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Energetics of the abyssal ocean account greatly for the redistribution and dissipation of global oceanic energy. In
this study, we characterize the intraseasonal fluctuations in the deep South China Sea (SCS) and evaluate the
relevant energy budget using observations and numerical simulations. The results indicate substantial
geographical inhomogeneity in the intraseasonal energy reservoir. The high-energy zones are located in the
northwest of the Luzon Strait, northern slopes, deep western boundary current region, and southwestern cyclonic
gyre region, where the intraseasonal fluctuations account for about 70% of the deep energy variability. Vorticity
and divergence patterns of the intraseasonal motions are suggestive of quasigeostrophic dynamics, which are
mostly attributed to the hybrid topographic-planetary Rossby waves. The flow field exhibits a weak lateral shear
and appears to have symmetric instability with negative vorticity skewness, particularly over the sloping
topography. Energetics analysis demonstrates that the intraseasonal fluctuations in the abyssal SCS obtain energy
primarily from the upper layer through pressure work, while secondarily from advective transport and cross-
scale transfer due to instability of the deep circulation. To reach equilibrium, the energy gained is mostly
damped by dissipations. As another reference in the marginal sea with intensive mixing, our study highlights the

potential universality in how the intraseasonal energy is fueled and dissipated in the abyss.

1. Introduction

Redistribution and dissipation of energy in the deep ocean has been
suggested to be critical to the global energy budget (e.g., Wunsch &
Ferrari, 2004). Here, we focus on the largest marginal sea in the
northwestern Pacific Ocean, the South China Sea (SCS), where the
topography-enhanced diapycnal mixing is observed to be two orders of
magnitude stronger than the open ocean (Tian et al., 2009), and provide
an overview of the abyssal intraseasonal fluctuations in this region by
teasing apart the relevant energetics for the first time (as far as the au-
thors are aware).

Significant intraseasonal fluctuations of the deep flow over steep
topography have been observed in oceans worldwide, such as along the
mainstream of the Gulf Stream, in the Gulf of Mexico, and in the Artic
Ocean’s Beaufort Gyre (Thompson & Luyten, 1976; Thompson, 1977;
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Hogg, 1981, 2000; Johns & Watts, 1986; Pickart & Watts, 1990; Ham-
ilton, 1990, 2007; Pena-Molino et al., 2012; Zhao & Timmermans,
2018). These fluctuations, with periods of several to hundreds of days,
contribute greatly to the total variability in the deep flow (e.g., 80%—
90% in the Gulf of Mexico; Hamilton, 2009), which is particularly
critical in the choke point of the meridional overturning circulation,
affecting the mass and heat transport in the global ocean (e.g., Ma et al.,
2019). Existing studies have attributed the energy sources of these
intraseasonal fluctuations in the deep oceans to 1) intra-scale input from
the mesoscale perturbations in the upper layer through potential
vorticity (PV) adjustments in response to the changing depths of the
bottom and the interface between layers, for example, the periodic Gulf
Stream meanders propagating eastward (Pickart, 1995); and 2) inter-
scale input from large-scale circulation due to instabilities, for
example, the available potential energy (APE) released through
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Fig. 1. Abyssal SCS circulation (m s™') averaged from 2000 m to the bottom
based on HYCOM GLBv0.08. Contours represent the isobaths (m). Note that the
areas shallower than 2000 m are masked. The red stars denote the mooring sites
A-D. Modified from Quan et al. (2021a).

baroclinic instability of the Loop Current in the Gulf of Mexico (Oey,
2008; Xu et al., 2013; Donohue et al., 2016; Hamilton et al., 2019). In
fact, the relative importance of these two energy sources is spatially and
temporally dependent.

The abyssal SCS is enclosed below 2000 m and featured by a basin-
scale cyclonic circulation involving subbasin gyres (Fig. 1; Wang et al.,
2011; Lan et al., 2013; D. Wang et al., 2016). Similar to the Gulf of
Mexico, energetic intraseasonal fluctuations of deep flow have also been
observed in the SCS. Based on 5-yr observations near the Nansha Islands,
Shu et al. (2016) found persistent fluctuations of 9-14 days in the
southern SCS, with the resulting current being comparable to the tidal
current that is one order of magnitude larger than the ambient deep
flow. Southeast of the Zhongsha Islands, the temporal variability of the
deep western boundary current (DWBC) was found to be dominated by
90-day fluctuations propagating westward (Zhou et al., 2017). Over the
slope southeast of the Dongsha Islands, the fluctuations with peak
spectral energy at approximately 14.5 days were found to contribute
more than 40% of the total bottom-flow variability (Wang et al., 2019).
With an intensive mixing effect, these intraseasonal fluctuations play a
potential role in regulating abyssal circulation that is analogous to tides
(Quan & Xue, 2019). However, the available observations are too
limited to characterize basin-wide intraseasonal motions in the deep
SCS.

Based on the vertical coherence between layers, previous studies
have largely attributed the energy sources of the intraseasonal fluctua-
tions in the deep SCS to the mesoscale eddies in the upper layer (Shu
et al.,, 2016; Wang et al., 2019; Zheng et al., 2021). Nevertheless, the
mechanism by which the surface eddy kinetic energy (KE) is injected
into the deep SCS is not well understood. Moreover, the abyssal intra-
seasonal variability is also suggested to be forced by the Luzon overflow
or the related deep eddies (Zhou et al., 2020). Unfortunately, how the
energy is transferred from the background flow to the fluctuations is not
clear. Recently, Quan et al. (2021a, b) systematically depicted topo-
graphic Rossby waves (TRWs; with periods of 5-60 days) in the deep SCS
and pointed out that the Kuroshio intrusion and the related eddies serve
as the major energy source for these subinertial waves through pressure
work. These pilot works focusing on the specific phenomena show a
reference for how intraseasonal fluctuations in the abyssal SCS drain
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Table 1
Deep moorings deployed in this study.
Site  Location Water Measurement Instrument Sampling
depth period interval
A 117.5°E, 3690m  06/11/14-03/ Seaguard at 10 min
19°N 29/15 100 m above
B 116.3°E, 3990 m 06/11/14-03/ the bottom
17.5°N 29/15
C 115.5°E, 3840 m 06/11/14-03/
18°N 29/15
D 112.1°E, 2500 m  08/07/16-10/
18°N 26/16

energy from the surroundings. However, the energetics for the entire
intraseasonal regime in the deep SCS and the relative importance of
different mechanisms remain unsolved.

