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Abstract

Through analysis of the results of a verified high-fidelity numerical model, the intra-seasonal variations (ISVs) in
the depth of the 22°C isotherm (D22) in the South China Sea (SCS) basin are investigated. The results show that
the ISVs in the D22 exhibit distinct seasonality in the SCS. The ISVs in the D22 are quite significant, especially
within a band along the northwestern boundary of the basin and at the southern end of the basin during boreal
winter. In these areas, the ratio of the standard deviations (STDs) of intra-seasonal band to the STDs of total data
could exceed 0.6. Although the ISVs in the D22 are detectable in the area affected by the Vietnam Offshore Current
during boreal summer and autumn, these variations are sometimes overwhelmed by oscillations with other
frequencies. An analysis of the causes of the ISVs in the D22 in the SCS indicates that sea surface fluxes and wind
stirring are not the dominant external driving mechanisms of the phenomena described above. The ISVs in the
D22 are thought to be induced mainly by the thermodynamic adjustment of the ocean itself and the associated
instabilities. The energy of the northern and southern bands that display strong ISVs in the D22 may be derived
from eddy kinetic energy, rather than eddy available potential energy. The diversity of the propagation of the ISVs

in the D22 is very conspicuous within these two bands.
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1 Introduction

The South China Sea (SCS) is one of the largest marginal seas
in the West Pacific Ocean. The SCS is located in a low-latitude
area, and the intra-seasonal variations (ISVs) in various oceanic
features in the SCS are very significant because they are influ-
enced by many factors, such as atmospheric forcing (Mao and
Chan, 2005; Xie et al., 2007; Zhuang et al., 2010; Roxy and Tan-
imoto, 2011). Sengupta et al. (2001) found that the magnitude of
the ISVs in sea surface temperatures (SSTs) in the SCS is highest
at low latitudes. Based on satellite data and in situ observations,
some researchers have examined other ocean surface character-
istics in the SCS, such as sea surface heights (SSHs), latent heat
fluxes and currents (Gao and Zhou, 2002; Wu et al., 2005; Xie et
al., 2007; Zeng and Wang, 2009; Xiu et al., 2010; Zhuang et al.,
2010; Chen et al., 2011) and their supplementary contributions to
the atmosphere (Wu and Chen, 2015).

Firsthand observations indicate that the ISVs in the subsur-
face water temperatures in the SCS are substantial. These vari-
ations play a vital role in the safety of marine construction and
transportation. More importantly, they can change the heat con-
tent of the ocean and impact the occurrence of the summer mon-
soon and precipitation in South China (Wu et al., 2007). In addi-

tion, increases in subsurface water temperatures may dramatic-
ally enhance the intensity of passing typhoons (Zheng et al.,
2014). For the reasons given above, studies of the ISVs in subsur-
face water temperatures in the SCS are of great importance.

Based on long-term mooring data, Liu et al. (2001) and Zhou
and Gao (2002) determined that this oscillation is mesoscale and
that its period is less than 90 d. They also noted that the intensity
of this variation is comparable to that of the annual cycle, and the
mechanisms underlying this phenomenon are very complex.
Nevertheless, researchers have made a certain amount of pro-
gress in the study of the ISVs in the subsurface water temperat-
ures in the SCS; however, these results are mainly based upon
sparse observations (Liu et al., 2001; Zhou and Gao, 2002; Chen
etal., 2011, 2012). Given the restrictions imposed by the tempor-
al and spatial density of the available observations, these studies
do not present comprehensive descriptions of the spatiotempor-
al characteristics of this phenomenon. The output from numeric-
al models, which is finely resolved, provides a more appropriate
means of solving this problem. To date, few relevant studies have
been published.

In this paper, we use the high-resolution Hybrid Coordinate
Ocean Model and the Navy Coupled Ocean Data Assimilation
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(HYCOM + NCODA) Global (1/12)° Analysis (GLBa0.08) to in-
vestigate the ISVs in the subsurface water temperatures in the
SCS. The data and methods are introduced in Section 2; the res-
ults of the model are verified in Section 3; the spatiotemporal
characteristics of the ISVs in the subsurface water temperatures
in the SCS are described in Section 4; an analysis of the causes of
this phenomenon is presented in Section 5; and some conclu-
sions are given in Section 6.

