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Abstract

Using the fuzzy cluster analysis and the temperature-salinity (7-S) similarity number analysis of cruise
conductivity-temperature-depth (CTD) data in the upper layer (0-300 m) of the northern South China Sea
(NSCS), we classify the upper layer water of the NSCS into six water masses: diluted water (D), surface water (SS),
the SCS subsurface water mass (Uy), the Pacific Ocean subsurface water mass (Up), surface-subsurface mixed
water (SU) and subsurface-intermediate mixed water (UI). A new stacked stereogram is used to illustrate the
water mass distribution, and to examine the source and the distribution of U,, combining with the sea surface
height data and geostrophic current field. The results show that water mass U, exists in all four seasons with the
maximum range in spring and the minimum range in summer. In spring and winter, the U}, intrudes into the
Luzon Strait and the southwest of Taiwan Island via the northern Luzon Strait in the form of nonlinear Rossby
eddies, and forms a high temperature and high salinity zone east of the Dongsha Islands. In summer, the U, is
sporadically distributed in the study area. In autumn, the Uy, is located in the upper 200 m layer east of Hainan

Island.
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1 Introduction

The water mass distribution is a basic property of the ocean.
Compared with water masses in the deep ocean, the water
masses in the shelf water are poor in uniformity and stability.
Since the 1960s, water mass analysis methods have been de-
veloped for shallow water, for example, the quantitative analysis
of the temperature-salinity (7-S) relationship (Mao et al., 1964),
the systematic cluster analysis (Su et al., 1983; Li et al., 1983), the
stepwise cluster analysis (Qiu et al., 1984), the fuzzy cluster ana-
lysis (Chen and Du, 1990; Li et al., 1992; Yang et al., 1992), and
the T-S diagram method (Zou et al., 2000).

The South China Sea (SCS) is a semi-enclosed marginal sea of
the Northwest Pacific. Thus, its water masses are characterized
by complex 3-D structure and seasonal variability because of the
Pacific water intrusion, rich river run off, monsoon wind forcing
and complicated basin topography. Previous investigators have
conducted the water mass analysis in the SCS (Wyrtki, 1961; Nit-
ani, 1972; Dietrich et al., 1980) and in the northern SCS (NSCS; Li
et al., 1983; Li and Su, 1989; Li et al., 1989a, b). Liu et al. (2001)
classified the summer SCS water into nine water masses using

four different analysis methods, and compared their distribu-
tions. On the basis of observations during summer and winter
cruises in 1998, Li et al. (2002a, b) differentiated the SCS water in-
to six water masses: the surface water (SS), the subsurface water
(U), the subsurface-intermediate mixed water (UI), the interme-
diate water, the deep water and the bottom water, using cluster
analysis, discriminant analysis and fuzzy analysis methods. Zhu
and Ji (2002) classified the summer SCS water into five water
masses: SS, U, the intermediate water, the deep water and the
bottom water, using Q-type multidimensional cluster analysis.
Tian and Wei (2005) divided the water masses in the NSCS and
the Luzon Strait into SS, U, the intermediate water and the deep
water. Liu et al. (2008) analyzed the annual and seasonal vari-
ation characteristics of SS and the intermediate water. Cheng et
al. (2014) classified the NSCS water into five water masses: the
near shore mixed water, SS, U, the intermediate water and the
deep water using fuzzy analysis.

In summary, the previous studies classified the SCS water
masses, but their 3-D distributions and seasonal variability re-
main unclear. In particular, the role on how the Pacific water
mass plays in the water mass formation in the SCS is lacking of
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research.

In this study, on the basis of the CTD data observed in the up-
per 300 m in the NSCS during four season cruises, we classify the
water masses using the fuzzy cluster analysis method. Then we
use the T-S water similarity method to define the water mass
boundaries, and divide the U mass into the SCS U mass (Ug) and
the Pacific U mass (Up). The distribution range of the U, and its
influence on the formation of water masses in the NSCS are ex-
amined.

2 Data and methods

2.1 Data

In this study, we focus on the analysis of the 7-S data in the
NSCS covering a region from 17° to 26°N and from 108° to 124°E.
Cruise observations were carried out on board the R/V Dongfang-
hong 2 in four seasons from 2009 to 2011, using SBE911 or
SBE917 plus CTD profiler manufactured by the Sea Bird Corpora-
tion. There were total 284 stations, i.e., 92 in spring, 79 in sum-
mer, 47 in autumn and 66 in winter as shown in Fig. 1.