In this study, we attempt to answer these questions by employing
observations and numerical simulations with a recently developed
multiscale energy analysis and canonical transfer theory. The remainder
of this paper is organized as follows. The data and methods are described
in Section 2. Section 3 presents the energy reservoirs, dynamics, and
instability of the intraseasonal fluctuations in the deep SCS. The un-
derlying energetics are discussed in Section 4. Finally, Section 5 sum-
marizes the study.

2. Data and methods
2.1. Data

Here we use four moorings to reveal the deep flow variability and
evaluate the numerical simulations. All the mooring sites were located in
the northern SCS (red stars in Fig. 1), and the details are listed in Table 1.
A Seaguard current meter was employed at 100 m above the bottom of
each site, with a sampling interval of 10 min. Velocity was continuously
recorded for approximately 9 months from June 11, 2014 to March 29,
2015 at sites A-C and 3 months from August 7, 2016 to October 26, 2016
at site D. The percentage of valid data was higher than 95%. Note that
variability at a time scale longer than 30 days may not be resolved at site
D due to a short measurement period.

Because of the very limited spatiotemporal coverage of the obser-
vations, the outputs of the Hybrid Coordinate Ocean Model (HYCOM) +
Navy Coupled Ocean Data Assimilation global 1/12° Analysis
(GLBv0.08; Cummings, 2005; Cummings & Smedstad, 2013) from 2013
to 2018 are also used to pursue this study. The 3-hourly data have a
horizontal resolution of approximately 8.4-9.2 km in the SCS and 41
vertical levels from 0 to 5500 m. This dataset has been widely employed
to study the multiscale processes in the SCS (e.g., Shu et al., 2014; Zhang
et al., 2017; Yan et al., 2019; Sun et al., 2020) and its validity in
reproducing the abyssal intraseasonal fluctuations (e.g., TRWs) has
already been evaluated against observations in our recent studies (Quan
et al., 2021a, b), as well as in Section 3.1.

Note that the present model excludes the tidal forcing that contrib-
utes greatly to the abyssal mixing in the SCS (X. Wang et al., 2016). This
could lead to discrepancies in the simulation but would not qualitatively
change the dynamics discussed in this study because of the distinctly
different time scales. Moreover, the available observations for data
assimilation are so limited in the SCS that the HYCOM reanalysis in this
region is close to a free-running case (Cummings & Smedstad, 2013).
Hence, the model is thought to be kinetically and dynamically consistent
in the SCS, which is feasible for the energetics analysis in our study.

2.2. Multiscale energy and vorticity analysis in a three-window
framework

To investigate the characteristics and energetics of intraseasonal
fluctuations in the abyssal SCS, we employ a recently developed method
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Table 2

Expression and physical meaning of each term in the KE and APE equations on
window w. The colon operator is defined such that, for two dyadic products AB
and CD,(AB) : (CD) = (A-C)(B-D).

Term  Expression Physical meaning
K™ 1w e KE on window w; v is the velocity
5¥h Vh
2 vector
AQT7 1 o KE transport on window
Q¢ _v. {i(vvh) 9 m:| P! w
g 1. ey o Canonical KE transfer to window
Ko IR VR - V()T 7
AQF v 1 TP Pressure work on window w; P is
-V (—V .

0 the dynamic pressure related to p;
po is the reference density of
seawater

b” 8 5T Buoyancy conversion on window
Po w; g is the gravitational
acceleration

APE on window ; p is the density
anomaly from a reference state
p(2); N is the buoyancy frequency

A7 1 w2 g
5¢(P7) e =5
2 PEN?

AQY 1 e APE transport on window @
A {5 ™" (V) ]
ry CHT3) T 5N (V)T Canonical APE transfer to window
5(v)7-vp pTIV(vp)™7] .
Sy 1 @T‘“ (7Y Apparent source/sink of A” due to
20 the nonlinearity of the reference

stratification (usually negligible)

of multiscale energy and vorticity analysis (MS-EVA; Liang, 2016). The
MS-EVA is on the basis of the multiscale window transform (MWT; Liang
& Anderson, 2007), which decomposes a function space into several
orthogonal subspaces (i.e., scale windows), each with an exclusive time
scale range. In a three-window framework (denoted by w = 0, 1, 2), a
time series R(t) can be reconstructed as:

R =Y "R, w=0,1.2, &)

where R, = [J R~™(t)¢/2 (t)dt is the MWT coefficient and {¢}(t)},, is an
orthogonal scaling function basis with j (jo < j1 < j2) being the scale level
andn(n=0,1,..., 2> —1) being the time step. In this study, we adopt the
MWT to split the original HYCOM data into three scale windows: the
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nonstationary background flow window (>128 days; w = 0), the
intraseasonal fluctuation window (8-128 days; w = 1), and the high-
frequency oscillation window (<8 days; w = 2). Note that we use
8-128 days instead of 5-90 days, which is normally defined as the
intraseasonal timescale in the SCS (Wang et al., 2020), because the MS-
EVA method requires the window bounds to be an exponential function
of base 2.

Using the MWT to investigate the dynamics of a hydrostatic and
Boussinesq fluid flow, the KE and APE equations on window w can be
obtained as:

0K™

o = AQY +TF +AQp —b” +F¢,and 2)
aAm 124 @ T " w

5 = AQT AT +b7+ ST+ F] 3)

where K” and A” denote KE and APE, respectively; AQ7 (AQY) is the KE
(APE) transport by advection; AQy is the pressure work closely associ-
ated with the distorted isopycnals; I'f (I'y) is the KE (APE) transfer; b” is
the buoyancy conversion; S7 is the apparent source/sink of A” due to
the nonlinearity of the reference stratification (usually negligible); the
implicit F terms are the residuals including contributions from external
forcing, friction, and other unresolved subgrid processes. Note that the
definition of A” used here is under the quasigeostrophic (QG) approxi-
mation, which assumes the density perturbation is small compared with
the horizontally and temporally averaged reference stratification (Lor-
enz, 1955). The expression and physical meaning of each term in Egs. (2)
and (3) are listed in Table 2, and a detailed derivation can be found in
Liang (2016).

