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ABSTRACT: The 500-hPa geopotential height data used in this paper are from NCEP/NCAR data set for the 
period from 1979 to 1996 (from March to July). Using pentad average, we define the intensity, westernmost ridge 
point and mean latitude of the subtropical high ridge. Then the wavelet transform and EOF analysis are 
performed. It is found that there mainly exist three interseasonal abrupt change processes, which correspond to 
the onset time of the South China Sea Summer Monsoon (SCSSM), the beginning and the end of the Mei-yu 
respectively. The interannual variation of the subtropical high in late spring and early summer presents 
quasi-4-year and 8-year periods.  
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1  INTRODUCTION  

The subtropical high pressure is the most important circulation system in low latitudes. It is 
therefore one of the highly concerned subjects for meteorologists both at home and abroad to 
address the issue of the western Pacific subtropical high (to be simplified as WPSH), especially 
for summer. The study is roughly divided into three aspects

[1]
: The first one deals with the pattern 

with which the WPSH varies, which studies the shape, structure, nature and temporal / spatial 
changes etc.; the second one discusses a wide scope of factors governing the activity of the high; 
and the third one elaborates in the area of intraseasonal, intraannual, interannual and interdecadal 
variations of the WPSH and their relationship with the weather and climate. Among the work, the 
pattern with which the WPSH progresses and withdraws is the most studied and therefore the 
achievements on it are the most fruitful. 

According to Huang Si-song, the characteristics and pattern concerning the change of the 
subtropical high can be of three kinds: seasonal, mid- and short- term and long-term

[2]
. Many 

attempts have been made with various types of data and methods and consistent, well-accepted 
conclusions have been drawn

[1-6]
. Most of the work, however, focuses on the variation of the 

WPSH over the summertime and pattern of seasonal migration, leaving little addressed with 
regard to the time from late spring to early summer. Using the latest and complete dataset of 
NCEP/NCAR for the 500-hPa geopotential field, the current work defines the intensity, the 
westernmost ridge point and ridge line that fit our own criteria and conducts a series of 
computation, wavelet transform and EOF analysis on them, in order to reveal its variation 
characteristics.  
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2  DATA SOURCE, ARRANGEMENT AND INTRODUCTION TO DEFINITIONS AND 
ANALYSIS METHODS 

2.1  Data source and arrangement 

The work uses the NCEP/NCAR daily 500-hPa geopotential height field dataset for March – 
July from 1979 to 1996, which is 2.5°×2.5° in grid interval. The space selected is a domain 
bounded by 20°S – 40°N, 60°E – 180° and all of the data have been processed with pentad 
averaging.  

2.2  Definitions of the intensity, westernmost ridge point and ridge line of the WPSH 

For the definitions of the intensity, westernmost ridge point and ridge line of the  WPSH, 
attempts have been made from various angles with generally consistent conclusions. As the main 
concern is about the characteristics of the subtropical high activity in late spring and early 
summer, the spatial coverage is selected and defined in a way somewhat different from previous 
work though with consistent basic ideas, adjusting to needs in question. 

2.2.1  DEFINITION OF INTENSITY AND COVERAGE 

Normally, the area index and center intensity are the characteristic indicators to show how 
powerful the WPSH is. The following definitions are used to describe the intensity of the high. 
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in which N and M are the sum of latitudinal and longitudinal gridpoints in the area of interest. δ
(h) is the step function with the value taken as (0, 1) — 1 is taken when h≥0; 0 is taken when 
h<0. 

jiH ,
 represents all geopotential value at all gridpoints within the domain (10°N – 40°N, 

80°E –180°). 

2.2.2  DEFINITION OF WESTERNMOST RIDGE POINT 

For the westernmost ridge point, it is defined here as the longitude of the contour 5880 at 500 
hPa within the domain (10°N – 40°N, 80°E – 180°), with 2 or more of any eight adjoining 
gridpoints around the longitude being equal to or greater than 5880. 

2.2.3  DEFINITION OF RIDGE LINE 

For the ridge line, it is defined here as the latitudinal mean of all gridpoints enclosed by the 
contour 5890 in the 500-hPa geopotential height field within the domain (10°N – 40°N, 80°E 
–180°). The latitudinal mean of those encircled by the contour 5880 is used if the contour 5890 is 
not available. It can then be corrected by referring pentad-based variation of the corresponding 
500-hPa geopotential height field. 

