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Abstract
Climate models emphasize the need to investigate inter-hemispheric climatic interactions. However, these models often 
underestimate the inter-hemispheric differences in climate change. With the wide application of reanalysis data since 1948, 
we identified a dipole pattern between the geopotential heights (GPHs) in Northeast Asia and Antarctica on the interdecadal 
scale in boreal summer. This Northeast Asia/Antarctica (NAA) dipole pattern is not conspicuous on the interannual scale, 
probably in that the interannual inter-hemispheric climate interaction is masked by strong interannual signals in the tropics 
associated with the El Niño-Southern Oscillation (ENSO). Unfortunately, the instrumental records are not sufficiently long-
lasting to detect the interdecadal variability of the NAA. We thus reconstructed GPHs since 1565, making using the proxy 
records mostly from tree rings in Northeast Asia and ice cores from Antarctica. The strength of the NAA is time-varying and 
it is most conspicuous in the eighteenth century and after the late twentieth century. The strength of the NAA matches well 
with the variations of the solar radiation and tends to increase in along with its enhancement. In boreal summer, enhanced 
heating associated with high solar radiation in the Northern Hemisphere drives more air masses from the South to the North. 
This inter-hemispheric interaction is particularly strong in East Asia as a result of the Asian summer monsoon. Northeast 
Asia and Antarctica appear to be the key regions responsible for inter-hemispheric interactions on the interdecadal scale in 
boreal summer since they are respectively located at the front and the end of this inter-hemispheric trajectory.
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1 Introduction

Asymmetric inter-hemispheric climate changes have been 
observed on different timescales (Baker et al. 2001; Blu-
nier and Brook 2001; Chylek et al. 2010; Friedman et al. Electronic supplementary material The online version of this 
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2013; Kanner et al. 2012; Neukom et al. 2014; PAGES 2k 
Consortium 2013; Wang et al. 2006), which are argued 
to be caused by inter-hemispheric differences in available 
solar radiation and the internal feedbacks that readjust the 
thermal distributions. Orbital parameters, such as preces-
sion, can modulate the distribution of inter-hemispheric 
solar radiation, which may further lead to different inter-
hemispheric climate changes on the orbital scale (Baker 
et al. 2001; Wang et al. 2006). In addition, asymmetric 
distribution of the ice volume can also bring about asym-
metric thermal responses to the solar insolation between 
hemispheres (An et al. 2011; Guo et al. 2012).

The internal feedbacks of the oceanic and atmospheric 
circulations can re-distribute the available energy in both 
hemispheres. In the Atlantic region, the thermohaline cir-
culation transports energy from the Southern to the North-
ern Hemisphere, causing seesawing inter-hemispheric 
climate pattern ranging from the millennial (Blunier and 
Brook 2001) to interdecadal scales (Chylek et al. 2010). 
Over the Asian Pacific area, the Asian-Australian summer 
monsoon reaches its northernmost location in the global 
monsoon system and drives the cross-equatorial air flows 
originating from the Southern Hemisphere to Northeast 
Asia (Sachs et al. 2009; Wang and Linho 2002; Yan et al. 
2015).

Current climate models simulate more synchronous cli-
mate variations between hemispheres than what the proxy-
based climate reconstructions reveal, suggesting that current 
climate models have limitations in representing the inter-
hemispheric climatic asymmetry (Neukom et al. 2014). This 
evidences that important processes that cause asymmetric 
inter-hemispheric climate changes are either missing or too 
weakly presented in the models. This stimulates further stud-
ies on the inter-hemispheric interactions, such as the atmos-
pheric teleconnection patterns.

Most of the well-known atmospheric oscillations are 
defined either in the Northern Hemisphere, such as the lati-
tudinal seesaw patterns in the northern high latitudes [e.g., 
the Arctic Oscillation (AO) (Thompson and Wallace 2000], 
or in the southern high latitudes [e.g., the Antarctic Oscil-
lation (AAO) (Gong and Wang 1999)] and the longitudinal 
dipole pattern over the tropical Pacific Ocean [e.g., El Niño-
Southern Oscillation (ENSO) (Allan et al. 1996)]. Inter-
hemispheric Oscillation (IHO) (Guan and Yamagata 2001) is 
one exception as an inter-hemispherical atmospheric pattern, 
which focuses on time scales from months to a decade. Pre-
vious researchers have also identified a sea surface tempera-
ture (SST) inter-hemispheric dipole pattern, which is related 
to cross-equatorial ocean heat transport (Sun et al. 2013). 
This oceanic bridge plays a crucial role in inter-hemispheric 
atmospheric teleconnections (Sun et al. 2015). However, the 
inter-hemispheric connections are generally poorly under-
stood, particularly on the interdecadal scales.

