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Abstract. Shoaling internal solitary waves near the Dongsha
Atoll in the South China Sea dissipate their energy and en-
hance diapycnal mixing, which have an important impact on
the oceanic environment and primary productivity. The en-
hanced diapycnal mixing is patchy and instantaneous. Evalu-
ating its spatiotemporal distribution requires comprehensive
observation data. Fortunately, seismic oceanography meets
the requirements, thanks to its high spatial resolution and
large spatial coverage. In this paper, we studied three internal
solitary waves in reversing polarity near the Dongsha Atoll
and calculated their spatial distribution of diapycnal diffu-
sivity. Our results show that the average diffusivities along
three survey lines are 2 orders of magnitude larger than the
open-ocean value. The average diffusivity in internal soli-
tary waves with reversing polarity is 3 times that of the non-
polarity reversal region. The diapycnal diffusivity is higher
at the front of one internal solitary wave and gradually de-
creases from shallow to deep water in the vertical direction.
Our results also indicate that (1) the enhanced diapycnal dif-
fusivity is related to reflection seismic events, (2) convective
instability and shear instability may both contribute to the
enhanced diapycnal mixing in the polarity-reversing process,
and (3) the difference between our results and Richardson-
number-dependent turbulence parameterizations is about 2—
3 orders of magnitude, but its vertical distribution is almost
the same.

1 Introduction

Energy dissipation of internal waves enhances diapycnal
mixing. Turbulence in the form of internal wave breaking is
the primary mechanism for modifying thermodynamic prop-
erties in the ocean (St. Laurent et al., 2011). Small-scale
changes in topography also significantly enhance local mix-
ing (Nash and Moum, 2001; Klymak et al., 2008; Palmer et
al., 2013; Staalstrgm et al., 2015; Wijesekera et al., 2020;
Voet et al., 2020). Internal tides and internal waves are ubig-
uitous on the global continental shelves and slopes (Hol-
loway, 2001; Sharples et al., 2001; Xu et al., 2010, 2016;
Zhang and Alford, 2015; Alford et al., 2015). They play
an important role in the global oceanic energy balance and
provide energy for ocean mixing (MacKinnon and Gregg,
2003). Due to shoaling internal waves and seafloor rough-
ness, turbulent mixing on the continental shelves and slopes
is more variable than in the open ocean (Carter et al., 2005).
Diapycnal diffusivity observed on continental shelves and
slopes can span 4 orders of magnitude (Gregg and Ozsoy,
1999; Nash and Moum, 2001). Internal solitary waves are
a kind of nonlinear internal wave, which usually carries a
large amount of energy. Numerical simulations indicate that
up to 73 % of the internal wave energy can be carried by in-
ternal solitary waves (Bogucki et al., 1997). Therefore, in-
ternal solitary waves propagating to the continental shelf and
slope can greatly change the local mixing. A number of stud-
ies have been carried out on mixing caused by internal soli-
tary waves on the continental shelf and slope. Observations
have shown that turbulence induced by shear instability at
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the rear of internal solitary waves sharply increases mix-
ing (Sandstrom et al., 1989; Sandstrom and Oakey, 1995;
Moum et al., 2003; Richards et al., 2013). MacKinnon and
Gregg (2003) estimated that 50 % of the dissipation in the
thermocline occurred with internal solitary waves. In partic-
ular, elevation internal solitary waves propagating near the
seafloor enhance mixing, resuspending and transporting ma-
terials, which has an important impact on the local ecolog-
ical environment (Klymak and Moum, 2003; Moum et al.,
2007b).