2 Data and methods

2.1 Data

To investigate the ISVs in subsurface water temperatures in
the SCS, we use 13 years of output (extending from 2004 to 2016)
from the HYCOM + NCODA GLBa0.08 provided by the Naval Re-
search Laboratory of the U.S. Navy. The vertical coordinate in
HYCOM remains isopycnic in the stratified open ocean but trans-
itions smoothly to z coordinates in the weakly stratified upper-
ocean mixed layer, to terrain-following sigma coordinates in
shallow water regions, and back to z coordinates in very shallow
water. HYCOM uses the Navy Coupled Ocean Data Assimilation
(NCODA) system to assimilate data from satellite altimetry and in
situ observations. The levels in the vertical direction are at 0, 10,
20, 30, 50, 75, 100, 125, 150, 200, 250, 300, 400, 500, 600, 700, 800,
900, 1 000, 1 100, 1 200, 1 300, 1 400, 1 500, 1 750, 2 000, 2 500,
3000, 3 500, 4 000, 4 500, 5 000, and 5 000 m. The surface forcing
is derived from the Navy Operational Global Atmosphere Predic-
tion System (NOGAPS) and the Navy Global Environmental
Model (NAVGEM).

To verify the reliability of the model results, we compare sev-
eral in situ observational temperature profiles with the simula-
tion. The observations are derived from the World Ocean Data-
base (WOD), Argo data, the Global Temperature-Salinity Profile
Programme (GTSPP), the open cruises of the National Natural
Science Foundation of China (NSFC), and the cruises of the Na-
tional Basic Research Program of China and the Response of
Marine Hazards to Climate Change in the Western Pacific Project
(ROSE) conducted by the First Institute of Oceanography, State
Oceanic Administration, People’s Republic of China.
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Note that long-term in situ observations may be most appro-
priate in examining the ISVs in subsurface temperature pro-
duced by the simulation. However, few such highly appropriate
data collected at moorings with onboard temperature-salinity-
depth sensor chains are available. Therefore, many momentary
temperature profiles are used to evaluate the statistical and sys-
tematic differences in the transient vertical temperature distribu-
tion between the simulation and the observations.

2.2 Methods

As indicated by Liu et al. (2001), the variations in the 22°C iso-
therm in the SCS are closely related to those of the thermocline;
therefore, we take the depth of the 22°C isotherm (D22) as an in-
dex of subsurface water temperatures in the SCS.

To extract the intra-seasonal variability, we use a 10- to 90-d
bandpass filter, as is common in studies of ISVs. We calculate the
standard deviation (STD) of the filtered data to indicate the in-
tensity of the ISVs.

The processes that produce vertical mixing in shallow seas
are complex, and many dynamic and thermal factors may affect
the subsurface water temperatures. It is more challenging to re-
produce the vertical temperature profile in the shallow seas than
that in the open ocean basin in a numerical model. Thus, to im-
prove the accuracy of this study, we consider only the parts of the
SCS with water depths exceeding 200 m.

3 Verification

The locations of all of the observed temperature profiles are
presented in Fig. 1a. As shown in the figure, these profiles are
abundant in the SCS basin, thanks to the long-term accumula-
tion of data from multiple sources. Measured profiles are espe-
cially abundant in the northern part of the SCS. However, the
density of temperature profiles is still relatively sparse in the
southern part of the SCS basin. Only certain cruises, such as
those of the ROSE project, have collected CTD observations in
this area.

Figure 1b compares the observed and simulated D22 values.
In this figure, the x-axis indicates the model results, whereas the
y-axis indicates the corresponding observations. The correlation
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Fig. 1. The locations of all observational temperature profiles (a) and a scatter diagram of the simulated D22 (x-axis) versus the

observed D22 (y-axis) (b).
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coefficient between the simulation results and the observations is
0.73. The absolute deviation and annual mean of the simulated
D22 values are 11.2 m and 92.0 m, whereas the absolute devi-
ation and annual mean of the observed D22 values are 15.6 m
and 91.5 m. In general, the points are distributed along the diag-
onal line of the coordinate system. This result implies that, from a
statistical perspective, the simulation yields highly reliable transi-
ent D22 values in the SCS. This verification provides a basis for
the following analysis of the ISVs in the D22 in the SCS.

