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Abstract

The Northwest Pacific region is one of the most energetic in the near-inertial frequency band. Owing to the impacts of sig-
nificant monsoon and the Kuroshio, the local dynamic environment of the northern South China Sea (SCS) and Northwest
Pacific is complicated, and the inertial motions exhibit temporal and spatial variabilities. By fitting the complex velocity
spectrum of the Lagrangian time series derived from the Global Drifter Program data using a Lagrangian stochastic model,
which combines the complex-valued Ornstein—Uhlenbeck and Matérn processes, the main characteristics of near-inertial
oscillations (NIOs) and mesoscale turbulence were extracted and analyzed. The integral near-inertial variance (NIV) is related
to the amplitude and damping parameters. Fitted high energy spectrum is determined by small amplitude and large damping
parameter or large amplitude and small damping parameter. It was found that the pattern of NIV of NIOs is consistent with
the strength of wind fluctuation, and the strongest NIV present in the Luzon strait and northern SCS. The frequency shift in
NIOs is related to background vorticity and damping timescale. The large geostrophic turbulent amplitude presents along
with the Kuroshio path. The decorrelation timescale in the northern SCS is lower than that in the Philippine Sea, and the
motions in northern SCS are more approaching to white noise. The isotropic diffusivity is higher along the Kuroshio path,
accompanied with the energetic geostrophic turbulent.

Keywords Lagrangian stochastic model - Inertial oscillation - Geographic turbulence - Dynamic structure; surface drifters

1 Introduction

Oscillations occurring near local inertial frequency, known
as near-inertial oscillations (NIOs) and mainly driven by
strong surface wind, tropical cyclones (Pollard and Millard
1970), are common in the upper ocean (Alford et al. 2016;
Ferrari and Wunsch 2009). Rapid changes in wind stress
induce a near-inertial motion, which can easily resonate with
the NIOs of the mixed layer when the frequency of wind is
close to that of the local inertia (D'asaro 1989). NIOs propa-
gation is influenced by oceanic mesoscale background pro-
cesses, such as eddies and loop currents (Mooers 1973; Shay
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et al. 1998). The blue and red shifts in the inertial frequency
are related to background vorticity (Sun et al. 2011b).
Downward-propagating inertial oscillation ultimately dissi-
pates into microscale turbulent mixing because of nonlinear
wave—wave interaction (Alford et al. 2016). Therefore, NIOs
are indispensable for multi-scale dynamic processes and
energy budget in ocean. According to Munk and Wunsch
(1998), 2.1 TW of maintaining the oceanic mixed energy,
0.9 TW from internal tide, 1.2 TW input from the wind field.
Near-inertial oscillations caused by the rapid change of wind
stress and their induced mixing play an important role in
maintaining the global thermohaline circulation.

Park et al. (2005) presented a global map of inertial
amplitude in which they suggested that the amplitude in
summer is great than that in winter by15%-25%. Elipot
et al. (2010) argued that the largest values of near-inertial
variance (NIV) are found at midlatitudes in all basins, under
the atmospheric storm tracks. These regions include the
midlatitudes of the North Pacific and Kuroshio extension
region. Chaigneau et al. (2008) indicated that wind-driven
NIOs are occur at greater frequency during fall and winter,
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associated with maximum storm activity and deeper mix
layers. In addition, Sun et al. (2019) studied near-inertial
oscillations in the South China Sea (SCS) and found that dif-
ferent data methods can impact the results; thus, analyzing
the sensitivity of the NIOs to methods is vital.

Single-point Euler devices cannot accurately reflect the
large-scale spatial characteristics of NIV owing to the limi-
tations of the number of devices deployed and fixed loca-
tion (Qian et al. 2013). Therefore, Lagrangian devices with
a greater range of spatial coverage and higher distribution
cost-effectiveness are being increasingly used to study NIOs
(Lacasce 2008; Park et al. 2004). Over previous decades,
increased availability of Lagrangian observations using sub-
surface floats and surface drifters has facilitated research on
Lagrangian statistics over oceans Park et al. (2009) estimated
the global distribution of mixed layer inertial amplitude used
satellite-tracked drifters. Eulerian and Lagrangian statistics
of surface flows over the SCS basin based on observations
from satellite-tracked drifters is investigated by Qian et al.
(2013). The results revealed that the NIV peaks are in the
southern Indian Ocean, the Southern Ocean, and the Luzon
Strait. Capturing spatial and temporal structures in high-
dimensional datasets is an essential theme in modern statis-
tics (Davis et al. 2013; Guinness and Stein 2013).

The Northwest Pacific is one of the most energetic
regions in the near-inertial frequency band (Chaigneau
et al. 2008), with a high incidence of typhoons globally,
solid response to tropical cyclones, and a complex ocean
current system. The SCS, connected to the Northwest Pacific
via the Luzon Strait, is one of the largest marginal seas in the
Northwest Pacific (Sun et al. 2011a). A complex coastline
and numerous island bays cause extreme complications in
the multi-scale dynamic processes of the SCS (Wang et al.
2010; Zheng et al. 2008). Previous studies on NIOs features
and seasonal variations in the upper ocean of the region
relied mostly on moored records, satellite data, and numeri-
cal models (Chen et al. 2013; Li et al. 2015; Sun et al. 2019).