Note that the cross-scale transfers I'” in Eqgs. (2) and (3) are still in a
cumulated form and need to be further decomposed to obtain the in-
teractions between different windows by a technique called “in-
teractions analysis” (Liang & Robinson, 2005). Here we use superscript
like 0 — 1 to indicate such interactions. For example, the transfer of KE
(APE) from the background flow window (w = 0) to the intraseasonal
fluctuation window (w = 1) is denoted as ['3"1 (I'$~1). A positive I'3™1
(Fﬁ”l) means a forward energy cascade and vice versa, which indicates
barotropic (baroclinic) instability in the classical geophysical fluid

—'[ Ocean External Energy ]-—

AQE +A0S )—’——
P
0ol
rK
» b
AQE 1—*(3;—»2
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AQ; +AQ;

—{ Ocean External Energy }—

Fig. 2. Energy cycle diagram for the local ocean domain in a three-window framework. Red, blue, and black arrows denote the canonical transfers between different
scale windows, buoyancy conversions connecting the KE and APE reservoirs, and advective transports, respectively. Note that the forcing/dissipation processes in

each window are not shown. Modified from Quan et al. (2021a).
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Fig. 3. (a) Power spectra of 5-90 days band-passed KE at 100 m above the bottom of site A for observations (red) and HYCOM data (blue). Components significant at
the 95% confidence level are shaded. (b) STD ellipses of 5-90 days band-passed velocity at 100 m above the bottom of site A for observations (red) and HYCOM data
(blue). Contours denote the isobaths with an interval of 500 m. (c-d), (e-f) and (g-h) are similar to (a-b), but for sites B-D, respectively.
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Fig. 4. Depth-integrated intraseasonal energy components (10° J m~2) and their contribution to the total STD of (upper) KE and (lower) APE.

dynamics (Liang & Robinson, 2007). Similarly, interactions between
window w =1 and w = 2 (w = 0 and w = 2) is written as [''~2 (I'%~2).
The cross-scale transfers Iy possess a vital property:

Yy

w

4

where ) and ", sum over all the scale windows w and sampling time
steps n, respectively. This is suggestive of a perfect transfer process that
merely redistributes energy among scale windows without generating or
destroying energy as a whole. This property, though natural, generally
does not hold for the previous formalisms. For this reason, the cross-
scale interaction I'” has been termed canonical transfer. This extraordi-
nary property makes the MS-EVA mathematically and physically com-
plete and become a useful tool to evaluate the multiscale oceanic and
atmospheric energy budgets (Liang & Robinson, 2009; Yang & Liang,
2016, 2018; Ma & Liang, 2017; Yang et al., 2017, 2020, 2021).

The energy cycle for the local ocean domain in a three-window
framework is schematized in Fig. 2. As mentioned by Liang (2016),
the canonical transfers bridge different windows and represent the cross-
scale processes, such as instabilities, while the buoyancy conversions
and transports function only within respective individual windows. The
former links the KE and APE, and the latter allows different spatial lo-
cations to communicate. In this study, we apply the MS-EVA to examine

the relative importance of these processes in the energetics of the abyssal
SCS. In the following, we will focus on the results from the window
w 1 (variables with the superscript “1”). Note that the energy
components and energetics are multiplied by a reference density
po = 1025 kg m 3 and shown in units of J m > and W m~3,
respectively.

3. Spatiotemporal characteristics

In this section, we investigate the spatiotemporal characteristics of
intraseasonal fluctuations in the abyssal SCS to determine their energy
reservoir, dynamics, and instability.

3.1. Energy reservoir

Consistent with the previous studies (Shu et al., 2016; Zhou et al.,
2017; Wang et al., 2019), the observations also indicate persistent and
energetic intraseasonal fluctuations in the abyssal SCS (Fig. 3). Spectral
analysis of 5-90 days band-passed deep KE demonstrates that compo-
nents significant at the 95% confidence level generally concentrate in a
period band of 5-60 days that varies with space (shaded red solid lines in
the left panel of Fig. 3). The corresponding standard deviation (STD)
ellipses of the deep velocities show a major principal axis comparable to
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Fig. 5. Snapshots of relative vorticity ¢! and divergence ' (normalized by f) at 2500 m from days 753 to 765 with a 6-day interval.

the mean flow (not shown) and parallel to the local isobath or roughly
north—south oriented (red ellipses in the right panel of Fig. 3), indicating
that the deep flow oscillates along topography or meridionally.

As shown in our recent studies (Quan et al., 2021a, b), the HYCOM
reanalysis largely reproduces the features observed in the intraseasonal
variability of deep flow in the SCS. The spectra of subinertial motions in
the HYCOM are close to the observations despite a weaker intensity
(shaded blue solid lines in the left panel of Fig. 3). This is also reflected
by the analogous but smaller STD ellipses of the modeled deep velocities
(blue ellipses in the right panel of Fig. 3). Although the model

quantitatively underestimates the intraseasonal fluctuations in the
abyssal SCS, it is believed to qualitatively reveal the deep flow vari-
ability and the underlying dynamics. The latter, in turn, could help
determine the key process that is important for improving the model
performance in the abyssal marginal seas (e.g., Morey et al., 2020).
Based on the analysis above, we then use the HYCOM data to
examine the basin-wide energy reservoir in the deep SCS. Fig. 4 exhibits
the intraseasonal energy components (i.e., K and A') integrated from
the bottom to 2000 m and their contributions to the variability of total
energy in the deep SCS. In the horizontal plane, both the energy
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components are distributed inhomogeneously, with A® generally larger
than K' (Fig. 4a and 4c). Similar to that observed in the deep Gulf of
Mexico (Oey & Lee, 2002), the high energy density resides in a top-
ography-trapped strip along the continental slopes of the abyssal SCS,
with several hot spots northwest of the Luzon Strait, northern slopes,
DWBC region, and southwestern cyclonic gyre region. In contrast, both
K' and A! are weak in the interior basin.

