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Eddy-induced sea surface salinity (SSS) changes are systematically studied in the

South China Sea (SCS) by using Soil Moisture Active Passive (SMAP) satellite

salinity data from 2015 to 2021 for the first time. All eddies in the SCS during this

period are analysed, and two normalized eddy composites are reconstructed

under the long-term basin mean. In general, anticyclonic eddies (AEs) tend to

result in lower salinity than cyclonic eddies (CEs) in the upper ocean. The salinity

anomalies of the AE and CE composites are dominated by dipole and monopole

structures, respectively. The different patterns in eddy-induced salinity anomalies

are generally controlled by horizontal and vertical advections, which is further

confirmed by their seasonal evolutions. A spatiotemporal decomposition of

these salinity anomaly patterns suggests that the dipole and monopole

patterns account for more than 70% of the salinity variability. All the eddies in

the SCS are monopole-dominated and dipole-supplemented overall. This

finding infers a relatively uniform eddy-induced salinity structure across the

SCS and provides an observational-based metric for future model studies.

KEYWORDS

mesoscale eddy, sea surface salinity, South China Sea, eddy composite, dipole
and monopole
1 Introduction

More than 50% of the variability over much of the world’s ocean is accounted for by

eddies (Chelton et al., 2011). Nonlinear eddies can significantly impact the redistribution of

oceanic tracers and energy through horizontal and vertical transport (Melnichenko et al.,

2021; Guo and Bishop, 2022) and play an essential role in modulating ocean mean

circulation and its variability (Storch et al., 2012; Guo et al., 2022). As a tropical marginal

sea connecting the Indo-Pacific oceans, the South China Sea (SCS) features vigorous

mesoscale eddy activity. Previous studies have examined the statistical characteristics of

eddies (Wang et al., 2003; Xiu et al., 2010; Chen et al., 2011; He et al., 2018), their influence

on near-sea-surface characteristics (He et al., 2016; Sun et al., 2018; He et al., 2019) and

their induced ocean tracer transport in the SCS (Chen et al., 2012; Yang et al., 2019; Ding

et al., 2021; Yang et al., 2021).
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Sea surface salinity (SSS) is one of the important physical

parameters of the global water cycle, profoundly influencing the

thermal and dynamic structural characteristics of the ocean

(Durack, 2015). Zeng et al. (2019) suggested a high correlation

between springtime SSS in the central SCS and summer

precipitation over the middle and lower Yangtze River Valley.

Analyses show that the SCS is one of the lowest SSS areas that

experienced the most significant freshening during the 1950–2000

period (Durack et al., 2012; Zeng et al., 2014). On the other hand,

the SCS Throughflow brings a large amount of saline Kuroshio

water through the Luzon Strait, which contributes to salinity

variations in the SCS to some extent (Qu et al., 2006; Gordon

et al., 2012). The spatial relationship between eddy kinetic energy

(EKE) and SSS is shown in Figure 1, where high EKE occurs in the

western boundary flow area and west of the Luzon Strait. EKE maps

are computed using the formula EKE = 1
2 (u

02
g +v

02
g ) where u

0
g and

v
0
g indicate meridional and zonal geostrophic velocity anomalies,

respectively. To date, studies have confirmed the capability of eddies

to transport saline Kuroshio water into the SCS (Jia and Liu, 2004;

Zhang et al., 2017; Yang et al., 2019; Yang et al., 2021).

For many years, only a few studies have investigated the

mesoscale variability in SSS based on ship measurements due to

the lack of high-resolution observational data (Delcroix et al., 2005;

Boutin et al., 2016). Using Argo profiles, He et al. (2018) evaluated

the surface features and 3-D structures of mesoscale eddies in the

SCS. However, traditional observations do not have high spatial and

temporal resolutions and sufficient regional coverage. In recent

years, satellite observations with global coverage have greatly

enriched our knowledge of the variability in global SSS. For

example, the Soil Moisture and Ocean Salinity (SMOS) mission

was conducted by the European Space Agency (ESA) in 2010 (Kerr
Frontiers in Marine Science 02
et al., 2010). The Aquarius mission of the National Aeronautics and

Space Administration (NASA) and the Soil Moisture Active Passive

(SMAP) observation program, which are primarily focused on

monitoring land conditions, can still be used to invert SSS data.