Beside inertial peak feature, another major component
commonly observed in oceanic data is a red background
process, reflecting the mesoscale turbulent flow. Mesoscale
fluctuations are almost always and anywhere presented in
the ocean, and they are ubiquitous and important for many
aspects of the large-scale ocean circulation and often are
referred to as oceanic mesoscale eddies or geostrophic tur-
bulence. And the mesoscale fluctuations have spatial scales
around the first baroclinic Rossby radius and time scales
ranging from the inertial period to several weeks or at most
months and are dynamically well described by the quasi-geo-
strophic approximation. Mesoscale turbulence parameteriza-
tions are crucial for climate applications of ocean general
circulation models (OGCMs). Lagrangian instruments are
particularly suitable for transport and mixing studies because
they move approximately with the ocean currents on (sub)
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mesoscale time scales. This is the idea behind stochastic
models. Veneziani et al. (2004) analyzed 700-m acoustically
tracked floats in northwestern Atlantic Ocean, and found
that the properties of Lagrangian data can be considered
as a superposition of two different regimes associated with
looping and non-looping trajectories and that both regimes
can be parameterized using a simple first-order Lagrangian
stochastic model. Another several stochastic models have
also been proposed to simulate low-frequency turbulent flow,
see LaCasce (2008) for a review. The proposed models are
all integer order, and assumed that the velocity or the accel-
eration is a Markovian process, which is not correspond to
field observation (Rupolo et al. 1996). Recently, Sykulski
et al. (2016) proposed a Lagrangian time series model,
which is consists of complex-valued Ornstein—Uhlenbeck
(OU) process and Matérn process, and the former is used to
infer important physical parameters of inertial oscillations,
and the letter explores turbulent dispersion of geostrophic
turbulence. The Matérn process is found to provide an excel-
lent match to modeling velocities from particle trajectories
in an application to two-dimensional fluid turbulence (Lilly
et al. 2017).

The goal of this work is to characterize the main proper-
ties of the NIOs and mesoscale turbulence by Lagrangian
stochastic model capable of describing them. This paper is
organized as follows. Section 2 first introduces the Global
Drifter Program (GDP) datasets. An improved Lagrangian
stochastic model proposed recently by Sykulski et al. (2016)
is reviewed, and especially focus on physical meaning of
model parameter. In Sect. 3, mean current and inferred from
Lagrangian data and Kuroshio intrusion features is firstly
analyzed. The extracting of dynamical parameters for NIOs
and geostrophic turbulence process from a drifter using
LSM is given in detail, and then their spatial distribution
and seasonal variation are investigated. Section 4 concludes
the paper.

2 Data and method
2.1 Drifter dataset

The Global Drifter Program (GDP) is the principal compo-
nent of the Global Surface Drifting Buoy Array, a branch
of the Global Ocean Observing System deployed by the
National Oceanic and Atmospheric Administration (NOAA),
and a scientific project of the Data Buoy Cooperation Panel.
In total, greater than 13,000 near-surface satellite-tracked
drifter trajectories have been deployed since 1979. NOAA's
Atlantic Oceanographic and Meteorological Labora-
tory coordinates the deployments, processes and archives
the data, maintains metadata files describing each drifter
deployed, and develops and distributes data-based products.
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Drifters are fixed 15 m underwater with a holey-sock drogue
to reduce their drifting from position because of wind and
waves (Lumpkin et al. 2017). The drifters move with the
mixed layer sea current, and the position information of their
floats located on the sea surface is transmitted to the satellite
(Lumpkin et al. 2007). The trajectories are interpolated at
1 h intervals, and velocity components are computed using
the Lumpkin method. In this study, we extracted a subset of
drifters covering the northern SCS and the Northwest Pacific
(15-35°N, 110-140°E).

Figure la displays the array of surface trajectories of
drifters in the northern SCS and Northwest Pacific Ocean.
Most of the drifters entered the SCS via the Luzon Strait,
which is a high-density drifter area related to the Kuroshio
intrusion. These drifters followed the northern SCS cur-
rents that moved westward to the east of Vietnam. Other
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drifters in the Luzon Strait reached Japan from the Phil-
ippines along the Kuroshio path. The number of drifter
observations are presented in Fig. 1b. Only drifters con-
taining greater than 100 observations were considered sta-
tistically valid for representativeness. From Fig. 1b, we
can observe that the Luzon Strait region exhibits heavy
drifter sampling. The drifters selected for this study cover
a large time range, and the distribution and number of
drifters satisfied our requirements.

The earliest drifter of GDP was deployed in 1979. How-
ever, no compelling drifter observations were recorded in
the region until 2003, after which the data started increas-
ing significantly, and the maximum observation data val-
ues in 2011 exceeded 110 000 (Fig. 2a). There are seasonal
variations in data distribution, with the maximum observa-
tions in winter (Fig. 2b).
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Fig. 1 a Drifter trajectories of 1 h drifters in the region (15-35°N, 110-140°E); b numbers of drifter samples in 1° X 1° bins
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Fig.2 Temporal distribution of the number of drifter observations as a function of a year and b calendar month within the region in Fig. 1
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2.2 Lagrangian stochastic model

The use of stochastic processes to study Lagrangian times
series is common in oceanography (Griffa et al. 2008; LaC-
asce 2008; Veneziani et al. 2004). In the early oceanographic
studies, the analysis of Lagrangian data is primarily restricted
to nonparametric estimates of the first-order and second-order
moments of the velocity time series (LaCasce 2008). Recently,
an alternative physically motivated stochastic Lagrangian sto-
chastic model (LSM) is proposed by Sykulski et al. (2016),
which seek to build statistical models using knowledge of the
anticipated physical structure in the data.

