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Precipitation sequence is a typical nonlinear and chaotic observational series, and studies on precipitation forecasts

are restricted to the use of traditional linear statistical methods, especially when analysing the regional characteristics

of precipitation. In the context of 20 stations’ daily precipitation series (from 1956 to 2000) in South China (SC)

and North China (NC), we divide each precipitation series into many self-stationary segments by using the heuristic

segmentation algorithm (briefly BG algorithm). For each station’s precipitation series, we calculate the exponent of

power-law tail (EPT) of the cumulative probability distribution of segments with a length larger than l for precipitation

and temperature series. Our results show that the power-law decay of the cumulative probability distribution of

stationary segments might be a common attribution for precipitation and other nonstationary time series; the EPT

somewhat indicates the precipitation duration and its spatial distribution that might be different from area to area.

The EPT in NC is larger than in SC; Meanwhile, EPT might be another effective way to study the abrupt changes in

nonlinear and nonstationary time series.
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1. Introduction

A time series is stationary if the mean, standard
deviation, higher moments, as well as the correlation
functions, are invariant under time translation.[1] In-
terestingly, the time series, which arise from a large
number of phenomena in many systems, such as areas-
including physiologic systems, economic systems, In-
ternet, and climatic systems, are nonstationary.[2−8]

Nonstationarity is a prominent feature of climatic vari-
ability that can be associated with segments of differ-
ent statistical properties.

Climatic signals obtained under both natural and
human influences raise serious difficulties in both tech-
nical and fundamental aspects of time series analy-
sis. By filtering out effects of nonstationarity, much
work has focused on ‘intrinsic properties’ of climatic
signals,[9,10] This approach may reveal intrinsic cor-
relation properties of dynamics. Indeed, important
scale-invariant features in physiological processes were

recently revealed after filtering out masking effects
of nonstationarity.[11,12]. Besides, climatic signal is
known to change from area to area and from time to
time, suggesting that more than only environmental
conditions are reflected in the phenomena.[13] Is there
a nontrivial structure associated with nonstationar-
ity in climatic signals, which may change with area
and time? In order to solve this problem, we try to
treat the precipitation series of South China (SC) and
North China (NC) by using the segmentation algo-
rithm. In such a way, a nonstationary climatic series
can be divided into a number of segments that are
properly stationary. The statistical properties of the
segments can help us better understand the overall
nonstationarity of the time series and yield practical
application.[14,15]

In this paper, a heuristic segmentation algorithm
(briefly BG algorithm), which was recently proposed
by Bernaola-Galvan and co-workers, is applied to de-
tecting 20 nonstationary precipitation series in SC and
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NC. We try to find out the intrinsic properties of the
power-law decay of the cumulative probability distri-
bution contained in these precipitation series. In Sec-
tion 2, we briefly introduce the BG algorithm and its
physical meaning. In Section 3, we present the results
of EPTs of 20 precipitation series. In Section 4, we
consider the spatial distribution characteristics of the
exponents of the power-law decay; In Section 5, we
analyse the abrupt precipitation change (APC) in SC
and NC with EPT. Finally we summarize our findings.

2. BG algorithm and its physical

meaning

When one of traditional abrupt change detec-
tion methods, such as filter detection, moving t test,
Grammer method, etc, is used to detect abrupt cli-
mate change (ACC), it is generally assumed that cli-
mate change is a stationary and linear process.[15−18]

Bernaola-Galvan put forward a heuristic segmentation
algorithm (BG algorithm) in 2001,[14,19] which differs
from the traditional methods, and its main points can
be summarized as follows.

For a time series x(t) composed of N points, we
move a sliding pointer from left to right along the se-
quence. At each position of the pointer, the mean
and standard deviation of the subset of the sequence
from the left of the pointer (µ1(i) and s1(i)) and from
the right (µ2(i) and s2(i)) are computed, separately.
Then, the pooled variance at point i is

sD(i) =
(

(N1 − 1)× s1(i)2 + (N2 − 1)× s2(i)2

N1 + N2 − 2

)1/2

×
(

1
N1

+
1

N2

)1/2

, (1)

where N1 and N2 are the numbers of points to the
left and to the right of the pointer. The statistical
value T (i) of t test is used to quantitatively express
the difference between µ1(i) and µ2(i) as

T (i) =
∣∣∣∣
µ1(i)− µ2(i)

sD(i)

∣∣∣∣ . (2)

