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Approximate entropy (ApEn) can measure the regularity and complexity of a
nonlinear system. We find that the results of ApEn are relatively stable when the
sample size of a time series exceeds 100, which indicates that the estimation
results of the ApEn algorithm are robust to small sample data. In this study, the
complexity of the daily precipitation records in China from 1961 to 2015 was first
analyzed by using ApEn, and then we further investigated the spatial and
temporal variability of the dynamical characteristics of precipitation. The
results show that the ApEn values of daily precipitation in China during
1961-2015 present the following characteristics: larger in southern and
eastern China and smaller in northern and western China. In addition, ApEn
in Northwest China and the Tibetan Plateau has been increasing since 1961.
However, since the 1970s, ApEn in the south of the middle and lower reaches of
the Yangtze River shows a gradual decrease. The temporal instances of abrupt
ApEn changes in daily precipitation occur from region to region. The number of
stations with an abrupt ApEn shift has a statistically significant increase since
1984 at a significant level of a = 0.01, which means the complexity characteristic
of daily precipitation in China has been more prone to abrupt shifts since
1984 than in the previous period.

KEYWORDS

approximate entropy, daily precipitation, abrupt change, complexity, moving t-test
Introduction

In recent years, with the development of nonlinear science, various exponents from
the nonlinear dynamic field were applied to describe the underlying dynamical
characteristics of a time series, including correlation dimension (CD), Lyapunov
characteristic exponent, and Kolmogorov entropy (Grassberger and Procaccia, 1983a;
Wang et al., 1984; Wang and Yang, 2002). CD can be used to quantitatively characterize
the minimal effective state variables needed to accurately describe a complex system.
Grassberger and Procaccia (1983b) presented a classical method for estimating CD of a
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time series using the Grassberger—Procaccia algorithm (GPA).
GPA is also commonly used to calculate the Kolmogorov entropy
of a time series. However, the estimation of GPA is heavily
dependent on parameters, such as sample sizes, time delay, and
embedding dimension in phase space reconstruction (Rosenstein
et al,, 1993). The Lyapunov exponent is a physical quantity that
measures the rate of separation or approach of infinitesimally
close trajectories in the phase space of a dynamical system
(Lyapunov, 1966). The Lyapunov exponent is a valuable
indicator of whether the dynamical behavior of a dynamical
system is chaotic or not. However, it is well known that how to
obtain an accurate Lyapunov exponent is also a very difficult
problem. Approximate entropy (ApEn) can measure the
regularity and complexity of a time series, which is related to
the Kolmogorov entropy and the rate of generation of new
information (Pincus, 1991, 1992, 1995). Based on the ApEn
method, He et al. (2011) developed a moving cut data-
approximate entropy (MC-ApEn) technique to detect an
abrupt change in the complexity of a time series. Jin et al.
(2012a, 2012b) found that the detection results of MC-ApEn
are little affected by the periodical trend, linear trend, nonlinear
trend, random spikes, and Gaussian white noise and
demonstrated the robustness of the detection performance of
MC-ApEn for identifying the complexity of a time series.
Climate systems are complex dynamical systems, which are
not only subjected to external forcing but also have complex
internal nonlinear dissipation. The complexity of the climate
systems is mainly due to the complexity of the temporal and
spatial evolution of different meteorological elements, such as
temperature, precipitation, wind speed, wind direction,
humidity, and air pressure. By analyzing the observational
records of different meteorological elements, the nonlinearity
and complexity properties of the climate system can be revealed
to a certain extent. Precipitation has an important influence on
social and economic development in China. Therefore, the
variability in precipitation in China has attracted much
attention. Some studies showed that there were no statistically
significant trends in annual total precipitation in China (Karl
et al., 1995; Zhai et al., 1999). However, Liu et al. (2005) found
that precipitation in China increased by 2% from 1960 to 2000,
while the frequency of precipitation events decreased by 10%.
The annual mean precipitation increased in southwestern,
northwestern, and East China while decreasing in North
China and central-northern China (Liu et al., 2005; Wang and
Zhou, 2005). The frequency of precipitation shows an increasing
trend in northwestern China, but the opposite is true in the rest of
China during 1960-2000 (Liu et al., 2005). The increasing trends
of precipitation occurred in all four seasons for Northwest China
and only in summer for East China (Gemmer et al., 2004; Wang
and Zhou, 2005). In summer, rainfall increased in the middle and
lower reaches of the Yangtze River valley, while it presented a
reduced characteristic in northern China (Gong and Ho, 2003;
Zhai et al., 2005, Wang et al, 2013). Furthermore, summer
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FIGURE 1

Spatial distribution of the 1781 meteorological stations in
China.

rainfall in East China experienced four inter-decadal abrupt
changes, occurring in 1979, 1983, 1993, and 1999, during
1958-2009 (Liu et al., 2011). However, does the complexity of
precipitation in China also follow a decadal shift? That remains
an open question.