Internal solitary waves are ubiquitous in the northeastern
South China Sea (Zhao, 2003; Klymak et al., 2006; Xu et al.,
2010; Cai et al., 2012; Alford et al., 2015). They are mainly
generated either by nonlinear steepening of internal tides
from the Luzon Strait or on local continental slopes (Alford
et al., 2015; Xu et al., 2016; Min et al., 2019). Some internal
solitary waves propagate toward the Dongsha Atoll, where
their energy is dissipated in shoaling. The continental shelf
and slope of the northeastern South China Sea are close to the
source, so that the amplitude and energy of internal solitary
waves in this area are large. The energy dissipation of inter-
nal solitary waves occurs most near the Dongsha Atoll and
its southeastern shelf (Lien et al., 2005; Chang et al., 2006;
St. Laurent, 2008). Observations show that high turbulence
mainly occurs in the continental shelf region, and the aver-
age diffusivity can reach O(1073) m? s~!, while the diffusiv-
ity in the continental slope region is 1 order of magnitude
lower (Yang et al., 2014). When nonlinear internal waves
travel cross the continental slope, their waveform changes
into different types (Terletska et al., 2020). In this process,
mixing is enhanced, and about 30 % of the energy dissipa-
tion occurs near the seafloor (St. Laurent, 2008). The energy
flux of internal solitary waves around the Dongsha Plateau is
large. Lien et al. (2005) estimated that, if all nonlinear inter-
nal waves break within a water depth of 10 m and in an area
of 200 x 200 km? centered on the Dongsha Plateau, the mag-
nitude of diffusivity can exceed 0(1073)m? s L. In addition,
internal solitary waves shoaling near the Dongsha Atoll also
dissipate a lot of energy and improve the local mixing effi-
ciency (Orr and Mignerey, 2003; St. Laurent et al., 2011).
The water in the northeastern South China Sea can exchange
heat with the water in the Pacific Ocean through the Kuroshio
(Jan et al., 2012; Park and Farmer, 2013; Xu et al., 2021), and
heat can be transferred to the atmosphere through the sea—air
interface on the continental shelf. Therefore, internal solitary
waves are an important link for energy transfer in the South
China Sea and play an important role in our understanding of
energy transfer between the ocean and climate environment.

Turbulence in the ocean is patchy and instantaneous.
Therefore, it requires extensive observations to accurately
evaluate turbulent mixing (Whalen et al., 2012; Waterhouse
et al., 2014; Kunze, 2017). Seismic oceanography (Holbrook
et al., 2003) has the advantages of wide observation range
and high spatial resolution (Ruddick et al., 2009), which are
suitable for observing the spatial distribution of turbulent
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mixing. Sheen et al. (2009) used reflection seismic data to
give a diffusivity section of the oceanic front in the South
Atlantic. Holbrook et al. (2013) comprehensively introduced
the theoretical basis for evaluating turbulent mixing from re-
flection seismic data. Subsequently, a large number of schol-
ars have used the reflection seismic method to study the spa-
tial distribution of turbulent mixing in different ocean regions
or turbulent mixing induced by different ocean phenomena
(Fortin et al., 2016; Sallares et al., 2016; Dickinson et al.,
2017; Mojica et al., 2018).

In this article, we used two-dimensional seismic data to
observe the propagation of internal solitary waves near the
Dongsha Atoll and calculated the spatial distribution of lo-
cal diapycnal diffusivity to evaluate the impact of internal
solitary waves shoaling on turbulent mixing. Section 2 intro-
duces seismic data processing and the method of calculating
turbulence mixing parameters. Section 3 describes the polar-
ity reversal of internal solitary waves, the horizontal slope
spectrum and the distribution of turbulence diffusivity. In
Sect. 4 we analyze the relationship between diapycnal dif-
fusivity and reflection seismic events and discuss the mecha-
nism of turbulent mixing induced by internal solitary waves.
In addition, we compare the mixing scheme with our results.
Section 5 gives a summary.