With satellite salinity data derived from the Aquarius, the

correlation between mesoscale eddies and SSS variations was

studied in the Gulf Stream region (Umbert et al., 2015),

Mediterranean Sea (Isern-Fontanet et al., 2016), South Indian

Ocean and North Atlantic subtropical sea regions (Melnichenko

et al., 2017), and tropical Pacific Ocean (Delcroix et al., 2019). Using

Aquarius satellite salinity data, Umbert et al. (2015) showed that

negative salinity anomalies coincide well with the locations of

cyclonic eddies identified based on sea level anomalies.

Melnichenko et al. (2017), using SMOS satellite salinity data,

showed that the typical salinity anomaly of the eddy composite is

0.03-0.05 psu in the southern Indian Ocean and North Atlantic

subtropical region. Delcroix et al. (2019) showed a dipole

(monopole) mode in the central (eastern) tropical Pacific Ocean

by analyzing the structure of the salinity anomalies of the

eddy composite.

In summary, a thorough investigation of eddy-induced salinity

anomaly patterns has yet to be discovered with eddy-permitting

consistent observations in the SCS. This study aims to analyze the

SSS changes modulated by eddies with SMAP satellite data and

historical in situ observations from 2015 to 2021. This paper is

organized as follows: section 2 describes the satellite and eddy

datasets and the eddy composite methods; section 3 presents the

results of the spatial and seasonal characteristics of the eddy salinity

anomaly; section 4 is a discussion of the dipole/monopole patterns

of eddy-induced salinity anomaly; and finally, a summary is

provided in section 5.
2 Data and methodology

2.1 Datasets

The satellite observations, in situ hydrographic profiles, and an

eddy-census dataset used in this work are summarized in

this section.

1) The 8-day averaged SMAP satellite L3 salinity product is

used in this study with spatial and temporal resolutions of 1 day

and 0.25°, respectively, spanning from January 2015 to December

2021. The satellite salinity data products are obtained based on

NASA’s SMAP satellite observations and produced with remote

sensing systems. To obtain mesoscale SSS variability signals, 6° ×

6° 2D Gaussian and 10-120 day bandpass filtering is conducted on

the salinity data (Melnichenko et al., 2017; Delcroix et al., 2019).

Such filtering will retain eddy-induced SSS changes (i.e., SSS

anomalies) and remove the large-scale and seasonal signals

that are not associated with eddies. Simultaneous daily

averaged Archiving, Validation and Interpretation of Satellite

Oceanographic data (AVISO) sea surface geostrophic current

anomaly data are also used, which share the same temporal and

spatial resolution with the salinity data mentioned above in

2015-2021.
FIGURE 1

Seven-year (2015-2021) averaged EKE (shading, unit: m2·s-2) and SSS
(black contours, unit: psu) distributions in the SCS.
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2) Eddy products for 2015-2021 are based on the scale-selective

eddy identification algorithm (SEIA), which is SLA-based (Yang

et al., 2023, under review). SEIA uses a scale-selective scheme,

which restricts the eddy boundary based on the data resolution and

eddy spatial scale. During the detection, one-core eddies with radii

smaller than the dataset resolution (0.25° in this work) are removed

and the eddy boundary is constrained by a scale parameter. The

tracking process of SEIA is based on the overlap rate of time-

continuous eddies which can effectively guarantee the continuity of

the eddy movement path. The validation of eddy statistical features

and mesoscale eddy effects based on the SEIA output confirms its

effectiveness (Yang et al., 2023, under review). Over 7 years,

approximately 24,000 specific eddies existed within the SCS based

on daily detection, with a nearly 1:1 ratio of anticyclonic eddies

(AEs) to cyclonic eddies (CEs). Weak and abnormal eddies with

radii of less than 0.5° are removed considering their trivial effect on

local transport and energetics (Xiu et al., 2010; Chen et al., 2011).