The LSM involves two key physical ocean processes: the
inertial oscillation and the turbulent background. The most of
the properties of inertial oscillations observed near the ocean
surface is governed by a set of coupled ordinary differential
equations (Pollard and Millard 1970).

ou
= _fH=F-=—
; fv cu

ov _ _
> +fu=G-cv, (1)

where u and v, respectively, correspond to the eastward and
northward velocities. F and G are time-varying forcing func-
tions associated with surface winds, linear damping term -cu
models the dispersion effect by introducing a decay factor of
the form exp (—c(z)). ¢~ !is referred to as the e-folding time.
The parameter f'is the Coriolis frequency. The complex-val-
ued velocity z(r) = u(f) + iv(¢) is governed by the stochastic
different equation

dz(1) = (iw; (1) — (1)) 2(D)dt + AdQ(r) , )

where dQ(t) represent an idealized stochastic model for the
wind forcing, combining the effects of F and G from the
above inertial oscillation equation. The parameter w,(7) dic-
tates the frequency of the inertial oscillation, which varies
with the changing drifter location. The damping parameter
¢ > 0 ensures the process is guaranteed to eventually return
to its expected value from any initial condition. Finally, A >0
sets the magnitude of the variability, and reflects the strength
of the surface wind stress forcing. Equation (2) is recog-
nized as the complex Ornstein—Uhlenbeck (OU) process.
The autocovariance function and power spectral density of
the continuous-time complex OU process with stationary
initial conditions are found to be Sykulski et al (2016)

S(OU)(T) =E{z(0Z*(t + 1)} = z;\_zeiwfre—dﬂ 3)

S, = —A0— o)

(w=-wp D)+
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where E is the expectation operator, and z*(¢) is the complex
conjugate of z(f). The autocovariance s©°¥(r) decays expo-
nentially. The power spectral density S©%(w, t) forms a Fou-
rier pair with the autocovariance and decay in frequency
proportionally to |w — cof|2 for | — wy| > c. The inertial
oscillation model will only be used to capture spectral
energy that is localized around the inertial peak; the rest of
the spectrum will be captured by a model for the turbulent
background.

A second major component commonly observed in
Lagrangian data is a red background process, reflecting the
large-scale turbulent flow of the ocean currents. Several
stochastic models have already been proposed to simulate
dispersion, calculate Lagrangian frequency spectra and
examine the relation between Lagrangian and Eulerian
integral scales (Berloff and Mcwilliams 2002; LaCasce
2008). The previous proposed models are all integer order,
and is assumed as a Markovian process, such as Brownian
motion or the OU process. However, the spectral slopes
of Lagrangian velocities do not correspond to the power
of an even integer (Rupolo et al. 1996). This suggests the
use of fractional, instead of Markovian, processes to model
the background, is more reasonable. The complex-valued
Matérn process is used to model background velocities in
the LSM proposed by Sykulski et al. (2016). The autoco-
variance function and power spectral density for complex-
valued Matérn process is defined (Sykulski et al. 2016)

B2 705 05
s(m)(,[) = 2a-150(q)h2e-1 (hlfl)a Ka—O.S(hlrl) (5)
2
S(ma) 1) = B (1)
(@, 1) )™ (6)

where I'() is the Gamma function, and «,, is the modified
Bessel function of the second kind of order #. The inverse
timescale parameter, & > 0, For @ > h, the process exhibits
power-law decay, whereas for 4 — o0, or equivalently for
w — 0, the process behaves like a white noise process, as
could be expected if we were to observe Lagrangian veloci-
ties sparsely over long very time intervals. The Matérn pro-
cess provides a continuum between these two regimes over
different timescales, controlled by the value of &, which
has the units of an inverse timescale parameter. The slope
parameter, @ > 1/2, controls the degree of smoothness or
differentiability of the process. The Matérn process gener-
alizes and unifies the various stochastic models for the tur-
bulent background proposed in the previous oceanographic
literature.

Combining the above two models for the inertial oscil-
lation and turbulent background process to form an aggre-
gated statistical model for drifter velocity time series,
characterized by the spectrum
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S(w;0) =

where 6 = (A, B, wy, C, h,a) is an array of model param-
eters.S(w;0) is, therefore, a six-parameter model: p, ¢ > 0,
and A > 0, respectively, correspond to the frequency, damp-
ing and amplitude of the inertial oscillation, and B > 0,
a > 1/2, and h > 0, respectively, correspond to the ampli-
tude, smoothness, and timescale parameter of the turbulent
background process.