4 The ISVs in the D22 in the SCS

We apply a high-pass filter to the model results and calculate
the STD of the 13 years of data. The climatological and annual
mean STDs of the ISVs in the D22 are presented in Fig. 2. In
Figs 2a-e, the colors indicate the STDs of the ISVs in the D22,
whereas the black contours represent the climatological mean
D22.

These figures indicate that the ISVs in the D22 are most prom-
inent during boreal winter in the SCS. During this time, the most
active ISVs in the D22 emerge along the northwestern boundary
of the SCS basin and extend westward from the Luzon Strait. The
maximum intensity in this region exceeds 20 m. Another region
of active ISVs in the D22 is located at the southern end of the SCS
basin; the area and the magnitude of the ISVs in the south region
are less than those of the northwestern boundary of the SCS
basin. In addition, the average intensity of the ISVs in the D22 in
the entire basin exceeds 10 m. The results for the spring repres-
ent a transition state. The spatial pattern is similar to that during
winter, except that the southern region of active ISVs disappears,
and the magnitudes are smaller. The spatial distribution of the
ISVs in the D22 in the SCS during summer and autumn differs
notably from that during winter and spring. In summer and au-
tumn, the active ISVs in the D22 extend from southwest to north-
east across the SCS basin. The intensity is relatively low in the

southeastern part of the SCS basin. The belt of high ISV activity
along the northwestern boundary of the basin almost disappears,
and only some parts of this belt persist in the west of the Luzon
Strait. This seasonal variation coincides with the incursion of the
Kuroshio Current. To the south of this area, offshore from the
east coast of the Indo-China Peninsula, a core of high ISV activity
appears that differs notably from that during winter and spring.
This phenomenon is more significant in autumn, and it may be
correlated with another circulation system, the Vietnam Off-
shore Current (VOC). Conversely, in the eastern part of the SCS
basin, the ISVs in subsurface temperatures reflect relatively small
changes during summer and autumn.

It is worthwhile to compare the intensities of the ISVs in the
D22 with those of oscillations that operate at other time scale, for
example, the seasonal, annual and decadal oscillations. The ra-
tios of the STDs of intra-seasonal band to the STDs of total data
are shown in Fig. 2f. In this figure, the colors indicate the ratios,
and the 0.6 isoline is shown as a solid black line. Consistent with
the climatological results for winter and autumn, the ISVs in sub-
surface temperatures are larger along the northwestern bound-
ary of the SCS basin and at its southern end. In these areas, the
ISV ratio could exceed 0.6. However, although there is a zone of
high ISV activity offshore of the east coast of the Indo-China Pen-
insula in summer and autumn, the STDs associated with the ISVs
are overwhelmed by the other oscillations.

This analysis shows that the temporal and spatial features of
the ISVs in the D22 in the SCS are similar to those of the ocean
surface factors to some degree. For instance, both the ISVs in the
D22 and the ISVs in SSHs display obvious seasonal differences
(Zhuang et al., 2010). In addition, the ISVs in the D22 show paral-
lels with the ISVs in the SSTs in the area affected by the VOC (Xie
et al., 2007). However, there is a non-negligible divergence
between the ISVs in the D22 and the ISVs in the surface factors.
For example, there is a striking core of high ISVs in the D22 at the
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Fig. 2. The spatial distribution of the STDs associated with the ISVs in the D22 (shaded areas) of SCS for winter (a), spring (b),
summer (c), autumn (d), the annual mean (e), and the ratio of the STDs of intra-seasonal band to the STDs of total data (f). The

climatological D22 is shown as black contours in a-e.
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southern end of the SCS in winter, and the relative magnitude of
the ISVs in the D22 along the coast of Vietnam is less prominent
in summer and autumn. These results suggest that the mechan-
ism that produces the ISVs in the D22 may not be the same as
those that produce the ISVs in the SSTs and SSHs.

5 An analysis of the causes of the intra-seasonal variations in
the D22 in the SCS

Both dynamic and thermal processes may generate the ISVs
in the D22; wind stirring and heating are two of the main extern-
al forcings that drive these processes. To investigate the contribu-
tions from these external forcings to the ISVs in the D22, we cal-
culate the pointwise correlation coefficients between the intra-
seasonal D22 and the net heat flux at the sea surface (Fig. 3) and
the sea surface wind curl (Fig. 4). The positive net heat flux refers
to the heat transport from atmosphere to ocean.

