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The western Pacific subtropical high (WPSH) is closely related to Asian climate. Previous studies have shown that a precise
dynamical model focusing on the interaction between WPSH and other summer monsoon factors has not been developed. Based
on the concept of dynamical model reconstruction, this paper reconstructs a nonlinear dynamical model of subtropical high ridge
line (SHRL) and summer monsoon factors from recent 20 years data. Then, using genetic algorithm (GA), model inversion and
model parameter optimization are carried out. Based on the reconstructed dynamical model, dynamical characteristics of SHRL are
analyzed and an aberrance mechanism is developed, in which the external forcings resulting in theWPSH anomalies are explored.
Results show that the configuration and diversification of the SHRL equilibriums have better represented the abnormal activities
of the SHRL in short and medium term. Change of SHRL brought by the combination of equilibriums is more complex than that
brought by mutation.The mutation behavior from high-value to low-value equilibriums of the SHRL in summer corresponds with
the southward drop of the SHRL.The combination behavior of the two steady equilibriums corresponds with disappearance of the
“double-ridge” phenomenon of WPSH. Dynamical mechanisms of these phenomena are explained.

1. Introduction

The western Pacific subtropical high (WPSH) is one of
the most important components of the East Asian summer
monsoon (EASM) system [1]. The intensity and position of
WPSH show complex seasonal evolutions and the changes
in them greatly affect the occurrence of rainy season in
China, including floods, droughts, and heavy rains. For
example, when WPSH reaches the northernmost position,
especially in summer, it significantly influences rainfall over
China and Japan [1]. In recent years, repeated anomalies of
subtropical high (SH) have been observed and they have
resulted in frequent occurrences of severe meteorological
disasters. For example, the catastrophic Yangtze River flood
in August 1998 was incurred by the abnormal southward

movement of WPSH; South China and Jiangnan region
experienced 14 storms from May to July in 2010 as a result
of the WPSH abnormal activities. These occurrences suggest
that understanding the variations of WPSH is essential for
estimating the monsoon climate changes over East Asia.

Owing to its dominance on the East Asian climate,
WPSH has become one of the leading topics of interest
in atmospheric sciences. The seasonal variation of WPSH
is closely related to the onset and withdrawal of EASM.
The abrupt northward movement of WPSH from winter to
summer is accompanied by abrupt changes in the circulation
patterns over the East Asian monsoon area [2]. The distri-
bution of summer rainfall in China is partly due to WPSH’s
seasonal variations in intensity, structure, and location
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[3, 4]. H. M. Xu et al. [5] and X. L. Xu et al. [6] argued that
the development and strengthening of convection over the
Bay of Bengal caused the strengthening and westward exten-
sion of SHRL. Any change in WPSH would influence the
Meiyu front by influencing the convergence of tropical water
vapor with extratropical airflow [7, 8].

Over the past decades, much effort has gone into uncov-
ering the mechanisms governing WPSH’s activities. Ren and
Wu [9] showed that the dynamical and thermalmechanismof
WPSH short-term variationwas closely related to the anoma-
lies of the South Asian high pressure and the high-latitude
circulation system. The relationship between the WPSH’s
position andmonsoon disturbance in the South China Sea as
well as the Indian Ocean region was diagnosed [10]. Since the
activities and variations ofWPSH are extremely complex [11],
the mechanisms that underlie the WPSH development and
maintenance are still unresolved.The aforementioned studies
have mostly dealt with the diagnostic analysis and have not
dynamically modeled the interaction between WPSH and
EASM. This study will attempt to develop a dynamic model
and analyze the mechanisms of WPSH activities.

A dynamical model of meteorological elements or
weather system is identified from the time series of observa-
tion data, which can provide a feasible way to describe the
physical mechanisms of the complicated weather activities
and anomalies. Zhang et al. [12, 13] investigated into the
reconstruction of a nonlinear dynamical forecastmodel of the
WPSH index based on GA and achieved satisfactory results.
Since the subtropical high is a complex system with many
influencing factors, incorporation of a single factor restricts
the model ability. Thus, a model should incorporate more
influencing factors and these factors should be objectively
chosen. Considering WPSH is a member of the East Asian
summer monsoon system and interacts with it, other mem-
bers in the monsoon system can be introduced to further
refine the dynamical model.