This study focuses on the inter-hemispheric linkages on 
the interdecadal timescales, which may be masked by the 
influences of the strongest interannual variability in the trop-
ics—the ENSO (Sun et al. 2013), which is. The short-term 
instrumental records which span only a few decades have 
largely limited our exploration to the interdecadal inter-hem-
ispheric climate patterns, which requires the use of long-
term proxy data. Therefore, this work aims (1) to identify 
the key interdecadal covarying patterns between the two 
hemispheres with the help of reanalysis data over the last 
decades, (2) to test the long-term robustness of the revealed 
climate pattern using reconstruction based on proxy data for 
the past five centuries, and (3) to explore possible regimes 
for the identified interdecadal pattern.

2  Materials and methods

2.1  Instrumental and proxy data

In this paper, we used the monthly geopotential height 
(GPH), temperature, and wind data at the surface and 
850 hPa as well as the sea level pressure (SLP) from the 
National Center for Environmental Predictions-National 
Center for Atmospheric Research (NCEP-NCAR) reanalysis 
dataset with a spatial resolution of 2.5° × 2.5°. This dataset 
spans from January 1948 to the present (Kalnay et al. 1996; 
Kistler et al. 2001) and was generated by a global model 
to assimilate routine measurements and observations. We 
also used the SST datasets from the Hadley Centre Sea Ice 
and Sea Surface Temperature data set (HadISST) (Kennedy 
et al. 2011a) and the Extended Reconstructed Sea Surface 
Temperature dataset (ERSST v4.0) (Huang et al. 2015).

The reanalysis data are not long enough to test the robust-
ness of this interdecadal pattern, thereby requiring the use 
of long-term proxy data. As detailed below for a dipole pat-
tern between Northeastern Asia and Antarctica, we compiled 
proxy data that are potentially sensitive to boreal summer air 
pressure in Northeastern Asia (35–55°N; 80–120°E), mostly 
based on tree rings; and in Antarctica (60–90°S), based on 
ice-core records (Fig. 1 and Table S1). The network of prox-
ies comprises 195 series in total with 155 proxy series from 
Northeastern Asia and 40 from Antarctica. In Northeast 
Asia, we collected 148 tree-ring chronologies and one com-
posite record with annual resolution, five ice cores and one 
speleothem record (Table S1).

All the proxy data used herein have an annual resolution. 
Although most of the speleothem records are not annually 
resolved, the speleothem records in the Beijing area have 
annual layers and their thicknesses are related to climate 
(Tan et al. 2003). The dating for the ice cores and speleo-
thems is less accurate than the tree-ring proxy, thus the inter-
annual changes for the ice cores and speleothems are less 
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reliable than those for tree rings. The tree-ring chronologies 
were developed from a cubic smoothing spline curve with 
a 50% frequency cutoff equal to 2/3 of the length of the 
series (Cook 1985). It is a tradeoff detrending method which 
retains as many low-frequency climate signals as possible at 
the same time removes the age-related growth trends. Most 
of these proxy records were compiled in a recent study of the 
Asian2k workshop (Shi et al. 2015) and we added four more 
tree-ring records (Table S1). These records are sensitive to 
temperature, precipitation or both (Cook et al. 2010; Fang 
et al. 2014; Shi et al. 2015) and can be associated with the 
variations of the regional air pressure patterns. For example, 
pressure patterns have been reconstructed from tree rings in 
the subantarctic region (Villalba et al. 1997) and the subarc-
tic region (Zhang et al. 2016).

For proxy data in Antarctica, we compiled ice core 
archives of oxygen and hydrogen isotopes, accumula-
tion, melt percentage, melt thickness, and glacial chemi-
cal records (Fig. 1 and Table S2). As mentioned before, all 
the ice core records have an annual resolution while their 
dating is less accurate than tree-ring chronologies. These 
proxies were derived from the comprehensive collection of 

the proxy records spanning the past millennium from the 
Southern Hemisphere, including isotopes (stable oxygen and 
hydrogen isotopes), chemical components and accumulation 
(Neukom et al. 2014) and from the Antarctica 2k project and 
other shared datasets at the National Climate Data Center 
(NCDC) (Table S2). These proxies have been used to recon-
struct the regional temperature, pressure and atmospheric 
circulation patterns, which can potentially reflect the pres-
sure changes of the entire Antarctic region as revealed in a 
previous pressure reconstruction from the ice cores (Xiao 
et al. 2004). The number of these proxies decreases from 155 
series since 1800 to 45 series since 1565 in Northeast Asia 
(Tables S1 and S2). For Antarctica, these proxies decrease 
from 40 since 1894 to 17 since 1565.