To highlight the importance of the intraseasonal fluctuations in ac-
counting for the deep-current variability, we calculate the ratio of the
STD of K* (Al) to the STD of the total KE (APE). Fig. 4b demonstrates
that the ratios for KE are more than 40% over the steep topography of
the deep SCS, with the maximum reaching 70% over the hot spots
mentioned above. With a pattern similar to that of the KE, the ratios for
APE are smaller (Fig. 4d). The model results indicate that intraseasonal
fluctuations contribute greatly to the deep-current variability in the SCS,
which is consistent with the observations (Shu et al., 2016; Zhou et al.,
2017; Wang et al., 2019; Zhou et al., 2020; Zheng et al., 2021).

3.2. Dynamics

Geographical inhomogeneity of energy is suggestive of the intrinsic
dynamics of intraseasonal fluctuations in the abyssal SCS. To visualize
these subinertial motions in the deep SCS, Fig. 5 exhibits the snapshots
of the relative vorticity ¢! and divergence ' (normalized by the Coriolis
parameter f) at 2500 m from day 753 to day 765 with a 6-day interval
(note that in this paper we use day numbers for convenience). The
vorticity pattern is characterized by alternating cyclonic-anticyclonic
meanders over the sloping topography (e.g., in the northern slope re-
gion) and in the interior basin (e.g., along 18°N). The absolute values of
the normalized relative vorticity (i.e., the Rossby number) are generally
less than 0.2, suggesting the validity of QG dynamics. Correspondingly,
the horizontal motions are weakly divergent except for several areas,
such as the slopes south of the Dongsha Islands, slopes northwest of the
Zhongsha Islands, and western slopes in the south, where the topog-
raphy is exceptionally steep. According to the incompressibility, the
vertical motions tend to be active in these regions, which can reach
0(103) m s! (not shown) and contribute greatly to the cross-slope
exchange (Wang et al., 2020).

According to Rhines (1970), the QG dispersion relation in the case
with constant stratification can be expressed by two coupled equations:

2
2= (k2 + P+ ﬁ—") (ﬂ> ,and 5)
o) \f
NZ
® = (L x Vh) ﬁcoth(ﬂbh) (6)

where 4! is the vertical trapping scale, L = (k,I) is the horizontal
wavenumber vector (L2 = k? + %), h is the water depth, Vh is the
topographic gradient, and w is the frequency. Egs. (5) and (6) represent
the hybrid topographic-planetary Rossby waves. The waves are domi-
nated by TRWs when the topographic beta f,,, = f|Vh|/h overwhelms
the planetary beta f = df/dy, and the dispersion relation can then be
rewritten as.

o= (Lx Vh)lzvcoth(l,,h) @)

Otherwise, the waves will turn into pure planetary Rossby waves
(PRWs) following the dispersion relation as.

k
= _/37 m=0,1,2,.. ®
KR+ P4

where L, = Nh/f is the internal Rossby deformation radius, and m is the
mode number (m = 0 for the barotropic mode and others for the baro-
clinic modes).
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Fig. 6. Zonal wavenumber—frequency spectrum of K! at 2500 m averaged over
five longitude-time sections from 12°N to 20°N with an interval of 2°. Note that
the values smaller than —1 are masked. Black solid (dashed) lines are the
theoretical dispersion curves of the PRWs (TRWs) based on typical parameters
in the deep SCS.

In the deep SCS, the observed buoyancy frequency N is largely
constant or a weak function of depth (Wang et al., 2019), which makes
the abovementioned theory generally valid. To determine the dynamics
of these subinertial motions, we examine the dispersion relations in Egs.
(7) and (8) by estimating the zonal wavenumber—frequency spectrum of
K! at 2500 m. In light of Farrar (2008), the computation is conducted by
a 2D fast Fourier transform at five zonal sections (110°E-120°E; grids
with a water depth shallower than 2500 m are excluded) from 12°N to
20°N with an interval of 2°. To highlight the variability of K*, the zonal-
temporal mean is removed from each longitude-time section. Then we
taper the edges of each section to zero with a half-Hanning window over
90 days and 20 km to minimize the spectral leakage. Since the dispersion
characteristics are largely dependent on the latitude, topography and
stratification, the spectra are averaged over the five sections to improve
the statistical significance and the results are shown in Fig. 6. The power
spectral density (PSD) is elevated generally along the theoretical
dispersion curves of PRWs (mostly in the first baroclinic mode m = 1)
and TRWs for the typical parameters in the deep SCS (N = 1.0 x 1072
s7!, h=3000 m,|Vh| = 0.02, f=4x10"% s, and p=2x 101
m~!s71). The space-dependent periods range from 5 to 90 days, and the
low-frequency components appear to dominate the spectra. According
to the instability theory (McWilliams, 2011), the wavelength of the most
unstable waves is scaled by the internal Rossby deformation radius Lp. In
the deep SCS, the typical Lp is approximately 70 km. Consequently, the
PSD tends to peak at wavelengths of approximately 100 km or longer.
The spectral analysis indicates that the intraseasonal fluctuations in the
abyssal SCS are dominated by hybrid topographic—planetary Rossby
waves. These subinertial waves have been suggested to be critical to the
generation and evolution of the abyssal circulation, as well as the dy-
namic coupling between the upper and middle layers of the SCS (Quan &
Xue, 2018, 2019).

3.3. Instability

Because the QG motions contribute substantially to the energy
dissipation in both open ocean and marginal seas (von Storch et al.,
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2012; Maslo et al., 2020), another perspective on characterizing the grid, which measures the asymmetry of the probability density function
intraseasonal fluctuations in the deep SCS is to evaluate the instability of (PDF) of ¢!. A large ¢! skewness implies an extremely strong ¢! that
the flow field that could lead to energy dissipation. occurs occasionally, manifested as a long tail in the distribution of the

We first calculate the skewness of the relative vorticity ¢ at each PDF. This kind of skewness is usually ascribed to instability. For
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example, the occurrence of centrifugal instability (defined later) re-
quires a negative absolute vorticity (i.e., ! /f < —1 when f > 0), which
efficiently restricts the continuous growth of extreme negative ¢! but
would not affect the positive ¢!. As a result, a positive ¢! skewness is
commonly gained when the centrifugal instability occurs (Klein et al.,
2008; Mensa et al., 2013; Zhong & Bracco, 2013). Similar to other re-
sults away from the surface, for example, in the California Undercurrent
(Molemaker et al., 2015), Fig. 7a reveals that the skewness of ¢! at 2500
m is always negative, indicating that the sporadic intense negative ¢! is
preferred in the deep SCS. The elevated values over the northern slopes
and in the DWBC region probably arise from topographic drag, which
can produce strong negative vorticity to its anticyclonic side due to the
flow-topography interactions (Molemaker et al., 2015; Gula et al.,
2016). This may explain the generation of the strong negative ¢!, but
how the vorticity can be maintained requires further investigation.