2.2 Data preprocessing method

To speed up the matrix calculation and show clearly the dis-
tribution of the water masses, we focus on the T and S data ob-
served in the upper 300 m only. The vertical resolution of the
CTD datais 1 m.

In order to balance the T-S ratio, the data were standardized
by the extreme value:

X — X}, — min(xj)
" max(xj) — min(xj,) ’

1,2,..,N, k=1,2,..,.M, (1)

where N is the number of samples, M is the number of paramet-
ers (M=2, T and S), and x}, is the data value before standardiza-
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2.3 Fuzzy cluster analysis method
The details of fuzzy cluster analysis method refer to Li et al.
(1989a).

2.3.1 Basic principle
Suppose Xis a definite universe representing the studied sea
area with m samples,

X = {X1, Xoycer, X} - ®)
The sample &;, i = 1,2, ..., m, can be specified by n quantitative
indexes, such as temperature, salinity, etc. Thus, the ith sample
can be written as

Xi= (X1, Xizy ooy Xim) 3)
corresponding to a point in the n-dimensional space of index.

We use the scalar method on the basis of Euclidean distance.
The formula is

1
Fo=—
RS S
where Dizj is the Euclidean square distance,
D} = (%~ %)(# ~ %)

m
:Z(xik_xjk)za l»] =12,.. m (5)
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Fig. 1. Cruise sections and CTD stations in the NSCS from 2009 to 2011. a. Spring, b. summer, c. autumn and d. winter.
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From Eq. (4), a fuzzy similar relation R is established as

R:[rij], i7j = 1,2,...,m

Obviously, R is reflexive and symmetric but not necessarily
transitive. The transitivity of R can be realized by compound-cal-

culation.

2.3.2 Determination of the number of water masses

The divided number of water masses is different when differ-
ent A-values are taken for the same batch of samples. The ap-
proach presented here is to control the A-values so that it would
increase gradually in fuzzy cluster procedure so as to make m

. water masses in order. At the
same time, we use F-test to each cluster scheme and choose the

samples be divided into 2, 3,4, ..

optimal one with the maximum F-value from significant options,
by which the number of water masses is determined. The calcu-
lating formula of F-value is

n(T— 1) = Zml(Vl Vi %Y
> oy

i=1 jeith-water-mass

(0

n(m 7)

where T denotes the number of water masses, and m; is the num-
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ber of the samples merged into the ith water mass,
Vi = (v Vi, -

s Vin)s 7

the cluster center of the ith water mass and its component

Vik = L Z

! jeith-water-mass

Xjks k= 1,2,....n, (8)

with X being the average of the global samples of X.

3 Results

3.1 Results from fuzzy cluster analysis

Applying the fuzzy cluster analysis method to the upper layer
water (0-300 m) of the NSCS yields five water masses: the diluted
water (D), the surface water (SS), the surface-subsurface mixed
water (SU), the subsurface water (U) and the subsurface-inter-
mediate mixed water (UI). The classification results for the four
seasons are shown in Fig. 2. One can see that the surface layer is
covered by the SS in spring and summer. D is distributed mainly
in the area near the Zhujiang (Pearl) River Estuary, and its distri-
bution range and depth are larger in autumn and winter than
those in spring and summer. U is distributed mainly in the
80-200 m layer with high salinity. The distribution range of U is
the largest in spring, occupying the 50-200 m layer, and the dis-
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Fig. 2. Classification results of upper layer water masses in the NSCS. Green: diluted water, red: surface water, yellow: surface-
subsurface mixed water, blue: subsurface water, and black: subsurface-intermediate mixed water.



Zhu Jia et al. Acta Oceanol. Sin., 2019, Vol. 38, No. 4, P. 126-135 129

tribution range mainly in the 70-200 m is the second in summer
and winter. SU is distributed mainly in the 50-150 m layer in
spring and summer, and appears in most of the stations from the
surface to the 100 m layer in autumn and winter. Ul is distributed
below 250 m with the stable distribution range and properties.

3.2 T-S similarity number

The results of the fuzzy cluster or systematic cluster analysis
give a qualitative output, 1 or 0, or yes or no, for water mass that
the water sample belongs to. However, a water sample would not
absolutely belong to one water mass. Instead, it may be a mix-
ture of two or even more water masses, having the characterist-
ics of a multiple water mass. In order to present a more realistic
distribution of water masses, we defined a T-S similarity number
(TSSN) to further quantify the water sample by clearly specifying
the boundaries between the water masses.