The proxy networks may include some proxies that are 
not sensitive to regional GPHs, and thus need be excluded 
from further analyses. Therefore, we screened the available 
proxy data and only included those series with significant 
(p > 0.05) correlations with the target climate variables for 
reconstruction, namely the summer mean GPHs of Northeast 
Asia and Antarctica, during their common period since 1948 
(as detailed below). This screening criterion results in the 

Fig. 1  a Locations of Northeastern Asia and Antarctica, two key 
regions of the Northeastern Asia/Antarctic dipole, b locations of 
proxy records in Northeastern Asia and c Antarctica. The selected 
sites that were included in the final reconstruction model are indi-

cated by empty circles. Note that some sites contain more than one 
proxy series. Descriptions of these proxy data are shown in Tables S1 
and S2
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decrease of proxy datasets. For Northeast Asia, this screen-
ing criterion results a dataset with 45 tree-ring chronologies 
(Fig. 1 and Table S1). As dating uncertainties exist in the 
ice core records in Antarctica, the screening correlations 
between proxies and instrumental data were calculated for 
the current year and the year before and after (Neukom et al. 
2014). This results in a decreased dataset with e selected 
seven ice core records for Antarctica, each of which has 
significant (p < 0.05) correlation with the instrumental data 
(Table S2).

2.2  Analytical methods

We applied the empirical orthogonal functions (EOF) to 
study the covarying pressure patterns during the boreal 
summer season (June–August JJA) at a global scale. As a 
widely used method in the atmospheric and climatological 
sciences for the detection of climate oscillations (Gong and 
Wang 1999; Zhao et al. 2007), EOF decomposes the climatic 
data according to their orthogonal basis functions. How-
ever, the orthogonality in the distinguished patterns does 
not necessarily represent their physical meanings. Therefore 
additional efforts should be made to explore whether the 
revealed pattern is physically interpretable.

The calibration period between instrumental data and 
the proxy data with the earliest ending year is too short for 
calibration (e.g., from 1948 to 1985 for Northeast Asia). 
Regularized expectation maximization (RegEM), a data 
infilling method with ridge regression to estimate the mean 
values and covariance matrices (Mann et al. 2009; Shi et al. 
2015), was used to extrapolate the retained series. The prox-
ies in Northeast Asia were extended to end in 2004, when 
nine out of 45 series included the end of tree ring records. 
We infilled 244 missing values based on the available 2736 
values to ensure that the data cover the period from 1948 to 
2004. Meanwhile, there were three out of the seven ice core 
records ending in 2005 and we infilled all the missing values 
for Antarctica instead of only the missing values in recent 
decades for Northeast Asia. As detailed below, this because 
we did not apply a nest procedure-based reconstruction for 
Antarctica, but the RegEM method was used to infill 960 
missing values from 3087 values.

The surface GPHs from the NCEP reanalysis dataset 
were reconstructed by means of a principal component (PC) 
regression method (Cook et al. 2010). This method is based 
on a reduced set of orthogonal eigenvectors of the proxy 
data matrix with only the PCs that account for dominant 
variances. The smaller the number of PCs included in the 
regression, the lower the possibility of introducing artifacts 
caused by spatial autocorrelations among proxy data (Cook 
et al. 1999; Fang et al. 2010). This study used the strict-
est criteria to avoid autocorrelations among proxy data by 
retaining only the first PC of the proxies in the regression.

We used a nested linear ordinary least squares regres-
sion procedure to generate a reconstruction as long as pos-
sible (Fang et al. 2010). The number of the proxy data often 
decreases when the common periods among proxy records 
are lengthened. To take advantage of the long proxies, the 
nested procedure includes repeatedly running the reconstruc-
tion model using different proxies of varying common peri-
ods. The reconstruction nests with long common periods 
often have low numbers of proxy series. The GPH recon-
struction in Northeast Asia was conducted for five nests from 
their most replicated nest during the period of 1786–2004 
to the long nest since 1565 with a step of 50 years. The 
final reconstruction is a combination of these nested recon-
structions. Before combining these nested reconstructions, 
we standardized these nested reconstructions to have equal 
mean and variances over their common period. As there 
were only seven proxies with little changes in their lengths 
in Antarctica, we did not apply the nested procedure for the 
Antarctic reconstruction.