The distribution of the number of eddies is shown in Figure 2. To

couple the satellite salinity data, eddies with lifetimes shorter than 10

days are also removed. Distinguished by red and blue colors, the AEs

and CEs cover the entire SCS, with a total number up to approximately

120 in each 0.5°×0.5° geographical grid over 7 years. A larger number of

eddies is mainly distributed to the west of the Luzon Strait, the middle

of the basin and offshore Vietnam, which is consistent with previous

studies (Wang et al., 2003; Xiu et al., 2010; Chen et al., 2011; He et al.,

2018). As shown in the histogram, under a Euler perspective, more

eddies are found in boreal spring and summer, and fewer eddies exist in

autumn, with a difference of approximately 4000 eddies in the entire

basin (Figure 2C). The numbers of the two types of eddies are similar in

each season, but the overall number of AEs is slightly higher (AE 9766:

CE 9011). Figures 2D, E show that the vast majority of eddies counted

in full lifetime have a duration within 30 days and a mean radius span

of 0.5-1° for both types of eddies.
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3) A total of 2317 salinity profiles of the South China Sea

Physical Oceanic Dataset (SCSPOD) inside mesoscale eddies are

chosen to verify the vertical salinity structure of AE and CE.

SCSPOD is an SCS physical oceanography database combining

observations with Argo, World Ocean Database (WOD), and

mooring and ship-based data from the South China Sea Institute

of Oceanology (Zeng et al., 2016).
2.2 Normalized eddy composite

Ocean eddies dominate the mesoscale process in the ocean

(Melnichenko et al., 2021), so the normalized eddy composite

method is frequently used in studies on eddy structure (Chelton

et al., 2011; Hausmann and Czaja, 2012; Gaube et al., 2013). The

SSS mesoscale variability accounts for 40% to 60% of the total SSS

variability in the tropical Pacific (Delcroix et al., 2019). With the SSS

dataset form SMAP, the eddies from SEIA will utilize boundary

information to search for the simultaneous interior SSS region. For

each gridded SSS anomaly (x, y) inside the eddy boundary, its

position is normalized by the eddy radius (R) under eddy-centric

coordinates as: xe =
x
L ,   ye =

y
L   (L = nR,   n = 1, 2, 3… ). With such

processing, each eddy will be converted into a circular structure

spanning an n-standard radius. An averaging of many of these

circular structures will yield eddy composites. Following this

process, some unrealistic eddy-like structures with irregular

boundaries can also be obtained, which do not truly represent the

true eddy signal and may cause uncertainty in the overall eddy

statistics. As suggested in Chen et al. (2021), oceanic eddies have a

significant mean egg-like shape rather than a circle or ellipse

considering the geophysical anisotropy in eddy properties. To

eliminate unrealistic abnormal eddies in the detection process,

some geometric-based constraints need to be incorporated in the
FIGURE 2

The distribution of (A) AEs and (red) (B) CEs (blue) in the SCS. The shaded area indicates the eddy number. The bar charts show the (C) seasonal
distribution of eddies in the whole SCS (eddies are counted at each time step), distribution of (D) lifetime (unit: days) and (E) mean radius (unit: °) of
eddies with full lifetime.
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algorithm, such as the eddy shape error (the ratio between the eddy

boundary and the standard circle) and the eccentricity of the fitted

ellipse of the eddy boundary (Kurian et al., 2011; Martıńez-Moreno

et al., 2019). In this work, only eddies with an eccentricity of less

than 0.5 are considered to remove the singular boundary. As a

result, a total of 3368 AEs and 1410 CEs are finalized and used to

calculate the eddy composites for two eddy polarities in the SCS.