Repeating the above computational procedure for
each point of the time series yields the time series
of the statistical value T (t) of t test corresponding to
x(t) one by one. The statistical significant P (Tmax) of
maximum value Tmax is

P (Tmax) = Pr obability(T ≤ Tmax), (3)

i.e. P (Tmax) denotes the probability of obtaining the
value of T equal to or lower than Tmax within a

random sequence. P (Tmax) can be approximated by
means of Monte Carlo simulation, and it is generally
expressed as follows:

P (Tmax) ≈ [1− I[v/(v+T 2
max)](δv, δ)]η, (4)

where η = 4.19 ln N − 11.54, δ = 0.40 with N being
the length of time sequence x(t); v = N − 2; Ix(a, b)
is the incomplete beta function. P0 is assumed to be
a threshold of P , if the difference in mean is not sta-
tistically significant i.e. if P (Tmax) < P0, then the
time series is not cut. If the difference in mean be-
tween the left and the right parts of the time series
is statistically significant, i.e. if P (Tmax) ≥ P0, then
the time series is cut into two segments as long as the
means of the two new segments are significantly dif-
ferent from the means of the adjacent segments. If the
time series is cut, we continue to iterate the above pro-
cedure recursively on each segment until the obtained
significant value is smaller than the threshold P0, or
the length of the obtained segments is smaller than
an imposed minimum segment length l0. We will see
that the value of l0 is one of the parameters controlling
the accuracy of the algorithm. After the above opera-
tion, the original sequence is divided into several self-
stationary segments with statistically different means
and cutting points are abrupt change points (ACP) of
mean values. We use weather generator[20,21] to simu-
late precipitation in many places of China and obtain
10000 series with a given length of 45 years, then we
segment them at different P0 and l0 to choose the best
parameter. With l0=40 and P0=0.99, segment results
from them are the most consistent with each other.

3. Scaling law existing in the non-

stationary time series

Here we consider 20 daily average precipitation
series from different stations in SC and NC, sepa-
rately. The length of each precipitation series is 45
years (A.D.1956–2000). In order to remove the trend
of each sequence, all these datasets have subtracted
the global average. Figure 1 shows the detail informa-
tion of these 20 stations. In light of the non-succession
of precipitation series, we analyse a time series of 10
days’ running average of each original series. Figure
2 shows a abnormal time series of 10 days’ running
average of Danxian in SC and Yangquan in NC; other
station’s running average time series are similar, and
so we do not give their figures have to save the space
of this paper.
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Fig.1. The analysed locations of 20 stations in SC (a) and NC (b), each with 10 stations.

Fig.2. Abnormal time series of 10 days’ running average for Danxian in SC (a) and Yangquan in NC (b).

With l0=40 and P0=0.99, the BG algorithm leads
to the dividing of the 20 datasets into segments with
well-defined means, each is significantly different from
the means of its adjacent segments. Figure 3 shows
the results for Yanquan and Danxian. Obviously, the
lengths of segments are different from each other. To
quantify the nonstationarity of each precipitation se-
ries, we study the statistical properties of the lengths
of all the segments (the mean values for different seg-
ments have been analysed in other papers).

Figure 4 displays two stations’ cumulative prob-
ability distributions of segment lengths, showing the
probability of finding a segment with a length larger
than l for precipitation and temperature series. Here
the cumulative probability distribution that is widely
used in economies and well known as the Pareto
law,[22] is adopted to reduce the statistical errors from
a limited length of time series. The cumulative prob-
ability distribution of the lengths of stationary seg-

ments cut by the BG algorithm for precipitation and
temperature series is well fit to a power-law decay. For
all the time series of the 20 stations, we find

P (L > l) ∼ l−γ . (5)

Different time series have different values of the ex-
ponent γ of the power-law decay, indicating that the
BG algorithm divides the nonstationary time series
into segments with asymptotic statistical properties.
This characteristic of nonstationary time series exists
not only in precipitation and temperature sequences,
but also in many other nonstationary signals, such as
physiological signals of heart rate and internet traffic
flow density, et al.[19,23] These findings indicate that
the power-law decay of the distribution of the sta-
tionary segments may be a common attribution for
nonstationary time series. From formula (5) we can
know that a large EPT often corresponds to the case
of more long segments and less short segments. From



2748 Feng Guo-Lin et al Vol. 17

this point, we can conclude that the EPT also some-
what indicates the duration of precipitation, that is to

say, the smaller the EPT is, the better the duration
of precipitation will be.[24]

Fig.3. Mean values of segments for Danxian (a) and Yangquan (b); panels (c) and (d) show the

magnifications of small parts (2000 days) of subsets in panels (a) and (b).