In our study, first the index of subtropical high ridge line
(SHRL) is defined as a measurement of northward jumps
and southward falls of WPSH. The rest of the paper is
organized as follows. We introduce the reanalysis data of
the past 20 years in Section 2. We then determine three
summer monsoon factors which have higher correlation
with the SHRL index by the delay-dependent method in
Section 3. On this basis, the dynamical model reconstructed
of the SHRL index and its impact factors are developed in
Section 4. The equilibria of the inverted dynamical model
are investigated and dynamical actions of the WPSH system,
such as bifurcation and mutation induced by external forces,
are discussed in Section 5. Finally, Section 6 summarizes the
results.

2. Research Data

Thedaily reanalysis data fromMay toOctober of past 20 years
from 1991 to 2010 are provided by the US National Center
for Environmental Prediction (NCEP) and the National
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Figure 1: Geopotential height field at 500 hPa on July 11, 1998 (note:
heavy line represents the subtropical high ridge line).

Center for Atmospheric Research (NCAR), including (1)
horizontal wind field and geopotential height field at 850 hPa
and 200 hPa; geopotential height field at 500 hPa; sea level
pressure field with a resolution of 2.5∘× 2.5∘; (2) the sensible
heat and convective precipitation rate in Gaussian grid; (3)
the observed long wave radiation (OLR) of NOAA satellites.

3. Analysis of the Impact Factors of SHRL

3.1. Basic Facts of the Subtropical High Activities. As the dom-
inant component of the EASM system, the WPSH activities,
mainly as seasonal variations, are most frequent during the
boreal summer. In general, WPSH migrates northward in
a stepwise manner characterized by two distinct northward
jumps. In mid-June, WPSH jumps northward for the first
time, and theMeiyu season in the Yangtze River valley, Japan,
andKorea begins.The second northward jumpusually occurs
in late July or sometimes in August. Then, WPSH shifts to
its most northern position, signaling the end of the Meiyu
season in the above regions and the start of the rainy season
in north and northeastern China [14].

The abnormal activities of SHRL in some years often
result in subtropical circulation anomalies in East Asia
and extreme weather events in China [15–18], for example,
“double-ridge” phenomenon of the subtropical high in 1998
(Figure 1). Thus, the SHRL position and its abnormal activ-
ities often have a great impact on the summer weather in
China.

3.2. The Delay-Dependent Analysis

3.2.1. Correlation Analysis and Statistical Significance Test.
The correlation coefficient 𝑟

𝑥𝑦
measures the relationship

between any two variables. For the time series of two variables
𝑥, 𝑦with the same sample length 𝑛, the correlation coefficient
𝑟
𝑥𝑦

can be computed from the following formula:

𝑟
𝑥𝑦
=

∑
𝑛

𝑡=1

(𝑥
𝑡
− 𝑥) (𝑦

𝑡
− 𝑦)

√∑
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𝑡=1

(𝑥
𝑡
− 𝑥)
2

√∑
𝑛
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𝑡
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2

. (1)



Discrete Dynamics in Nature and Society 3

Table 1: Delay-dependent analysis of the three impact factors and SHRL index.

Number The main member of the summer monsoon system The correlation coefficient (time)
1 The Mascarene cold high strength index (MH) 0.91 (16 d)
2 Somali low-level jet (D) 0.90 (13 d)
3 Latent heat flux of the Indian monsoon (FLH) 0.87 (4 d)
Remark: in the time-delayed numbers, the positive means that the change of monsoon members is ahead of that of SHRL index and the negative indicates a
lag.

The statistical significance of 𝑟
𝑥𝑦

or simply 𝑟 can be
evaluated using the 𝑡-test. The constructed statistic 𝑡 is
expressed as follows:

𝑡 = √𝑛 − 2

𝑟

√1 − 𝑟
2

. (2)

Statistic 𝑡 follows the 𝑡-distribution with 𝑛 − 2 degrees
of freedom. Given the significance level 𝛼, we check the
𝑡-distribution table; if 𝑡 > 𝑡

𝛼
, it indicates that the two variables

are significantly correlated. In fact, in the case of a fixed
sample size, the critical value of the correlation coefficient 𝑟

𝑐

can be obtained by following criterion:

𝑟
𝑐
= √

𝑡
2

𝛼

𝑛 − 2 + 𝑡
2

𝛼

. (3)

If 𝑟 > 𝑟
𝑐
, the significance of the 𝑡 test is accepted.

