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In recent years, the global temperature is continuously rising and has the trend of accelerating.
The frequent occurrence of extremely high temperatures and heat waves has caused
widespread concern from all walks of life. How to fully understand the change law of
temperature becomes very important. In view of the temperature change in Xi’an, this paper
introduces a newmethod called visibility graph to establish the temperature network in Xi’an.
On this basis, firstly, this paper studies the relationship between temperature fluctuation and
network degree. We find that short-term fluctuations do not cause long-term effects. Then,
through the study of network degree distribution, it is revealed that the temperature network
conforms to the law of power-law distribution. In addition, this paper also completes the
community detection of temperature network, and finds that some communities have fewer
nodes (between June and August), which means that the correlation between summer
temperature and other seasons in Xi’an is low, and it is easy to form extremeweather. To sum
up, the research in this paper provides a new theoretical method and research ideas for
mining and mastering the variation law of temperature in Xi’an.
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INSTRUCTION

During the past decades, our human society has experienced rapid development; while in modern
industrial society, extreme weather-climate events seem to occur more frequently than ever before and
the global warming has become a serious problem [1]. The climate change, especially the frequent
occurrence of extreme climate events, is likely to affect our human society form different perspectives,
such as, precipitation, crop growth and even daily habits which might incur enormous economic losses
[2, 3]. At present, the continuous change of global temperature, especially climate warming, restricts the
development of the regional economy and agriculture [4] , and has a great impact on the development
of the social economy, which has attracted the attention of academic circles [5]. In addition, the
greenhouse effect caused by the increase of greenhouse gases has produced a great threat to the lives of
various organisms [7–9] It can be said that global warming will not only harm the economic
development and social progress of the world, but also affect the living environment of
humankind. In this context, this paper analyzes the characteristics of temperature change to fully
understand and master the law of climate change. In this way, human beings can make scientific and
rational use of climate resources to develop the economy and optimize the living environment.

In this manuscript, we present a complex network-basedmethod in order to characterize the property
of climate change of Xi’an for the past 10 years while the network is constructed through a visibility
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algorithm. Here, the highest temperature of a day is regarded as the
temperature of that day. Along this line, characteristics of the
obtained networks, such as the degree, degree distribution and
community structure can be analyzed accordingly.

This manuscript is organized as follows: firstly, some related
works are provided aiming to illustrate the state of art of this topic
then, in the Model section, the proposed model is provided. Later,
characteristics of the temperature data for Xi’an are presented and
experiments are conducted with sufficient analyses. Finally, we
conclude the manuscript.

RELATED WORKS

In 1976, the World Meteorological Organization (WMO) first
claimed that climate change can pose a serious threat to human
society, people have paid more and more attention to climate
change. Especially in recent years, global warming is becoming a
popular issue of widespread concern to governments and scholars
of various countries.

At present, the main research results on the evolution law of air
temperature mainly focus on the change trend, change period, break
point and asymmetry of temperature evolution. The study of Eastern
DR et al. [10] shows that the daily temperature range inmost parts of
the world is decreasing continuously, mainly due to the difference
between the change of daily maximum and minimum temperature.
At the same time, they found that some circulation changes in the
northern hemisphere seem to be related to the change of the daily
temperature difference. Karl TR et al. [11] show that the average daily
minimum temperature is on the rise. In addition, the decrease of daily
temperature difference is approximately equal to the increase of
average temperature, and the decrease part is related to the increase of
cloud cover. In the study of the change cycle of temperature, on the
one hand, we can use the ice core of Antarctica to obtain the
temperature and atmospheric carbon dioxide changes in the past
six glacier cycles [12], on the other hand, we can use the lower
tropospheric channel of MSU satellite to obtain satellite remote
sensing derived data set [13]. In terms of temperature evolution
breakpoints, a variety of statistical methods are mainly used to
analyze whether there is heterogeneity or mutation point in the
meteorological data series, or to detect the mutation time [14]. The
asymmetry of temperature is mainly to study the relationship
between daily maximum temperature, minimum temperature and
the temperature difference between day and night [15], to formulate
appropriate strategies to deal with climate change.