2 Data and methods
2.1 Seismic data acquisition and processing

The water is shallow on the continental shelf and slope near
the Dongsha Atoll, so internal solitary waves reach the tran-
sition point and their polarity changes from depression to el-
evation. In the summer of 2009, the Guangzhou Marine Ge-
ological Survey (GMGS) set up a two-dimensional seismic
observation network in the Dongsha area. We found three in-
ternal solitary waves during the polarity reversal process on
the L1, L2, and L3 survey lines of the seismic data. The sur-
vey lines are shown in Fig. 1a, b. The streamer used in the ac-
quisition process has a total length of 6 km and 480 channels,
the trace interval is 12.5 m, and the sampling interval is 2 ms.
The airgun source capacity is 5080in.? (1 in. = 2.54 cm), and
the main frequency of the source is 35 Hz. The shot interval
is 25m, and the minimum offset is 250 m. The time inter-
val of shots is about 10s. Survey lines .1 and L2 are the in-
lines, which were from the southeast to the northwest. Survey
line L3 is a cross-line, which was from southwest to north-
east. We calculated the mean buoyancy frequency (Fig. 1¢) of
the region around seismic survey lines (latitude range 21.5—
22.5°, longitude range 116—118°, blue box in Fig. 1a) by re-
analysis temperature and salinity data with a water depth of
100-350 m. This depth range matches the observation depth
of the seismic data. Besides, since the buoyancy frequency
changes seasonally, we only selected the buoyancy frequency
from July to August in 2009, which matches the seismic
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data observation time. The hydrographic data are provided
by the Copernicus Marine Environment Monitoring Service
(CMEMS).

After a conventional processing of the seismic data, an im-
age of the ocean interior’s structure can be obtained. This
image can be approximated as a temperature or salinity gra-
dient map of the water column (Ruddick et al., 2009). The
conventional processing of seismic data has five main steps,
including defining the observation system, noise and direct
wave attenuation, velocity analysis, normal moveout (NMO)
and horizontal stacking. Then we use a bandpass filter to fil-
ter out low-frequency noise below 8 Hz and high-frequency
noise above 80 Hz. According to the linear characteristics
of the direct wave, we use a median filter to extract the di-
rect wave signal and subtract it from the original signal to
achieve the purpose of attenuating the direct wave. Subse-
quently, we sorted the seismic data from shot gathers into
common midpoint gathers (CMPs). Sound speed is a func-
tion of depth and is obtained through velocity analysis, and
then the NMO is applied to CMPs according to the function
to flatten the reflection seismic events of the water column.
When NMO is applied, the seismic wave with a large offset
will be stretched, and the stretched seismic waves need to be
cut off. Usually, the default method is to use a linear func-
tion to remove the stretched seismic waves (Fig. 2a). This
may lose a lot of shallow reflection signals (Fig. 2b). Bai et
al. (2017) used the common offset seismic section to supple-
ment the missing information in shallow water, but the low
signal-to-noise ratio of the common offset seismic section
cannot guarantee the imaging quality. In order to retain more
shallow reflection signal, we used a custom function to cut
off the NMO stretch (Fig. 2c), thereby satisfying the imag-
ing requirement of the shallow water column (Fig. 2d). Fi-
nally, the seismic section of the water column can be obtained
by stacking the processed CMPs. Due to the shallow water
depth, the seismic data are seriously affected by swell noise.
We filtered out the components of stacked seismic data in the
wavenumber range corresponding to swells in the frequency—
wavenumber domain. A detailed description of the seismic
data processing can be found in Ruddick et al. (2009).

2.2 Diapycnal diffusivity estimates from seismic data

Klymak and Moum (2007) found that the horizontal
wavenumber spectrum of the vertical isopycnal displace-
ment can be interpreted as the internal wave spectrum at low
wavenumbers and the turbulence spectrum at high wavenum-
bers. The high wavenumber components of the spectrum are
dominated by turbulence, and the spectral energy follows the
—5/3 power of the wavenumber. The turbulence part of the
horizontal wavenumber spectrum can be expressed by a sim-
plified Batchelor model (Eq. 1), so the turbulence dissipation
& can be estimated from the observed horizontal wavenumber
spectrum, and diapycnal diffusivity can be calculated from
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Eqg. (2) (Osborn, 1980).

47T 2 _3
¢; =~ Cre? Qrkd) 73, (1)
K, =Tg/N?, 2

where qbZ represents the horizontal wavenumber spectrum,
I' =0.2 is the mixing coefficient, N is the buoyancy fre-
quency, Cr = 0.4 is the Kolmogorov constant, & represents
the turbulence dissipation, k, is the horizontal wavenumber,
and K, represents the diapycnal diffusivity.