To answer this question, we examine the instability type of intra-
seasonal fluctuations in the deep SCS. According to the instability theory
(Pedlosky, 1987; McWilliams, 2011), the criterion of instability is
related to the spatial sign reversal of the Ertel PV, defined as.

dv  ow\ 0B ou ow\ OB 2
o= (G 3) e (%) 5 tLov, o ©
Obe

where B = —gp/p, is the buoyancy. A variety of instabilities arise when
f+QEret < 0, for example, Qg < 0 in the Northern Hemisphere (Hoskins
1974). These instabilities take different names depending on whether
the vertical vorticity, stratification, or baroclinicity of the fluid is
responsible for the low Qg;. Here we decompose Qg into two terms,
one associated with the buoyancy gradient (i.e., Qp.), and the other
attributable to the absolute vorticity and stratification (i.e., Qyerr). When
Qb < 0 and |Qpc| >Querr With Qyerr > 0, symmetric instability occurs; the
occurrence of centrifugal instability is related to the barotropic shear
and requires a negative absolute vorticity (i.e., f + ¢ < 0) with N?> > 0;
the instability is termed gravitational when N? < 0 (Thomas et al.,
2013). To obtain a statistical insight into the state of flow field, Fig. 7b
shows the horizontal map of Qg at 2500 m averaged within the data
period. Results indicate that Qg tends to be negative over the sloping
topography, suggesting the instability of flow in these regions. Because
the square of buoyance frequency N? is positive in the abyssal SCS (not
shown) and the absolute value of the normalized relative vorticity (i.e.,
Z1/f) is mostly smaller than 1 (left panel in Fig. 5), the component
associated with the absolute vorticity and stratification (i.e., Qyer) is
largely positive (Fig. 7c¢), indicating that the gravitational and centrif-
ugal instability rarely occurs in the deep SCS. This may account for the
negative ¢! skewness in Fig. 7a because of the absence of centrifugal
instability to suppress the growth of exceptional negative vorticity (Lin
et al., 2020; Zhang et al., 2020). In contrast, the component related to
the baroclinicity of flow (i.e., Qp.) dominates the overall pattern of Qgi,
particularly in the slope regions (Fig. 7d). This suggests that the intra-
seasonal fluctuations in the deep SCS appear to be of symmetric insta-
bility, primarily owing to the vertical shear of horizontal velocity and
horizontal buoyancy gradient. This result is consistent with the finding
that the TRWs in these regions can induce a columnar (i.e., in-phase)
current with the speed increasing toward the bottom (Quan et al.,
2021a). One may question whether symmetric instability at such depths
seems to be at odds with the classical paradigm. According to the
geostrophic turbulence theory, the loss of balance (e.g., frontogenesis) to
dissipate the geostrophic EKE is possible only at the surface rather than
in the deep layer because the surface modes at small scales do not
interact efficiently with the interior modes and do not barotropize
(Capet et al., 2008; Ferrari & Wunsch, 2009; Molemaker et al., 2010).
However, a recent study by Siegelman (2020) suggested that the ocean
interior down to 900 m is strongly ageostrophic, with a pronounced
cyclone-anticyclone asymmetry and a dominance of frontogenesis over
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frontolysis. Our results coincide with this finding and imply the possible
energy dissipation for intraseasonal motions through symmetric insta-
bility in the abyssal SCS.

To further reveal the potential cascade from the intraseasonal fluc-
tuations to smaller scales in the deep SCS, we calculate the strain rate
(SR) defined as.

ou ov\? ou ov\?

SR—\/(aa—y) +(0—y+a) (10)
which is an index for the deformation of mesoscale currents that can
intensify the fronts through frontogenesis (McWilliams, 2016). Fig. 7c
displays the distribution of the long-term mean SR at 2500 m. The re-
sults are one order of magnitude smaller than those in the surface layer
(Linetal., 2020; Zhang et al., 2020), and the values are elevated over the
steep topography. Because the strong |VB| tends to reside in the strain-
dominated region (Thomas et al., 2013; Siegelman, 2020), Fig. 7d and
7e share a similar pattern. This suggests that the weak lateral shear in
the deep SCS can hardly lead to centrifugal instability, but indirectly
contributes to the symmetric instability by enhancing the horizontal
buoyancy gradient. The rate of this process is quantified by the fronto-
genesis function as follows:

d
Flow = 2Q-V;,B = E\WBP an
where
Q=|( - @.vhB - @.vhB 12)
Ox dy

Fig. 7f demonstrates that Fj,, is elevated in the regions where both
SR and symmetric instability are pronounced, of which the magnitude is
comparable to that in the deep Antarctic Circumpolar Current (Siegel-
man, 2020). The symmetric instability is thought to extract energy from
the geostrophic fronts and transfer to smaller scales, contributing to the
local mixing (Taylor & Ferrari, 2009; Buckingham et al., 2019).
Although the effect that frontogenesis enhances the horizontal buoyancy
gradient to drive the symmetric instability is weak, the process provides
a potential route to initiate a forward cascade of the intraseasonal en-
ergy down to dissipation in the abyssal SCS.

Taken together, the intraseasonal fluctuations in the abyssal SCS are
supposed to be symmetrically unstable. However, the submesoscale
processes cannot be resolved by the present model. Consequently, the
energy transfer between windows w =1 and w = 2 (i.e., I''”2) is not
significant as expected. As a residual in the diagnosis, the viscous
parameterization blends the unresolved subgrid processes and becomes
a primary sink in the energy budget, which can be verified by the
elevated negative FY in the regions where the SR is prominent (see the
details in section 4). Limited by the model resolution, it should be noted
that the results can only be taken as a state indicator of the modeled flow
field, rather than full information for symmetric instability in the real-
istic ocean (e.g., Dong et al., 2021).