The array of model parameters in formula (5) is estimated
in the frequency domain. Conventionally, frequency-domain
Whittle likelihood estimation is used to obtain the model
parameters based on periodogram :S\‘Z(a)). It is well known,
however, that the periodogram is a poor estimator for the
spectral density. In order to obtain better parameter estima-
tion accuracy, the blurred Whittle likelihood is approached
following (Sykulski et al. 2015):

b(©) == 3 peq |22 +10g{S@:0) }] (®)
where periodogram §Z(co) is calculated using the Fourier
transform of the time sgries Z(t), i.e.
S, () = Iév|zf’= (2, —Z)exp(—itwA)| , the N is length of
time series, A is the sampling interval, the Z= Zi\; 1 Z/Nis
sample mean, w is Fourier frequency. The expected perio-
dogram §(w;0) is conveniently given in terms of the true
autocovariance function, i.e.,
Emﬁ)zAZiiMﬂ<l—ﬁ%gwwm}thLMwmm

autocovariance function s_(€) is the sum of the autocovari-
ance sequences given in equations given in (3) and (5). The
best-fit parameters 8 is obtained by maximizing the blurred
likelihood function /,(6).

In summary, the LSM shows the significant advantages
comparing with previous models. (1) The mode consistently
captures ocean variability by aggregating two simple stochastic
processes from drifter trajectories. (2)This model allows param-
eters to be estimated locally in time using short windows, yield-
ing parameter estimates with high temporal and spatial resolu-
tion. (3) The stochastic model is the first to explicitly include
the effects of inertial oscillations. (4) The turbulent background
modeled by the Matérn process flexibly accounts for the various
spectral slopes observed in the real data.

3 Results
3.1 Estimates of mean flow and eddy kinetic energy
When analyzing Lagrangian data, generally the first task

is to estimate the mean flow accurately. In previous works,
the mean flow was estimated using either the Eulerian

or Lagrangian framework. As the best way to estimate a
Lagrangian-based mean field remains an unsolved ques-
tion, the Eulerian-based estimate was used for the mean
flow in this study. Following Veneziani et al. (2004), the bin
averaging and spline interpolation techniques were used to
estimate the mean flow of the northern SCS and Northwest
Pacific. The caveat was that the average was performed over
a complete dataset in seasonal terms because of insufficient
data to resolve non-stationarity. The drifter velocities were
interpolated and then averaged over spatial bins and a certain
period (Poulain and Niiler 1989). An array bias will affect
mean flow estimates when the sampling array is not uniform.
The effects of nonuniform sampling make it difficult to piece
together an accurate description of the general circulation
from floats deployed in localized regional arrays, it can be
partially corrected by computing the Lagrangian diffusivity
(Davis 1991). In present work, some experiments are per-
formed by changing the bin size to test the sensitivity of the
results to minimize the array bias.

The mean flow displays the strong Kuroshio system, with
mean velocities of 1.8m - s~! in the east of Taiwan island.
The north equatorial current splits into two branches at 5°N,
with the northern branch moving into the Kuroshio along
eastern Philippines. After moving northward to Japan, a
branch of the Kuroshio turns southward to form a distinct
and giant eddy with its center located near 135°E, 30°N.
There is a cyclonic circulation in the northwest area of
Luzon Island, with its center located near 118°E, 17.5°N,
called the Luzon cold eddy. On the southeast side of the
circulation, a coastal current coming from the middle of the
SCS moves northward along the west coast of Luzon Island,
namely the Luzon coastal current, with a maximum velocity
exceeding 0.9m-s~! in summer. The associated intrusion of
the Kuroshio into the SCS via Luzon strait will be discussed
in Sect. 3.2. The mean flow of the northern SCS is closely
related to seasonal reversals in the prevailing current because
of the monsoon (Qian et al. 2013). The southwest monsoon
prevails in summer, an anticyclone controls the northern
SCS, and the northward current dominates the Taiwan Strait.
In winter, the SCS is dominated by the northeast monsoon,
the northern SCS is a cyclone, and the southward current
dominates the Taiwan Strait. A few errors were observed in
the mean flow estimates. The error sources included meas-
urement errors, inaccuracies associated with the velocities
computed from the drifter locations, and sampling errors
related to the finite dataset.

Eddy kinetic energy (EKE) is one of the usable forms of
energy in the oceans. According to Poulain (2001), in Eule-
rian statistics, EKE is defined as EKE = u/? + v/? /2 under
the assumptions of geostrophic balance and isotropy. The
zonal component # and meridional component v’ are com-
puted as ' = u(r) — u and u' = v(r) — v,where %,V are aver-
aged over small spatial bins and over a certain period (Qian
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et al. 2013; Veneziani et al. 2004). We have computed the
seasonal mean eddy kinetic energy (mEKE), i.e.,
EkE = <u12 + v12>/2 , and shown in Fig. 3. The largest

EKE values were calculated for the Luzon Strait and the
northeastern part of Taiwan Island (1600cm? - s=2), which
are similar to the estimated EKE pattern based on altimetry
data (Cheng and Qi 2010; Nan et al. 2015). The region east
of the Kuroshio axis in the Luzon Strait has a high probabil-
ity of eddy occurrence (> 30%) (Qian et al. 2013), and is
characterized by high EKE. The EKE estimated by the
drifter is affected not only by mesoscale variability and tur-
bulent energy, but also by various factors such as the sea-
sonal cycle and low-frequency variability.

3.2 Kuroshio intrusion

The Luzon Strait is an important passage connecting the
Philippine Sea with the SCS. The Kuroshio passing through
the Luzon Strait causes a series of dynamic and kinematic
changes owing to the loss of continental slope support.
According to Nan et al. (Nan et al. 2011, 2015), there are
different views on how the Kuroshio intrudes into the SCS,
whether in the form of looping path, leaping path, or leak-
ing eddies (Hu et al. 2000).Although multiple flow patterns

20°N

for the Kuroshio intrusion have been descriptive and sche-
matic, how to define an index to distinguish different types
of Kuroshio intrusion quantitatively is significantly impor-
tant to understand the Kuroshio intruding processes and
dynamics (Nan et al. 2015). The index should be derived
based on readily available observations or credible ocean
model output.