3.2.2. Correlation Analysis between Members of EASM System
and SHRL Index. In order to further reveal correlative char-
acteristics between members of the Asian summer monsoon
system and WPSH, the index of SHRL (RI) which stands for
the north and southWPSH activities is defined by the Central
Meteorological Observatory [19]: in 500 hPa geopotential
height map of 2.5∘× 2.5∘ grids, 17 latitudes (interval 2.5∘) from
110∘E to 150∘E are chosen and the average of the latitudes with
maximum geopotential height on each latitude is calculated,
the result of which is defined as RI. The larger the value of RI
is, the more northward the position of SHRL is.

There are lots of members in summer monsoon system,
many of which are closely related to WPSH. We use delay-
dependent method to analyze the correlation between these
factors and RI considering the complexity.Three factors with
the best correlation are filtered out for further study, which
are, respectively, as follows:

(1) the Mascarene cold high strength index (MH): the
average of sea level pressure grid points in the region
within [40–60∘E, 25–35∘S];

(2) Somali low-level jet (SL): the average of meridional
wind at 850 hPa in the region within [40–50∘E, 5S-
5∘N];

(3) latent heat flux of the Indian monsoon (FLH):
the latent heat flux in the region within [70–85∘E,
10–20∘N].

Results of delay-dependent analysis between RI and the
above three factors are as follows.

Table 1 shows that the correlation coefficients of the above
three factors with RI have reached above 0.85. Since the
number of samples was all greater than 150, the correlation
coefficient threshold was obtained using the 𝑡-test method.
When the relevant significance level was 𝛼 = 0.05𝑟 and
degree of freedom was 120, the value of 𝑟 which stands
for correlation coefficient threshold was 0.179. It means that
when the correlation coefficient was greater than 0.179, the
results were acceptable at the 95% confidence level.

The Mascarene high in southern hemisphere had influ-
ence on WPSH at the early time and they showed a positive
correlation, whichwas consistent with previous research [20].
The close relationships between Somali low-level jet (SL),
latent heat flux of the Indianmonsoon (FLH), andWPSH are
also agreed with the previous studies [21, 22].

4. Reconstruction of Dynamical Model of
SHRL and Its Impact Factors

Takens [23] strictly set forth and testified the basic idea of
reconstructing dynamical system from time series of the
observed data in his phase space reconstruction theory.
The study suggested that evolvement of any component
in the system could be determined by other components
which interacted with it, and the information of components
could be found in the evolvement of any other correlated
component. So it is possible to reconstruct the dynamical
model of system evolution using time series of observed data.
The idea of dynamical system retrieval and model parameter
optimization is introduced in our paper and four time series
of SHRL, MH, SL, and FLH are chosen to reconstruct the
dynamical model based on the above analysis of the SH and
its impact factors in abnormal years.

4.1. Reconstruction Idea of the Dynamical Model. Suppose
that the physical law of a nonlinear system evolving with time
can be expressed as follows:

𝑑𝑞
𝑖

𝑑𝑡

= 𝑓
𝑖
(𝑞
1
, 𝑞
2
, . . . , 𝑞

𝑖
, . . . , 𝑞

𝑁
) , 𝑖 = 1, 2, . . . 𝑁, (4)

where 𝑓
𝑖
is the generalized nonlinear function of 𝑞

1
, 𝑞
2
, . . .,

𝑞
𝑖
, . . . , 𝑞

𝑁
and 𝑁 is the number of state variables. 𝑁 can

generally be determined by the complexity of dynamical
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system and measured by calculating its fractal dimensions.
The difference form of (4) can be written as

𝑞
(𝑗+1)Δ𝑡

𝑖

− 𝑞
(𝑗−1)Δ𝑡

𝑖

2Δ𝑡

= 𝑓
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, . . . , 𝑞
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𝑖

, . . . , 𝑞
𝑗Δ𝑡

𝑁

)

𝑗 = 2, 3, . . .𝑀 − 1,

(5)

where 𝑀 is the length of time series of observed data.
The model parameters and the system structure can be
gained by inversion algorithm based on the observed
data.𝑓

𝑖
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) is an unknown nonlinear
function and we assume that 𝑓
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representing the expanding items
containing variable 𝑞

𝑖
and 𝑃

𝑖𝑘

just representing correspond-
ing parameters which are real numbers (𝑖 = 1, 2, . . . 𝑁, 𝑗 =
1, 2, . . .𝑀, and 𝑘 = 1, 2, . . . , 𝐾). It can be supposed that
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(6)