2.3  EOF analysis method 

Like all other orthogonal functions for decomposition, the EOF (Empirical Orthogonal 
Function) can be useful in this way. 

Assuming that there is a meteorological field F=f（T，X） in which t is the time and x is the 
serial number of spatial points. The values of meteorological elements for the jth point at Ith time 
level are depicted { }( )njmifF ijmn ,,2,1;,,2,1 LL === . Specifically, m is the length of the time 
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series and n is the number of spatial gridpoints. The basic principle of the EOF is decomposing 
the meteorological field F into two parts that relate to time or space only. The part relating to 
space is composed of orthogonal functions, called eigenvectors; the part relating to time 
expresses the variation of individual orthogonal functions with time, called time coefficients. The 
whole process can be written as 

nnmnmn XTF =  

here, 
mnF  is the original meteorological field, 

mnT  the matrix for the time coefficients and 
nnX  

is a matrix made up of eigenvectors. With the method seeking matrix eigenvalues, the 
eigenvalues of R=FF′ is determined. Then, the eigenvectors and time coefficients for individual 
eigenvalues are sought. The methods are well known and will not be elaborated here. 

The magnitude of an eigenvalue in the EOF decomposition represents an eigenvector it 
corresponds to, i.e. the weight of its canonical field and the time coefficient describes the 
variation of the field with time.  

As shown in much research, a necessary condition for the EOF to stabilize is that 
meteorological data concerned have to be in steady time series and m >>n, which have been 
accounted for in the computation of the current work. 

2.4  Wavelet analysis 

The wavelet analysis is a mathematical approach recently developed, which differs from the 
Fourier analysis commonly used in two points: (1) the former method well reflects local temporal 
and spatial properties and (2) points to inter-links between different frequencies and reveals the 
changes in the magnitude of oscillations, which are different in the time scale and the extent of 
growth. The wavelet analysis has been applied widely in the atmospheric sciences since the 
1990’s. Much of the study has been documented and only those formula and information that are 
used in the work will be explained.  

The Morlet wavelet is a plane wave that is modulated by the Gauss envelope of  
2/2

0 ee)( ttit −= ωψ  
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in which ω 0 is the wave vector, which usually takes ω 0=6.0. 
In the text, the scale of stretch and shrink takes  
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For the wavelet, the scale a is corresponding to each of the period T in the Fourier analysis 
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For a given series to perform the wavelet transform, the modules of coefficients and contours 
distribution of the real parts are made. In the current work of wavelet transform, the ordinate on 
the left of the figures denotes the scale and the abscissa indicates the time in the unit of year. Its 
relationship with the ordinate is shown in Tab.1.  

The coefficient module shows how periods of varying-time-scale distribute in the domain of 
time — the larger the module, the more obviously the corresponding time sections and scales are 
showing. 
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Tab.1  Relationship between the ordinate and its corresponding period in the wavelet  
analysis of interannual variation. 

Ordinate 1 2 3 4 5 6 7 8 9 10 11 12 13 

Corresponding 
period／yr. 

2.0 2.4 2.8 3.4 4.0 4.8 5.7 6.7 8.0 9.5 11.3 13.5 16.0 

 

3  ABRUPT CHANGE CHACTERISTICS OF WESTERN PACIFIC TROPICAL HIGH 
IN LATE SPRING AND EARLY SUMMER 

3.1  Pentad-based changes of multi-year averages of 500-hPa geopotential height field 

It is known from previous work that the 500-hPa geopotential height field of the subtropical 
high pressure is gradually intensifying and moving north as it goes from spring to summer and it 
experiences a process of eastward withdrawing and weakening around the onset of the South 
China Sea monsoon

[13 - 18]
. To study it in detail, we have conducted an averaging of the 

geopotential field data for Pentad 6 of April through Pentad 6 of May over the 18 years and 
plotted a figure (omitted) of pentad-to-pentad changes of the geopotential field and dynamic 
diagrams showing the temporal variation of the westernmost ridge point and subtropical high 
center (Fig.1 a & b). It is known from the multi-year mean of the field that the subtropical high is 
generally strengthening before Pentad 2 and after Pentad 4, of May. The principal part of the high, 
however, becomes smaller in size, the center travels north and east and the westernmost ridge 
point goes back from 108°E of Pentad 3 to around 117°E of Pentad 4, as shown in the multi-year 
mean of the 500-hPa geopotential height field. It directly links with the abrupt onset of the South 
China Sea monsoon in mid-May. In other words, there seems to be a well-defined abrupt change 
in the subtropical high, i.e. it weakens and withdraws towards the east, during the onset phase of 
the monsoon, as seen from the viewpoint of multi-year mean. 
 