Fig.4. Cumulative probability distribution of segments with lengths larger than l for precipita-

tion and temperature series in ln–ln scale. Panels (a) and (b) show the temperatures in Danxian

and Yangquan; panels (c) and (d) display the precipitations in Danxian and Yangquan.
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The power-law decay of precipitation segments is
consistent with a self-organized critical process. The
concept of self-organized criticality[25−27] refers to the
tendency of non-equilibrium systems driven by slow
constant energy input to organize themselves into crit-
ical states where all scales are relevant. The charac-
teristic feature of self-organized critical systems, even
if their dynamics is incomprehensibly complex, is that
the intermediately stored energy is eventually released
in sudden bursts with no typical size. That is to
say, the atmosphere is the system under investigation
and corresponds to the Earth’s crust or the granular
pile,[28,29] It is driven by a slow and constant energy
input from the Sun. In particular, water is evaporated
from the oceans, and the energy is stored in the form
of water vapour in the atmosphere. It is then sud-
denly released in bursts when the vapour condenses
into water drops. The power-law distribution of seg-
ments versus length is equivalent to the Gutenberg–
Richter law for earthquakes and the power-law distri-
bution of avalanche size. There is no constant drizzle

accounting for the constant evaporation but segments
of a wide range of lengths. One could imagine the
classifying of rain process according to their lengths
just as earthquakes are classified according to their
Richter scale.

4. The distribution of precipita-

tion EPTs in SC and NC

In SC and NC, the characteristics of climate are
quite different, especially in precipitation. However,
we find that all the precipitation series of these two
regions follow the power-law decay (Fig.4). Here we
calculate EPTs (i.e. the value of the exponent of the
power-law decay) (Table 1) of the precipitation series
of the 20 stations, separately. Besides, we also sepa-
rately calculate the daily average precipitations of all
the stations in SC and NC and obtain two new time
series. These two new time series show daily average
precipitations in SC and NC, respectively. Then we
calculate EPTs of these two new series.

Table 1. The values of exponent of the power-law decay for the 20 stations in SC and NC.

SC NC

station γ station γ station γ station γ

Xuwen 1.91 Shenzhen 1.81 Taishan 2.06 Weifang 2.10

Heyuan 1.84 Guangzhou 1.69 Juxian 2.20 Datong 2.14

Gaoyao 1.76 Guangan 1.89 Xingxian 2.25 Yangquan 2.16

Lianping 2.00 Lianxian 1.68 Linfen 2.34 Fengning 2.15

Danxian 1.95 Sanya 1.86 Weichang 2.07 Zhangjiakou 2.31

Figure 5 displays the cumulative probability dis-
tributions for 6 stations’ precipitation series in SC
and NC, other stations’ distributions are similar. The
EPTs of 10 stations in NC vary between 2.0–2.4, which
are somewhat larger than those vary between 1.6–2.0
in SC (Table 1). Meanwhile, the value of the exponent
of the power-law decay for average precipitation series
of all the stations in SC is 1.92, and the exponent in
NC is 2.54 (see Fig.6). Based on these aspects, we can
conclude that the characteristic of scaling law may be
a common feature for precipitation series, the expo-
nents vary in a certain scope in different areas, and
they are larger in NC than in SC. From the point of
the physical meaning of EPT, it is obvious there are
more long segments and less short segments of pre-
cipitation series in SC than in NC, that is to say, the
duration of precipitation in SC is longer than in NC.

As is well known, the precipitation has regional
characters in time and space,[30−32] so EPT vary from
station to station even in the same climatic region.
Meanwhile, in China there are five dynamical climatic
characteristic regions, among which SC and NC be-
long to region II and IV, respectively. The precipi-
tation of region II is closely related to the El Nino–
Southern Oscillation (ENSO), which may be associ-
ated with the India–East Asian teleconnection pat-
tern. While the influence of ENSO on region IV is not
evident, but the influence of the ridge-line position of
the subtropical high on precipitation is distinct, which
may be related to the Tibetan plateau teleconnection
pattern.[33,34] That might be the reason for the dura-
tion of precipitation in SC is better than in NC, i.e.
the values of the exponent the power-law decay in NC
are greater than 2.0 but those in SC are less than 2.0.
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Fig.5. Cumulative probability distributions of 6 stations’ precipitation series in SC and NC.