Since the common period between proxy and instrumen-
tal data is short, we applied a leave-one-out cross-validation 
procedure to test the fidelity of the reconstruction model. 
This method of verification is particularly e effective when 
the overlapping period between proxy and instrumental data 
is short (Cook et al. 2010). In practice, the leave-one-out 
method leaves out proxy and instrumental data of a year out 
to develop the calibration model, which is used to predict the 
GPH from the proxy data with 1 year being leaving out. This 
procedure repeatedly estimates GPHs of each year from the 
rest of the proxy data. This validation series using the leave-
one-out method is then verified against the reconstructed 
using all the data. This method allows to use of almost all the 
available data of short length (leaving 1 year out each time) 
to maintain the stability of the calibration model.

The verification statistics in the leave-one-out proce-
dure include the sign test (ST); it measures the numbers of 
matches (as indicated by “+” in Table 1) and mismatches 
(“−” in Table 1) and more matches than mismatches indi-
cate good reconstruction skill. The statistics of product mean 
(PM) not only take into consideration whether the actual 
and reconstructed values are matched but also evaluate their 
value. Higher values of the PM indicate higher modeling 
skill. The reduction of error (RE) measures the standardized 
differences between actual and estimated values, which are 
subtracted by 1, so the theoretical range of RE is from − ∞ 
to 1. A value of RE higher than zero indicates a good mod-
eling skill (Cook et al. 1999).

The filtering analyses in this study use the Fast Fourier 
Transform (FFT) method. This is an efficient tool to fast 
transform the time series into a frequency domain, which 
has been widely used in many fields (Duhamel and Vetterli 
1991). Since the degrees of freedom under low-pass filter-
ing tends to be decreased, we applied the Chelton method to 
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determine the effective freedom (Pyper and Peterman 1998). 
This method is used to determine the significance of the cor-
relations based on low-passed data.

3  Results

3.1  The Northeast Asia/Antarctica dipole pattern

On the interdecadal (f < 0.1) scales, we found a reverse pat-
tern in the first EOF for the boreal summer SLP and GPH at 
850 hPa of the lower troposphere between Northeast Asia 
and Antarctica (Fig. 2). As shown in Fig. 3, the raw and 
detrended time series of the mean summer GPHs in North-
east Asia and Antarctica have conspicuous anti-phase pat-
terns. We refer to this dipole pattern as the Northeast Asia/
Antarctica (NAA) pattern and define it as the correlation 
between the interdecadal variations of normalized mean 
pressures of the lower troposphere in the Northeast Asia and 
Antarctica. In the application, we first normalized the mean 
GPHs to have a zero mean and standard deviation of 1 in 
Northeast Asia (35–55°N; 80–120°E) and Antarctica (South 
of 60°S) and then calculated their running correlations using 
a 51-year window. It should be noted that this dipole pattern 
is only conspicuous on the interdecadal scales, not on the 
interannual scales. This may be because the cross-equatorial 
atmospheric flow currents that bridge the inter-hemispheric 
climate change on the interannual scales may be masked by 
the ENSO, which dominates the interannual climate varia-
bility in the tropics. Since the actual data begins in 1948 and 
are too short for study of the interdecadal changes between 
Northeast Asia and Antarctica, we reconstructed the GPHs 
in both regions to detect the NAA changes.

3.2  Proxy‑based GPH reconstructions in Northeast 
Asia and Antarctica

As shown in Fig. 4a and Table 1, the GPH reconstructions for 
Northeast Asia explain 67.0% of the instrumental variances 

during their most replicated period with 45 series. The 
explained variance is still high (58.0%) for the reconstruction 
since 1636 when the number of the proxy series is large (33). 
The explained variance is moderately high (32.0%) for the nest 
since 1565 with 16 proxy series (Table 1).

