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Abstract: Using Estimating the Circulation and Climate of the Ocean (phase 2, ECCO2) reanalysis
products from 1997 to 2019, this study analyzes the spatiotemporal features of the eddy available
gravitational potential energy (EAPE) in the South China Sea (SCS). The results indicate that the
EAPE accounts for 64% of the total APE in the SCS with the climatological mean. The 2D EAPE
distribution images manifest show high-value regions which are generally consistent with the eddy
distributions. One region is located around 21◦ N and west of the Luzon Strait, the second around
17◦ N and near Luzon Island, and the third off the Vietnam coast. In the region around 21◦ N and 17◦

N, both the seasonal variability and the interannual variability associated with the El Niño–Southern
Oscillation (ENSO) are significant. Off the Vietnam coast, the EAPE is closely associated with coastal
processes which heavily depend on the seasonal monsoon, the El Nino/La Nina events, and the
Indian Ocean Dipole (IOD). The results provide new insights into SCS dynamics from the point of
view of ocean energy sources.

Keywords: available gravitational potential energy; mesoscale eddy; South China Sea; ENSO; IOD

1. Introduction

Conservation of energy is a basic physical law that controls ocean circulation. Lorenz
was a pioneer and established a four-box diagram for the energy budget in the atmo-
sphere which is commonly known as the Lorenz energy cycle. By analogy, a lot of studies
examined energy budgets in ocean contexts [1–7]; however, unlike the atmosphere, accu-
mulating evidence indicates that the ocean is not a heat engine [8], i.e., the amplitude of
ocean circulation is actually controlled by the mechanical energy, which is actually smaller
than the surface heat flux into the ocean by a few order of magnitudes. The generation and
accumulation of the available gravitational potential energy (APE) that is available for mix-
ing and conversion into kinetic energy is an integral component of ocean dynamics [9,10].
Huang made a quantitative estimate of the APE for the world’s oceans [11]. In recent years,
eddy contribution to the APE, i.e., the eddy APE (EAPE), in open ocean areas has been in-
vestigated [12–15], while estimates of the EAPE are not widespread for marginal seas such
as the South China Sea (SCS). This study aims to investigate the spatiotemporal variations
of the EAPE in the SCS using the long-term and high-resolution reanalysis products.

As a large semi-enclosed marginal sea, the SCS features energetic mesoscale eddy
processes due to the disturbances from the Pacific, seasonally reversed monsoons, the
instability of local current, and the complex seafloor topography [16–22]. The statistical
properties of eddies in the SCS have been presented in several studies [23–27] and recently
reviewed by Zheng [28] and Lin [29]. The statistical results indicate that the numbers and
shapes of two polarities of eddies are quite close. Their spatial and temporal scales were
132 km and 8.8 weeks, respectively, which was determined by relying on the locations where
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the eddies were formed. The eddy propagation characteristics vary between locations in
the SCS [24–26]. Temperature and thus density anomalies mostly extend vertically to 400–
500 m, while salinity anomalies are apparent in the upper 150 m. Correspondingly, most
heat and salt transport processes are concentrated in the upper 300 m and 100 m levels [25].
The eddy kinetic energy (EKE) in the SCS has also been intensively investigated [30–33].
The results show that the climatological mean EKE ranges from 50 cm2/s2 to 1400 cm2/s2

with a mean value of 314 cm2/s2. Spatially, the highest peak appears southeast of the
Vietnam coast and the second highest one appears in the southwest of Taiwan. Seasonally,
the mean EKE in spring, summer, autumn, and winter accounts for 19.4%, 26.6%, 29.3%,
and 24.6% of the total, respectively. The seasonal cycle is a dominant mechanism controlling
EKE variability east of the Vietnam coast, while the disturbances from the Pacific may
be a leading cause of EKE variability southwest of Taiwan [31,32]. In addition to the
seasonal variability, the mesoscale processes in the SCS also have pronounced interannual
variability, which is largely attributed to the influence of El Niño–Southern Oscillation
(ENSO) events [27,29,34,35] and the Indian Ocean Dipole (IOD) [36,37].

Energy budget analysis suggests that the release of APE is an important eddy energy
source in the SCS [38]. Eddies also acquire/release kinetic energy mainly from/to the
EAPE [39,40]; however, the detailed structure and variability of the EAPE in the SCS has
not been well addressed. The next section gives descriptions of the data products and
analysis methods. The results are presented in Section 3, including the climatological
distributions, seasonal variability, and interannual variability. Discussion and conclusions
are given in Sections 4 and 5, respectively.