Coefficients of the above generalized unknown equation
can be identified through inverting the observed data. Given
a vector 𝐷, the vector 𝑃 can be solved to satisfy the above
equation. It is a nonlinear system with respect to 𝑞; however
it is a linear system with respect to 𝑃 (assume 𝑃 is unknown).
So the classical least-square method can be introduced to
estimate the equation and the regular equation𝐺𝑇𝐺𝑃 = 𝐺𝑇𝐷
can be derived by making the residual sum of squares 𝑆 =
(𝐷 − 𝐺𝑃)

𝑇

(𝐷 − 𝐺𝑃)minimum.
As 𝐺𝑇𝐺 is usually a singular matrix, its eigenvalues

and eigenvectors can be solved easily. After removing those
with 0 value, the remaining components are 𝐾 numbers of
𝜆
1
, 𝜆
2
, . . . , 𝜆

𝑖
which can make up a diagonal matrix Λ

𝑘
and

the corresponding 𝐾 numbers eigenvectors which can form
the diagnostic matrix 𝑈

𝐿
.

With 𝑉
𝐿
= 𝐺𝑈
𝑖
/𝜆
𝑖
and𝐻 = 𝑈

𝐿
Λ
−1

𝑉
𝑇

𝐿

, equation 𝑃 = 𝐻𝐷
can be solved, and the parameter 𝑃 can be obtained.

Based on the above approach, coefficients of the nonlinear
dynamical systems can be determined and the nonlinear
dynamical equations of observed data can be established.

4.2. Dynamical Model Retrieval of SHRL and Its Impact
Factors Based on the Search of Genetic Algorithm (GA).
The existing parameter estimation methods such as neigh-
borhood searching method and least-square estimation are
mostly one-way search which needs to travel the entire

parameter space, so the searching efficiency is low. Due
to the limitation of the error gradient convergence and its
dependence on the initial solution, parameter estimation
is prone to fall into local optimum, rather than global
optimum [24]. GA is a method extensively used as a global
optimization which has been developed in recent years. GA
has excellence in global searching and parallel computing
and error convergence rate can been improved obviously
by GA, so it is very helpful in optimizing parameters [25].
Therefore, we introduceGA to reconstruct dynamicalmodels
and optimizemodel parameters based on the above four time
series of SHRL, FLHMH, and𝐷 represented by𝑇

1
,𝑇
2
,𝑇
3
, and

𝑇
4
.
With the minimum square error 𝑆 = (𝐷 − 𝐺𝑃)𝑇(𝐷 −𝐺𝑃)

as the bound, the way of the model parameter inversion
follows the basic principle in Section 4.1 and seeks population
(solutions) and parallel mode to search for the optimal
parameters in the parameter space.

As we know, there are a lot of two-order linear equations
in geophysical fluid dynamics. A lot of equations which
contain linear and quadratic terms can basically perform the
main characteristic in the atmosphere and ocean, such as the
famous Navier-Stokes (N-S) equation. So we suppose that
the following nonlinear second-order ordinary differential
equations (7) are taken as the dynamical model of SHRL and
its impact factors for the retrieval and reconstruction:
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Suppose that parameter matrix 𝑃 = [𝑎
1
, 𝑎
2
, . . . 𝑎
9
; 𝑏
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, 𝑏
2
,

. . . 𝑏
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2
, . . . 𝑐
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] of the above equations is the popula-

tion. The objective function is the minimal residual sum
of squares 𝑆 = (𝐷 − 𝐺𝑃)

𝑇

(𝐷 − 𝐺𝑃). The individ-
ual fitness value is 𝑙

𝑖
= 1/𝑆 and the total fitness

value is 𝐿 = ∑
𝑛
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𝑙
𝑖
. In which 𝐷 and 𝐺 comes from
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1

.

the actual meteorological data: the averaged time series of
SHRL fromMay 1 to October 31 of recent 20 years are chosen;
the averaged time series of FLH from April 27 to October 27
of recent 20 years are chosen; April 15 to October 15 for MH
andApril 18 toOctober 18 for SL of recent 20 years are chosen.
The total length for the four time series is 184 days. They are
used to optimize and retrieve model parameters.