There are three main research methods. The first method is
applied forecasting. Human beings have been observing weather
phenomena and climate change for a long time. On this basis, a large
number of proverbs have been summed up and empirical analysis of
weather has been done [16]. The second method is the numerical
method. Based on numerical simulation, the continuous stochastic
equation [17], thermal equation [18], kinematic equation and state
equation [19] are used to fit atmospheric numerical value, to achieve
the purpose of analyzing meteorology and temperature. The third
method is model analysis [20–22]. This method uses probability and
statistics theory to extract the temperature change law from the
meteorological historical data, and it is also used to construct the

statistical model. At present, the numerical method is the most used
method with high accuracy. However, its calculation process is
complex, and the initial value is sensitive. In addition, the
atmospheric system is a complex nonlinear dynamic system,
which makes the implementation of numerical prediction difficult.

With the penetration of complex network theory in various
disciplines, it has become a new research method in the field of
climate. By studying the topology of the network, we can analyze
the characteristics of nodes and the whole system greatly.
Therefore, this paper adopts a new method, visibility graph, to
construct a network from time series, and it is used to establish the
global and local temperature network of Xi’an. By observing the
evolution characteristics of the network, we analyze and obtain the
characteristics and laws of temperature fluctuation in Xi’an.

MODEL

Complex Network Theory
A practical system, such as social network, power system and
aviation system, can usually be depicted as a network (graph)
G � (V , E) where V(G) and E(G) indicate the node set and edge
set respectively. The element in Vrepresents the entity in the
network while E represents the relationships between nodes. In G,
if there exists a corresponding edge (j, i) for any (i, j), then the
network is referred to as a undirected graph. If a weight is
assigned to each link, then it is called a weighted network,
otherwise it is called an unweighted network.

In the network, degree represents the number of connections
between one node and other nodes, and the distribution of degree
of all nodes is called degree distribution. Degree distribution is
very important for the research of real networks (such as the
Internet, social networks, theoretical networks, etc.). The degree
distribution of real networks has many characteristics, such as a
long tail. The long tail characteristic means that the degree of
most nodes in the network is small, and the degree of a few nodes
is relatively large. In some networks, especially in real networks
such as the Internet and social networks, the distribution of
degree approximates the power-law distribution:

P(k) � ck−c (1)

Where γ is a constant, and such networks are called scale-free
networks [23].

Louvain Algorithm
Community structure is one of the most important characteristics of
complex networks. Community detection is an effective method to
analyze the properties of complex networks. Generally speaking, a
community structure is a set of connected nodes. There are more
connections between nodes in the set, but fewer connections
between nodes in the set and nodes outside the collection. The
purpose of community detection is to find the community structure
in the network, to better study the topological structure of the
network, mine the function of the network and reveal the law of the
network and infer the evolution trend of the network.

This paper uses the Louvain algorithm [24] to explore the
community structure of the temperature network in Xi’an.
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Louvain algorithm is a modular algorithm, and its modularity is
defined as:

Q � 1
2m

∑
i,j

[Aij − KiKj

2m
]z(ci, cj) (2)

where i(j) represents the climate node and the node in this paper is
the date. Aij is the weight between node i and node j. The network
generated by VG is an unauthorized network, that is, the weight in
the network is the same (1 by default)m � 1

2 ∑
i,j
Aij.Ki (Kj) represents

the sum of the weights of the edges connected with node i (j), and ci
(cj) represents the community numbered i (j).When ci and cj are the
same clique, z(ci, cj) � 1; when ci and cj are different cliques,
z(ci, cj) � 0.

In addition, in the Louvain algorithm, modularity increment is
defined, which represents the change of modularity when two
regiments move：

ΔQ � Ki,in − ∑ tot × Ki

m
(3)

where Ki,in represents the sum of weights from node i to other
nodes of group c, and ∑ tot represents the total weight of internal
edges of group c.