Figure 4a contains a total of 41 drifters entering the SCS
along two paths, mainly including leaking path and looping
path, while Fig. 4b shows the leaping path drifters with a
total of 37. The leaking path is the most frequent from with
the probability of occurrence at 75.61%, while the prob-
ability of occurrence the looping path is 24.39%, which is
consistent with the result of Yuan et al. (2006). The propor-
tion of the leaking and looping paths is defined as the intru-
sion coefficient, namely 0.52, which is slightly smaller than
the Nan et al. (2015), considering the insufficient number
of drifters.

The Kuroshio flows northward along the eastern coast of
the Luzon Strait and Taiwan, and then the northward-flowing
Kuroshio bifurcates when it collides with the zonally run-
ning shelf break of the ESC defined by the 200 m isobath
(Wu et al. 2015). Because of the loss of the supporting role
of Taiwan Island, the Kuroshio turns in the northeast sea of
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Fig.3 Pseudo-Eulerian mean velocity field and mean EKE in 0.5° bins during spring (MAM), summer (JJA), autumn (SON), and winter (DJF)
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Fig.4 Drifter trajectories, a red trajectories indicate drifters entering the South China Sea with leaking path and looping path, b blue trajectories
indicate drifters along the Kuroshio and intruding the East China Sea with leaping path

Taiwan and then invades the ECS shelf (Liu et al. 2015).
The details of this process are not of concern in this study.

3.3 LSM application on a GDP drifter

As afirst step, we first apply LSM to a 401-day (August 20,
2009-September 26, 2010) trajectory of a Northwest Pacific
Ocean drifter, with GDP ID #71,153, shown in Fig. 5a. We
apply a relatively long window length of 2400 time points,
corresponding to a 100 days trajectory indicative of green
line in Fig. 5a. This is because we have deliberately reduced
variance, at the expense of bias, for this single drifter analy-
sis. Figure 5b displays rotary spectrum of the observed
(black solid and dashed line) and modeled (red line) log-
spectra for velocity time series recorded by the 100-day tra-
jectory. We see that the six parameters model appears to
accurately capture the spectral structure over the modeled
band of frequencies. The model identifies the inertial fre-
quency shift as occurring at the local Coriolis frequency.
According to Kunze (1985), the inertial frequency will be
modified under the condition of background current, result-

ing the effective Coriolis frequency, i.e.,
2 (24 F9 _pou _ Quov , dudv _
Jeit™ = <f +fdx fay % ox + 0y). The observed fre

quency-shifting of the inertial peak mainly is due to eddy
variability, which is captured by LSM. The model fit param-
eter shows the amplitude (A) and damping (c) of the inertial
oscillation is 3.73 and 0.029, respectively. Thus, the corre-
sponding amplitude and damping e-folding time scale of
inertial current is 3.73 cm - s~' and 9 days. The amplitude,
slope (smoothness) and time scale parameter of turbulent
background given by model is 0.20, 1.75 and 0.002, respec-
tively, and shows the mesoscale background motions is weak
flowing the trajectory of the drifter, which is consistent with

weak eddy kinetic energy far away the Kuroshio edge. The
slope parameter governs the aspect ratio of rescaling for self-
similar behavior, i.e., when we “zoom in” in time to observa-
tion, the greater the slope parameter value, the weaker the
self-similar behavior. The large slope parameter value 1.75
imply the motion hold weak self-similar. The damping
parameter 72 =0.002 of geostrophic is indicated in Fig. 5b,
which is a breakpoint between a low-frequency plateau and
a high-frequency slop.

The time-varying parameters are estimated by consider-
ing a rolling window of observations from the overall time
series. In order to produce accurate time-varying estima-
tion of the model parameters, choice of window length is
important, so that the model parameters vary little over the
window timescale, while the window is still large enough to
reduce variance of the parameter estimates. Longer windows
will decrease the variance but simultaneously increase bias,
and shorter windows may miss a few features (Guillaumin
et al. 2017). The determination of window length is empiri-
cal. To resolve spatial heterogeneity at small and large scales
in the oceans, high spatial resolution parameter output is
needed, so the use of shorter windows will be favored as
recommended by Sykulski et al. (2016), when multiple tra-
jectories are available within a given spatial region. Bias
can then be reduced, and the variance is instead reduced by
averaging over the multiple time series.

Time-varying spectra of GDP ID#71,153 display in Fig. 5
is shown in Fig. 6, resulting from a rolling-window fit with a
window length 600 time points (or 25 days). During most of
the time series, the model identifies the inertial frequency as
occurring at the local Coriolis frequency shown as the black
line; note that smooth variation of the estimated inertial fre-
quency is observed. Generally speaking, the LSM captures
the temporal variability observed in the moving-window
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Fig.5 a Black line shows 401-day (August 20, 2009-September 26,
2010) trajectory of the drifter ID #71,153. Green line indicates the
2,400 time points, corresponding to a 100 days trajectory are ana-
lyzed. The zoom in portion shows significant inertial oscillation sig-
nal. b Rotary spectrum of green trajectory and LSM fit. The solid
(dashed) black line is clockwise (anticlockwise) spectra. The fit-
ted spectra in the inertial and turbulent background frequency band
by LSM are shown in red solid lines. The local (25.972°N) inertial
frequency f and damping parameter of geostrophic turbulence 4 is
labeled using vertical dashed line.)

periodogram at both the inertial peak and the low-frequency
peak, and this good agreement shows that structure in the
data can be well accounted for using the LSM.