The TSSN or I' can be considered as the similarity between a
random water sample point and a typical water mass, ranging
from 0 to 1. As shown in Fig. 3, X represents a water sample, AB is
an intersection of the isopycnal line, at which X is located. Para-
meter [ is defined as

D
r=—""_(0<r<1), ©9)
Da+Dg
where D, and Dy are the distances from X to the T-S curves of
Types A and B water masses along the isopycnal line, respect-

ively,
S dr\?
DA?/S‘,\ 1+ (£> ds (10)
and
Sp dr\?
Dy 7\/5‘)( 1+ (@) ds (11)

where integral limits S,, Sy and Sy are the salinity at A, B and X.
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Fig. 3. Schematic diagram for calculating the 7-S similarity
number of water samples. Red and black lines represent T-S
curves of Types A and B water masses, respectively. Blue dots are
T-S values of the subsurface water samples taken during the
spring cruise.

The closer the value of I"is to 0, the higher the similarity of the X
water sample to Type A water mass. The closer the value of I"is to
1, the higher similarity of the X water sample to the Type B water
mass. We considered I'=0.5 to be a boundary line between Types
A and B water masses.

3.3 Classification results of the subsurface water mass

Based on the classification results in Section 3.1, we note that
the U is distributed mainly in the 80-200 m layer. We set the Pa-
cific water as Type A water, and the SCS water as Type B water.
Specifically, the T-S curve at Sta. LU66 (Fig. 1a), where the Kur-
oshio passes through, represents the typical curve of Type A wa-
ter mass, and the T-§ curve at Sta. S1 (Fig. 1a) represents the typ-
ical curve of Type B water mass (Du et al., 2013). Thus, from
TSSN distribution figures, one can see that the subsurface water
(U) in the 80-200 m layers could be classified into the U, (with a
similarity<0.5) and the Ug (with a similarity>0.5).

Figures 4-7 show the TSSN contribution of the U, and Ug in
spring, summer, autumn and winter, respectively. In spring, the
boundary line of the U, and Uy is located in the Luzon Strait at 50 m.
At 100-150 m, the U, is distributed sporadically in the SCS basin
west of 120°E. At 175 m, the intrusion of the U, reaches its largest
range in the SCS, from the north of Dongsha Island even to the
south of (18°N, 115°E). At 200 m, the U, intrudes into the SCS via
the northern Luzon Strait, reaching 118.5°E. In the southern
Luzon Strait, the U}, is confined to 121.3°E.

In summer, the region is completely occupied by the Ug at 50 m
and 125-150 m. At 100 m, the U, appears in the middle Luzon
Strait near (20°N, 119°E). At 175 and 200 m, the U, appears to the
east of Hainan Island, and is distributed sporadically at 115°E,
118°E and 120°E.

In autumn, the water properties at 50-150 m belong to the Us.
At 175 m, the U, is distributed in a range from 114° to 119°E south
of 19°N. At the 200 m layer, the U, expands eastward from the
Hainan Island to 116°E.

In winter, the Uy, intrudes into the SCS to 118.5°E via the
northern Luzon Strait at 50 m. It has no trace at 100 m, but ap-
pears again at 125 m, showing a westward water tongue to the
SCS via the northern Luzon Strait. At 150 and 175 m, it enters the
SCS from the northern and middle Luzon Strait as a water tongue
reaching the central basin. At 200 m, it is distributed in a range
from 20° to 22°N, and from 117° to 119°E, forming a high temper-
ature and high salinity region.

4 NSCS upper layer water mass classification

Based on the results of fuzzy cluster and TSSN analysis, we
classify the upper layer water of the NSCS into six water masses:
the diluted water (D), the surface water (SS), the SCS subsurface
water mass (Ug), the Pacific subsurface water mass (Uy), the sur-
face-subsurface mixed water (SU) and the subsurface-intermedi-
ate mixed water (UI). In order to display the structure of the wa-
ter masses more intuitively, a new stacked stereogram is used to
illustrate the water mass distribution, as shown in Fig. 8. The core
T-S values of these water masses in the four seasons are listed in
Table 1.