2. Materials and Methods

The Estimating the Circulation and Climate of the Ocean, Phase II (ECCO2) reanalysis
product from 1997 to 2019 as a baseline [41]. As an eddy-permitting model, ECCO2 has
a spatial resolution of 0.25◦ latitude × 0.25◦ longitude, a time resolution of 3 days, and
50 vertical layers. Both the spatial and temporal resolutions are high enough to capture
mesoscale eddies with radii larger than 60 km and lifetimes longer than 6 d. ECCO2 data
have previously been used for the eddy energy budget analysis [42,43]. Since mesoscale
eddies are generally larger than 200 km and last more than 60 days in the SCS [24,28], the
ECCO2 data should be able to capture the main features of the EAPE.

The APE (denoted with P) is calculated as per [42,43]:

P(x, y, z, t) = − g
2n0

(ρ− 〈ρ〉)2. (1)

where g is the gravitational acceleration, ρ(x, y, z, t) is the density, and 〈ρ〉 is the reference
state of the density, with the horizontal bar denoting a temporal average from 1997 to 2019,
and 〈·〉 is the horizontal average over the whole SCS basin. n0 = − ρ0

g N0
2 denotes the

stability of the reference state, where ρ0 = 〈ρ〉 is the reference density and N0 =
√
− g

ρ0

dρ0
dz

is the mean buoyance frequency derived from ρ0. Hence, n0, ρ0, and N0 are functions depth
only. The mean APE (MAPE) is defined as

PM(x, y, z) = − g
2n0

[
(ρ− 〈ρ〉)

]2
. (2)

The formula represents the mean APE in terms of time from its reference state. The
EAPE is defined as

PE(x, y, z, t) = − g
2n0

(ρ− ρ)2. (3)

The formula represents the APE anomalies stored in an instantaneous state with
respect to the MAPE. The instantaneous state is referring to a 3-day snapshot of the ECCO2
data. For convenience, we defined σ = ρ− ρ. As shown in the observation and model
results, the eddy energy in the SCS is mainly confined to the upper layer of the ocean [25,44].
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Thus, we integrated PE(x, y, z, t) from the surface to 200 m to obtain the 2D (x,y) distribution
of the EAPE and MAPE in the following analysis.

The Niño 3.4 index was used for the interannual variability analysis in this study
and features 3-month running mean sea surface temperature (SST) anomalies over the
Niño 3.4 region within 5◦ N–5◦ S and 120◦ W–170◦ W [45]. The El Niño (La Niña) state is
defined when the Niño 3.4 index is larger (smaller) than 0.5 ◦C (−0.5 ◦C). The IOD index
defined in [46] was applied to separate the IOD phases, which are represented by the
anomalous SST gradient between the western equatorial Indian Ocean (50◦ E–70◦ E and
10◦ S–10◦ N) and the southeastern equatorial Indian Ocean (90◦ E–110◦ E and 10◦ S–0◦ S).
A positive (negative) IOD is defined as an IOD index larger (smaller) than its mean plus
(minus) one standard deviation. A two-sample Student’s t-test was applied to test the
statistical significance between the ENSO phases and the IOD phases in the following
analysis, assuming that the two samples have unknown and unequal variance.

3. Results
3.1. Climatological Distribution

The 2D (x,y) distribution of the MAPE and the climatological mean EAPE averaged
from 1997 to 2019 in the SCS are shown in Figure 1a,b. One can see that the maximum
values of the mean MAPE and EAPE are 4 × 104 J m−2 and 3 × 104 J m−2, respectively.
The total MAPE in the SCS is 6.02 × 104 J m−2, while the total EAPE is 10.9 × 104 J m−2.
The EAPE accounts for 64% of the total APE (a sum of the MAPE and the EAPE) in
the whole SCS, which is much larger than the estimated 20–30% for global oceans [6].
This is understandable, since eddies in the SCS are more energetic than in open oceans.
Such evidence also indicates that the importance of the EAPE in global oceans may be
underestimated, since the cases for marginal seas may be underestimated due to a lack
of data.
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Figure 1. 2D distribution of the mean available gravitational potential energy (MAPE) (a) and
climatological eddy available gravitational potential energy (EAPE) (b) in the SCS averaged from
1997 to 2019 and from the surface to 200 m. Units are J m−2. Red boxes in (b) represent the three
regions of peaked values.

