tern in the GHG showed a homogeneous warming and both
the multi-decadal variation in the NAT and the warming in
the GHG exhibited northwards increases with their largest
intensities over SIB and the smallest intensities over CHN.

The evolution of the multi-decadal variations in the
observed SIB SAT exhibited a general 60-year cycle,
with positive phases during 1920–1950 and after 1980
and negative phases before 1920 and during 1950–1980.
The multi-decadal variations in the CHN SAT showed
positive phases during 1920–1950 and after 1990 and
negative phases before 1920 and during 1950–1990.

Generally, natural forcing could explain the evolution
of the multi-decadal variations over SIB and CHN,
although the simulated multi-decadal variations were a
marginally weaker than those observed. The contribu-
tion of greenhouse gases to the multi-decadal variations
accounted for very little. In comparison, the intensities
of the multi-decadal variations over SIB and CHN were
much stronger than those over CA. A moderate 20-year
cycle was found in the multi-decadal variations in the
CA SAT. The GFDL’s model showed poor simulation
ability for the multi-decadal variations over CA due to
the complex terrain of this region. The secular trends over
SIB and CHN were linear, whereas the secular trend over
CA was parabolic, with the minimum in 1927–1928.
The greenhouse gases forcing dominated the secular
trend.
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Figure 9. Spatial distribution of the SAT Y2Y standard deviations in the HIS (a), NAT (b), GHG (c) and CTRL (d), (e) the time series of
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Overall, the half of the warming over CHN can be
explained by the multi-decadal variations because the
intensities of the multi-decadal variations and secular trend
over CHN were generally equivalent. Over SIB, the hia-
tus for the period 1990–2005 may be the consequence
of the downwards multi-decadal variations because more
than one-fourth of the warming could be explained by the
multi-decadal variations. The greenhouse gas forcing dom-
inated the warming but the natural forcing played a con-
siderable role in modulating the warming over SIB. The
modulation of the multi-decadal variations on the warming
over CA was small because of the damped multi-decadal
variations.

The leading pattern of the SAT IDV exhibited a
north–south dipole across 40∘N, with an intense positive
variation north of 40∘N and a moderate negative variation
south of 40∘N. Specifically, the SAT Y2Y in SIB showed
a significant negative relationship with that in CHN.
The coupled model documented that the north–south
dipole of the SAT Y2Y was the consequence of internal
interactions within the complex nonlinear climate system.
The natural forcing played a slightly modulatory role
whereas the effect of greenhouse gases was relatively
small. The observed standard deviation of the SAT Y2Y

exhibited a gradual increase from south to north, with the
value in SIB five times of that in CHN. The northwards
increase of the SAT Y2Y was also due to internal inter-
actions within the complex nonlinear climate system, but
both natural and greenhouse gas forcings intensified the
variations. The variation south of 40∘N was exaggerated
whereas the variation north of 40∘N was weakened in
the model. In short, the meridional gradient of the SAT
Y2Y in the HIS was much weaker than that observed.
The evolutions of the SIB and CA SAT Y2Y standard
deviations generally increased before 1975 and then
decreased after. Over CHN, the standard deviation of the
SAT Y2Y exhibited a moderate increasing trend. The
evolution of the SAT Y2Y caused by the joint effects
of all the forcings exhibited a reasonable similarity with
those observed. However, neither the natural forcing
alone nor the greenhouse gas forcing could lead to a
reasonable simulation of the evolution of the SAT Y2Y
on their own.

The intensive IDV and their significant discrepancies
between different regions disclosed by this study may
provide an important clue for the future studies of the
high-impact extreme climate events over Europe and Asia
because of the importance of Eurasian surface heating to
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Figure 10. Multi-decadal variations (top), secular trends (middle) and the sum of the multi-decadal variations and secular trends (bottom) derived
from the EEMDs of the SAT over SIB (long dash), CHN (solid) and CA (short dash) in the HIS (left), NAT (middle) and GHG (right). [Colour figure

can be viewed at wileyonlinelibrary.com].

the weather. For the longer than decadal time scales, the
different warming speeds between SIB SAT and CHN SAT
could change the meridional gradient of SAT, which may
considerably contribute to climate change over Asia. The
effect of Eurasian SAT variations on these high-impact
extreme events and on climate change deserve to further
investigation in the future.
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