Fig.1  Temporal variation of the westernmost ridge point (a) and subtropical high center (b), with the 
ordinate being the longitude and the abscissa the pentad. 
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3.2  Variations of the subtropical high intensity 

3.2.1  MEAN VARIATION TENDENCY OF SUBTROPICAL HIGH FOR MARCH – JULY OVER THE 18 YEARS 

In terms of the intensity defined in previous text, we first seek a multi-year mean based on 
the 18-year pentad-to-pentad data, then obtain the mean for March – July and finally determine 
the deviations by subtracting the March – July mean from the multi-year mean for individual 
pentads. In this way, a figure showing multi-year mean evolution of the subtropical high intensity 
is made (Fig.2). It is a general reflection of general variation of the subtropical high intensity in 
March – July, which increases with time. 

3.2.2  EOF ANALYSIS OF THE SUBTROPICAL HIGH INTENSITY 

Conventionally, the EOF analysis is carried out of the time series of meteorological fields so 
that patterns with which some of the major spatial distribution of the fields are known with 
respect to time. First, the 18-year pentad-based March – July data of the subtropical high are 
processed with anomalous deviation and the yearly pentad-to-pentad intensity anomalies of the 
high intensity are used as a “spatial field”. Its interannual variations are taken as the temporal 
variation part of the EOF analysis. The EOF analysis is then conducted. It reflects some of the 
major intraseasonal variations of the intensity and corresponding interannual variations during 
the period March through July. 

Tab.2 gives the percentages of the first four eigenvectors in the EOF analysis of the 
subtropical high intensity and corresponding accumulative percentages. It is known from the 
table that the first eigenvector takes up about 40% of the total variance. It can generally represent 
the most pronounced characteristics of the intraseasonal variations. 
 
Tab.2  Accumulative percentage of four basic eigenvectors and corresponding accumulative percentages for the 

intraseasonal variations of the subtropical high in late spring and early summer 
 

Eigenvectors first second third fourth 

Percentages / % 37.21 13.73 10.96 8.31 

Accumulative 
percentages / % 

37.21 50.94 61.90 70.21 

 
Fig.3 depicts the first eigenvector of the intraseasonal variation of the subtropical high 

intensity, which tells about the predominant pattern. It shows a relatively smooth variation of the 
intensity before Pentad 3 of May, followed by a sudden weakening around Pentad 4 of May till 
the minimum point near Pentad 1 of June. It then increases rapidly and weakens once more 
around mid-June, reaching the lowest point in Pentad 1 of July before ascending again. In other 
words, the intensity has two obvious processes of weakening and strengthening in a reversed 
bimodal distribution. The first reduction in intensity happens between Pentad 3 and Pentad 5 in 
May, corresponding to the onset of the summer monsoon in the South China Sea; the first abrupt 
increase takes place between Pentad 2 and Pentad 3 in June, corresponding to the first northward 
jump of the subtropical high and the Mei-yu in the Changjiang R. Valley; the second 
intensification is seen between Pentad 3 and Pentad 5 in July, corresponding to the second 
northward jump of the subtropical high. 
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Fig.2  Deviation of pentad-to-pentad variation of 
18-year mean evolution of the subtropical 
high intensity in March – July. 

Fig.3  The first eigenvector of EOF analysis 
of the subtropical high intensity. 

3.3  Variation of the westernmost ridge point of the subtropical high 

3.3.1 MEAN VARIATION TENDENCY FOR MARCH THROUGH JULY OVER THE 18 YEARS 

For the study of subtropical high activity patterns, more attention is placed on the north-south 
shift of the ridge line than on the variation of the westernmost ridge point, especially for the 
season from late spring to early summer. Much less work has been reported on the evolution of 
the westernmost point of the ridge. Tang et al

[5]
. used the data of 1954 – 1975 to determine its 

mean locations at 106°E, 114°E, 122°E, 124°E, 124°E, 118°E, and 117°E, respectively, which 
vary much from year to year. In this work, a more complete set of NCEP/NCAR data is used that 
covers the 500-hPa geopotential height field from March through July over the years 1979 – 1996. 
Following the definition about the westernmost ridge point set in the section above, we have 
identified its mean variations over the 18 years (Fig.4). It shows that the month-to-month mean is 
generally consistent with the result by Tang et al. and points to a significant abrupt change in 
Pentad 3 – Pentad 4 in May. It indicates that the westernmost ridge point can change dramatically, 
in other words, it suddenly withdraws to the east. 