As shown in Figure 1a, a high MAPE area with values above 2 × 104 J m−2 originates
from the Luzon Strait and extends westward to the northern SCS. In other regions, the
MAPE values are generally uniform with values one order smaller, except the region off
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the Vietnam coast, where the moderate MAPE of about 1 × 104 J m−2 are distributed. In
contrast to the highly concentrated distribution of high MAPE values, the EAPE features
three peaked-value regions as shown in Figure 1b. Two regions are located in the northern
SCS, where a northern one is centered around 21◦ N near Luzon Strait and a southern
one is centered around 17◦ N and west of the Luzon Island. The two regions are consis-
tent with the distribution of mesoscale eddies observed by satellite altimeter sea surface
height (SSH) data [23]. The northern high EAPE region around 21◦ N corresponds to the
westward propagation path of eddies and disturbances originating from the northwest
Pacific and entering the SCS [18,28,33,47,48]. The southern high EAPE region around 17◦

N corresponds to the location of the periodic Luzon cold/warm eddy [49,50], consistent
with the eddy train and the intrinsic basin normal modes in the basin [19,51,52]. The third
high EAPE region is located off the Vietnam coast, where active coastal upwelling, eddy
dipole, submesoscale vortices, and a western boundary current are present [53,54].

As indicated by Equation (3), the values of the EAPE depend on the density anomaly
σ and the stratification N2. Figure 2a,b shows the climatological distributions of σ and
log10 N2 in the SCS, respectively. One can see that a higher EAPE is generally consistent
with a higher σ and lower N2. The correlation coefficients R2 of the EAPE to σ2 and(

N2)−1, respectively. From Figure 2c,d, one can see that in most areas of the SCS, the
correlation coefficients of the EAPE to σ2, i.e., R2

σ, are higher than 0.8, while those to(
N2)−1, i.e., R2

N , are mostly lower than 0.3 in the central basin. In the northern boundary,
R2

N increases to over 0.6. Combined with the distributions of σ and log10 N2, we obtained
the following understandings: 1) In the high EAPE region around 21 ◦N, there are higher
density anomalies (σ > 3 × 10−3 kg m−3), and lower stratification (N2< 1 × 10−3.8 s−2).
R2

σ and R2
N are both around 0.5. Both density anomalies and stratifications are dominant

for higher EAPE values. 2) In the high EAPE area around 17 ◦N, since the density is
dramatically disturbed with σ> 3.5 × 10−3 kg m−3 and R2

σ > 0.9, the EAPE is more affected
by the disturbance of density. 3) In the high EAPE area off the coast of Vietnam, the
disturbance of density plays a vital role in generating high EAPE values. Due to the larger
stratification (N2 > 1 × 10−3.5 s−2), the climatological mean EAPE in the western SCS is
not as large as near the Luzon Strait and Luzon Island in the northern SCS as shown in
Figure 1b.

3.2. Seasonal Variability

As shown in the above section, the EAPE distributions are highly correlated to the
circulation in the SCS. Driven by the seasonal-reversed monsoon and the Kuroshio intrusion
from the Luzon Strait, the SCS upper ocean circulation changes between two opposite
gyres embedded with eddies, i.e., a cyclonic gyre is formed in winter while an anticyclonic
gyre is formed in the southern SCS in summer [55,56]. During the transition period, dipole
structures may be formed southeast from Vietnam as a cold tongue develops. Moreover,
the seasonal variation is modulated by the interannual variations, which would affect the
interannual variability of the EAPE.

Figure 3a–d shows the seasonal variability of the 2D EAPE distribution in the SCS. One
can see that the general EAPE distribution pattern in spring (March, April and May, MAM)
is similar with that in autumn (September October and November, SON), of which three
peak EAPE regions align along the central line of the NE–SW basin. The pattern differs in
summer (June, July and August, JJA) and winter (December, January and February, DJF),
where the second peak region is located eastward near Luzon Island as per the climato-
logical pattern in Figure 1b. The averaged EAPE of the whole SCS is 1.09 × 104 J m−2 in
winter, larger than the values of 0.76 × 104, 0.82 × 104, and 0.85 × 104 in spring, summer,
and autumn, respectively.
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Table 1 shows the variation of the EAPE, density anomaly σ and stratification N2 in
the three peak regions. One can see that in the region around 21◦ N, the EAPE has the
largest value of 1.83 × 104 J m−2 in winter and the lowest value of 1.14 × 104 J m−2 in
autumn. The annual mean EAPE here is 1.41 × 104 J m−2 with a seasonal deviation of
21%, mostly due to the variation of stratification. Comparing to the other two regions,
the stratifications and seasonal deviations of |σ| are the weakest here. For the region
around 17◦ N, the EAPE reaches its maximum in winter and minimum in spring, with
values between 1.73 × 104 J m−2 and 1.01 × 104 J m−2, respectively. The values of σ2 in
summer are 1.4 times higher than those in winter, but the maximum EAPE appears in
winter due to weaker stratification. The high core of the EAPE shrinks and moves away
from the coast. As a result, the EAPE reaches its minimum in spring when the periodic
eddy and the wind stress are weak during the period of monsoon reversion [14,49]. Off the
Vietnam coast in the western SCS, the northeasterly monsoon drives coastal downwelling
in winter and spring. In contrast, the southwesterly monsoon drives water away from the
coast and leads to strong coastal upwelling in summer and autumn [52], thus generating
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submesoscale vortices [53]. Different from the two northern regions, the density anomaly
σ off the Vietnam coast has large positive value over 0.5 kg m−3 in autumn due to the
upwelling. Consequently, the EAPE here is enhanced and close to the highest value of
1.22 × 104 J m−2 in winter as induced by weak stratification.
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3.3. Interannual Variability