Both climatological mean and seasonal eddy composites are

provided in this study.

The empirical orthogonal function (EOF; Legendre and

Legendre, 2012), also known as eigenvector analysis or principal

component analysis (PCA), is a method for analyzing structural

features in matrix data to extract the principal data features. It is

now very widely used in geophysics and other disciplines. Here,

EOF is performed to extract different salinity modes for eddy

composites in the SCS. In this study, EOF analysis is adopted to

decompose normalized circular eddy SSS structures in the SCS to

evaluate the spatial patterns of eddy-induced SSS signals.
3 Results

3.1 Mean characteristics
of eddy composites

From 2015 to 2021, a total of 3368 AEs and 1410 CEs are

selected for normalization into eddy composites in the SCS

(Figure 3). The area of the composites within a normalized radius

of 1 indicates the actual eddy interior. Notably, there is a difference

in the sampling of the two types of eddies, with more than twice the

number of AEs than CEs (Figures 3A, B). However, the uncertainty

in these salinity composites is small, with a standard deviation of

approximately 0.02 psu (with a standard error on the order of 0:02 
ffiffiffi

N
p

psu), which is consistent with the fact that the standard deviation of

the intraseasonal variability in salinity is less than 0.02 psu (Yi et al.,

2020). Thus, the difference in the mean salinity anomaly between

AEs and CEs is significant. A subsampling test with randomly

selecting the same amount of both types of eddies is performed, and

a low sensitivity of the overall spatial patterns in eddy composites to

subsampled eddy numbers is found.

The eddy-induced composite-averaged salinity anomaly can be

obtained from Figure 3, and the results show that the minimum and

maximum AE-induced salinity anomalies may reach -0.10 and 0.05

psu, respectively, while the CE varies from -0.06 to 0.08 psu. The

mean salinity anomalies in the eddies due to the presence of both

types of eddies can be either positive or negative. However, the

negative salinity anomaly related to the AE is more pronounced

than that of the CE; instead, the CE induces a much stronger

positive anomaly than does the AE. The AE salinity anomaly

composite shows a clear dipole mode, with the eddy current

anomaly being isotropic and rotating clockwise (Figure 3A). The

salinity gradient is oriented from west to east, with low (~-0.01 psu)

and high (~0.01 psu) salt cores located in the southwest and

southeast of the eddy composite, respectively. In contrast to the

AE, the CE composite presents a regular monopole structure, and

the eddy current anomaly swirls in a counterclockwise direction.
Frontiers in Marine Science 04
The CE composite basically exhibits a positive salinity anomaly

except at the eastern edge, with the high-salinity (~0.03 psu) core

slightly shifting to the northeast compared to the eddy center. The

monopole pattern observed in the CE composite is mainly due to

vertical eddy isothermal displacement and the dipole pattern is

largely driven by lateral eddy advection of the background salinity

gradient (Delcroix et al., 2019). Similarly, studies of eddy-induced

chlorophyll anomalies also confirm the dominant role of

background current fields on the distribution of eddy

normalization (Gaube et al., 2013; He et al., 2016). In conclusion,

the salinity anomaly signal within the CE composite is much more

pronounced than that within the AE composite in terms of a

multiyear climatology.

As suggested by Delcroix et al. (2019), the salinity anomaly

pattern inside eddies is modulated by eddy-induced horizontal and

vertical advection. To clarify these two advective effects, the mean

SSS anomaly and meridional velocity (V) along the zonal section are

depicted in Figures 3C, D. From west to the east of the AE

composite, the SSS anomaly curve gradually increases from

negative to positive values, reaching a peak at a 0.2 normalized

radius. Generally, the meridional velocity decreases gradually,

forming a quasi-symmetric structure around the eddy center

together with the SSS anomaly curve. Such a dipole mode of

the SSS anomaly of the eddy composite is out of phase with the

meridional velocity, which will cause net salt transport over the

eddy wavelength (Melnichenko et al., 2017) along the north−south

direction. For the CE composite, the SSS anomaly along the zonal

section is positive overall and peaks at a 0.1 normalized radius.