4. Energetics

Now that we have revealed the spatiotemporal characteristics of the
intraseasonal fluctuations in the abyssal SCS, we investigate the relevant
energetics in this section. To highlight the underlying dynamics, we
categorize the terms in Egs. (2) and (3) to the nonlocal processes
(AQ},AQL, and AQ)), local processes (I'y,I';, and b'), and implicit
processes (F,l< and F,ﬁ). All the results are integrated from the bottom to
2000 m and averaged over the data period.

4.1. Nonlocal processes

The nonlocal processes are closely associated with the physical fluxes
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Fig. 8. Depth-integrated K! energetics (10 W m~2) from the bottom to 2000 m for (a)AxQb, (b)A,Q}, ()AsQ), (D)A.QL, ()Y, and (HFE.

in the flow field, including the pressure work (AQ},) and energy trans-
port (AQ} and AQ}). Following previous studies, we also divide the
pressure work into horizontal and vertical components, i.e., A;Q} and
AZQ},, to examine their contributions to the intraseasonal energetics of
the deep SCS. Collocated with the distribution of high K, the positive

10

AyQ} is concentrated northwest of the Luzon Strait, southeast of the
Dongsha Islands, the DWBC region, and the periphery of the south-
western cyclonic gyre, whereas the negative values predominantly exist
in the interior basin where the topography is smooth (Fig. 8a). This
indicates that the horizontal pressure work tends to radiate K' onshore
and shape the high-energy zone along the steep slopes, which is
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consistent with the results in the Gulf of Mexico (Yang et al., 2020).
Smaller than the horizontal counterpart, the positive vertical pressure
work A,Qj} is distributed widely over the entire deep SCS and peaks over
the steep topography (Fig. 8b). Because of the opposite signs between
the horizontal and vertical components of pressure work, the positive
A,Q} is weak in the DWBC region but intensive over the northern and

11

southern slopes. These results suggest that pressure work is critical for
regulating the intraseasonal KE in the deep SCS, particularly in the slope
regions. This is consistent with the recent study by Quan et al. (2021b)
that TRWs in the northern SCS are primarily energized by the Kuroshio
intrusion and the related eddies, which can significantly deform the
isopycnal to radiate energy downward through pressure work. Since the
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Fig. 10. Energy budget (GW; 1 GW = 10° W) for (a) K! and (b) A’. Results are integrated over the abyssal SCS from the bottom to 2000 m and averaged in the

data period.

present work focuses on the evaluation of energy balance in the abyssal
SCS, the details for how the pressure work functions can be found in the
appendix and the relevant process analysis can be referred to Quan et al.
(2021a).

The energy transports (AQx and AQ}) are the other nonlocal pro-
cesses that redistribute KE and APE in the abyssal SCS. Similarly, we also
divide these advection terms into horizontal and vertical components.
By comparing Fig. 8c and 8e (Fig. 9a and 9¢), it is found that both A,Q}
and A,Q} are pronounced in the regions where the cross-scale energy
transfers are active. In these areas, the advective transport and the cross-
scale transfer are usually opposite in sign, suggesting that the energy
gained from a forward cascade tends to be advected downstream to
support an inverse cascade. For example, in the southwest where the
DWBC separates from the topography, both KE and APE extracted from
the background flow are transported to sustain the subbasin gyres on
both sides of the DWBC. This is similar to the scenario in the Gulf of
Mexico, where the EKE derived from the upstream of the Loop Current is
carried to the downstream region to feed back to the background flow
(Yang et al., 2020). Both the vertical components A,Qk and A,Q} are
much weaker than their horizontal counterparts (Fig. 8d and 9b), sug-
gesting that the vertical energy transport can be ignored here.

These results suggest that pressure work plays a key role in redis-
tributing the intraseasonal energy in the abyssal SCS, both horizontally
and vertically, while the effect of energy transport is secondary. This is
consistent with the previous study in which the pressure work contrib-
utes greatly to the redistribution of the eddy energy in open oceans (Zhai
& Marshall, 2013). Considering the opposite signs between layers, the
pressure work, which acts as a sink of EKE in the upper ocean (Chen
et al., 2014), now becomes a primary source of intraseasonal energy in
the abyssal SCS.

4.2. Local processes

The local processes include cross-scale energy transfers (I'x and I'})
and the conversion between KE and APE (b!). Although the energy from
cross-scale transfers is considerable during some specific events (Quan
et al., 2021a), its long-term integration is relatively weak in the deep
SCS. The positive barotropic transfer ['%"! occurs mainly in the DWBC
region and peaks in the regions where the DWBC separates from the
topography near 113°E, 13°N and joins again with the northeastward
branch of the southwestern cyclonic gyre at 114°E, 12°N (Fig. 8e). This
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suggests that the large-scale deep circulation is barotropically unstable
in these regions and releases KE to intraseasonal motions (i.e., K°—K').
Conversely, there exist weak negative pools of ['%~! on both sides of the
DWBC in this region, implying an inverse energy cascade from the
intraseasonal motions to the background flow (i.e., K! -K?).

In comparison with the weak barotropic transfer, the baroclinic
transfer seems to be more active in the abyssal SCS (Fig. 9c). Because the
steep topography has been suggested to effectively suppress the baro-
clinic instability (LaCasce, 1998; LaCasce et al., 2019), the positive I'}~!
occurs primarily in two regions, the lower portion of the northern slopes
and the separation zone of the DWBC in the southwest, suggesting that
the APE in these regions is transferred from the background circulation
to the intraseasonal fluctuations (i.e., A°—A?!). Following by a negative
b! in these regions (Fig. 9d), the gained APE is then converted to KE to
fulfill the baroclinic energy pathway (i.e., A>~A!'—K"). Similar to the
inverse cascade for KE, a negative I'S~! also occurs in the immediate
vicinity. For example, there are negative pools of I'{~! on both sides of
the DWBC when the flow separates from the topography, suggesting that
the intraseasonal APE is inversely cascaded to the subbasin gyres.
Similar upscale energy cascades have also been found in the world
oceans where the jet separates from the topography, such as the Gulf
Stream Extension, Kuroshio Extension, and California Undercurrent
(Kang & Curchitser, 2015; Yang & Liang, 2016; Molemaker et al., 2015).