Besides the seasonal variation, the EAPE in the SCS also manifests interannual vari-
ability due to the impacts of the ENSO and IOD. As shown in Figure 4, in the northern
region around 21◦ N, the EAPE is significantly higher during the El Niño events than that
during the La Niña events. From the EAPE images shown in Figure 4a,b, we found the
maximum value to be 10% higher and the area is occupied by values over 18 kJ m−2, i.e.,
the total value of EAPE during the El Niño events is as high as about 5.5 times than that
during the La Niña events.
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Table 1. Seasonal variability of averaged parameters in three high EAPE regions (boxes in Figure 3).

Season
Around 21 ◦N and West of Luzon Strait Around 17 ◦N and West of Luzon Island Off the Vietnam Coast

EAPE × 104 J m−2 σ kg m−3 N2 log10 s−2 EAPE × 104 J m−2 σ kg m−3 N2 log10 s−2 EAPE × 104 J m−2 σ kg m−3 N2 log10 s−2

Spring (March–May) 1.33 0.22 −3.71 1.01 0.25 −3.59 0.84 −0.03 −3.60

Summer (June–August) 1.33 −0.21 −3.62 1.26 −0.44 −3.57 0.98 −0.20 −3.57

Autumn (September–November) 1.14 −0.21 −3.66 1.09 −0.28 −3.58 1.20 0.50 −3.55

Winter (December–February) 1.83 0.20 −3.82 1.73 0.37 −3.73 1.22 0.21 −3.62

Mean 1.41 0.21 1 −3.70 1.27 0.33 1 −3.62 1.06 0.23 1 −3.59
STD 0.30 0.01 0.09 0.32 0.09 0.08 0.18 0.20 0.03

1 Mean of the absolute density anomaly |σ|.
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In order to explain the significant EAPE increase phenomenon in the SCS during
the El Niño events we considered the following scenario. During the El Niño events, the
westerly wind burst drives the warm SST to shift eastward from the warm western Pacific
pool and the easterly trade winds become weaker. As a result, the westward North Pacific
Current is reduced. After the bifurcation of the North Pacific Current near the Philippines,
the northward Kuroshio branch is weaker [57]. Due to the reduced momentum of the
Kuroshio Current, the mesoscale disturbances from the Pacific easily penetrate the Kuroshio
Current, and enter the northern SCS through the Luzon Strait [18,33]. Thus, the EAPE
becomes stronger as shown in Figure 4a,c. In contrast, during the La Niña events, the trade
winds and the North Pacific Current are stronger than the cases during the El Niño events.
Consequently, the Kuroshio Current is stronger, leading weaker EAPE in the SCS.

In the region around 17◦ N, comparing with the seasonality shown in Figure 3, one
can conclude that the EAPE is more dominated by the seasonal variability than that
influenced by the ENSO events. The EAPE off the Vietnam coast only has an interannual
variability of 4 kJ m−2. Since the monsoon circulation is generally weaker during the El
Niño events [58,59], the coastal upwelling driven by the southwesterly monsoon winds
tends to be stronger during the La Niña events and the EAPE is enhanced as shown
Figure 4b.

In addition, the EAPE is significantly enhanced during negative IOD phases as shown
in Figure 5. For the positive IOD, the cyclonic winds in the lower troposphere tend to
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reduce the northeastward monsoon winds along the Vietnam coast (e.g., [37]), which
decreases the EAPE. Consistently, for the negative IOD, more eddies are generated and far
higher EAPE is generated in the western SCS.
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4. Discussion
4.1. Data Reanalysis

We have used ECCO2 data for EAPE analysis in this study. According to the inter-
comparisons reported in [60], ECCO2 has the strongest mesoscale processes when compar-
ing with other available reanalysis products (such as Simple Ocean Data Assimilation [61]).
The eddy-resolving numerical model outputs may also be used for estimation, while the
reanalysis data gathered directly from observations are prioritized for use. Considering
the temporal and spatial resolutions of various ocean reanalysis products, ECCO2 is an
applicable choice for the estimate of EAPE in the SCS.