According to the principles that govern thermal processes, in-
creases in the heat flux should be accompanied by increases in
the D22. However, the results indicate the opposite behavior. In
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winter, the analysis essentially reflects a negative correlation
between the intra-seasonal D22 and the variations in the sea sur-
face heat flux over the entire SCS basin. The reason might be that
the enhancing of the upper ocean heat content that accompan-
ies an increase in the D22 would make the ocean heat the overly-
ing atmosphere, thus reducing the surface heat flux. The negat-
ive correlation is more significant in winter and in the northwest-
ern portion of the SCS basin in summer and autumn because the
D22 is shallower in those areas. It might be argued that external
heating is not the main driver of the ISVs in the D22 in the SCS
basin.

Although classical dynamical theory suggests that positive
wind curl may reduce the D22, a robust negative correlation
between the intra-seasonal D22 and the sea surface wind curl is
not seen in the results, except that this correlation is only just dis-
tinguishable within the area affected by the VOC in summer. This
result implies that the wind stirring indeed strengthens the ISVs
in the D22 in the SCS; however, this conclusion is only partially
correct, and the strength of this effect depends on time and
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Fig. 3. Pointwise correlation coefficients between the ISVs in the D22 and the sea surface heat flux in winter (a), spring (b), summer

(c), and autumn (d). The shaded zone is over 95% confidence levels.
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Fig. 4. Pointwise correlation coefficients between the ISVs in the D22 and the sea surface wind curl in winter (a), spring (b), summer

(c), and autumn (d). The shaded zone is over 95% confidence levels.

space.

We also calculate the correlation coefficients between the
ISVs in the D22 and the buoyancy flux, but the correlation is not
especially distinct (the results are not shown here).

The above analysis suggests that external forcings are not the
dominant driver of the ISVs in the D22 in the SCS. Instead, this
phenomenon likely arises due to internal adjustments of the
ocean itself. To identify the energy sources of this adjustment, the
eddy kinetic energy (EKE) and the eddy available potential en-
ergy (EPE) are calculated. These quantities are defined as follows:

1/,
EKE = 2 (u2+v2) .

8"

EPE=-_—°C
20 (9,/02)

where p (x,y,2,t) = p(x,¥,2,t) — pb (2), pp(2) is the background

density profile, which is calculated as the annual and horizontal
mean within the SCS, and p, is the annual and horizontal mean
potential density. The transient components of the velocity and
density are defined as the variability over periods ranging from 10
to 90 d, and the residual low-frequency variations are treated as
the base state. The climatological EKE and EPE are illustrated in
Figs 5 and 6, respectively.

According to the results, some cores of high ISVs in the D22
occur in the same places as the areas with high EKE. Examples
include the band along the northwestern boundary and the
southern end of the basin in winter. However, the EPE is not es-
pecially high in these two areas. This result indicates that, at
these specific locations and at particular times, the thermody-
namic adjustment of the ocean associated with the ISVs in the
D22 is driven mainly by EKE, rather than EPE. During summer
and autumn, in the area offshore of the coast of Vietnam, the EPE
and EKE are both strikingly high. This co-occurrence of high EPE
and EKE values would induce a vigorous energy cascade, which
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Fig. 5. The vertical integrated EKE in the SCS basin for winter (a), spring (b), summer (c), and autumn (d).

may partly explain why the ISVs are attenuated by variations on
other time scales, as demonstrated in Fig. 2f. Although EPE is
abundant in the southeastern portion of the SCS basin during
summer and autumn, the ISVs in the D22 are in a period of in-
activity. This implies that energy conversion plays a vital role in
the genesis of the ISVs in the D22, and investigations of barotrop-
ic and baroclinic instability are needed.