3.3.2 EOF ANALYSIS OF THE WESTERNMOST RIDGE POINT OF THE SUBTROPICAL HIGH 

Like the intensity, we apply a similar processing of the westernmost ridge point. It is done by 
giving an anomalous treatment of the data about the point on the basis of pentad for March – July 
over the 18 years before the EOF analysis. It gives one the idea of several intraseasonal variations 
of the ridge point during the months and corresponding year-to-year changes. 

As shown in the computation, the first eigenvector takes up about 25% of the total variance 
(table omitted). It can therefore represent the main features of the point’s intraseasonal changes. 

Fig.5 is the first eigenvector, which describes major intraseasonal variation patterns. It is 
shown in the figure that the point is quite unstable before mid-April but varies in a bimodal 
manner between mid-April and mid-July, in which three obvious east-west shifts are observed. 
The point begins the westward extension during the period from mid-April to mid-May but 
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withdraws abruptly in Pentads 3 – 5 in May, corresponding to the onset of the monsoon over the 
South China Sea. Afterwards; it extends west again and then goes back in Pentads 2 – 4 in June, 
corresponding to the time when the first northward jump of the subtropical high and the Mei-yu 
south of the Changjiang River are taking place. Then, the point begins its third advancement west 
and shrinks back east in Pentads 3 – 4 in July, corresponding to the second northward jump of the 
high. The westernmost ridge point tends to be stationary after the second jump. 
 

Fig.4  Pentad-to-pentad variation of the 
westernmost ridge point averaged over 
the 18 years. 

Fig.5  The first eigenvector of EOF analysis 
of the subtropical high westernmost 
ridge point. 

 

3.3.3 VARIATION OF THE WESTERNMOST RIDGE POINT OF THE SUBTROPICAL HIGH DURING THE ONSET OF 
SOUTH CHINA SEA MONSOON IN LATE SPRING AND EARLY SUMMER 

To study the behavior of the ridge point during the monsoon onset, we observe the yearly 
pattern of evolution. Our computation result indicates that the point tends to retreat east around 
the monsoon onset and usually starts to do so ahead of the monsoon establishment. It goes back 
for at least 7 degrees of longitude, except in 1994 (only four), with an average of 15 degrees. It is 
a sign that the ridge point changes drastically with the monsoon onset in the South China Sea.  

3.4  Variation of the ridge line of the subtropical high 

3.4.1 MEAN VARIATION TENDENCY FOR MARCH THROUGH JULY OVER THE 18 YEARS 

For the study of the activity pattern of the subtropical high ridge line, more attention is placed 
on the two northward jumps of the ridge line during prime summer season than during the 
monsoon onset stage. Using the pentad-based 500-hPa geopotential height field in March through 
July in 1979 – 1996, mean variation of the ridge line has been determined over the 18 years, with 
reference to previous work in this aspect (Fig.6). It is clear that the pentad-to-pentad mean is 
generally consistent with what has been observed before, which reflects gradual northward 
movements of the ridge line with time and an obvious northward jump respectively in June and 
July. There are small north-south oscillations in all months of northward movement, which agrees 
with the result by Tang et al

[5]
.  
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Like the intensity and westernmost ridge point, we apply a similar processing of the 
westernmost ridge point. It is done by giving an anomalous treatment of the data about the ridge 
line on the basis of pentad for March – July over the 18 years before the EOF analysis. It carries 
the physical idea It gives one the idea of several intraseasonal variations of the ridge point during 
the months and corresponding year-to-year changes. 

As shown in the computation, the first eigenvector takes up about 25% of the total variance 
(table omitted). It can therefore represent the main features of the point’s intraseasonal changes. 

Fig.7 is about the first eigenvector, which describes the first pattern of intraseasonal variation. 
It is shown in the figure that the line gradually moves north in its north-south oscillation prior to 
mid-May but changes abruptly in Pentads 3 – 4 in May so as to retreat rapidly to the south, 
corresponding to the onset phase of the South China Sea monsoon. The line withdraws to the 
southernmost point in early June before an abrupt jump to the north in Pentads 1 – 2. It is the 
so-called first jump. Then, it makes alternative shifts until Pentads 2 – 3 in July when a second 
jump occurs and stabilizes. Graphically, such a pattern of variation looks like a robust reversed 
unimodal structure, i.e. drastic changes mainly occur at the point of monsoon onset and during 
the first northward jump. 
 