The steps of GA include coding and creation of the initial
population; calculation of fitness; the male individual choice;
crossover and variation. The calculation theory and detailed
explanation can be seen in the related reference [25]. In
the calculation, the step length is one day. Based on the
above steps, taking 𝑎

1
, for example, individuals distribution

of the initial population and optimization individuals after
15th genetic operations of 𝑎

1
are shown in Figure 2. From the

figure, after many times of genetic operations, the optimal
results can be found which is more and more close to
the minimum value of the objective function. Finally, after
about 24 times of the genetic operations and optimization
searching, the optimal result of 𝑎

1
= 3.22 can be got. Other

parameters are also obtained by this process.
𝐿
𝑘
= (𝐺
𝑘
𝑃
𝑘
) in (8) reflects relative contribution of each

item to the system evolution. After eliminating parameters of
weak items with little contribution 𝐿

𝑘
, such as 𝑎

4
and 𝑏
1
, we

can retrieve the nonlinear dynamical model of SHRL and its
impact factors, which is as follows:

𝑑𝑇
1

𝑑𝑡

= 3.22𝑇
1
+ 0.0048𝑇

2
+ 13.22𝑇

3
− 4.78 × 10

−8

𝑇
2

2

+ 2.025 × 10
−4

𝑇
1
𝑇
2
− 1.29 × 10

−4

𝑇
2
𝑇
3

+ 3.708 × 10
−6

𝑇
2
𝑇
4
,

𝑑𝑇
2

𝑑𝑡

= − 64.8571𝑇
1
+ 0.0781𝑇

2
− 106.4363𝑇

3
− 74.3732𝑇

4

− 7.6904 × 10
−7

𝑇
2

2

+ 6.3939 × 10
−4

𝑇
1
𝑇
2

+ 0.0011𝑇
2
𝑇
3
+ 7.3272 × 10

−4

𝑇
2
𝑇
4
,

𝑑𝑇
3

𝑑𝑡

= − 0.0024𝑇
2
− 3.1266𝑇

3
+ 0.28𝑇

4

+ 2.3846 × 10
−8

𝑇
2

2

− 0.49𝑇
2

4

+ 3.3276 × 10
−5

𝑇
2
𝑇
3

− 1.4595 × 10
−5

𝑇
2
𝑇
4
,

𝑑𝑇
4

𝑑𝑡

= − 50.3035𝑇
1
− 0.0155𝑇

2
+ 141.2436𝑇

3
+ 1000.011𝑇

4

+ 0.2325𝑇
2

3

+ 3.2534 × 10
−5

𝑇
2

4

− 0.0976𝑇
1
𝑇
3

+ 0.0032𝑇
3
𝑇
4
.

(8)

To test the accuracy and rationality of the above model,
practical tests are necessary.With actual data (from themodel
series) selected as the initial value, we carry out integral
forecast experiments in the model. The correlation coeffi-
cients of the four time series between the forecasting value
and the actual value are, respectively, 0.9054, 0.8291, 0.8972,
and 0.8477. The results of integral forecast experiments are
in good agreement with the observation, which means that
the above inversion model can basically describe the actual
weather facts.

5. Dynamical Characteristic Analysis of
SHRL Aberrance

Item 5 contains two sections. In Section 5.1, combining
our model, we discuss the discrimination theory of the
equilibrium stability. Based on the discrimination theory, we
can find that the equilibriums of our model with different
parameters are changing. And in Section 5.2, we choose four
most representational parameters 𝑎

1
, 𝑑
14
, 𝑐
8
, and 𝑐

4
. Changes

of these parameters in this model can lead to instability and
bifurcation of the equilibrium of the WPSH system. Finally,
we link the instability and bifurcation of the equilibriumwith
the actual weather conditions.

5.1. The Discrimination Theory of the Equilibrium Stability.
The fixed points (in equilibrium state) of the dynamical
system are a set of roots of dynamical system equations,
and they rarely change with time. Stability of fixed points
corresponds with the stability of the dynamical system, and
the trajectory near the fixed points determines characteristics
of the fixed points. The fixed points which often appear can
be divided into four types: crunodes, saddle point, focus,
and center point. Taking the model equations of SHRL and
its impact factors as an example, we calculate the singular
spot and discuss the stability of the equilibrium depending
on the characteristics of the eigenvalues of the Jacobian.
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The nonlinear dynamical model equation (8) of SHRL and
impact factors has a generalized form as the following:

𝑓 =

𝑑𝑇
1

𝑑𝑡

= 𝑎
1
𝑇
1
+ 𝑎
2
𝑇
2
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3
𝑇
3
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4
𝑇
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+ 𝑑
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𝑇
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+ 𝑑
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1
𝑇
2
+ 𝑑
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𝑇
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𝑇
3
+ 𝑑
13
𝑇
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𝑇
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𝑇
3
𝑇
4
.