Visibility Graph Theory
In this paper, the existed VG [25–28] theory is adopted in order to
convert the continuous temperature series of Xi’an into a complex
network with the construction process being illustrated in Figure 1.
For a time series {yi|i � 1, 2, 3,/,N}, A(xa, ya) and B(xb, yb) are a
pair of nodes, xa and xb are the serial numbers of the time series, ya
and yb are the values of the time series. If point A and point B are
adjacent points, then A and B have connected edges; when point A
and point B are not adjacent, any point C(xc, yc) between them
satisfies Eq. 4, then two points have connected edges:

yc < ya + (yb − ya) xc − xa
xb − xa

, (a< c< b) (4)

It is found that the viewable network has the following
properties: 1) There are no isolated nodes, and each node will
at least be connected to its neighbors; 2) undirected, the generated
network is undirected; 3) affine transformation invariance, and
the affine transformation of the horizontal and vertical
coordinates will not affect the network structure. The network
generated from the visibility graph inherits some characteristics
of time series, such as the transformation from periodic time
series to regular network, from random time series to random
network, and from fractal time series to scale-free network, etc.

RESULTS

This paper uses the temperature data of Xi’an from January 1,
2011 to October 31, 2020, with a total of 3,599 data (the
temperature unit in this paper is in Centigrade) over the past
10 years. The data comes from China Weather Network, and the
missing data is supplemented by other data sources such as China
Meteorological administration. According to the visibility of the
temperature data in Xi’an, we establish the temperature network
of Xi’an, study the characteristics of the network by using the

FIGURE 1 | Illustration of the network construction process from climate data through VG theory. In (A,B), the abscissa is time (in days) and the ordinate is
temperature (in°C). Where (A) is the original data, (B) is the network generated by Eq. 4, and (C) is the network structure presented as a graph.

FIGURE 2 | Time window.
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complex network theory, and reveal the internal mechanism of
the temperature fluctuation in Xi’an.

Degree Characteristics of Temperature
Networks
In order to comprehensively analyze the characteristics of
temperature change in Xi’an, we establish the global temperature

network (all data from January 2011 to October 31, 2020) and local
temperature network. We divide four 4 years time series windows,
each of which is moved back 2 years to generate a new window, as
shown in Figure 2. In adjacent time windows, there will be 2 years of
the same data, each window has about 1,400 data.

In this paper, the purpose of selecting a time window is to
obtain more properties of the network. For the temperature of
Xi’an, a 4 year time window provides enough data for the

FIGURE 3 | Temperature and network degree in Xi’an. (A) is a global network, (B–E) is a window network with a length of 4 years. In (A–E), the abscissa is time, the
left ordinate is temperature, and the right ordinate is the degree of the network at the same time point.
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construction of the network. By moving the time window, we can
not only analyze the impact of the temperature in the last 2 years
on the current 2 years’ temperature, but also analyze the impact of
the current 2 years’ temperature on the next 2 years’ temperature,
so as to realize the continuous transmission of information. The
above window analysis method provides data for analyzing the
evolution characteristics of the network indicators over time,
which enables us to study the internal mechanism of temperature
fluctuation in Xi’an.

It can be seen from Figure 3A that the temperature in Xi’an has
a periodic variation law with the length of 1 year, although the
variation law is not very clear. In contrast, the periodicity of
network degree is less obvious. Generally speaking, if the
temperature is high on a certain day, there will be a high
network degree on that day. In the global network, the
maximum degree of the network is 78 (the occurrence time is
2013/3/8 and 2017/7/21), and the corresponding time node
temperature is 27 and 41 C respectively. It can be found that
the node with a high degree is not a simple local maximum or a
global maximum, but a node that has a great influence on the
neighbor observation value. Before 2013/3, the temperature was in
the continuous rising stage, and gradually turned clear from