Figure 7 shows the estimates of the six time-varying
parameters using LSM, which evolve over time relatively
smoothly. The inertial oscillation is shown to significantly
shift from the theoretical frequency particularly between
days 0—100 and days 200-350. Inspecting Fig. 7 in more
detail, we can see that there is a high band of energy during
this time period near the Coriolis frequency. The strongest
inertial energy band present in the days 200-350, where the
fitted parameter shows strong inertial oscillation amplitude
(Fig. 7b) and a long damping timescale appears (Fig. 7c) in
the days 200-350. During the days 0-120, original spec-
trum also shows high energy in the inertial frequency band,
but the amplitude of NIO recovered by LSM relatively hold
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small value, comparing with the days 200-350. In fact, the
fitted high energy spectrum is determined by low amplitude
and large damping parameter (corresponding short damping
timescale).

There is a stronger energy at the low-frequency band
in the days 150-300 as shown in the original spectrum
(Fig. 6), LSM also correctly captures the spectrum structure.
As shown in Fig. 7, the fitted LSM holds large amplitude
parameter B with relatively small slope and smooth param-
eter. The drifter was caught in the strong Kuroshio current
and interned into the central axis of the Kuroshio from days
120 to days 160. The near-inertial energy is weak, and cor-
responding fitted inertial oscillation amplitude and damping
parameter rapidly decreases during the period.

3.4 Spatial characteristic of NIOs

Previous studies in this region have frequently focused on
NIOs motivated by simple cyclones. Chen et al. (2015)
found that a solid NIOs is triggered when a cyclone front
passes over the sea surface, which can last for 1 ~2 weeks,
with the maximum value reaching 0.5 ~ Im-s~!.

Firstly, we can observe the shifting of inertial oscilla-
tion frequency, mainly due to the influence of background
eddies (Fig. 3). In the cyclone region, the effective Coriolis
frequency is larger than the local Coriolis frequency because
of the existing positive vorticity, conversely, the effective
Coriolis frequency is smaller than the local Coriolis fre-
quency due to the negative vorticity. In order to investigate
the shifting of inertial oscillation frequency, the relative fre-
quency shift (RFS) was defined as:

w;—f

RFS = 5 &)

where f is the local inertial frequency of the mean lati-
tude of the corresponding 25-d trajectory, w; is the spectral
peak frequency. A positive (negative) RFS means that the
observed frequency is higher (lower) than theoretical Corio-
lis frequency f, namely blue (red) shift occurring. Inspecting
the spatial distribution of the RFS (Fig. 8), the blue shift
predominates the northern SCS, Luzon strait, and Philippine
Sea, and the red shift dominates the areas of Kuroshio exten-
sion. The blue shift in the northern SCS and the Luzon Strait
may have been influenced by the storm (Alford et al. 2016).
The blue shift also is interpreted in the context of the genera-
tion and propagation of near-inertial motion at the scale of
the ocean basin, i.e., NIOs are free to propagate toward the
equator and therefore will always have a frequency higher
than the local inertial frequency. In addition, phenomenon
of blue shift in NIOs is also related to its damping effect (Fu
1981; Garrett 2001).
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Fig.6 Time-varying spectra of the drifter ID#71,153 display in Fig. 5, where red and blue denote high and low energy, respectively. a The spec-
trum of observed data; b modeled spectrum using LSM. Black curve indicates the local inertial frequency)

Figure 9 shows the spatial variation of amplitude and
decay timescale of near-inertial oscillation. The ampli-
tude reflects the strength of the NIOs. It is visible that
the Luzon strait has a predominance of high amplitudes.
The amplitude is lower in the north Philippine Sea than
that in the south, where the Kuroshio overflows from low
latitudes to the SCS via the Luzon Strait. The amplitude
of inertial oscillation along the Kuroshio path in northern
Guam is significantly lower than that in other regions. The
reciprocal of damping parameter given by LSM is a meas-
ure of time scale of NIOs, which is shown in Fig. 9b. The
low values (around 2.7 day) of damping timescale appear
in the northern SCS and Philippine Sea, where the ampli-
tude of NIOs holds relatively large values (Fig. 9a), and
blue shift of NIO frequency occurs (Fig. 8). Elipot et al.
(2010) demonstrated that there was a positive linearly
correlation between NIV and its decay time scale from a
global perspective. If the damping timescale is short, and
the inertial energy decay rapidly, and corresponding NIV
is weak. Conversely, NIV will increase with extension of
its decay period. NIOs are observed to have larger vari-
ance when they are of longer time scales, which implies
more persistent time according to Fu’s (1981) interpreta-
tion. The near-inertial frequency shift caused by strong
positive vorticity in this region results the speeding up
of the NIOs. Long damping timescale for NIOs mainly
occurs in the norther to 25°N in the study area, where the
anticyclonic eddies are active, accompanied by red shift
of NIOs (Fig. 8). The NIOs frequency shift caused by the

positive vorticity will accelerate the decay period of the
near-inertial motion (Elipot et al. 2010). Which may be
responsible for the energy transferring from geostrophic
flow to near-inertial motions (Jing et al. 2017).