The reconstruction appears most robust for the most rep-
licated nest (1786–2004), as indicated by the highest ST 
(49+/8−), PM (5.06) and RE (0.65) (Fig. 4a; Table 1). The 
reconstruction model is still robust for the nest for the period 
1636–2004, as indicated by the high ST (46+/11−), PM (4.87) 
and RE (0.55). The model becomes moderately robust for the 
longest nest (1565–2004) as indicated by moderately high ST 
(42+/15−), PM (2.01) and RE (0.27). There is a close match 
between the reconstructed and instrumental GPHs (Fig. 4a and 
S1a), which further supports the fidelity of the reconstruction.

The GPH reconstruction for Antarctica explains 45% of the 
instrumental variance. High values of verification statistics of 
ST (40+/17−), PM (4.42) and RE (0.41) (Fig. 4b; Table 1) and 
the close matches among the reconstructed and actual series 
shown in the visual comparisons in Figs. 4b and S1b suggest 
high reconstruction skill of the model. The GPH for Northeast 
Asia in recent decades is the highest relative to the historical 
reconstruction since 1565 (Fig. 4a), while the reconstructed 
GPH in Antarctica reaches its lowest value in the recent dec-
ades compared to the historical reconstructions (Fig. 4b). The 
differences between the Northeast Asia and Antarctica GPH 
are the largest towards recent decades in the context of histori-
cal changes since 1565.

Since the NAA pattern is only conspicuous on the inter-
decadal scale, we compared the low-frequency variations of 
the GPH reconstructions in Northeast Asia and Antarctica 
(Fig. 5a). Their interdecadal variations are not always in anti-
phase as observed in the modern periods. The running correla-
tions indicate that the most conspicuous anti-phase relation-
ships between the GPH reconstructions occurred in the early 
seventeenth century, eighteenth century and since the 1950s 
(Fig. 5b).

Table 1  Statistics of the calibration  (R2) and the leave-one-out models for the nested GPH reconstructions for Northeast Asia for different nests 
and the GPH reconstruction for Antarctica

R2 explained variance, ST sign test, PM production mean, RE reduction of error

Statistics Nest (1786–2004) Nest (1736–2004) Nest (1686–2004) Nest (1636–2004) Nest (1565–2004) Antarctica 
(1565–2004)

R2 0.67 0.65 0.61 0.58 0.32 0.45
ST 49+/8− 49+/8− 47+/10− 46+/11− 42+/15− 40+/17−
PM 5.06 4.84 5.01 4.87 2.01 4.42
RE 0.65 0.63 0.58 0.55 0.27 0.41
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4  Discussion

4.1  Relationship between solar radiation 
and the NAA

Large-scale climate anomalies are often modulated by 
changes in external forcings such as solar radiation (Fang 
et al. 2014, 2015; Knudsen et al. 2014). Our focus in this 
study is the potential linkages between NAA pattern and 
solar radiation (Bard et al. 2000; Delaygue and Bard 2010). 
As shown in Fig. 6a, the interdecadal variations of solar 
radiation are closely related with the strength of the NAA 
dipole, which is indicated clearly by the running correlations 
between GPHs in Northeast Asia and Antarctica (Fig. 6a). 
In general, the strength of the NAA increases from the 
Little Ice Age (LIA) towards the present as indicated by 
more negative correlations towards the present, which cor-
responds to the generally increasing solar radiation. The 

periods with reduced solar radiation in the Maunder Mini-
mum (1645–1715) and the Dalton Minimum (1790–1820) 
(Bard et al. 2000; Delaygue and Bard 2010; Eddy 1976) also 
accord with weak dipole pattern as indicated by the weak-
ened negative or even positive correlations between the GPH 
variations (Fig. 6a). On the other hand, the most conspicuous 
NAA patterns after the 1950s and in the eighteenth century 
stay proportional to the two periods with peak solar radiation 
since 1656 (Fig. 6a).

Apart from the close matches between solar irradiation 
and the NAA pattern, the strength of the NAA pattern 
also agrees well with the migration of the Inter-Tropi-
cal Convergence Zone (ITCZ) (Sachs et al. 2009), with 
a more northern ITCZ corresponding to a strengthened 
NAA (Fig. 6b). Enhanced solar radiation can be associ-
ated with northern placement and expand the ITCZ in both 
hemispheres, and vice versa for the condition with reduced 
solar radiation (An et al. 2012). A northern displacement 