The ApEn algorithm has been applied to study the
dynamical characteristics of the climate system in China (He
et al., 2009; 2012). Wang and Zhang (2008) found that ApEn
can reflect the territorial difference in dynamic structures of the
climate system in China, and abrupt climate changes occurred
between the 1970s and 1980s. However, most of the former
studies only analyzed ApEn for daily precipitation from a few
representative stations. Spatial and temporal variations in ApEn
for daily precipitation in China have still not been
systematically investigated. In this study, we first describe
the data used in this study and briefly outline the ApEn
method and moving t-test technique (MTT). Then, the
results of ApEn and MTT are shown to discover the spatial
and temporal variations in the complexity of daily precipitation
in China. A brief discussion as well as conclusion following
Results is given.

Data and methods

Data

Observed daily precipitation data are provided by the
of China
observational  data
daily precipitation from 1 1960 to
2015 for 1781 The
meteorological stations are more concentrated in the central

Information Center

The

National Meteorological

Meteorological ~Administration.
includes January

31 December stations in China.

and eastern parts of China than in western China (Figure 1).
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FIGURE 2

ApEn results of the classical Lorenz model with the data length increasing from 50 to 20000 on (A) the variable x, (B) the variable y, and (C) the

variable z

ApEn methods

ApEn can quantify the changing complexity of chaotic
and stochastic processes (Pincus, 1991, 1995; Pincus and
Goldberger, 1994). ApEn has been extensively studied and
applied in many fields (Ocak, 2009; Yentes et al., 2013). The
ApEn algorithm is briefly described as follows: first, a
sequence of vectors x (1), x (2),..., x (N-m+1) are
constructed from a time series {u(i), i = 1,2, ..., N} in the
m-dimensional space.

Frontiers in Environmental Science

Next, the distance (d [x(i),x(j)]) between the vectors x(i) and
x(j) is calculated following Takens (1983):

d[x(i),x(j)] = maxi 1o (Jui+k-1) —u(j+k-1)|). (2)

A positive real number r is defined as a filter. For each i (1 <
i < N-m+1), the number of j such that d [x(i) and x(j)]<r is
counted as W. Also, the ratio is defined by the following equation:
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FIGURE 3

ApEn of daily precipitation at the Jinan station with the data length increasing from 30 to 19650.
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Based on C!" (), the parameter @ () can be defined by Eq 4
as follows:

moon 1 N-m+l, o
() =y Y. ey (). (4)
Thus, the estimated value of ApEn is defined as follows:
ApEn (m, 1) = ®" (r) — ™' (7). (5)

Yentes et al. (2013) demonstrated that ApEn is sensitive to
parameter choices and suggested using N larger than 200, an m of
2, and examined several r values before selecting parameters.
Pincus (1991) pointed out that for m = 2 and N = 100, r ranges
from 0.1 to 0.2 standard deviation (SD of the original time series
{u(i), i = 1,2, ..., N}). In this study, m is 2, and r is 0.15 SD (He
etal,, 2011). The regularity of the time series is associated with the
ApEn value (Yan and Gao, 2007). The greater the regularity is,
the lower the ApEn value is. A low value of ApEn denotes a high
degree of regularity and low complexity of a dynamical system;
thus, the system is more predictable than one with a relatively
larger ApEn value. Therefore, based on the ApEn algorithm, we
can identify the variations of dynamical characteristics by
evaluating the regularity and unpredictability of a system.

The influence of data length on the ApEn
results

ApEn has potential applications in relatively short (greater
than 100 points) and noisy datasets (Pincus, 1995). However,
Richman et al. (2000) found that the ApEn results are heavily
dependent on the record length and are uniformly lower than the
expectation for short records. To quantitatively estimate the

Frontiers in Environmental Science

04

effect of the sample size on the ApEn results, we performed
two sets of independent tests.

In the first test, solutions of the Lorenz model are used to test
the sensitivity of the sample size. The Lorenz model (Lorenz,
1963) is defined by Eq 6:

dx

a=0(3’—x)>

dy

7 _ —z) - 6
i x(r—z)-y, (6)
E:xy—bz.

Here, the parameter o is the Prandtl number. The parameter r is
the ratio of the Rayleigh number divided by the critical Rayleigh
number. The parameter b is related to the horizontal wave number of
the system. The values of g, r, and b are 10.0, 28, and 8/3 in this study,
respectively. Eq. 6 is solved by the four-order Runge-Kutta method,
and the integration step is taken as 0.01. The ApEn results of the
classic Lorenz model show that the difference between the result and
true value is less than 0.1 when the sample size exceeds 100 (Figure 2).