Combining the east−west reversal meridional velocity, salinity

advections in the western and eastern parts of the CE composite

cancel each other, resulting in weaker net horizontal transport

(approximately 30% smaller than that of AE), and the high-

salinity anomalies concentrated near the eddy center, as shown in

Figure 3B, may be induced by strong vertical advection (Delcroix

et al., 2019).

The general perception of vertical motions in a mesoscale eddy

is that the CE tends to upwell subsurface, salty seawater toward the

surface, while the opposite is true for the AE. As shown in

Figures 3A, B, the vorticity of the CE composite (0.076×103 s-1)

has a larger magnitude than that of AE (-0.057×103 s-1). Based on

the consideration of the vorticity, we may infer that the CE in the

SCS is stronger than the AE in terms of vertical advection. To verify

this hypothesis, mean eddy salinity anomaly profiles are calculated

from the SCSPOD dataset and presented in Figure 3E, and the

results are consistent with the results of He et al. (2018) that AE

(CE) shows large salinity anomalies of approximately 0.14 psu

(-0.16 psu) at the subsurface of approximately 50 m depth. The

values of the AE salinity anomaly are negative in the upper layer

(<120 m), with a peak at approximately 50 m and a value of -0.16

psu, and stable positive values remain in the lower layer (>120 m).

The salinity anomaly profile of the CE has a quasi-symmetric trend

with that of the AE.

The dominant effect of upwelling leads to a monopole mode in

the CE composite. In contrast, the horizontal advection of the AE

composite overrides the vertical advection. The most direct result is

that the AE composite is not a monopole mode with a low salinity
frontiersin.org
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core, as we had previously thought. The difference in dipole/

monopole patterns due to eddy polarity is not unique in the SCS,

as the same phenomenon is also found in the central tropical Pacific

region (Delcroix et al., 2019). This difference is presumably caused

by the competition between vertical and horizontal advection.
3.2 Seasonal evolution of eddy composites

It has been shown that eddy activity in the SCS displays a strong

seasonal signal (Figure 2C; Xing and Yang 2021). Here, we evaluate

the seasonal evolution of the eddy salinity anomaly composites in

four seasons in the Northern Hemisphere, namely, boreal spring

(December-January-February, DJF), summer (March-April-May,

MAM), autumn (June-July-August, JJA) and winter (September-

October-November, SON). The details are shown in Figure 4.

During the spring, there is strong salinity advection in the

eastern part of the AE composite compared with its western part

(Figure 4A). By summertime, the salinity anomaly composite

gradually develops into a significant dipole mode with low- and

high-salinity cores in the west and east, respectively (Figure 4B).

The SSS anomaly is not in phase with the meridional velocity, which

will inevitably lead to large net transport as well. The AE composite

is largely covered by the negative salinity anomalies during autumn,

the season of the weakest eddy activity (N=634), except for the
Frontiers in Marine Science 05
northwestern margin (Figure 4C). When winter arrives, the dipole

mode reappears, but the salinity anomaly is slightly weaker in

intensity than that in the summer, and the salinity gradient is in a

northwest−southeast direction (Figure 4D). Overall, the east

−southeast part of the AE salinity anomaly composite is

dominated by positive salinity anomalies, accompanied by strong

salinity advection, for most of the year, resulting in a prominent

dipole mode (Figure 3A).