Fig.6. Cumulative probability distributions of daily average precipitation series for SC with

γ=1.92, (a) and NC with γ=2.54 (b).

5. The abrupt change of precipi-

tation in SC and NC

Abrupt precipitation change (APC) is a spe-
cial manifestation of the non-linearity of climate sys-
tem. The non-linearity of climate system will result
in multi-scale, multi-hierarchy, and non-stationarity,
which make it more difficult to analyse and detect the
APC and put forward much higher requirements for
detecting methods. In this section, we try to analyse
the APC of SC and NC from a new aspect-EPT. We
take a sliding window W with a width of 10 a and
move the window separately along the two daily av-

erage precipitation series of SC and NC with a step
of 1a. At each position, we calculate the value of the
exponent of the power-law decay for the sub-series in
a corresponding window. Rain events may happen in
only one day or last several days, different places and
times have different spatial and temporal characteris-
tics, however, there are few studies on this point and
there exists no specific definition about the duration of
precipitation. According to recent studies,[24,35] EPT
can somewhat indicate the duration of precipitation.
In order to define the durative extent of precipitation,
we consider the all decay exponents and divided them
into four grades:
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γ ∼





λ ≥ 2.2, 1st grade,

2.2 > λ ≥ 2.0, 2nd grade,

2.0 > λ ≥ 1.8e, 3rd grade,

λ < 1.8, 4th grade.

(6)

Figure 7(a) shows that most exponents of the
power-law decay for SC fall in 3rd and 4th grades,
while most exponents of the power-law decay for NC
fall in 1st and 2nd grades (see Fig.7(b)). Obviously,
the values of the exponent of the power law decay for
SC have distinct abrupt changes before or after 1973,
1980 and 1992; Distinct abrupt changes of the values
of the exponent of the power law decay happening in
NC before or after 1971, 1979 and 1990 are 1–2 years
earlier than the formers. EPT can reflect the intrin-

sic properties of precipitation series, and its variation
is closely related to the precipitation, so the abrupt
change of the value of the exponent of the power-
law decay to some extent can characterize the APC.
That is to say, before or after 1970, 1980 and 1990
there might be consistently distinct APCs in SC and
NC, meanwhile the APC in SC is 1–2 years later than
in NC. This result is well consisted with the present
conclusions.[36−38] There are also several small APCs
both in SC and NC, such as 1997 in SC and 1985
and 1994 in NC, which might result from local cli-
mate changes under different external forcings. With
EPTs we can quantify the extent of precipitation du-
ration. Besides, EPTs also might be another effective
way to study the abrupt changes in nonlinear and non-
stationary time series i.e. ACC, APC, etc.

Fig.7. The exponents of power-law decay of two daily average precipitation series corresponding

to each window. (Abscissa represents the last year of each window, and the ordinate represent

the exponents of power-law decay in SC (a), and in NC (b)).

6. Conclusion and discussion

We first divide precipitation series into many self-
stationary segments based on the BG algorithm in or-
der to analyse the intrinsic properties of nonstationary
time series and study the characteristics of precipi-
tation in SC and NC. We find that the atmosphere
system is similar to the Earth’s crust or the granular
pile, and that the power-law decay of the distribution
of the stationary segment might be a common attri-
bution for precipitation and other nonstationary time
series. This insight might inevitably inspire a new
investigation into the modelling of precipitation and
atmospheric processes, and it also might be used as
a benchmark for existing models and useful, for ex-

ample, in drought and flooding hazard assessments.
In a more general sense, our analyses show that new
insights can be extracted from the very general point
of view of complexity and self-organization theory. It
may serve as an example to show how to use this ap-
proach in situations that seem too complex to be ac-
cessible to quantitative analysis.

The value of the exponent of power-law tail, which
can somewhat indicate the durative characteristics of
precipitation, is different from place to place: it is
2.54 in NC larger than that in SC (1.92); besides,
before or after 1970, 1980 and 1990 there might be
homochronous distinct APCs in SC and NC under
the background of climate change in China, and EPT
might be another effective way to study the abrupt
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changes in nonlinear and nonstationary time series.
However, the study of scaling law for precipitation se-
ries is just in the beginning period: the physical mean-

ing of EPT is still not quite clear and its explanation
might have practical significance to precipitation fore-
casts.
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