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Abstract We introduce bilayer networks in this paper to study
the coupled air–sea systems. Results show that the framework
of bilayer networks is powerful for studying the statistical
topology structure and dynamics in the fields of ocean and
atmosphere. Based on bilayer networks, the inner and cross
interactions of the sea surface temperature (SST) field and the
height field are displayed, and the main three-dimensional air–
sea interaction pattern is identified. The formation of the main
pattern can be explained by the “gearing between the Indian
and Pacific Ocean (GIP)” model; therefore, the pattern exis-
tence can be confirmed reliably. Furthermore, lead–lag analysis
reveals the trigger processes of the “GIP”. That is, the anoma-
lies of the tropical mid-eastern Pacific Ocean SST (TMEPO-
SST) appear first; then, through the Walker circulation, the
850-hPa geopotential height over the Pacific Islands responds
to the anomalies of the TMEPO-SST 2months later; finally, the
tropical Indian Ocean SST (TIO-SST) responds to the anoma-
lies of the height 1 month later through the Asian monsoon
circulation. Therefore, the impacts of the TMEPO-SST to the
TIO-SST show 3 months later through the air–sea interactions
between the components of the main three-dimensional air–sea
interaction mode. The new framework uncovers already-

known as well as other novel features of the air–sea systems
and general circulation. The application of complex network
theory and methodology to understand the complex interac-
tions between the oceans and the atmosphere is promising.

1 Introduction

The last fewer decades have witnessed the widespread applica-
tion of complex networks to ecological, social, biological, and
technological systems (Watts and Strogatz 1998; Albert and
Barabasi 2002; Newman 2003). Most of these studies focus on
the networks representation by one kind of node or interaction.
However, it was realized that super-networks or networks of
networks could be a more appropriate way to describe the
complex systems. The dynamical structure of the whole net-
work can be considered as interactions between and within
subnetworks. The well-studied networks by the notation are
the mammalian cortex networks (Zhou et al. 2006, 2007) and
the infrastructure networks (Kurant and Thiran 2006; Kurant et
al. 2007; Buldyrev et al. 2010; Parshani et al. 2010). In trans-
portation networks, a layered model is introduced to describe
the system, in which two network layers are used to represent
the physical infrastructure and the traffic flows (Kurant and
Thiran 2006; Kurant et al. 2007). Recently, interconnecting
bilayer networks are proposed to study the wide range of
empirical networks (Xu et al. 2011). These are important works
for the further development of the complex systems.

The climate networks are also well-studied to reveal the
spatio-temporal structures of the climatic variation and the
mechanism of the climate dynamics over the globe or a
region (Tsonis and Roebber 2004; Tsonis et al. 2006,
2008b; Gong et al. 2008; Wang and Tsonis 2008, 2009;
Zhou et al. 2008, 2009, 2010; Donges et al. 2009a, b; Zou
et al. 2011; Steinhaeuser et al. 2011). The works include
studying of the role of teleconnections (Tsonis et al. 2008a),
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the impact of the El Niño and La Niña phenomena (Tsonis
and Swanson 2008; Yamasaki et al. 2008; Gozolchiani et al.
2008), the climate shifts (Tsonis et al. 2007; Wang et al.
2008), and the climate extreme events (Wang et al. 2009) in
the perspective of complex networks. Furthermore, the to-
pological quantity of the climate networks is used to make
prediction (Steinhaeuser et al. 2010). Among the works,
coupled subnetworks are applied to study vertical topolog-
ical structures of the geopotential height for understanding
the circulation (Donges et al. 2011). In this paper, bilayer
networks are applied to study the air–sea interactions, which
is a fascinating, tough, and important issue in climate study.
In the bilayer networks, the networks are divided into lower
layer and upper layer subnetworks. In our study, the surface
sea temperature is regarded as the lower layer subnetwork,
and 850-hPa geopotential height level as the upper layer
subnetwork. The air–sea systems can be studied by investi-
gating the inner-layer and cross-layer characteristics to re-
veal their topological and dynamical structures.