The situation for the CE differs from that of the AE, as the

salinity anomaly composite exhibits obvious (quasi-) monopole

modes in the spring, summer and winter (Figures 4E, F, H). It is

conceivable that it will eventually behave as a monopole mode with

a positive high-salinity core, as shown in Figure 3B. In autumn, the

salinity anomalies appear more chaotic than those in other seasons

(Figure 4G), but they still basically have a structure of low salinity in

the west and high salinity in the east. In conclusion, the monopole

mode of the CE composite initially forms in the winter, strengthens

the following spring, and weakens and gradually shifts to the dipole

mode the subsequent summer and autumn. The seasonal variation

in the composite vorticity is consistent with the cycle of the salinity

modes, as shown in Figure 4. The effect of vertical advection directly

affects the maintenance of the monopole modes of the CE salinity

anomaly composites. The larger amplitude in vorticity may be

related to strengthened vertical advection, which in turn affects

the seasonal mixed layer depth variation. Strong vorticity in the
A B

D

E

C

FIGURE 3

Normalized eddy salinity anomaly (shading, unit: psu) and current anomaly (vector, unit: m·s-1) composites of (A) AE and (B) CE in the SCS. The
number of eddy samples and eddy vorticity (W) are marked on each subgraph. The mean SSS anomaly (red line) and meridional velocity (blue line) of
the AE and CE along the zonal section are shown in (C, D), respectively. (E) Mean salinity anomaly profiles of AE (dotted red line) and CE (blue line) in
the SCS based on the SCSPOD dataset.
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spring of the CE composite (Figure 4E) indicates prominent eddy-

induced upwelling and thus shows a significant monopole mode. In

investigating eddy effects on chlorophyll anomalies in the SCS, He

et al. (2016) shows that the associated CHL anomalies are most

apparent in winter and diminish in the following summer without

polarity differences. The SSS anomaly patterns for both AE and CE

are basically evident in winter and spring, while the diminishing

time is delayed until autumn. Such seasonal variation in eddy-

induced SSS anomalies generally corresponds to seasonally varying

eddy activities in the SCS (Figure 2C). Active basin-scale eddy

activities are more conducive to the formation of stronger eddies,

thus maintaining more significant SSS anomaly patterns.
4 Discussion

It’s clearly indicated by Figure 3 that a dipole (monopole)

pattern appears in the AE (CE) salinity anomaly composite in the

long-term mean over the SCS basin. A seasonal partition further

shows that the SSS anomaly patterns generally follow the trend of

strengthening in winter and spring and weakening in autumn. To

explore the possible mechanism of such characteristics, the EOF

analysis is performed following Dufois et al. (2014), who

successfully implemented such method to study the impact of

eddies on surface chlorophyll in the Indian Ocean.
4.1 Multi-modes of eddy-induced
salinity anomalies

The 7-year AE composites are decomposed by EOF analysis to

obtain the spatial and temporal modes of eddy-induced salinity
Frontiers in Marine Science 06
anomalies (Figure 5). The shading inside the composites indicates

the spatial patterns of the salinity anomalies corresponding to EOF

modes. The first three typical modes account for 79.7% of the

variance, which basically represents the main characteristics of the

original field. The first mode has an explained variance of up to

44.5% and exhibits a clear pattern of slightly off-center monopole

(Figure 5A). The composite is covered with positive values.

Combined with the time series of PC1 and its power spectrum, it

can be seen that the variation in salinity anomalies of AE has no

obvious dominant frequency but is influenced by (intra) seasonal

and interannual variations (Figures 5B, C). The second mode

exhibits a northwest to southeast dipole pattern with an explained

variance of 22.2%, and its evolution is composed of variations at

multiple time scales from seasons to years (Figures 5D–F). The third

mode also exhibits a dipole pattern but is distributed in a northeast

−southwest direction (not shown). For the of the CE composites,

the decomposition results are similar to those of AE (Figures 5G–L).

The first three typical modes exhibit the same spatial patterns of

monopole, dipole and dipole, accounting for 68.2% of the variance.

Its temporal variation may be determined by different processes

from seasonal to interannual scales, even though there is no

significantly dominant periodic variation found in the power

spectral analysis (Figure 5I).