Although the intraseasonal motions in the abyssal SCS are suggested
to be of symmetric instability, the cross-scale transfers between the
intraseasonal window and the high-frequency window (i.e., [y"% and
I’};’Z) are very weak (not shown) because of the limited model resolu-
tion. The subgrid processes are likely to blend within the parameterized
viscosity. Such problems have been extensively discussed in previous
studies, but for now, there is no perfect solution even for submesoscale-
resolved models (e.g., Molemaker et al., 2015; Gula et al., 2016; Zhang
et al., 2020; Yang et al., 2021). Hence, the weak interactions between
windows w = 1 and w = 2 should be carefully evaluated in the present
study.

4.3. Implicit processes

The implicit terms Fy and F} include the contributions from external
forcing, friction, and other unresolved subgrid processes, which are
involved in the parameterized viscosity (Fig. 8f and 9e). In a dynamic
sense, the depth-integrated F can be regarded as the net work of viscous
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stresses executing on the upper and lower surfaces, which tends to offset
the pressure work in the balance of K!. The negative Fy is generally
elevated in the slope region, whereas it is positive in areas with a smooth
topography. This implies that Fx is dominated by dissipation (forcing)
process and acts as a sink (source) of KE over the sloping topography (in
the interior basin). The maximum K! dissipation rate can reach 6 x 10~
m? s> (W kg™!) over the steep slope, which is comparable to that
induced by tides in the deep SCS (X. Wang et al., 2016). By comparing
Fig. 7b and 8f, the occurrence of instability brings with it the potential
for enhanced diapycnal mixing and dissipation, consistent with previous
studies (Molemaker et al., 2010; Dewar et al., 2015; Gula et al., 2016;
Zhang et al., 2020). Unfortunately, the forward cascade down to dissi-
pation cannot be distinguished from the viscous parameterization in the
present model.

Much weaker than Fy, the depth-integrated F} can be regarded as the
diapycnal flux of APE owing to the mixing-induced entrainment/
detrainment. The elevated F) over the northern slopes and in the
southwestern cyclonic gyre region also corresponds well to the genera-
tion of symmetric instability, as shown in Fig. 7d. Similar to the Gulf of
Mexico (Maslo et al., 2020), F} is mostly balanced by AQ}, in the abyssal
SCS.

4.4. Energy budget

The results above exhibit substantial geographical inhomogeneity in
the intraseasonal energetics of the abyssal SCS. To determine the energy
budget in the entire domain, we integrate the results in Figs. 8 and 9 over
the deep SCS (Fig. 10). The results indicate that the pressure work serves
as the major source of K', with its vertical component A,Q} approxi-
mately twice that of its horizontal counterpart A,Q}. The KE advection
AyQ% and the buoyancy conversion b! also supply KE to the abyssal SCS,
but their contributions are much less than the pressure work. In a similar
order of magnitude with the estimations in the Gulf of Mexico (e.g., Yang
et al., 2020; Maslo et al., 2020), the net barotropic transfers (1"2"l and
Flz(”l) between different scales are very small in the balance of K. These
results suggest that the intraseasonal KE in the deep SCS is primarily
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Fig. 11. Schematic diagram of the intraseasonal
energetics of the abyssal SCS. The water column
is roughly separated by 2000 m. The upper layer
is visually squeezed to highlight the sketch of
energy budget in the deep layer. Contributions
from each mechanical energy source (positive)
and sink (negative) are illustrated. The magenta
streamlines denote the vertically-integrated
cyclonic circulations in the upper and deep
layers. The eddy-like graphics represent the gen-
eral intraseasonal processes with an alternating
positive (red)-negative (blue) vorticity pattern
that are controlled by PV conservation (cf., Oey,
2008).

from the upper layer through pressure work and is finally damped by
dissipation Fx. With respect to the A! budget in the deep SCS, a balance
predominantly exists between the APE advection A,Q}, and diffusion Fj.
In contrast, local processes play a secondary role in the budget. The
baroclinic transfer I'(~! extracts the APE from the background flow,
which is mostly converted to the KE of intraseasonal fluctuations
through a negative b'.

This energy pathway is consistent with the observational and theo-
retical studies by de La Lama et al. (2016) and LaCasce (2017), who
found that the QG flow over sloping topography is intensively surface-
intensified and shielded from bottom friction, such that energy must
be passed to TRWs to be dissipated. LaCasce et al. (2019) further
demonstrated that the energy transfer due to baroclinic instability is
effectively suppressed by the sloping topography and the deep flow is
dominantly forced by interfacial motions related to surface eddies (i.e.,
through pressure work).

5. Summary and discussion

Based on the observations and HYCOM reanalysis, the characteristics
and energetics of intraseasonal fluctuations in the abyssal SCS are
investigated using the MS-EVA method. The results indicate substantial
geographical variations in the deep energy reservoir on intraseasonal
timescale. Several high-energy zones are found in the northwest of the
Luzon Strait, northern slopes, DWBC region, and southwestern cyclonic
gyre region. These energetic intraseasonal fluctuations are suggested to
account for over 40% of the total energy variability over the steep
topography, and the ratio can reach approximately 70% in the hot spots
mentioned above, implying an active role in modulating the deep cir-
culation in the SCS.

The normalized vorticity and divergence patterns suggest that the
intraseasonal fluctuations in the abyssal SCS are characterized by QG
dynamics, which are weakly divergent in most regions except for the
slopes south of the Dongsha Islands, northwest of the Zhongsha Islands,
and in the southwestern basin. The zonal wavenumber-frequency
spectral analysis indicates that these fluctuations, in general, conform to
the dispersion relations of TRWs and PRWs with periods of 5-90 days
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and wavelengths longer than 100 km.