Observations (Nandi et al., 2004; Nakamura et al., 2006;
Sallares et al., 2009) and simulations (Holbrook et al., 2013)
show that the reflection seismic events and isopycnals are
spatially consistent. Therefore, the horizontal wavenumber
spectrum calculated from the vertical displacement of the re-
flection seismic events is equivalent to the horizontal slope
spectrum that Klymak and Moum (2007) calculated from
horizontal tow measurements. The turbulence dissipation and
diapycnal diffusivity can also be calculated from seismic data
(Sheen et al., 2009; Holbrook et al., 2013). First, we use the
seismic interpretation software to pick up reflection events in
the seismic section (Fig. 3a). Then we calculate the vertical
displacement of the reflection events. The vertical displace-
ment is the distance of the reflection events deviating from
the equilibrium position in the vertical direction. We take
the mean water depth of the reflection events as the equi-
librium position. Note that the choice of equilibrium position
will not affect the calculation result. The spectral energy ¢{T
of the vertical displacement in the horizontal wavenumber
domain can be obtained by Fourier transform. In practical
applications, we use the slope spectrum ¢§TX instead of the

displacement spectrum 4’; to distinguish the turbulence sub-
range from the internal wave subrange. The spectral slope is
as follows (Holbrook et al., 2013):

¢ = Qrke)’¢; . 3)

This conversion changes the wavenumber power law in the
turbulence subrange from —5/3 to 1/3, so that it can be dis-
tinguished from the internal wave subrange with the —1/2
power law (—5/2 in the displacement spectrum). In calcu-
lating the turbulence dissipation in the seismic section, it is
necessary to grid the section and calculate the dissipation in
each grid separately. The horizontal grid is set as 5 km and
the grid step as 2.5km. As the water depth in the seismic
data is shallow, the reflection seismic events are less in the
vertical direction. In order to ensure more than two events
in each grid, we set the vertical grid to be 75 m and the grid
step to be 37.5m. In each grid, we calculated the spectral

slope of each event and took the average as ¢7;. We fitted
the averaged spectrum in the turbulence subrange to Eq. (1)
and calculated the turbulence dissipation ¢. To reduce uncer-
tainty, we only calculated the cases with a length > 1000 m
in each grid. Experiments showed that this length can cor-
rectly represent the slope of energy spectra in the turbulence
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Figure 1. Bathymetry of the Dongsha area and locations of seismic survey lines. (a) Two-dimensional bathymetric map of the northeastern
South China Sea, with the red lines representing the seismic survey lines. (b) Three-dimensional bathymetric map around the Dongsha Atoll.
(¢) The mean buoyancy frequency (cph: cycles per hour) around seismic survey lines (blue box in a) and its 95 % confidence interval (blue

shadow).

subrange (Fig. 3b). After traversing all the grids, the turbu-
lent dissipation section is obtained, and the diapycnal diffu-
sivity section can be obtained as well according to Eq. (2).
The uncertainty of the turbulence dissipation and diapycnal
diffusivity was evaluated by the error between the observed
average slope spectrum and the fitted Batchelor model (see
Appendix). We used a spline smoothing function to smooth
the meshing results.