(9)

As to large-scale weather systems such as WPSH and
summermonsoon system, when they are in a relatively stable
state, its time-varying item of dynamical model has small
value and the left items of the equations can be seen as
zero. So the fixed points can be obtained through solving the
equilibrium equations of the constant coefficient differential
system. Then the stability can be analyzed. Formula (10) can
be called the Jacobian matrix:

𝛼
11
= (
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(10)

The eigenvalue 𝜆 of the Jacobian matrix of the equations
satisfies the next formula:

[
[
[

[

𝛼
11
− 𝜆 𝛼

12
𝛼
13

𝛼
14

𝛼
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𝛼
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𝛼
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𝛼
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𝛼
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𝛼
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𝛼
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𝛼
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𝛼
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𝛼
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]
]
]

]

= 0. (11)

The equation of the eigenvalues can be converted as
follows:

(𝛼
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− 𝜆) (𝛼
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− 𝜆) (𝛼
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𝛼
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𝛼
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𝛼
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𝛼
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𝛼
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− 𝜆) 𝛼
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(𝛼
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− 𝜆) − 𝛼
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𝛼
43
𝛼
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𝛼
21

− 𝛼
13
(𝛼
44
− 𝜆) 𝛼

31
(𝛼
22
− 𝜆) = 0.

(12)

So solutions of this four-order equation can be gotten,
which are the eigenvalues of DF(𝑥∗). We can judge whether
the equilibrium is stable at this time according to the
following three theorems.

Theorem 1. When all of the eigenvalues of DF(𝑥∗) have neg-
ative real part, the equilibrium of system (9) is asymptotically
stable.

Theorem 2. When at least one of the eigenvalues of DF(𝑥∗)
has positive real part, the equilibrium of system (9) is unstable
under Lyapunov sense.

Theorem 3. When all of the eigenvalues of DF(𝑥∗) have zero
real part, the stability of the equilibrium in system (9) depends
on the higher-order terms of the Taylor series.

The situation of Theorem 3 is called critical case, which
often appears in the conservative system. Based on the above
discussion, we can easily judge the stability of the equilibrium
states.

5.2. Mechanisms of the Dynamical Characteristics of SHRL
Aberrance. Based on the above equilibrium theory, we try to
discuss and explain the abnormal mechanism of SHRL from
the dynamical view of the model. We mainly investigate the
abnormal changes of time series.

With time-varying items (the left items) of (8) seen as
zero, the dynamical equilibrium equations which describe
SHRL activity can be gotten. Then we change one parameter
value of the equations by numerical calculation and the
distribution of the equilibrium also changes, which can
approximately reflect evolvement of SHRL systemwith exter-
nal parameters.
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Figure 3: The stable equilibriums of the SHRL varying with 𝑎
1

.

If the number and the style of the equilibrium are
changing with different external parameters, we call this
change of equilibrium as the bifurcation in the system; if
there is a jumping phenomenon from a stable equilibrium
to another with the change of parameters, we call that as the
mutation in the system.

As there are numerous parameters in the equations,
we choose four representatives to discuss the influence of
different parameters on SHRL equilibriums.Actually, we have
estimated the equilibrium stability of all the 29 parameters
in (8), and after comparison, we find that the 𝑎

1
, 𝑑
14
, 𝑐
8
, and

𝑐
4
are the most representational ones for the combination,

bifurcation, and mutation. So parameters 𝑎
1
, 𝑑
14
, 𝑐
8
, and 𝑐

4

for (8) are selected as representatives for discussion.

5.2.1. Bifurcation and Combination of the Equilibrium Induced
by External Parameter 𝑎

1
and Aberrance of SHRL. The equi-

librium of SHRL from the model is changing with external
parameter 𝑎

1
, shown in Figure 3.

Figure 3 shows how the equilibrium of the SHRL changes
along with the increase of parameter 𝑎

1
. When 𝑎

1
<

5.1, there are two equilibriums with very different values,
which are, respectively, high value equilibrium and low value
equilibrium. With the increase of 𝑎

1
, the difference between

the two equilibriums reduces significantly. When 𝑎
1
> 5.1,

the two equilibriumsmerge into one stable equilibrium.Then
with the increase of 𝑎

1
, the equilibrium is stable and rarely

varies. The changing process of the equilibrium in Figure 3
reflects the change of the actual weather conditions. Two
stable equilibriums just report two corresponding centers of
SHRL, which is obviously a “double-ridge” phenomenon.