Fig. 2  The first empirical orthogonal function (EOF1) of the low-
passed (f < 0.1) geopotential height (GPH) and low-passed detrended 
GPHs at the (a, b) sea surface and (c, d) 850 hpa from the National 
Center for Environmental Predictions-National Center for Atmos-

pheric Research (NCEP-NCAR) reanalysis dataset. The squares in 
Northeastern Asia (35–55°N; 80–120°E) and Antarctic (south of 
60°S) indicate the areas with significant loadings
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of the ITCZ and an expansion of the ITCZ can lead to a 
northern displacement of the northern branch of the ITCZ 
(Yan et al. 2015), which can strengthen the transportation 
of air masses to the Northern Hemisphere (An et al. 2011) 

and enhance the asymmetry between the hemispheres and 
thus the intensity of the NAA pattern. Close connections 
with solar radiation and the ITCZ indicate that the NAA 

Fig. 3  The standardized (mean 
of 0 and standard deviation of 
1) time series of the a raw and 
b detrended low-passed (f < 0.1) 
mean geopotential height (GPH) 
at sea level of the Northeastern 
Asia and the Antarctic region 
from the National Center for 
Environmental Predictions-
National Center for Atmos-
pheric Research (NCEP-NCAR) 
reanalysis dataset. The raw 
time series of the GPH are also 
shown in in the figure in light 
colors

Fig. 4  The (a) standardized (mean of 0 and standard deviation of 1) 
indices of the interdecadal (f < 0.1) variations of the reconstructed 
geopotential height (GPH) at sea level for Northeast Asia and the 
time-varying number of series, explained variance, reduction of error 
(RE) based on the leave-one-out method, the (b) reconstructed GPH 
at sea level for Antarctica and its calibration and verification results. 
Note that the reconstruction for Northeast Asia has time-varying cali-

bration and verification results as it was conducted for four nests with 
varying number of proxy series starting at 1565, 1636, 1686, 1736 
and 1786. The instrumental data were added as a visual comparison. 
We additionally show the instrumental and reconstructed data in a 
separate figure in the Appendix (Figure S1) to better illustrate their 
visual comparisons
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may be a manifestation of internal feedback that amplifies 
the influence of solar forcing on the climate system.

The above comparisons suggest that enhanced solar radia-
tion and the northward placement of the ITCZ can “pull” 
more air masses from the Southern Hemisphere to the 

Northern Hemisphere, which is able to strengthen the NAA 
to a certain extent. In addition, close linkages are observed 
between the interdecadal variations of the NAA and the 
mean boreal summer SST (Huang et al. 2015; Kennedy et al. 
2011b) of the Southern Hemisphere (Fig. 6c). Relatively 

Fig. 5  a Comparisons between 
the interdecadal (f < 0.1) varia-
tions of the standardized (mean 
of 0 and standard deviation 
of 1) reconstructions of the 
geopotential height (GPH) at 
sea level for Northeast Asia and 
Antarctica, and b the index of 
the Northeast Asia/Antarctica 
(NAA) index calculated as their 
running correlations based on a 
51 and 31 years windows. Since 
the freedom for the interdec-
adal variations of the data has 
decrease, we employed the 
Chelton methods (Pyper and 
Peterman 1998) to determine 
the significance of the running 
correlation based their the effec-
tive freedoms. The significant 
(p < 0.05) correlations based on 
a 51 year window are those cor-
relations outside the shaded area

Fig. 6  Comparisons between the 51-year window based running 
correlation between the geopotential height (GPH) reconstructions 
in Antarctica and northeastern Asia and a the solar radiation (stand-
ardized index) reconstructed by Bard et  al. (2000) and by Delaygue 
and Bard (2010), b the reconstructed position of Intertropical Con-
vergence Zone (ITCZ) (Sachs et  al. 2009) with high delta D indi-

cating northern position, and c the mean boreal summer sea surface 
temperature (SST) from the HadISST (Kennedy et al. 2011a) and the 
ERSST (Huang et  al. 2015) datasets of the Southern Hemisphere. 
Note that the y axis for the Northeast Asia/Antarctica (NAA) index is 
reversed to facilitate comparisons. The NAA index is smoothed using 
the low-pass filter (f < 0.02) to facilitate visual comparisons
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low boreal summer SSTs of the Southern Hemisphere are 
associated with high surface pressure, thus “pushing” more 
air masses to the Northern Hemisphere. Previous studies 
suggested that the ice sheet volume modulates the pressure 
of the Southern Hemisphere which drives the Asian-Aus-
tralian summer monsoon (An et al. 2011). Our study further 
evidences the importance of GPHs of the Southern Hemi-
sphere in modulating the inter-hemispheric interactions via 
the Asian summer monsoon at the interdecadal scale. The 
Asian Pacific part is probably the most important area for 
this cross-equatorial current as the Asian summer monsoon 
is undeniable the strongest component of the global mon-
soon system.