2.3 Estimating the horizontal wave-induced velocity of
internal solitary waves

We estimated the wave-induced horizontal velocity of in-
ternal solitary waves according to the method proposed by
Moum et al. (2007a). This method requires the observational
data to satisfy two assumptions: (1) the isopycnal is paral-
lel to the streamline; (2) the internal solitary wave satisfies
the Korteweg—de Vries (KdV) equation. Moum et al. (2007a)
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picked the isopycnal from the high-frequency acoustic sec-
tion and fitted it with the KdV equation. The displacement
equation of the isopycnal can be obtained, and the deriva-
tion of the displacement equation is the wave-induced ve-
locity. Seismic data satisfy the first assumption. Although
breaking induced polarity reversal of internal solitary waves
close the streamlines, it is difficult to record reflection seis-
mic data from those areas with a closed streamline at the res-
olution scale of seismic data. The regional density gradient
recorded by the reflection events still exists, and the stream-
line is parallel to the isopycnal at this time, while areas with
closed streamlines are strongly mixed and the density gradi-
ent weakens or even disappears, which cannot be recorded
in seismic data. Unfortunately, the internal solitary waves
we observed do not satisfy the second assumption. The KdV
equation can simulate internal solitary waves with small am-
plitude and weak nonlinearity, but the polarity reversal of the
large-amplitude internal solitary waves we observed cannot

https://doi.org/10.5194/npg-28-445-2021
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Figure 2. Cutting off the stretch of NMO with a linear function (a) and the corresponding seismic section (b). Cutting off the stretch of NMO
with a custom function (c) and the corresponding seismic section (d). The red dotted line shows the cutoff trace; the right part of seismic data
is cut off. The unit TWT of (a) and (b) is the two-way travel time of seismic wave from source to receiver.
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Figure 3. (a) The reflection seismic events in a grid. (b) The average horizontal slope spectrum (black line). The gray shadow represents
the 95 % confidence interval. The gray dashed lines represent the diffusivity contour. The black dashed lines represent the spectral slopes
in the internal wave subrange, turbulence subrange and noise subrange, respectively. The gray vertical lines indicate the boundaries of the

turbulence subrange.

be simulated well. Here we did not use theoretical models
to fit observations. Although there are studies using theory
to successfully simulate the polarity reversal of internal soli-
tary waves (Liu et al., 1998; Zhao, 2003), it is difficult to
match theories and observations. We used the picked reflec-
tion seismic events to calculate the isopycnal displacement
n(x, z) (Fig. 4b). n(x, z) is the distance that reflection seismic
events deviate from the equilibrium position, which is deter-
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mined by the mean depth of two shoulders of one internal
solitary wave (Fig. 4a). We smoothed n(x, z) with a spline
function identical to that used for smoothing turbulence dis-
sipation, so that the resolution of wave-induced velocity is
consistent with that of turbulence dissipation. Therefore, the
stream function can be expressed as (Holloway et al., 1999)

V(x,z)=cnx,z), 4)

Nonlin. Processes Geophys., 28, 445-465, 2021
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where c is the phase velocity of internal solitary waves. ¢
can be estimated from pre-stack seismic data (Tang et al.,
2014, 2015; Fan et al., 2021). The seismic data are redun-
dant, because we have made multiple observations of the
same events, which allows us to study the movement of the
water column. Specifically, after sorting the seismic data into
CMPs (Sect. 2.1), we extracted traces with the same offset
from CMPs to form common offset gathers (COGs). Multi-
ple COGs can be obtained in the order of offset from small to
large. The larger the offset, the lower the signal-to-noise ra-
tio of the data. We selected the first five COGs to ensure the
imaging quality. Pre-stack migration of COGs yields COG
sections, which show images of the same water column at
different times. Tracking the change in shot-receiver pairs
at a certain reflection point yields the phase velocity (Fan et
al., 2021). Figure 4c shows the change in the shot-receiver
pairs of the internal solitary wave trough in the L1 survey
line. The straight line represents the fitting line of the shot—
receiver pairs. The average phase velocity of the internal soli-
tary wave during the imaging time is ¢ = d;%k, where dcmp
is half of the trace interval, dfs the time interval of the shot,
and k the slope of the fitted line. After calculating the flow
function according to Eq. (4), the wave-induced horizontal
velocity can be expressed as

ow
u(x,z) = Fr ®

The wave-induced velocity here is on the seismic-
resolution scale, which should be taken as its low-frequency
component only. The results are insufficient to characterize
the high-frequency components. However, this rough wave-
induced velocity is useful, because our purpose in calculat-
ing wave-induced velocity is for the vertical mixing scheme.
The wave-induced velocity makes the resolution scale of the
mixing scheme equal to that of mixing parameters estimated
from the seismic data, and the two are comparable. In ad-
dition, the error of the wave-induced velocity is mainly de-
termined by the error of the phase velocity of the internal
solitary wave. For internal solitary waves with polarity rever-
sal, the error of the phase velocity is large, because the phase
velocity gradually decreases when the internal solitary wave
is shoaling (Bourgault et al., 2007; Shroyer et al., 2008). It
can be seen from Fig. 4c that the shot—receiver pairs do not
completely fall on the fitted line.