In contrast to the upper layer, the intraseasonal fluctuations in the
deep SCS exhibit a negative skewness of relative vorticity, which prob-
ably arises from the bottom drag due to flow-topography interactions.
By examining the criteria of instabilities, the lateral shear of the intra-
seasonal motions in the deep SCS is too weak to cause centrifugal
instability. This may account for the negative skewness of the relative
vorticity due to the absence of centrifugal instability to suppress the
exceptional negative vorticity. In contrast, the flow field with the fron-
togenetic strain enhances the horizontal buoyancy gradient to trigger
the symmetric instability in the abyssal SCS.

Maps of intraseasonal energetics in the deep SCS exhibit a substantial
geographic inhomogeneity that is closely associated with space-
dependent dynamic differences. Pressure work plays a central role in
regulating the energy reservoir, particularly over sloping topography. In
contrast, cross-scale transfer due to the instability of background flow is
weak in the deep SCS and mostly occurs in the lower portion of the
northern slopes and the separation zone of the DWBC in the southwest.
In these regions, the energy transport is active in carrying the energy
away from a forward cascade to support an inverse cascade downstream.
The implicit processes (Fy and F}), which appear to be related to the
flow instability and get enhanced over the slopes, largely offset the
pressure work in the energy balance.

Based on the basin-integrated budget of mechanical energy (ME; ME
= KE + APE), Fig. 11 illustrates an intraseasonal energy pathway in the
SCS. Note that the water column is roughly separated into two layers by
2000 m instead of the traditional three layers, which correspond to the
climatological sandwich structure of the SCS circulation (e.g., Zhu et al.,
2019), because the SCS has been observed to be vertically coupled as a
two-layer dynamic system on the intraseasonal scale (e.g., Zhang et al.,
2013; Shu et al., 2016; Wang et al., 2019; Zheng et al., 2021). In the
upper layer, approximately 60% of the wind energy input to the large-
scale circulation is suggested to be released by the generation of meso-
scale eddies through baroclinic instability (Yang et al., 2013). The
resulting EKE in the upper layer provides a primary source of intra-
seasonal fluctuations in the abyssal SCS through pressure work AQ},
which accounts for 79% of the total energy sources. For the rest,
advective transport AQk, , and cross-scale transfer I'y;; contribute to
18% and 3%, respectively. To reach equilibrium, the energy is damped
mostly by dissipation Fy. , (99% of the sinks). Our results highlight the
universal dynamics that the net dissipation of energy in the deep ocean
is largely supplied through pressure work across layers (Wunsch &
Ferrari, 2004), which is consistent with the findings in the open ocean
(Zhai & Marshall, 2013; Chen et al., 2014) and marginal seas (Yang
et al., 2020; Maslo et al., 2020).

Appendix A. Pressure work in a two-layer model
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Our study attempts to depict a dynamic panorama of intraseasonal
fluctuations that dominate the deep flow variability in the SCS. How-
ever, the resolution of the present model is too limited to resolve the
energetic submesoscale processes in this region (e.g., Lin et al., 2020;
Zhang et al., 2020). This would underestimate the forward cascade to
smaller scales in the energy budget, which has been suggested to
constitute the primary dissipation mechanism for mesoscale motions in
the SCS (e.g., Zhang et al., 2016). In addition, the definition of APE used
here is under the QG approximation and takes a quadratic form, which
could be problematic in studying the submesoscale processes (e.g., Yang
et al., 2021). For arbitrary stratifications, a more general nonquadratic
APE definition (e.g., Holliday & McIntyre, 1981) should be taken into
account. Observations and fine-resolution models are required in the
future to obtain the full spectra and advance our understanding of the
characteristics and energetics of the intraseasonal fluctuations and their
roles in the energy cycle of the abyssal SCS. Also note that the analysis
here is conducted in the z-coordinate, which should be less meaningful
in dynamics than that in the isopycnic framework (e.g., Zhu et al., 2017).
Nevertheless, how to derive the formulae of MS-EVA in the isopycnal
coordinate remains a mathematical challenge that is left for our future
study.
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In the light of Liang (2016), the pressure work on window w can be written as:

1 oo | - ~~w AT
o Po Po

(A1)

To better demonstrate how the pressure work functions, we use a two-layer model for illustration (Fig. A.1). In this simplified situation, Eq. (A.1) is

integrated in each layer and approximately represented as:

T

- 8N oo 8P M i | o
AQ“,lz—p—olvl V7, -i-leol(w1 +,"),and

~~T

8P hzwwu

]’l o~ AT I g~
AQp, ~ 7‘0*2"2 '[gan +g Vi, ]+ 20, 2

(A.2)

(A.3)

where h; is the layer thickness (positive) with the subscript i being the layer index; n; = Eizhi +H is the surface/interface elevation with H being the

static water depth (negative); v; is the horizontal velocity; w; is the vertical velocity of the surface/interface elevation; p; is the density; g = g(p, — p;)/

po is the reduced gravitational acceleration.
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Fig. Al. Two-layer model used for demonstrating how the pressure work functions.

The first term on the right-hand side of Egs. (A.2) and (A.3) denotes the work done by interface form stress and the second term represents the
buoyancy conversion, both of which are closely related to the tilted isopycnal (reflected by the gradient of 5; and the corresponding vertical motion
wy). These equations suggest that perturbation occurring in any layer is able to radiate energy throughout the water column if it could significantly
deform the isopycnal to modulate the pressure field and change the center of mass. Hence, as mentioned in the introduction, the abyssal fluctuations in
the SCS can be energized by the deep Luzon overflow or the surface eddies. To locate the major energy source, one can quantify the horizontal and
vertical components of pressure work, as shown in Yang et al. (2020).

Moreover, according to Maslo et al. (2020), the vertical pressure work integrated in the upper and lower layers can offset each other as:

/// vﬁ% ( - plowﬁw)dv +/// Vza% ( - pljw‘?’ Nw) dv =0 a4

where V; is the control volume of each layer. Eq. (A.4) indicates that the divergence of the vertical pressure flux in the upper volume must lead to the
convergence of vertical pressure flux in the lower volume and vice versa. This determines the intensity and direction of the energy exchange between
layers, which is the key energetics underlying the well-known PV conservation. The detailed process analysis can be found in Quan et al. (2021a) and
the relevant application to the linkage between the Kuroshio intrusion and the TRWs in the deep SCS can be referred to Quan et al. (2021b).
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