2 Data and methodology

The data used here are the monthly averaged geopoten-
tial height of reanalysis data, with a latitude–longitude
resolution of 5×5°, and the monthly averaged surface
sea temperature (SST) from the NOAA of V3b with
latitude–longitude resolution of 4×4°. The range of the
latitudes is between 60°S and 60°N, so the grid points
of geopotential height field and SST field are 1,880 and
2,790, respectively. For each grid point, monthly values
are from January 1948 to December 2010. To minimize
the bias introduced by the external solar forcing com-
mon to all time series in the data sets, we calculated the
anomaly time series from the original ones. That is to
remove the mean annual cycle by subtracting the clima-
tological average for each month.

To study the coupled air–sea systems by complex net-
works, the grid points are assumed to be the nodes of the
networks denoted by a node set V0{v1,v2,⋯,vN}, where N is
the total number of the nodes. There are two variables in the
networks; therefore, we divided the networks into two layer
subnetworks. One layer subnetwork is referred to the nodes
of the SST field and the connection relationships among
them called lower layer subnetwork. The set of the lower
layer nodes is denoted by V1 ¼ i1; i2; � � � ; iN1gf , N102,790,
where i and N1 represents the nodes and the total node
number of the layer respectively. The other layer subnet-
work is referred to the nodes of the 850-hPa geopotential
height field and the connection relationships among them
called upper layer subnetwork. Its node set is V2 ¼
j1; j2; � � � ; jN2gf , N201,880, and the symbols are similar to

the lower layer subnetwork. By definition, we have V1⋃V20

Table 1 The linking probability of the air–sea coupled climate net-
works: the lower layer subnetwork refers to the SST field, and the
upper layer subnetwork refers to the 850-hPa geopotential height field

Networks Whole Lower layer Upper layer Cross

Density 0.024 0.038 0.053 0.002

The edge density for the whole networks is the ratio connections of the
total network nodes. That for the lower layer subnetwork is the ratio
connections of the lower layer subnetwork nodes, and the similar
definition for the upper layer edge density. The cross edge density is
the ratio connections of the cross nodes

Fig. 1 The geographic
distribution of the weighted
node degree in the lower layer
subnetwork
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V and N0N1+N2. In order to introduce the links (i.e., their
connection relationships) between nodes, the Pearson corre-
lation coefficient r at non-lag between the anomaly time
series of all possible pairs of nodes is calculated. A pair of
nodes has an edge if their absolute value of correlation
coefficient greater or equal to 0.5 (Tsonis and Swanson
2008). There exist three kinds of edges, the edges among
the nodes of the lower layer subnetwork denoted by edge set
E1 ¼ e1 iið Þ; e2 iið Þ; � � � ; eM1 iið Þgf , the edges among the
nodes of the upper layer subnetwork denoted by edge set
E2 ¼ e1 jjð Þ; e2 jjð Þ; � � � ; eM2 jjð Þgf , and the edges connecting
the two layer called cross edges denoted by edge set
E12 ¼ e1 ijð Þ; e2 ijð Þ; � � � ; eM12 ijð Þgf (the nodes connecting
the cross edges are called cross nodes), then E1 ⋃ E2 ⋃
E12 0 E and M 0 M1 + M2 + M12, where E is the edge
set of the whole networks, and M is the total number of
the whole network edges. The density of the edges is defined

as ρ ¼ 2jM j
NðN�1Þ for the whole networks, thus ρ1 ¼ 2jM1j

N1ðN1�1Þ for

the lower layer subnetwork, ρ2 ¼ 2jM2j
N2ðN2�1Þ for the upper layer

subnetwork and ρ12 ¼ 2jM12j
N1N2

for the cross edges connecting

the two subnetworks to measure the proportion that the nodes
could be connected.