2.4 Mixing scheme for internal solitary wave shoaling

Shoaling and breaking of internal solitary waves on the con-
tinental shelf and slope enhance mixing. Vlasenko and Hut-
ter (2002) studied the breaking of internal solitary waves
over slope—shelf topography by numerical simulation. In
their model, the mixing scheme (PP scheme) proposed by
Pacanowski and Philander (1981) was improved, and a ver-
tical mixing scheme for resolving breaking internal soli-
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tary waves was given. In this scheme, the vertical turbu-
lence kinematic viscosity and diffusivity are determined by
the Richardson-number-dependent turbulence parameteriza-
tions. The expression is as follows:

N2
Ri=". (©)
uZ
U )
V= ——— + v,
(I+aR)" P
150
b (8)

= Ogary  F

where u is the vertical gradient of horizontal wave-induced
velocity, v is vertical turbulence kinematic viscosity, and « is
vertical turbulence kinematic diffusivity. Vlasenko and Hut-
ter (2002) selected the best model parameters after a series of
experiments. They are vy = 103 m2 s~ Vp = 1075 m? s,
Kp = 10~ m? s o =5 and n = 1. Based on this model,
they simulated the process of internal solitary wave shoal-
ing and breaking on slope—shelf topography and studied the
breaking criterion.

3 Results

3.1 Polarity reversal of internal solitary waves in the
seismic section

When one internal solitary wave propagates across the tran-
sition point, it converts from a depression wave to an eleva-
tion wave. In the two-layer ocean model, the transition point
is defined as the position where the pycnocline is close to
the middle depth (Grimshaw et al., 2010). The three seis-
mic sections in Fig. 5 capture the images of internal solitary
waves passing the transition point. Figure 5a is the seismic
section of survey line L1. It shows that the water depth be-
comes shallower from southeast to northwest, and the bottom
slope is steeper between 30 and 60 km. In the deep-water re-
gion of 60—100 km, internal waves are developed, and the re-
flection seismic events fluctuate obviously. Near the seafloor
around 80 km, the reflection seismic events are uplifted and
discontinuous, forming a fuzzy reflection area. A mode-1 de-
pression internal solitary wave can be identified at 53 km, in-
dicating that the transition point has not been reached yet.
The internal solitary wave has reversed polarity at 40 km, and
a packet of three elevation waves is formed. The reflection
seismic events are continuous here, implying no wave break-
ing. Five elevation waves can be identified around 24-37 km,
among which four elevation waves at 24 km may be formed
continuously, while the elevation wave at 37 km is formed
later.

Figure 5b gives another internal solitary wave polarity re-
versal process captured by survey line L2. There are two ob-
vious depression waves at 16 km. There are multiple waves
with smaller amplitudes around 10-15km. The polarity of
internal solitary waves reverses within 4—-8 km. The length of
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Figure 4. (a) Schematic of calculating internal solitary wave isopycnal displacement using reflection seismic events. (b) The isopycnal
displacement section of internal solitary waves. (c¢) Calculating the mean phase velocity of internal solitary waves by pre-stack seismic data.

(d) The wave-induced horizontal velocity.

the head wave becomes wider and the slope becomes gentler.
The leading wave is followed by a packet of multiple eleva-
tion waves. The reflection seismic events are continuous in
the whole section.