Chen [42] compared ECCO2 data to observation data and found the misfits to be less
than 0.5 ◦C for temperature and 0.1 psu for salinity, respectively. Correspondingly, the
density errors should be less than 0.1 kg m−3 and the errors for the 200-m integrated APEs
are less than 20 J m−2 according to Equations (1)–(3). The APE errors are negligible when
comparing to the values above 1 × 103 J m−2 in the results.

4.2. Integral Depth

We applied a depth of 200 m as the integral limit for calculating the APE, though
eddies may penetrate the whole depth of water in the SCS [44]. This is reasonable because
the larger disturbance of eddies are mostly confined to the upper ocean [25]. Furthermore,
the Brunt–Väisälä frequency, which determines the APE directly, reaches its maximum
within a range from 50 to 75 m in the SCS [62,63]. The mixed layer in the SCS is mainly
shallower than 100 m, implying that the APE is constrained to the upper ocean. Hence,
setting the integral limit of the APE to 200 m is physically sound. In fact, we also calculated
APE in the upper 1000 m and 3500 m levels, and the results (not shown) indicated similar
distribution patterns with little differences in values.
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4.3. EKE and the EAPE

The EKE and the EAPE are two components of eddy mechanical energy. Previous
studies have generally investigated the interactions between eddies and mean flow, while
fewer studies have focused on the conversion between EAPE and EKE (i.e., [39]).

Using a high-resolution numerical model, Yang et al. investigated eddy energy sources
and sinks in the SCS [38]. They found that over 60% (66%) of the EKE arises from EAPE
releasing in winter (summer), indicating high EKE in the three high EAPE regions as shown
in Figure 2. Kang et al. analyzed the eddy energy budget in the Gulf Stream region and
found that the baroclinic conversion of APE→EAPE→EKE contributes 25% of the EKE [39].
Baroclinic instability and gravity play important roles in energy conversion.

Recently, Yang et al. [15] used a more advanced multiscale window transform (MWT) [64]
method to examine the roles of multiscale interactions and instabilities in the context of
loop current eddy shedding in the Gulf of Mexico and found that energy transform from
APE to EKE plays an important role in the eddy shedding process. The MWT and canonical
transfer theory [65] would be appropriate directions for more accurate energy budget
calculation in ocean dynamics.

5. Conclusions

In this study, the 2D distributions and temporal variability features of the EAPE in the
SCS have been analyzed using state-of-the-art ECCO2 reanalysis products from 1997 to
2019. The major findings are summarized as follows:

1. The 2D distribution images of the climatological mean EAPE show that the higher
EAPE values are distributed in three regions, where two regions are located in the
northern SCS, with one around 21◦ N to the west of the Luzon Strait and the other
one around 17◦ N near Luzon Island. The third region is in the western SCS off the
coast of Vietnam.

2. The EAPE in the SCS presents an evident seasonal circle. The percentages of the
seasonal EAPE over the total EAPE account for 21.6%, 23.2%, 24.2%, and 31.0% in
spring, summer, autumn, and winter, respectively. A noticeable enhancement in
winter is attributed to much weak stratification, especially in the northern SCS, which
is favorable for enhancing the EAPE.

3. In the northern SCS, the EAPE is generally smaller in spring and autumn and larger in
summer and winter. The location of the peak EAPE has little seasonal variation around
21◦ N but moves westward to the central basin around 17◦ N. For the interannual
variability, the EAPE in the two northern regions weakens during La Nina periods.
ENSO plays an important role in the northern SCS.

4. Off the Vietnam coast, the EAPE is closely related to coastal upwelling and presents
higher values in autumn. The EAPE in this region has remarkable seasonal variabili-
ties. During the La Niña events, the EAPE is enhanced and spreads from the Vietnam
coast to the central SCS. During El Niño events, coastal upwelling and the EAPE are
greatly suppressed. During the negative phase of the IOD, the EAPE is significantly
enhanced in the western SCS, while there is no significant difference in the eastern
SCS between the two IOD phases.

The above findings provide new insights into SCS dynamics from the point of view
of ocean energy sources. In particular, the implications of the findings in exploring SCS
response to climate change are worth further study.
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