The node degree is a popular physical quantity to de-
scribe the topology property and centrality of the nodes. For
the climate bilayer networks, we focused on the properties
of the lower layer subnetwork, the upper layer subnetwork
and the cross properties connecting the two subnetworks.

The node degree of lower layer subnetwork, the upper layer
subnetwork and the cross node degree (cross nodes mean
connecting the other subnetwork nodes) are respectively
defined as:

k1i ¼
Xl¼N1

l2V1;l¼1

ail; k
2
j ¼

Xl¼N2

l2V2;l¼1

ajl; k
12
i ¼

Xl¼N2

l2V2;l¼1

ail; k
12
j ¼

Xl¼N1

l2V1;l¼1

ajl:

ð1Þ

Fig. 2 The SST anomalies over
the Pacific Ocean (8°S–8°N,
180–272°E, the solid line) and
the Indian Ocean (8°S–8°N,
44°E–100°E, the dashed line)
from 1971 to 2010

Fig. 3 The cross correlation (r) between the tropical mid-eastern
Pacific Ocean and tropical Indian Ocean in the SST anomaly field with
lags −12 month to 12 month (the Indian Ocean leading as the positive
value). The dashed line is the 95% significance level, and the vertical
black line shows the lead–lag month with the maximum cross correla-
tion coefficient
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While the weighted degrees are:

w1
i ¼

Pl¼N1

l2V1;l¼1
ail cos fl

Pl¼N1

l2V1;l¼1
cos fl

;w 2
j ¼

Pl¼N2

l2V2;l¼1
ajl cos fl

Pl¼N2

l2V2;l¼1
cos fl

;w12
i ¼

Pl¼N2

l2V2;l¼1
ail cos fl

Pl¼N2

l2V2;l¼1
cos fl

;w12
j ¼

Pl¼N1

l2V1;l¼1
ajl cos fl

Pl¼N1

l2V1;l¼1
cos fl

: ð2Þ

Where ail or ajl is the element of the adjacent matrix
with ail or ajl01 if there exists edge between i and l or
j and l, otherwise ail00 or ajl00. The node degree
measures the centrality of the node in the networks,
and the weighted degree is the same but minimizing
the bias induced by different grid points representing
different area on the earth.

3 Results and discussion of the air–sea bilayer climate
networks

The densities of the constructed bilayer climate networks are
summarized in Table 1. The densities of the upper layer sub-
network and the lower layer subnetwork are almost identical,
but the cross density is much smaller (about 1/20) than those of

Fig. 4 The same as Fig. 1 but
for the upper layer subnetwork

Fig. 5 The geographic
distribution of the weighted
cross node degree in the lower
layer subnetwork
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the two singular layer subnetworks. That is to say, there is
physical separation between the SST field and 850-hPa geo-
potential height field on underlying dynamics. That is why we
introduce bilayer networks to study the air–sea systems.

The weighted node degree of the lower layer subnetwork
is color-contoured in Fig. 1. The spatial heterogeneity of the
averaged linear correlation structure in SST field is clearly
distinct. The weighted node degree is significantly larger in
both the tropical Indian Ocean and the tropical mid-eastern
Pacific Ocean than other ocean regions. They are key
regions affecting the climatic systems. In order to identify
the relationships between them, the non-lag SST anomaly
evolution of the two oceans is illustrated by Fig. 2 (only the
periods from 1971 to 2010 are displayed for clearness). It
shows that SST variations in the two ocean regions are
positive. The mean cross correlation coefficient of them is
0.56 from 1948 to 2010. That is rather larger than the value
of 0.07 for statistically significant level 95%, and it has the
highest value at lag −3 months just as Fig. 3 has shown. It

reveals that the changes of the two oceans are consistent
with each other, and the change of tropical mid-eastern
Pacific Ocean SST (TMEPO-SST) leads that of the tropical
Indian Ocean by 3 months. It is hard to explain the inner-
process of the oceans because of the isolation of the two
oceans by islands. The phenomenon will be explained later
in the paper. The structure of weighted node degree in the
upper layer subnetwork is shown in Fig. 4. Similar to the
SST field, the 850-hPa geopotential height field also has a
stronger correlation in the tropical regions than the mid–
high latitudes. That implies the centrality role of the equa-
torial regions.