As shown in Fig. 8a, in spring the D is distributed near the
Zhujiang River Estuary with a small range and low salinity. The
core salinity of D is 29.17 with the lowest salinity of 23.60. The SS
is distributed in the offshore region with depths shallower than
20 m, including the surface of the Luzon Strait. The core temper-
ature and salinity are 28.24°C and 33.80, respectively. The Ug is
concentrated mainly at 100-250 m in the basin region of the
NSCS. The core temperature and salinity values of the Ug are
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Fig. 4. TSSN contribution of the SCS and the Pacific subsurface water masses in spring.

17.86°C and 34.55. The U}, with high temperature and salinity val-
ues is observed at 50-300 m in the Luzon Strait and its adjacent
area. The core temperature and salinity values are 21.06°C and
34.79. At 50-100 m, the boundary between the U, and Ug extends
from the southwest of Taiwan to the central coast of Luzon Is-
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land. At 150-200 m, the U}, intrudes into the NSCS even to the
north of Dongsha Island via the northern Luzon Strait. At 250-
300 m, the boundary between the Ug and U, moves back to the
Luzon Strait. The SU is distributed from the surface to 150 m,
while the Ul is located below 250 m only. The water mass struc-
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Fig. 6. TSSN contribution of the SCS and the Pacific subsurface water masses in autumn.

ture of the Luzon Strait can be seen as four layers: 2-20 m is occu-
pied by the SS, 20-100 m is shared by the SU and the U, 100-200 m
is almost divided equally between the Ug and the U}, and 200-300 m
is shared by the Ul and the U,,.

The D extends to a narrow strip along the coast of Guang-
dong, China under the influence of the southwesterly monsoon
in summer (Fig. 8b). Influenced by the strong solar radiation, the
SS is distributed at the offshore stations from the surface to 50 m,
with a core temperature of 29.43°C. Coastal upwelling related to
the Uy, as a characteristic water body in summer, is located to the
east of Hainan Island and the coast of Guangdong, from bottom
to surface. The Ug also occupies the offshore stations from 100 to
200 m, and the core values of temperature and salinity are
18.31°C and 34.49. The U, is scattered around 100 and 200 m with

a core salinity value of 34.69 higher than that in spring and
winter. The SU can be observed from the surface to 100 m, while
the Ul is located below 250 m only.

In autumn, the D extends in two directions from the Zhujiang
River Estuary northeastward to Dongshan, Fujian, and south-
westward to the east of the Leizhou Peninsula, Guangdong
(Fig. 8c). The core values of temperature and salinity are 21.69°C
and 31.91. The SS is distributed in the shallow water of the east-
ern Hainan Island. Because the study region experienced several
strong winds during the cruise, the water was well mixed, so that
the SU is present from the surface to 175 m. The Ug occupies
most the layers from 100 to 200 m, while the Uy, is distributed in
the south of the study region at 175 m and the west at 200 m. The
Ul is located below 200 m, characterized by stable temperature
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Fig. 7. TSSN contribution of the SCS and the Pacific subsurface water masses in winter.
and salinity. branch of the Kuroshio entering the SCS from the northern

In winter, forced by the northeasterly monsoon, the D
spreads southward from the Zhujiang River Estuary and forms a
narrow strip (Fig. 8d). The core values of temperature and salin-
ity are 17.19°C and 32.29. The SS is distributed at the surface in
the southern most of the NSCS. The Ug can be found at 50-300 m,
and is most broadly distributed at 100-200 m, with core temper-
ature and salinity values of 17.66°C and 34.57. The U, intrudes in-
to the NSCS via the northern Luzon Strait at 150-250 m, appears
to the southwest of Taiwan at 20-50 m, and forms a small area of
high salinity in the basin at 175-200 m. The core values of tem-
perature and salinity are 19.93°C and 34.71. The SU is mainly dis-
tributed from the surface to 100 m, while the Ul remains stable
below 250 m.

5 Discussion

As shown in Fig. 4, the Uy, is broadly distributed in the adja-
cent area of the Luzon Strait at 20-250 m in spring. Based on the
spring average satellite altimeter absolute dynamic topography
and the corresponding geostrophic current during the cruise
periods as shown in Fig. 9, the geostrophic current in the Luzon
Strait is westward in the north and eastward in the south of the
strait. The subsurface water enters the NSCS from the northern
Luzon Strait and exits from the south, corresponding to the U,
distribution pattern, which is wide in the north and narrow in the
south. The surface geostrophic currents show no remarkable sig-
nature for the Pacific water entering the SCS in summer. In au-
tumn, the surface geostrophic current field (GCF) shows a

Luzon Strait, and flowing southwestward along the continental
slope of the SCS, as far as to the east of Hainan Island. This would
be the source of the Uy, which appears in the east of Hainan Is-
land at 200 m as shown in Figs 6g and 8c. In winter, the GCF in
the Luzon Strait shows that the Kuroshio intrudes into the NSCS
through the Luzon Strait, forming an anti-cyclonic eddy to the
east of Dongshan. Its location matches the high temperature and
high salinity region around 20-22°N, 117-119°E, where the Uy is
distributed.