The results from EOF analysis show that the monopole pattern

plays a dominant role in the salinity anomalies of the two types of

eddies, followed by the dipole pattern. However, the composite

analysis shows dipole and monopole patterns for AE and CE,

respectively (Figure 2). This suggests that the climatological

salinity anomalies of eddies are affected by the multi-patterns, but

also by the magnitude of variability in each spatial pattern. Merging

the first three EOF modes of the two types of eddies also yields the

results of AE-dipole and CE-monopole, which are likely related to
A B D

E F G H

C

FIGURE 4

The seasonal evolution of the AE (A-D) and CE (E-H) eddy composites. The shading and vectors are the salinity anomaly (shading, unit: psu) and
current anomaly (vector, unit: m·s-1), respectively. The number of eddy samples and eddy vorticity (W) are marked on each subgraph.
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the modulation effect of advection. The upwelling inside the CE

brings saline water from the lower layer and concentrates in the

center, leading to a monopole mode, while the salinity reduction

caused by the downwelling inside the AE is not strong enough and

eventually results in a dipole mode by horizontal advection. This is

consistent with the salinity situation reflected in Figure 3.

The power spectrum analysis of the PC time series cannot

explain the seasonal variation in eddy-induced salinity anomalies

well, since the intensity of the variations on multiple time scales is

comparable. However, Dufois et al. (2014) demonstrated that the

multipattern codominance of eddy normalization is partly related

to seasonal adjustment of the mixed layer depth within eddies.

Similarly, the weakening/strengthening in vertical advection due to

seasonal adjustment of the mixed layer depth may also partly

explain this seasonal variation in eddy-induced salinity anomalies.
4.2 Distribution of monopole
and dipole modes

To clarify the distribution of the pattern characteristics of

eddies, eddies in each 2.5° × 2.5° geographical subregion are
Frontiers in Marine Science 07
normalized into composites for 7 years, and then the EOF

analysis is applied individually. The first EOF mode in the

normalized salinity anomaly is shown in Figure 6. For the AE, the

average variance contribution of the first mode for the whole SCS is

46.6%, with the basin showing a monopole mode as a whole except

for several subregions in the southwest and southeast (Figure 6A),

where the shallower topography and islands make the eddies in

these regions prone to odd boundaries and undersampling during

the construction of the eddy composite. The poles of the monopole

mode are slightly shifted from the center and exhibit quasi-isotropy.

The monopole pattern of normalized CE composites

predominantly appears in the west of the Luzon Strait and in the

central part of the basin with a basin-mean variance contribution of

41.3%, and the subregions of the dipole pattern increase compared

with that of AE. Different salinity anomaly patterns of eddies in

each subregion are the result of modulation by multiscale processes.

The variance contribution of the second EOF modes for both

types of eddies is approximately 30% (Figure 7). In EOF2, the AE

and CE are consistent, with the whole basin being dominated by the

dipole mode for the eddy composites. The directions of the salinity

gradient inside the composites vary between subregions. For the

formation of dipole modes, the initial SSS condition at the
FIGURE 5

The (A) spatial pattern (unit: psu), (B) PC of EOF1, and (C) power spectrum of PC of the AE in the SCS. The shading indicates the salinity anomaly
mode of the eddy composites and the purple area indicates the 95% confidence interval. Subgraphs (D–F) are for EOF2 of the AE in the SCS. Panels
(G–L) are the same as (A–F) but for the first two modes of EOF of the CE in the SCS.
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beginning of eddy formation and the background salinity gradient

during subsequent evolution are very important to the salinity

changes inside eddies. For both the AE and CE composites, the

salinity gradient in the northern SCS is basically in a northeast

−southwest direction, especially near the Luzon Strait. A possible

explanation is that the Kuroshio intrusion brings much salty and

warm Pacific water into the SCS via the Luzon Strait (Qu et al.,

2004; Wang et al., 2020). This salt water moves along the northern

slope of the basin, extending as far as the southeastern part of

Hainan Island (Wang et al., 2015; Yi et al., 2020). Eddies can mix

this part of the saltwater in the upper layer while moving

northwestward, which has been confirmed as a key dynamic

player in introducing and redistributing this Pacific water mass

into the SCS (Yang et al., 2021).