To better understand the energy of NIOs, the regional
spatial distribution of the NIV is calculated. NIV is defined
the integral of kinetic energy in near-inertial peak (Elipot
et al. 2010), i.e.,

NIV = [, S(w)do, (10)

where Aw is inertial frequency band, various inertial fre-
quency bands have been used in previous studies. Pall
et al. used a frequency band range of 0.9 — 1.15f to study
NIOs in the Gulf (Pallas-Sanz et al. 2016). Hou (2019)
used 0.7 — 1.2f in the Northwest Pacific. In the study, we
selected an adaptive frequency window, which is considered
as half power of the peak. The spatial distribution of the
NIV is present in Fig. 10a. In general, the spatial pattern
of NIV is similar with that of NIOs amplitude as shown
in Fig. 9a. High NIV values were observed in the north-
ern SCS and Luzon Strait, where the near-inertial motion
is active (Guo et al. 2020), while the lowest NIV presents
in the mainstream of the Kuroshio. The peak NIV values
(approximately 350cm? - s=2) appeared in the northwest of
Luzon Island.

Wind stress fluctuations in the near-inertial band can res-
onantly force near-inertial oscillations in the surface mixed
layer (Alford et al. 2016). Figure 10b shows the synchronous
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Fig.7 Time-varying param-
eter values of the model fits

of Fig. 6: a estimated inertial
frequency and local Coriolis
frequency; b amplitude of NIOs
and geostrophic turbulence; ¢
damping of NIOs and geos-
trophic turbulence; d slope of
geostrophic turbulence

Fig. 8 spatial distribution of
relative frequency shift for
NIOs
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Fig.9 The spatial distribution of amplitude a and decay timescale b of NIOs
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Fig. 10 The spatial distribution of near-inertial variance a and wind stress b

wind stress with drifter observation from ERAS dataset,
which is used to discuss the relation between the distribu-
tion of inertial current amplitude and wind fluctuation. Here
the wind stress is computed as 7 = p,Cp|U(|U,, according
to Liu et al. (2019), where p,, is the air density approximated
as a constant of 1.22 kg - m~3, Cpy is the drag coefficient, U,
is the wind vector at 10 m. According to Large and Pond
(1981), the value of drag coefficient is given as

C - 12x10° Uy < 1lm-s~!
D7) (049 4+ 0.065U,9) x 10° Upy>> 11m -5~

The pattern of NIV of NIOs is similar with the strength
of wind fluctuation, and the strongest NIV present in the
Luzon strait and northern SCS, where the wind fluctuation
also shows strongest.

3.5 Spatial characteristic of geostrophic turbulence

In the LSM, the low-frequency parts below inertial period
from the Lagrangian velocity time series is fitted by

Matérn process, which simultaneously capture the effects
of long-timescale diffusivity and small-scale fractal
dimensionality(Lilly et al. 2017). The best-fit values of the
three Matérn parameters (B, a, h) allows us to simultane-
ously vary the values of the three most important properties
of Lagrangian trajectories: the kinetic energy, the degree
of small-scale roughness and long-time diffusive behavior.
Matérn process is demonstrated to show an excellent match
for Lagrangian velocity spectra for two-dimensional turbu-
lence (Lilly et al. 2017). It is known that the zero-frequency
value of velocity spectrum quantifies the dispersive ten-
dency, and a primary characteristic of Lagrangian trajec-
tories is their tendency to diffuse at a uniform rate at long
times (Koszalka and LaCasce 2010; LaCasce 2008).

In Matérn parameters, a present the slope parameter, and
with B setting the spectral level. Velocity spectrum from
Lagrangian trajectories are found to exhibit power-law
behaviors at high frequencies (Rupolo et al. 1996). For a
range of spectral slopes, the power-law spectrum corre-
sponds to that of a Gaussian random process called frac-
tional Brownian motion, which is a generation of classical
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Brownian motion — corresponding to the case ¢ = —1 and,
therefore, to an w2 spectrum. The variance and the diffusiv-
ity of fractional Brownian motion, where damping parameter
h is not involved, will be found to increase without bound.
The decrease in the degree of roughness as a increase, and
the spectral slope becomes steeper. This occurs since higher
values of a correspond to stronger degrees of “filtering”,
with steep spectral slopes removing high-frequency contri-
butions to variance.

Figure 11 shows spatial distribution of the amplitude,
decay timescale of the geostrophic turbulent fitted by LSM.
The large geostrophic turbulent amplitude is along the Kuro-
shio path, and maximum value reach to 30cm - s~!. The mes-
oscale eddies are usually active on both sides of the western
boundary current Kuroshio due to the shear instability. In
the inner region far away boundary current, the geostrophic
turbulent is weak with small amplitude parameter obtained
by LSM.

Damping parameter / is inverse timescale, which meas-
ures the diffusion property of the background turbulence.
Low-frequency motion with a frequency lower than £ is

115°E 120°E 125°E 130°E 135°E 140°E

often resembled as white noise. For a more convenient
understanding, Fig. 11b shows the distribution of recipro-
cal of damping parameter 4, namely decorrelation timescale,
which also is a breakpoint between a low-frequency plateau
and a high-frequency slop. The decorrelation timescale in
the northern SCS is lower than that in the Philippine Sea. A
higher damping parameter / corresponds to a lower decor-
relation timescale, and such motion is more approaching to
white noise.