4.2  Temperature, atmospheric pattern and the NAA

We calculated the correlations between the time series of 
the EOF1 of the low-passed GPH at sea level and the near 
surface air temperature, GPH and the wind fields at 850 hpa 
on the interdecadal scale (Fig. 7). Significant, negative cor-
relations are observed between the NAA and temperatures in 
the Southern Hemisphere, particularly over the Indian Ocean 

(Fig. 7a, b). This agrees with the above finding about the 
negative associations with the SST of the Southern Hemi-
sphere, again reinforcing the assumption that the high GPHs 
associated with the cold Southern Hemisphere can “push” 
more air masses into the Northern Hemisphere in boreal 
summer.

Negative correlations between NAA and GPHs in North-
east Asia and positive correlations between NAA with GPHs 
in Antarctica are particularly evident (Fig. 7c). Higher than 
normal pressures in Antarctica drive strengthened cross-
equatorial atmospheric currents from the Southern Hemi-
sphere to the Northern Hemisphere. On the other hand, 
lower than normal pressures in Northeast Asia can also be 
related with enhanced cross-equatorial currents. This phe-
nomenon is supported by the high correlations with the 
cross-equatorial atmospheric flow from the Southern Hemi-
sphere to Northern Hemisphere (Fig. 7d), which is particu-
larly conspicuous for the Asian Pacific area with prevailing 
Asian summer monsoon. In boreal summer, the Northern 
Hemisphere is warmer with lower surface pressure than the 
Southern Hemisphere, which can drive the cross-equatorial 
atmospheric currents to the Northern Hemisphere.

Fig. 7  Correlations between the time series of the first EOF (EOF1) 
of the low-passed (f < 0.1) geopotential height (GPH) at 850  hpa 
and the air temperature of (a) sea level and b at 850 hpa, c the geo-
potential heights (GPHs) at 850 hpa, and d the wind fields at 850 hpa 

(Correlation = sqrt [(correlation with u wind)2 + (correlation with 
v wind)2]). The data are derived from the National Center for Envi-
ronmental Predictions-National Center for Atmospheric Research 
(NCEP-NCAR) reanalysis dataset since 1948
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The cross-equatorial currents in boreal summer can be 
amplified due to larger coverage of land in the Northern 
Hemisphere, especially during the periods with enhanced 
solar radiation. The cross-equatorial currents are particularly 
prominent for the Asian summer monsoon area. With North-
east Asia located in the forefront areas of the Asian summer 
monsoon, and Antarctica at the source region of the cross-
equatorial current from the Southern Hemisphere, both areas 
are thus sensitive to the inter-hemispheric currents.

5  Conclusions

By means of the reanalysis data since 1948, we reveal a 
reverse GPH pattern at the low troposphere in boreal sum-
mer on the interdecadal scale between Northeast Asia and 
Antarctica, namely the NAA dipole pattern. Based on proxy 
data since 1565, we find out that the NAA pattern is not con-
spicuous in all historical periods; instead, it is most applica-
ble in the eighteenth century and in recent decades. The fact 
that NAA has a proportional relation with solar radiation is 
of great value that it tends to increase when the solar radia-
tion enhanced in boreal summer. Enhanced solar radiation 
can be associated with northward displacement of ITCZ in 
the Northern Hemisphere due to enhanced heating result 
from larger land coverage. Apart from the summer heating in 
the Northern Hemisphere that could “pull” the cross-equa-
torial currents, one the contrary, the cold Southern Hemi-
sphere and subsequently high pressure of the can “push” the 
air masses from the Southern to the Northern Hemisphere. 
This inter-hemispheric linkage is most noticeable in the 
Asian Pacific area. This area is dominated by the strong-
est monsoon component in the global monsoon system, the 
Asian summer monsoon. Northeast Asia and Antarctica are 
extremely sensitive to this inter-hemispheric interaction as 
a result of the fact that Northeast Asia is located at the fore-
front area of the Australian–Asian monsoon and Antarctica 
is located at the end area of the inter-hemispheric flow. Our 
study adds evidence for and understanding of the inter-hem-
ispheric interactions on the interdecadal scale, which calls 
for further modeling studies to test mechanisms in action.
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