continuous snow rain and cloudy days. Before March 2013, the
temperature was in the continuous rising stage, and gradually
turned to clear from the continuous snow rain and cloudy days.
Finally, the visibility degree of the node at 2013/3/8 was improved.
On 2017/7/21, the highest temperature of the year reached 41 °C,
whichmade the node have larger visibility. This law also appears in
Figures 3B–E. In Figure 3B, the node with the largest degree also
appears in 2013/3/8, and the degree is also 78. This means that
short-term temperatures will not have a long-term effect. However,
there are significant fluctuations at both ends of the time window,
which are shown in the back end of Figure 3B, the front end of
Figure 3E and the two ends of Figures 3C,D. This means that, as
far as the temperature in Xi’an is concerned, short-term
temperature fluctuation will only cause short-term impact.

Degree Distribution of Networks
In this section, we will analyze the degree distribution of the
temperature network (as shown in Figure 4). When we study the
degree of network, we find that the degree of some nodes is 2. This
means that these nodes only have connections with adjacent nodes,
and have no global impact. In order to better study the relationship
between temperature, we combine the node set of degree 2 into the

FIGURE 4 | Degree distribution of networks. (A) is a global network, and (B–E) window network with a length of 4 years. In figures (A–E), the abscissa is the
logarithm of degree with the base of 10, and the ordinate is the logarithm of frequency. The upper right corner of each pair is the fitting residual.
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node set of degree 3. And to be more intuitive, we use the double
logarithmic coordinate (base number is 10) for display, and use the
power-law function P(k) � ck−c fitting to get the value of the power-
law index c of the global network, c � 1.71415. This shows that the
climate network in Xi’an is scale-free. That is to say, only a few nodes
have a high visibility, whilemost nodes have a low degree of visibility,
which reflects the characteristics of temperature network
fluctuations. The high degree of visibility indicates that the
temperature of this node is greatly affected by the temperature of
the previous node or has a greater impact on the temperature of
subsequent nodes, and vice versa.

In Table 1, the degree fitting curves of the global temperature
and each window in Xi’an are given, and the power-law index
values c are between 1.58 and 1.89. It means that the temperature
network of Xi’an presents scale-free characteristics, which can
also be seen in Figures 4A–E. In order to increase the
persuasiveness, we randomly scramble and rearrange the
temperature in Xi’an according to the research in reference
[24] to obtain the random time series. Then, the random time
series is transformed into a network and its degree distribution is
obtained, as shown in Figure 5. Due to the scale invariance and
autocorrelation of fractal time series, there is a high degree of
similarity between the local and the global. This means that the
temperature fluctuation in Xi’an is highly similar, and the
fluctuation in the future is similar to that in the past.

Hurst index is often used to measure the long-term memory of
time series. When H � 0.5, it indicates that time series can be
described by random walk; When 0.5 < H < 1, it indicates that the
time series has long-termmemory; when 0≤H< 0.5, it indicates that
pink noise (anti persistence) is themean recovery process. Therefore,
we use rescaled range analysis (R/S) to calculate theHurst indexH of
the time series, and the value of H is 0.4712. This shows that the
temperature in Xi’an is negatively correlated with time, and there is
no strong persistence. When the temperature in Xi’an rises in a
certain period, it will decrease in the next period, that is, it has a
strong mean regression characteristic, which is in line with the
change characteristics of the annual temperature cycle. In other
words, the temperature in Xi’an is highly elastic and is easily affected
by factors such as wind, overcast, sunny, rain and snow.

Community Mining of Xi’an Climate
Network
For a given network, the nodes can be divided into different
communities. In these communities, the nodes in the same
community have a high degree of connectivity [29–33], while
the connections between different communities are rare. The
connection of the visibility graph is based on the visibility of the
node, that is, nodes in the same community have great visibility.
As far as experience is concerned, the correlation of temperature
fluctuation in Xi’an is relatively high in a year cycle, and the
temperature relationship in different years is relatively small.
However, we still use the Louvain method to detect the
community structure of global temperature in Xi’an. The
results of community detection are shown in Figure 6, in
which different communities are represented by different colors.