The slope parameter, @ > 0.5, controls the degree of
smoothness or differentiability (Gneiting et al.2012), which
is shown in Fig. 12a. High slope parameters predominate in
the northern SCS and exhibit an extreme value of greater
than 1.5. High values are also dominant in the area from the
Luzon Strait to the Philippine Sea, where the amplitude is
lower than others. The isotropic diffusivity x, which quanti-
fies the expected rate at which the particles disperse, or
spread out, over time from an initial location, is related to
the parameters of Matérn process. The diffusivity is defined
as the zero-frequency value of velocity spectrum. According

Eq. (6), x(t) = ﬁ. For a given Lagrangian velocity

Decay timescale h!

15°N —
110°E 115°E 120°E 125°E 130°E 135°E

Fig. 11 Spatial distribution of amplitude a, damping timescale b of geostrophic turbulence
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Fig. 12 Spatial distribution of slope parameter a and isotropic diffusivity k b of geostrophic turbulence
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Fig. 13 Distribution of the NIOs amplitude a and geostrophic turbulence amplitude b during spring (MAM), summer (JJA), autumn (SON) and
winter (DJF)
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time series z(), we will refer to z(¢) as a diffusive process if
it is associated in this way with a non-zero and finite value
of k. Processes associated with zero values of x will be said
to be sub-diffusive, while those associated with unbounded
values of k¥ will be referred to as super-diffusive. Figure 12b
gives the distribution of diffusivity k. The isotropic diffusiv-
ity is higher along the Kuroshio path, which is consistent
with the high geostrophic turbulent. Thus, the geostrophic
turbulence region with stronger amplitude is usually accom-
panied by higher isotropic diffusivity.

3.6 Seasonal variation of NIOs and geostrophic
turbulence

The seasonal averaged amplitude is illustrated in Fig. 13.
Although spatial structures persisted, the magnitudes of
these parameters varied with time. The amplitude of NIOs
exhibits seasonal variations based on the velocity data
recorded by moored current-meter in the northern SCS
(Chen et al. 2013). In addition, there is a striking contrast
in the number of observations between summer and winter.
The intense summer monsoon is vital for generating strong
NIOs (Shu et al. 2016).

The seasonal variation in the NIOs amplitudes, presented
in Fig. 13a, is regionally asynchronous. The amplitude of
NIOs in the northern SCS is higher than that in other areas
all year. The amplitude peak occurs in autumn in the Phil-
ippine Sea and in summer in the Kuroshio region. During
winter monsoon, a significant value region extends from the
Luzon Strait with a northeast-to-southwest trend. The NIOs
amplitude in summer is overall 15-20% higher than that in
winter. The amplitudes of geostrophic turbulence depicted in
Fig. 13b display no considerable seasonal variation, and the
weakest value in the Kuroshio region appears in winter. The
stable spatial distribution shows that the amplitude is stable
in time and less affected by seasonal variation.

4 Conclusions

This study investigated the inertial oscillation and back-
ground current by fitting the complex velocity spectrum of
Lagrangian time series derived from Global Drifter Program
datasets with a new stochastic model developed by Sykul-
ski et al. (2016), which combines the Complex-valued Orn-
stein—Uhlenbeck and Matérn stochastic processes. The OU
stochastic process captures inertial oscillation characteristics
of the velocity time series, while the Matérn process can
describe the geostrophic turbulent background spectrum. We
extracted six ocean dynamics parameters and analyzed the
temporal and spatial variability.

@ Springer

Mean flow derived from the drifters clearly demonstrates
the strong Kuroshio system and monsoon circulation over
the northern SCS, which includes the Kuroshio intrusion
at the Luzon Strait. The Luzon Strait and its eastern part
exhibit high EKE and near-inertial variance, with the eastern
part displaying a high probability of eddy occurrence. The
complex circulation system and background vorticity exerts
the influence the near-inertial motions.

The effect of background vorticity on inertial frequency
shift is significant; when the low-frequency background is
cyclone, the near-inertial frequency increases (blue shift),
and vice versa (Alford et al. 2016). The NIOs frequency shift
caused by the positive vorticity will shorten the decay period
of the near-inertial motion. The NIOs amplitude is different
at different latitudes, the Kuroshio has lower amplitude in
the north, and the near Luzon Strait has an extensive range of
amplitudes related to the vigorous cyclone activity here. The
stronger geostrophic turbulence appears in the mainstream
of Kuroshio and its extension. The geostrophic turbulence
has a highly significant effect in the Kuroshio, whereas the
NIOs play the dominant role in the Luzon Strait and north-
ern SCS. In terms of seasonal mean, although spatial struc-
tures persisted, the magnitudes of these parameters varied
with time. The amplitude of NIOs in summer is higher than
in winter and is greater in the region with weak geostrophic
turbulence.

The fit of NIOs by the stochastic model is time depend-
ent; therefore, the stationarity of the drifter velocity spec-
trum assumed in our analysis is not always true (Guillaumin
et al. 2017). However, the compatibility of our observations
with analytical and numerical predictions suggests that these
theories may at least be partly applicable to the actual ocean.
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