Figures 4 and 7 indicate that at 175 m in spring and 150 m in
winter, the U}, presents a distribution pattern with several con-
tinuously distributed eddies, which would be the signature of the
nonlinear Rossby eddies originating from the Pacific and enter-
ing the NSCS through the Luzon Strait (Hu et al., 2012; Xie et al.,
2016, 2017; Zheng et al., 2011, 2017). Those water masses with the
Pacific Ocean T-S characteristics continuously mix with the SCS
water masses during their westward propagation process along
the continental shelf, so that the original characteristics are
gradually weakened.

6 Conclusions

In this study, the upper layer water (shallower than 300 m) of
the NSCS is classified into six water masses: the diluted water (D),
the surface water (SS), the SCS subsurface water mass (Ug), the
Pacific subsurface water mass (Up), the surface-subsurface mixed
water (SU) and the subsurface-intermediate mixed water (UT) us-
ing fuzzy cluster and TSSN analysis methods. The 3-D distribu-
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Fig. 8. Water mass classification in the NSCS. a. Spring, b. summer, c. autumn and d. winter. Green: diluted water (D); red: surface
water (SS); yellow: surface-subsurface mixed water (SU); blue: SCS subsurface water (Uy); violet: Pacific subsurface water (Up); and

black: subsurface-intermediate mixed water (UT).

tion characteristics and formation mechanisms are analyzed,
combining the SSH and GCF during four cruise periods. The ma-
jor results are summarized as follows:

(1) The distribution ranges of the Zhujiang River diluted wa-
ter D in summer and autumn are relatively large. Forced by the
southwesterly monsoon, The D extends to a narrow region along
the coast of Guangdong, China in summer. It extends in two dir-
ections, northeastward to Dongshan and southwestward to the
east of the Leizhou Peninsula in autumn. It becomes a narrow
southward strip in winter and spring.

(2) The surface water SS is mainly distributed above 20 m and
50 m at the offshore stations in spring and summer. Its distribu-

tion ranges in autumn and winter are relatively small, in the shal-
low water of eastern Hainan Island and at the surface in the
southern most of the NSCS, respectively.

(3) The SCS subsurface water mass U is mainly concentrated
at 100-250 m at the offshore stations in the four seasons. In sum-
mer, it exists at 20-100 m to the east of Hainan Island and the
coastal water region of Guangdong in the form of coastal up-
welling.

(4) The Pacific subsurface water mass Uy, is observed in the
four seasons, having the largest distribution in spring and the
smallest in summer. In spring and winter the U}, intrudes into the
NSCS through the Luzon Strait in the form of nonlinear Rossby
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Table 1. The core T and S values of the water masses in the upper water of the NSCS

Season Diluted Surface  SCSsubsurface Pacific subsurface Surface-subsurface Subsurface-intermediate
water (D) water (SS) water (Ug) water (Up) mixed water (SU) mixed water (UT)
Spring T/°C 26.55 28.24 17.86 21.06 21.39 12.84
S 29.17 33.80 34.55 34.79 34.31 34.48
Summer T/°C 29.28 29.43 18.31 20.43 22.87 13.34
S 31.23 33.39 34.49 34.69 34.16 34.51
Autumn T/°C 21.69 27.38 17.94 18.51 22.62 13.21
S 31.91 33.43 34.47 34.54 34.06 34.49
Winter T/°C 17.19 24.78 17.66 19.93 19.64 11.98
S 32.29 33.80 34.57 34.71 34.32 34.48
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Fig. 9. Seasonal average absolute dynamic topography (ADT) and geostrophic current during the cruise period (data source from

AVISO).

eddies.

(5) The surface-subsurface mixed water (SU) is distributed
above 150 m, 100 m, 175 m and 100 m in four seasons, respect-
ively.

(6) The subsurface-intermediate mixed water Ul is stably dis-
tributed below 250 m. Its properties show little seasonal change.
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