To investigate the propagation of the ISVs in the D22 in the
SCS basin, Fig. 7 shows the lag correlation of the ISVs in the D22
along the band of high variability that extends from west of the
Luzon Strait towards the western boundary of the basin (Line A
in Fig. 7a) and is nearly parallel with the Vietnamese coast (Line
B in Fig. 7a). The D22 values at the midpoint of this line are taken
as the reference time series. Along Line A, the ISVs display a pro-
nounced southwestward propagation during the December-
March (DJFM) active season but are somewhat localized during
the July-September (JJAS) inactive season. During DJFM, the typ-
ical oscillation period is 50-60 d. The typical phase speed varies;

it is approximately 10 cm/s in the northern section, whereas it is
approximately 5 cm/s in the southern section. Thus, the propaga-
tion of D22 variability along Line A may be forced or affected by
different factors. The propagation might be influenced by eddies,
the mean flow and Rossby waves. The correlation is weak in the
Luzon Strait, indicating that intra-seasonal perturbations do not
generally propagate directly from the West Pacific. Instead, the
ISVs in the D22 in the northern band are generated locally just
west of the Luzon Strait and then propagate southwestward, con-
sistent with previous analyses (Li et al., 2007; Wu and Chiang,
2007).

In contrast, the ISVs in the D22 do not display robust
propagation patterns during either the DJFM inactive period or
the JJAS active period. It is consistent with the result that the D22
ISV along VOC is high correlated with the local wind stress curl in
summer. Basically, the high correlation is unevenly located in the
lag 0 band, indicating that the ISVs emerge systematically and
synchronously along the southern and northern parts of the line
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Fig. 6. The vertical integrated EPE in the SCS basin for winter (a), spring (b), summer (c), and autumn (d).

during DJFM and JJAS, respectively.

6 Conclusions

Through an analysis of the output from a verified high-fidel-
ity numerical model, the ISVs in the D22 in the SCS basin are in-
vestigated. The results show that the ISVs in the D22 in the SCS
display distinct seasonality. The ISVs in the D22 are quite signi-
ficant during boreal winter, especially in the band along the
northwestern margin of the basin and at the southern end of the
basin. In these areas, the ratio of the STDs of intra-seasonal band
to the STDs of total data could exceed 0.6. The ISVs in the D22
display substantial activity in the area affected by the VOC in
summer and autumn; however, this variation is sometimes over-
whelmed by oscillations at other frequencies.

An analysis of the causes of the ISVs in the D22 in the SCS in-
dicates that the sea surface flux and wind stirring are not the
dominant external driving mechanisms of the phenomena de-
scribed above. The ISVs in the D22 are sometimes even negat-

ively correlated with the sea surface heat flux. The ISVs in the D22
are inferred to be induced mainly by the thermodynamic adjust-
ment of the ocean itself and the associated instability. The en-
ergy of the northern and southern zones that display high ISVs in
the D22 may be associated with EKE, rather than EPE. In con-
trast, both EKE and EPE are abundant offshore of the coast of Vi-
etnam. The co-occurrence of high levels of both EKE and EPE en-
hances not only the ISVs but also the variations at other frequen-
cies.

The diversity of the propagation of the ISVs is very conspicu-
ous in the southern and northern regions with notably high ISVs
in the D22. Within the northern band, the propagation is more
obvious during DJFM. In addition, it is challenging to identify
propagation of the ISVs in the D22 at other places and times.
These results further confirm that the mechanism that produces
the ISVs in the D22 varies temporally and spatially within the SCS
basin.

As indicated above, the correlation analysis shows that the
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Fig. 7. Spatiotemporal lag correlation of the ISVs in the D22 along Lines A and B (indicated by solid black lines in a; the colors
represent the annual mean D22) during December-March (Line A) (b), and during June-September (Line A) (c); and d and e are the

same as b and c, but for Line B.

ISVs in the D22 do not result directly from atmospheric forcing;
thus, it might be less likely to identify a relationship between the
ISVs in the D22 and atmospheric phenomena, such as the Mad-
den-Julian Oscillation, except off the eastern coast of Vietnam,
where the sea surface wind curl displays a comparatively close
relationship with the ISVs in the D22.

It is noteworthy that the locations of zones that display active
ISVs in the D22 do not coincide perfectly with the areas of high
energy. Energy conversion and the propagation of the ISVs in
subsurface water temperatures represent potential reasons for
this characteristic. Intensive investigations are crucial in under-
standing the genesis and underlying mechanisms of the ISVs in
subsurface water temperatures.
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