L3 is a cross-line whose observation direction is perpen-
dicular to survey lines L1 and L2 (Fig. 5¢). There are multiple
depression waves with large amplitudes of 20—-35 km, and the
reflection seismic events are continuous. The wave polarity is
reversing within 10-20 km, and the reflection seismic events
are discontinuous in this region. At 10km, there is a large-
amplitude elevation internal solitary wave, and the wave front
is almost parallel to the seafloor. There is a large-amplitude
depression wave at 17 km, and the wave trough has interacted
with topography. Most of the reflection seismic events before
10 km are discontinuous and fuzzy, especially in the range of
6-10km (Fig. 5d). It indicates that the reflective structures in
this region may be destroyed by internal solitary wave break-
ing. It should be noted that the breaking mentioned in this
article refers to local breaking caused by instability, not the
four types of classic breaking (Aghsaee et al., 2010).

https://doi.org/10.5194/npg-28-445-2021

3.2 The horizontal slope spectrum

We picked the reflection seismic events in the three sec-
tions (Fig. 7) and calculated the horizontal slope spectrum
using the method described in Sect. 2.2. Figure 6 shows
the average horizontal slope spectrum of the three sections.
We calculated the horizontal slope spectrum of all tracked
events and averaged in logarithmic space to determine the
wavenumber of the turbulence subrange. The turbulence sub-
range of the survey line L1 section is 0.005-0.069 m™!, as
shown by the gray vertical line in Fig. 6a. The correspond-
ing wavelength is 15-200 m. The average diapycnal diffu-
sivity is (7.0 £ 1.2) x 107*m?s~!, which is 1 order of mag-
nitude larger than the open-ocean value (107> m?s~!). The
spectral energy in the internal wave subrange is larger than
that in the turbulence subrange, indicating that the energy
is dominated by internal waves. This is confirmed by inter-
nal waves in the seismic sections. The difference from Hol-
brook et al. (2013) is that the calculated horizontal slope
spectrum does not include harmonic noise. This may be be-
cause harmonic noise has been removed when we filtered out

Nonlin. Processes Geophys., 28, 445-465, 2021
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Figure 5. The seismic sections of survey lines L1 (a), L2 (b) and L3 (c). The gray regions in the sections represent the seafloor. Internal
solitary waves can be seen in all three cases. Panel (d) is the enlarged regional image of 6-10km.

the swell noise. In addition, we have not smoothed the events,
so some high-wavenumber ranges are reserved. If the events
are smoothed, the spectral energy will decrease rapidly in the
high-wavenumber range (Holbrook et al., 2013; Tang et al.,
2019).

The horizontal slope spectrum of the L2 section is shown
in Fig. 6b. The turbulence subrange is 0.008-0.068 m~!, and
the corresponding wavelength is 15-133 m. Compared with
survey line L1, the turbulence shifts to a smaller scale. The
spectral energy in the internal wave subrange has the same
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order of magnitude as the spectral energy in the turbulence
subrange, which indicates that the energy is transferring to
small-scale turbulence. This process is closely related to the
polarity reversal of internal solitary waves. The average di-
apycnal diffusivity is (1.5+£0.1) x 1073 m?s~!, which is 2
orders of magnitude larger than the background value.
Figure 6c¢ is the horizontal slope spectrum of the L3 sec-
tion. It can be seen from the spectrum that the turbulence
subrange is small, ranging from 0.011 to 0.07 m~!. The cor-
responding wavelength is 14-89 m. The internal wave energy
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Figure 6. The average horizontal slope spectra of the L1 section (a),
L2 section (b) and L3 section (c). The black line is the spectrum,
the gray shadow represents the 95 % confidence interval, the gray
dashed lines represent the diffusivity contour, and the black dashed
lines represent the spectral slopes in the internal wave subrange,
turbulence subrange and noise subrange, respectively. The gray ver-
tical lines label the boundaries of the turbulence subrange.