Fig.6  Pentad-to-pentad variation of the ridge 
line averaged over the 18 years. 

Fig.7  The first eigenvector of EOF analysis of 
the subtropical high ridge line. 

4 INTERANNUAL VARIATION PATTERNS OF WESTERN PACIFIC 
SUBTROPICAL HIGH IN LATE SPRING AND EARLY SUMMER 

In our definition of the subtropical high intensity, westernmost ridge point and ridge line, the 
values of the three on a pentad basis are added up for the period March through July each year to 
seek their relative mean and deviation from it. The three series are then processed with wavelet 
analysis, as in Fig.8a & b. It is now known that the interannual variation of the subtropical high 
intensity is significant of periodic oscillations around 4 and 8 years, with the former more 
pronounced. Furthermore, the oscillation is stronger in 1979 – 1992, suggesting that the intensity 
varies over a large amplitude over the time. The interannual variation is smaller in 1993 – 1996. 
Similarly, the interannual variation of the westernmost ridge point of the subtropical high is also 
of 4 and 8 years in period, with the former more obvious. The more significant variation is also 
seen in 1972 – 1992. The interannual variation of the ridge line is only of four years while the 
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more pronounced variation is found in the years 1979 – 1992.  
 

Fig.8  The real part of the wavelet transform analysis in the interannual variation of the 
subtropical high (a) and coefficient module of the contours (b). The ordinate is for 
the year of corresponding periods. 

5  CONCLUDING REMARKS 

With the NCEP/NCAR dataset of the 500-hPa geopotential height field for March through 
July in 1979 – 1996, the current work applies anomaly approach, wavelet transform and EOF 
analysis to the intensity, westernmost ridge point and ridge line of the subtropical high in the 
western Pacific and yields results of the evolution of the high in late spring and early summer. 
The following are the main conclusions: 

a. As the time passes from March to July, the subtropical high intensifies. There are, however, 
three abrupt changes in the intraseasonal variation. The first happens in Pentads 3 – 5 in May 
when the high suddenly weakens; the second in Pentads 2 – 3 in June when it suddenly 
intensifies; the third in Pentads 3 – 5 in July when it strengthens again. 

b. The westernmost ridge point gradually extends westward from March to July, reaching its 
most western location around the end of April and early May before a sudden retreat to the east 
in Pentads 3 – 4 in May (over an average distance of about 15 longitudes). Afterwards, the point 
oscillates alternatively in a generally eastward progression. Like the case of intensity, the point 
also has three abrupt changes in the intraseasonal variation, first being in Pentads 3 – 5 in May 
when it withdraws suddenly to the east, the second in Pentads 2 – 4 in June when it replays the 
withdrawal; the third in Pentads 3 – 4 in July when it goes back eastward for the third time. 

c. The ridge line of the subtropical high moves slowly north with time over the months 
March – July, though with an obvious northward jump in mid-June and mid-July. Like the cases 
of intensity and westernmost ridge point, the line also experiences three times of abrupt change in 
the intraseasonal variation, first being in Pentads 3 – 5 in May when it withdraws suddenly to the 
south, the second in Pentads 1 – 2 in June when it suddenly jumps north; the third in Pentads 2 – 
4 in July when it goes back southward for the second time. 

d. For the three abrupt changes in the intraseasonal variation of the subtropical high in March 
– July, there are correspondingly the onset of the South China Sea monsoon, the first and second 
northward jumps on the synoptic scale. Before the onset of the monsoon in mid-May, the 
subtropical high abruptly weakens, the westernmost ridge point retreats eastward and the ridge 
line goes back to the south. During the Mei-yu period south of the Changjiang R.basin in 
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mid-June, the subtropical high suddenly intensifies, the point withdraws to the east and the line 
jumps to the north. When the subtropical high strengthens again, the westernmost ridge point 
withdraws eastward and the ridge line jumps northward for the second time in mid-July, the 
Mei-yu ends and a raining season begins in northern China. 

e. The intensity, the westernmost ridge point and the ridge line all have periods at around 4 
and 8 years in the interannual variation, though being insignificant with the line for the 8-year 
period. The 4-year period is more pronounced, with the period of strongest oscillation 
concentrating in the years 1979 – 1992, followed by one of the relative weak oscillations after 
1992. 
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