In the second test, the ApEn result of the daily precipitation of the
Jinan station in Shandong Province was calculated when the length of
the daily precipitation increased continuously from 30 to 19650
(Figure 3). The difference between the ApEn result and true value is
less than 0.1 when the data length exceeds 240. Moreover, the
difference is less than 0.05 for data lengths larger than 300. In
general, ApEn has a relatively stable value when the data length
increases to 2,000, which is the case for both the classical Lorenz
model and observed daily precipitation at the Jinan station.

MTT methods

The moving t-test (MTT) technique is used to test the
difference between the mean values of two subsamples

frontiersin.org
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ApEn of daily precipitation in China during (A) 1961-2015 and the ApEn anomaly of daily precipitation in China during (B) 1961-1970, (C)
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before and after one point with an equivalent subsample size.
If the difference exceeds a given significance level, then an
abrupt change is considered to occur at the point.

For a time series {x;,i=1,2, ..., n}, a sample is selected by
moving a cutting point to obtain two subsets (x; and x,)
before and after this point. Then, the t-statistic is estimated as
follows:

X1 — X,
t=

S s J(Um) + (Uny)

™
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where n, and n, are the subsample sizes and n; = n,. x; and x,
are the mean values and S; and S, are the variances for the two
subsamples. Given a significance level o, if |t| >¢,, then abrupt
changes occur at the point with n-2 degrees of freedom.

Results

The decadal variations of ApEn for daily
precipitation in China

The ApEn results of daily precipitation in China from 1961 to
2015 show the characteristics of large in the south and little in the
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Trends of ApEn for daily precipitation in China during
1961-2015.

north, especially in Northwest China (Figure 4A). ApEn of daily
precipitation is less than 0.6 in Southern Xinjiang, western Inner
Mongolia, and western Qinghai Province, which is much smaller
than that in other areas in China. The minimum value of ApEn is
0.1, which occurred at Ejinaqi, western Inner Mongolia. The
annual precipitation in the coastal areas of Southeast China is the
biggest in China. ApEn ranges from 0.8 to 1.0 in these areas,
which is less than those in Sichuan, eastern Tibet, and the most
part of the areas in the south of the Yangtze River. In
northeastern Sichuan and Zhejiang provinces, ApEn is bigger
than 1.1. The ApEn value of daily precipitation in Gongshan,
Yunnan, is 1.33, which is the maximum in China. The values of
ApEn of daily precipitation in China range from 0.1 to 1.33, and
about 90% of the values are between 0.5 and 1.1 (Figure 5), and
the percentage of ApEn between 1.0 and 1.1 is bigger than that of
the others.

To demonstrate the decadal variability of daily precipitation
in China, we calculate the ApEn of daily precipitation for five
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different decades and further obtain the ApEn anomaly for each
decade by subtracting the average ApEn of the five decades.
During 1961-1970, the ApEn of daily precipitation was
weaker than the average in most parts of China except for the
central regions between the Yangtze River and the Yellow River
(Figure 4B). In the next decade, the ApEn anomaly was bigger
than 0.01 in the south of the middle and lower reaches of the
Yangtze River, most of Northeast China, Shandong Province, and
Jiangsu Province, especially in some areas of southern Tibet
(Figure 4C). The ApEn anomaly remains negative in most of
Northwest China and Inner Mongolia. During 1981-1990, the
ApEn value was bigger than the multi-year average value in most
parts of China except Sichuan and Shandong provinces
(Figure 4D). The ApEn anomalies in Northwest China and
northeastern Inner Mongolia have been positive since 1991
(Figures 4E,F). The ApEn values in the south of the middle
and lower reaches of the Yangtze River are less than the average
during 2001-2010 (Figure 4F). The spatial pattern of the ApEn
anomaly was positive both in 1971-1980 and 1981-1990 in the
southern middle and lower reaches of the Yangtze River.
However, it was negative during 1961-1970 and 2001-2010.
The variance of daily precipitation in China in each decade also
shows a decreasing trend in southeastern China while an
increasing trend in northern Xinjiang and southern Tibet,
consistent with the ApEn analysis. In general, ApEn in
Northwest China and the Tibetan Plateau has grown larger
since the 1960s, while that in the south of the middle and
lower reaches of the Yangtze River has become smaller since
the 1970s.