After combination, there is only one stable equilibrium
and the corresponding center of SHRL is only one which is
in general situation. Facts reveal that when “double-ridge”
phenomenon occurs in Western Pacific, neonatal south side
of the ridge locates near 10∘N,while the north side of the ridge
locates at north of 25∘N. As time goes on, the north side of
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Figure 4: The stable equilibriums of the SHRL varying with 𝑑
14

.

the ridge weakens and vanishes, while the south side of the
ridge is maintained and developed. So the “reconstruction”
of SHRL in the south side is completed and the second
plum rain period may appear in the Yangtze River Basin.
This indicates that both equilibriums of SHRL (north side
and south side) can coexist with the right impact of external
forcings or physical factors, which can well explain “double-
ridge” phenomenon of WPSH in 1998 summer (Figure 1).
Studies show that WPSH has undergone unusual changes
and there was a second plum rain in the middle and lower
reaches of Yangtze River [9]. In rainy interval which started
after the first plum rain period and ended before the second
one, “double-ridge” phenomenon of WPSH occurred [26].
The “double-ridge” phenomenon which runs through the
“reconstruction” process of WPSH significantly signals the
discontinuous southward retreat of SHRL and is greatly
beneficial for flood forecast in the Huaihe River basin. All
show that the parameter 𝑎

1
is an important external forcing

whichmay cause a stable single ridge ofWPSH to become the
abnormal double ridges.

5.2.2. Bifurcation and Discretization of the Equilibrium
Induced by External Parameter 𝑑

14
and Aberrance of SHRL.

The equilibrium of SHRL from the model of SHRL and
its impact factors is changing with external parameter 𝑑

14
,

shown in Figure 4.
Figure 4 shows how the equilibrium of the SHRL changes

along with the increase of parameter 𝑑
14
. When 𝑑

14
<

0.001, there is one equilibrium state. But when 𝑑
14

>

0.001, the equilibrium is divided into two equilibriums. With
the increase of 𝑑

14
, the low value equilibrium maintains

stability. Figure 4 reports the dynamical characteristics of
SHRL model in summer. Combined with the weather facts,
before bifurcation, there is a single stable equilibrium and the
corresponding WPSH range (5900 potential line) is located
at low latitude (center 20∘N) in the Western Pacific ocean,
which is similar to the circulation in early spring season; after
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Figure 5: From May to August 2006 (a) latitude-time distribution of 586 dagpm contour along 110∘E∼120∘E averaged; (b) longitude-time
distribution of 500 hPa geopotential height along 27.5∘N∼33.5∘N averaged (unit: dagpm) (note: in (a), shaded areas represent the latitude-
time distribution of OLR anomaly ≤ −20W⋅m−2, while in (b), deep shaded areas indicate that potential height is greater than 586 and 588
dagpm region. The long-dashed line is the multiyear average of 586 dagpm line in both figures).

bifurcation, there appears two possible patterns of theWPSH
activities: one is that westward extended of WPSH to the
South China with the other part still remaining at sea, while
the northward process of WPSH is not obvious which also
remains at low equilibrium state after bifurcation; the other is
expressed as significant enhancement and northward lifting
of WPSH (5900 centre locates near 30∘N and will extend to
about 40∘N). The process is similar to abnormal strengthen-
ing of WPSH and northward or westward circumfluence in
summer of 2010 (the arrow L and M in Figure 5), resulting
in 14 storms from May to July in South China and Jiangnan
areas and 10 storms from mid-July to early September in
northern and western regions. All of these indicate that
the parameter 𝑑

14
is an important external forcing which

may cause abnormal enhancement and northward jump of
WPSH.

5.2.3. Bifurcation and Mutation of the Equilibrium Induced by
External Parameters 𝑐

8
, 𝑐
4
andAberrance of SHRL. Thestable

equilibriums of the SHRL change along with 𝑐
8
, 𝑐
4
, and the

comparison is shown in Figure 6.
Figure 6 displays that changes of equilibriums in the

above two figures are similar, both showing bifurcation and
mutation. In Figure 6(a), the stable equilibriums change with