The weighted cross node degrees of the lower layer and
upper layer subnetworks are illustrated in Figs. 5 and 6,
respectively. The regions with largest weighted cross node
degree are over the tropical mid-eastern Pacific Ocean and
Indian Ocean in the SST field, and over the islands what
separate the Indian Ocean from the Pacific Ocean in the
tropics in the 850-hPa circulation field. It implies the

Fig. 6 The same as Fig. 5 but
for the upper layer subnetwork

Fig. 7 The graph of bilayer
air–sea interaction networks:
the dots with olive color and
cyan color represent the nodes
with weighted node degree
greater than 0.18 for the lower
layer subnetwork and 0.14 for
the upper layer subnetwork,
respectively. The red dots
represent the cross nodes with
weighted node degree greater
than 0.06. The black dashes or
solid lines represent edges
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important role of the regions in the air–sea interaction process.
The strong interactions of the bilayer networks are demon-
strated in Fig. 7. It visualizes the three-D inner and cross
interactions between the SST field and the height field. We
call the correlation structure “the main three-D air–sea inter-
action pattern”. In the lower layer, the correlation between the
tropical Indian Ocean and mid-eastern Pacific Ocean is high.
The two oceans are also correlated highly to the tropical
Atlantic Ocean, the west Pacific Ocean, and the mid–high
latitudes of southern Indian Ocean and southern Pacific
Ocean. The pattern of the SST field inner-correlation is like
irregular double stars and the central discs are the two tropical
oceans. The shape of interactions for the 850 hPa looks like

band centers over in the African continent, the tropical
Indian Ocean, south of Eurasia, equatorial west Pacific
Ocean and the tropical Atlantic Ocean. For “the main
three-D air–sea interaction pattern”, the main interactions
are between the atmospheres over the tropical islands
(Malayan Peninsula and Indonesian archipelago) and the
sea in the Indian Ocean, and between the atmospheres
over the tropical islands and the sea in the Pacific Ocean.
Furthermore, the latter interactions are much closer. The
non-lag correlation coefficients between the anomalous
geopotential height over the islands area (12°S–8°N,
115°E–150°E, in 850 hPa) and the anomaly SST of the
two oceans are 0.61 and 0.65, respectively.

Fig. 8 The same as Fig. 2 but
for the anomaly U-winds of
850 hPa over the two oceans

Fig. 9 Scheme of the air–sea
interaction mechanism among
the Indian Ocean (IO), the mid-
eastern Pacific Ocean (M-EPO)
and the lower tropospheric at-
mosphere (over the islands iso-
lating the two oceans) when the
SST anomalies are positive
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The consistent variations between the components of “the
main three-D air–sea interaction pattern” imply that the under-
lying dynamical mechanisms drive them connected closely.
One explanation is possible that the SST changes over the two
oceans and the geopotential height variations over the tropical
islands are linked by the atmosphere circulation. The circula-
tion cells over the oceans are the Asian monsoon circulation
(over the Indian Ocean) and Walker circulation (over the
Pacific Ocean). The U-wind anomaly changes of the two
circulation cells with time are shown in Fig. 8. They are
negatively correlated with the coefficient −0.31, and the value
is higher than that of statistically significant level 95% as well.
Therefore, the variations of the two circulation cells are con-
sistent, but they are opposite in directions. The processes of
air–sea interactions over the tropical Indian–Pacific Ocean
regions can be illustrated by Figs. 9 and 10. When the SST
anomalies of the two oceans are positive, the anomaly flows
are upward over the oceans. Therefore, the sea level pressure
over the oceans is relatively lower than the climatological state.
Under the effect of U-wind of the Asian monsoon circulation
and the Walker circulation, the upward flows mix with
the U-winds and flow to the region over the tropical
islands. After that, the flows subside, making the trop-
ical islands surface pressure high. Because of the high
pressure in the region, the surface flows are blown from
the islands to the two oceans and forms the closure
atmosphere circulations of the Asian monsoon circula-
tion and Walker circulation, respectively. The Asian
monsoon circulation is clockwise and the Walker circu-
lation is counter-clockwise (Fig. 9). When the SST
anomalies over the two tropical oceans are negative,
the situation is opposite just as Fig. 10 illustrated. The
mechanism is called the “GIP” model, which has suc-
cessfully explained the significant positive correlation
on SST anomalies between the equatorial Indian Ocean