The first two EOF modes explain more than 70% of the spatial

variability in the eddy salinity anomaly, revealing that the SCS eddy

is dominated by monopoles (EOF1) and supplemented by dipoles

(EOF2). The interplay between relatively saline and freshwater in

these monopole and dipole modes across the whole SCS basin gives

rise to net salinity structures for AE and CE, as shown in Figure 3.

The EOF analysis highlights the complexity of the spatial patterns of

eddy-induced SSS anomalies in the SCS. The dipole (monopole)

pattern in the first (second) mode may infer the role of horizontal

(vertical) advection in driving the eddy-induced SSS anomalies. The

complete mechanisms that are responsible for these spatial

patterns need to be explored in the future studies based on

model simulations.
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5 Summary

Using SMAP satellite data, this study analyses the

characteristics of the SSS anomaly associated with mesoscale

eddies in the SCS. A total of 3368 AEs and 1410 CEs are detected

and used for normalization into eddy composites from 2015 to

2021. The eddy-induced composite-averaged salinity anomalies of

both types of eddies can be negative or positive, but the CE tends to

have increased salinity overall, while the opposite is true for the AE.

Moreover, the AE and CE eddy salinity anomaly composites feature

dipole and monopole patterns, respectively. This leads to the SSS

anomaly and meridional velocity being out of phase along the zonal

section of the AE, causing net salt transport.

Furthermore, the climatological mean and seasonal characteristics

of the salinity anomaly changes in eddies are examined under the long-

term basin mean. The seasonal characteristics of the eddy salinity

anomaly composites exhibit differences in eddy polarity. Dominated by

horizontal advection, the AE composite exhibits a clear dipole mode,

especially in boreal summer and winter, and strong positive salinity

advection in the east−southeast part. The salinity changes inside the CE

are basically controlled by vertical advection. From one winter to the

next, the monopole mode of the CE composite experiences a whole

cycle of formation, strengthening and weakening. The dominant

advection process directly affects the salinity anomaly mode of

the eddies.

By applying a spatiotemporal decomposition on eddy

composites, for both AE and CE, the first three modes account
FIGURE 6

The first spatial pattern of the EOF of the (A) AE and (B) CE in the SCS. The shading indicates the salinity anomaly mode of the eddy composites.
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for the vast majority of eddy-induced salinity anomaly variability,

and the monopole pattern is dominant, followed by the dipole

pattern. The eddy-induced salinity change is the result of the

modulation of seasonal and (intra) annual processes, and the

proportion of each is comparable. The spatial characteristics of

the eddy-induced salinity anomaly in each 2.5°×2.5° geographical

subregion further confirmed that the salinity anomaly distribution

within eddies in the SCS is largely related to a monopole and a

dipole spatial mode. The first two EOF patterns account for more

than 70% of the spatial variability. The results show that the salinity

anomaly composites of both types of eddies in the SCS are

monopole-dominated and dipole-supplemented.

This work systematically investigates eddy-induced salinity

changes with mesoscale-permitting satellite observations of the

ocean surface salinity and geostrophic current in the SCS for the

first time, along with its seasonal evolution and different

spatiotemporal modes. Previous studies on eddy-induced features

in the SCS were generally short in duration and used time series

data from a limited spatial domain. The eddy composite and its

different modes found in this work will provide an observational-

based metric for model simulations. Previous studies have

illustrated that background fields such as wind and current fields

will have a significant effect on the eddy composite analysis (Frenger

et al., 2013; Gaube et al., 2013; He et al., 2016). A complete

mechanism for driving the observed dipole and monopole

features in the eddy composite needs further investigation with

numerical simulations in the near future.
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