𝑐
8
. When 𝑐

8
< −1.9, SHRL is in a low value equilibrium

ranging from 10 to 15. When 𝑐
8
> −1.9, the equilibrium of

SHRL suddenly jumps to higher value states between 22 and
28. When 𝑐

8
> 1.1, the equilibrium again suddenly leaps and

locates in high value state of 35–40. What Figure 6(a) reflects
on the weather situation is two northward hopping processes
of WPSH. In early June, SHLR first jumps north over 20∘N,
and the plum rain in the Yangtze River and Huaihe River
basin starts; at the beginning of July, SHLR jumps north again
over 25∘N when the rain belt moves from Jianghuai areas to
North China. This weather situation is universal and appears
in most years. All this shows that parameter 𝑐

8
is an external

forcing which leads to normal northward jump of WPSH.
The changing of equilibrium with external parameters in

Figure 6(b) is very similar to that in Figure 6(a), but there is
only one jumping process in Figure 6(b), while there are two
in Figure 6(a). In Figure 6(b), the equilibrium value suddenly
jumps from 15 to 35when 𝑐

4
> 0.54, which represents a strong

northward hopping process of WPSH with SHRL changing
from 15∘Nto 35∘N.The impact on actualweather conditions is
that WPSH jumps directly to the Yellow River Basin without
stopping over at the Yangtze River basin which results in
the “empty plum” phenomenon. For example, in June 2006,
with the second westward extending and northward jumping
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Figure 6: The stable equilibrium of the SHRL varying with 𝑐
8

(a) and 𝑐
4

(b).

of WPSH, SHRL quickly moved to 35∘N, which led to the
second continuous empty plum in the middle and lower
reaches of the Yangtze River since 2005. Rain belt appeared in
the Huaihe River Basin and WPSH was very unstable which
oscillated near 30∘N. Above analysis indicates that external
parameters 𝑐

4
and 𝑐
8
maybe the external forcing leading to

WPSH northward jump.

6. Summary

The WPSH is an important member of the East Asian
summer monsoon system, which is in a nonlinear system
together with the monsoon circulation.TheWPSH also plays
a major role in East Asian climate. Previous studies focused
on uncovering the laws of its abnormal activities and dynamic
mechanism. In early stages the low-order spectral method
obtained multiequilibrium states were often utilized for the
high’s northward displacement and subsequently, Fan and
Miao [27] explained the genesis by means of Rossby soliton
theory. However, WPSH differs in formation more greatly
from blocking highs, and particularly the meridional shift of
the high is just a change in position, with few or no change
for the related flow pattern, which differs greatly from the
multiple equilibria of different space flow patterns associated
with meridional and zonal circulations of high and low index
at extratropics. Therefore, it seems difficult to expound the
variation ofWPSH by use of themultiequilibrium theory and
the result differs to greater extent from observational fact.
So far, few reports published have solved this problem. To
overcome the limitations for the inconsistency of a soliton
solution with the facts of the real atmosphere, we use the
novel idea of reconstructing dynamical system to invert the
model of SHRL and its impact factors from time series of the
observational data. And the dynamical characteristics can be
analyzed. The major results are summarized as follows.

(1) Three summer monsoon factors which have close
relationship with the subtropical high ridge line
(SHRL) index are found by delay-dependent method:
Mascarene cold high intensity, Somali low-level jet,
and latent heat flux of the Indian monsoon.

(2) Due to the complexity of the EASM system and
summer activities of WPSH, the dynamical model to
describe WPSH activities has not been established
so far. In this study, we put forward a novel idea to
reconstruct dynamical model of SHRL and its impact
factors.

(3) We investigated the mechanism of SHRL aberrance
and the equilibrium stability of theWPSH system and
analyzed the dynamical characteristics and actions,
such as bifurcation and mutation induced by the
external forcings. Changes of parameters in this
model can lead to instability and bifurcation of the
equilibrium of the WPSH system.

(4) We link the developed mechanism with the actual
weather conditions and further analyze character-
istics of the actual WPSH and summer monsoon
system activities. We find that the distribution and
variation of the equilibrium of SHRL and its impact
factors have good correspondence with the actual
medium-short abnormal activities of the WPSH.
Our analysis also shows that the change brought by
equilibrium change of bifurcation and combination is
more complex than that brought by mutation. In par-
ticular, the hop from lowvalue equilibrium to the high
one in the summer WPSH system corresponds with
the dynamical behaviour of the WPSH northward
jump. Combination of the two steady equilibriums
corresponds with the disappearance of the “double-
ridges” phenomenon of the WPSH. All are applied to
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characteristics representation and mechanism expla-
nation of the empty plum rain in themiddle and lower
reaches of the Yangtze River in 2006 and “double-
ridge” phenomenon in 1998 summer.
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