The community structure of the global temperature network
in Xi’an is given in the network, there are 20 clusters in total, that
is, the average annual temperature consists of two clusters. In this
process, an interesting phenomenon is found: a community with

TABLE 1 | Fitting results of Figures 4A–E.

Image number Power law index c Adj. R-Square

Figure 4A 1.71415 0.99377
Figure 4B 1.62249 0.9891
Figure 4C 1.58614 0.97443
Figure 4D 1.722 0.98681
Figure 4E 1.88522 0.99193

FIGURE 5 | Distribution of temperature network degree in Xi’an randomly arranged.
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fewer nodes will be formed from June to September every year, as
shown in Figures 7A–D, which indicates that there is little
relationship between the temperature during this period and
the annual temperature, that is, the fluctuation of annual
temperature will not affect the temperature in this period, and
the temperature in this period will not have a significant impact
on the annual temperature. This pattern appears six times in a
decade. And it appears every time in the season with the highest
temperature in Xi’an. Compared with other months, the climate
in summer in Xi’an is more changeable. When it is sunny, it will
appear the highest temperature of the year, and in rainy weather,
the temperature will drop rapidly, showing a large fluctuation.
There are 71 days between June 1, 2011 and August 10, 2011, and
only 9 days are sunny. The time of 6 days is in the transition

between sunny days and other weather. In contrast, there are 27
rainy days and 17 cloudy days. Under the current background of
global warming, the temperature fluctuation between June and
August in Xi’an provides necessary conditions for the occurrence
of extreme weather, which leads to the problem that compared
with the same period of previous years, Xi’an has more high-
temperature days above 35°C, and the probability of periodic
high-temperature heat waves, large-area summer drought and
other extreme events is relatively high. There are three main
reasons for extreme high temperature in Xi ‘an: geographical
reasons, foehn effect and heat island effect. In terms of
geographical location, Xi’an is located in the middle of the
Guan Zhong Plain, with a warm temperate zone semi-humid
continental monsoon climate. In summer, the sun shines directly

FIGURE 6 | Community structure of global temperature network.

FIGURE 7 | Local magnification of Figure 6.
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on the northern hemisphere. Due to the low height of the sun and
the long day time, the ground receives more solar radiation,
which leads to a higher surface temperature. The second reason is
the foehn [34]. In summer, the southeast monsoon prevails in
most parts of China. When the southeast monsoon passes over
the Qinling Mountains, the air stream will sink, causing the
temperature in Xi’an to rise. The third reason is the heat island
effect. Based on the quantitative analysis of anthropogenic heat
emission of large cities in China, it is found that Xi ‘an belongs to
the contributing area of strong heat island, next only to Shenzhen
and Wuhan [35, 36].

CONCLUSIONS

Scientific observations since the beginning of this century have
shown that the concentrations of various greenhouse gases in the
atmosphere are increasing, and the average temperature of the
earth will also increase greatly. In this context, the study of
temperature change in Xi’an can provide references for the
scientific development of agriculture, tourism, and daily travel.
This paper introduces the visibility algorithm to convert the time
series Xi’an temperature into a network, and analyzes the degree,
degree distribution and community structure of the network. In
general, the temperature network of Xi’an presents power-law

distribution, and the power-law index ranges from 1.58 to 1.89
(the data also show power-law distribution after random
arrangement). We calculate the Hurst index of random series,
and the value of H is 0.4712, which means that the temperature in
Xi’an is highly elastic and easily affected by wind, rain and snow.
Through the research community, it is found that the
temperature in Xi’an fluctuates greatly from June to August,
and the weather is changeable during this period, which increases
the probability of extreme weather. It can be said that our work
provides a new research method and perspective for
understanding and mastering the weather change law in Xi’an.
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