and the eastern equatorial Pacific Ocean (Wu and Meng
1998; Meng and Wu 2000). The model shows the
coupled circulations working in a way like a pair of
gears operating over the equatorial Indian Ocean and
Pacific Ocean, and reveals the “gearing point” located at
the Indonesia archipelago. Our “main three-dimensional
air–sea interaction pattern” is just consistent with the
model exhibits, i.e., the weighted node degree (a topo-
logical physical quantity of bilayer framework) spatial
distribution. Apparently, the observation study here is
rather simple than the numerical simulation of the cli-
mate models.

The lead–lag relationships are investigated between the
key components of “the three-D air–sea interaction pattern”
to detect the cause–effect among them. The TMEPO-SST
anomalies lead the tropical islands 850-hPa geopotential
height anomalies by 2 months. Nevertheless, the tropical
islands 850-hPa geopotential height anomalies lead the trop-
ical Indian SST anomalies by 1 month. That is to say, the
anomalies begin at the TMEPO-SST first; then, the tropical
islands 850-hPa geopotential height responds 2 months later
through Walker circulation; finally, the tropical Indian

Fig. 10 The same as Fig. 9 but
for the negative SST anomalies

Fig. 11 Scheme for the trigger processes on air–sea system anomaly:
TMEPO-SST and TIO-SST are the abbreviations of tropical mid-
eastern Pacific Ocean SST and tropical Indian Ocean SST respectively,
and the atmosphere here refer to the air over the tropical islands in 850-
hPa geopotential height field
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Ocean SST (TIO-SST) responds to the change of geopoten-
tial height 1 month later and to that of the tropical mid-
eastern Pacific Ocean 3 months later, just as Fig. 11 shows.
That is consistent with that in Fig. 3. In conclusion, the
anomaly of the tropical mid-eastern Pacific Ocean leads
the anomaly of the tropical Indian SST through the Asian
monsoon circulation and Walker circulation by 3 months.

4 Conclusions

In summary, we introduce bilayer networks to study the air–
sea interactions and investigate the characteristics of the cou-
pled climate networks. The technique focuses on revealing the
topological structure and dynamical mechanism of the air–sea
systems. The spatial weighted node degree distribution of the
bilayer networks reveals the correlation structures in the SST
field, the 850-hPa geopotential height field and the interac-
tions between them. The central regions of the correlation are
located at tropical Indian Ocean and Pacific Ocean in the SST
field, and tropics in the 850-hPa field. The main three-
dimensional air–sea interaction pattern is identified over the
two oceans in the SST field and over the islands what separate
the Indian Ocean from Pacific Ocean in tropics in the 850-hPa
field. The pattern formation is explained by the coupled Asian
monsoon circulation and Walker circulation called “GIP”
model. The lead–lag relationships of the pattern components
reveal the trigger processes of the “GIP” that the SSTanomaly
of the tropical mid-eastern Pacific Ocean leads to the anomaly
of the TIO-SST through the Asian monsoon circulation and
Walker circulation, and the SST of the tropical Indian
responds to the TMEPO-SST anomaly 3 months later. The
facts prove that it is fruitful to apply bilayer networks to study
the air–sea systems. Following the presentation mentioned
above, we should say, the application of bilayer networks to
study the air–sea systems is useful and perspective.
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