Trends of ApEn for daily precipitation in
China

ApEn of daily precipitation in China shows increasing trends
in most parts of Northwest China, Tibetan Plateau, central
Northeast China, and eastern Inner Mongolia (Figure 6). The
increasing trends are significant at the 90% confidence level in
western Xinjiang, southern and eastern Qinghai, central
Northeast China, and local parts of eastern Inner Mongolia.
Trends of the ApEn are negative in most parts of central and
eastern China, especially in Shannxi, northern Henan, Yunnan,
Guizhou, and northwestern Guangxi provinces.

Abrupt changes in daily precipitation in
China

As an example of detecting abrupt ApEn changes in daily
precipitation records, the daily precipitation records of the
Wautaishan station in Shanxi Province and Wushaoling station
in Gansu Province were selected (Figures 7A,B). Figures 7C,D
represent the yearly ApEn results of daily precipitation in
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Woutaishan and Wushaoling stations, respectively. For the
Woutaishan station, the ApEn value changed greatly at the end
of the 1980s (Figure 7C). For the Wushaoling station, there was
an abrupt mean shift in the ApEn values in the late 1970s and
early 1980s (Figures 7D). To quantitatively identify the change
point of the ApEn value, the MTT method was used with a
significance level of a = 0.01, and the subseries n; = n, = 10 was
used. Figure 7E shows an apparent abrupt change in the ApEn
value of daily precipitation in 1988 at the Wustaishan station. At
the Wushaoling station, an abrupt mean shift of the ApEn value
of daily precipitation occurred in 1979 (Figure 7F).

During 1961-2015, the abrupt changes in ApEn for daily
precipitation in China occurred in most of central and eastern
China, western Xinjiang Province, and eastern Qinghai Province
(Figure 8). The stations with abrupt ApEn changes that occurred
during 1970-1979 are mainly located in central and eastern China,
especially in North China and central Inner Mongolia. During the
period of 1980-1989, the stations with abrupt ApEn changes were
mainly located in central and western China, especially in northern
Xinjiang and eastern Southwest China. During 1990-1999, abrupt
ApEn changes in daily precipitation mainly occurred in the northern
part of China, especially in central Inner Mongolia. Since 2000, the
distribution of stations with abrupt ApEn variations in daily
precipitation has been almost even in China. These results
indicate that the temporal instances of abrupt ApEn changes in
daily precipitation occur from region to region.

Figure 9 shows the time evolution of the numbers of stations
where the ApEn of daily precipitation shows the significant
abrupt change at a significant level of a = 0.01. Four peaks
occurred in 1971, 1986, 1992, and 2002, with 20, 16, 12, and
15 stations, respectively. The time evolution of the number of
stations with abrupt ApEn changes has a noticeable inter-decadal
variation in 1984. Although the maximum number of stations
with abrupt changes occurred in 1971, the total number of
stations with abrupt changes before 1984 was considerably
smaller than that after 1984. This means that the complexity
of daily precipitation in China has been more prone to abrupt
changes since 1984 than in previous periods.

Conclusion and discussion

To investigate the dependence of the ApEn results on the length
of a time series, two sets of experiments were designed. It is shown
that the ApEn value becomes relatively stable when the length of the
time series exceeds 100. Then, ApEn was applied to analyze the
complexity of the daily precipitation in China during 1961-2015.

The ApEn value of daily precipitation in China is larger than
0.8 in most of southern China, especially in eastern Sichuan
Province. However, the ApEn values in southern Xinjiang,
western Inner Mongolia, western Qinhai Province, North
China, and the southeastern part of Northeast China are
below 0.6. During the period of 1961-2015, the ApEn value
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increased in most of Northwest China, central-eastern Inner
Mongolia, and most of Northeast China. The time instants for an
abrupt ApEn shift vary from region to region. The number of
stations with abrupt ApEn changes in daily precipitation during
the period of 1984-2015 is larger than that in the previous period.

Precipitation in China is affected by both internal natural
factors of the climate systems and external forces such as
anthropogenic influences. Following the Mount Pinatubo
1991, the land
experienced a significant reduction (Trenberth and Dai, 2007).

eruption in precipitation over global
The East Asian summer monsoon (EASM) has the principal
influence on precipitation in China. A stronger EASM
corresponds to more rainfall over northern China, whereas a
weaker EASM leads to additional rainfall over the Yangtze—Huai
River Valley (Zhang, 2015). During the second half of the 20th
century, a significant weakening of EASM happened (Wang,
2001), which led to northward moisture transport and
convergence weakening and precipitation in North China
decreased (Ding et al, 2010). Precipitation in northwestern
China increased significantly from 1960 to 2010, which was
associated with the strengthening of the West Pacific
subtropical high and the North American subtropical high (Li
et al, 2016). Thus, ApEn of daily precipitation can be quantified
that helps reveal the variability of dynamical features of the
climate systems in China (Flesisher et al., 1993, Zhao et al., 2008).
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