is larger and occupies a larger scale range. It can be seen from
the seismic section of survey line L3 (Fig. Sc) that the wave
amplitudes are large. It indicates that the internal waves carry
more energy, so the spectral energy in the internal wave sub-
range is larger (Fig. 6¢). In addition, there are many discon-
tinuous and weak reflections in the seismic section caused
by breaking internal solitary waves. Internal solitary wave
breaking weakens the density gradient and enhances local
mixing. This phenomenon is most typical in survey line L3,
where the average diffusivity (2.2+£0.2) x 103 m?s~! is
the largest of the three sections.
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Figure 6 shows that the spectral energy of the L1 section
is smaller than that of the other two sections. This may be
because the imaging range of the L1 section is different.
The observations in the L2 and L3 sections are the polar-
ity reversal of internal solitary waves, while the L1 section
includes not only the polarity reversal process, but also in-
ternal waves in deep water. The spectral energies of these
two processes should be different. We calculated the average
horizontal slope spectrum of the polarity reversal region and
the non-polarity reversal region, respectively (Fig. 7). The
spectral energy of the polarity reversal region in the L1 sec-
tion is higher than that of the non-polarity reversal region,
and so does diapycnal diffusivity (Fig. 7a). It implies that
the wave energy will accelerate to dissipate and transfer to
turbulence when its polarity is reversed. Compared with the
non-polarity reversal region, the turbulence subrange of the
polarity reversal region is smaller. The lower boundary of the
turbulence subrange of the polarity reversal region is slightly
larger than that of the non-polarity reversal region. It indi-
cates that the turbulence in this region has a smaller scale.
The diapycnal diffusivity in the polarity reversal region in
the L2 section is about 3 times that of the non-polarity rever-
sal region (Fig. 7b). The turbulence subrange of the polarity
reversal region in the L2 section is slightly larger than that
of the non-polarity reversal region. From the L2 section, it
can be seen that the events are continuous during the polar-
ity reversal process, which indicates that the wave breaking
is weak. The internal solitary wave gradually fissions into
several tails during the polarity reversal, and energy is dissi-
pated constantly. Therefore, there will be a large turbulence
subrange in the lateral direction (Fig. 7b). This process can
dissipate much more energy compared with direct breaking
of internal solitary waves (Masunaga et al., 2019). The di-
apycnal diffusivity in the polarity reversal region in the L3
section is larger, more than 3 times that of the non-polarity
reversal region. Although there are more internal (solitary)
waves with larger amplitude in the non-polarity reversal re-
gion, the diapycnal diffusivity is lower. The polarity reversal
of internal solitary waves significantly increases the diapyc-
nal diffusivity. The turbulence subrange of the polarity rever-
sal region is small, and the lower boundary of the turbulence
subrange is greater than 0.01 m~!.

3.3 Diapycnal diffusivity maps

The diapycnal diffusivity maps of the three survey lines are
shown in Fig. 8. Figure 8a shows the map of survey line L1.
The diffusivity is higher than that of the open ocean. The high
value presents a patchy distribution, mainly distributed in
the depth between 50 and 150 m. The low-diffusivity values
are mainly distributed in the depth between 150 and 300 m.
Some high values are also distributed near the seafloor.
The diffusivity is larger in the polarity reversal region (24—
45 km). Compared with the diffusivity of the four adjacent
elevation internal solitary waves (24-30 km), we find that the
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diffusivity is proportional to the amplitudes of internal soli-
tary waves. It means that the large-amplitude internal solitary
waves contribute more to mixing. In the polarity reversal re-
gion (40-45 km), the diffusivity of the head wave’s front is
higher, that is, where the slope of the wave front becomes
gentle, while the diffusivity of the two elevation waves fol-
lowing the head wave is small. It indicates that the mixing
induced by internal solitary wave polarity reversal is stronger
at the beginning, and more energy is dissipated at this time.
In the non-polarity reversal region (50-100km), the diffu-
sivity is low. The mode-1 depression internal solitary wave
at 52 km increases the diffusivity. There is an abnormal re-
flection area near the seafloor at 80 km, and the diffusivity is
high. In addition, there is also an area with increased diffu-
sivity between 100 and 250 m at 93 km. This may be related
to large-amplitude internal waves.

The diffusivity map of survey line L2 is shown in Fig. 8b.
The high value is mainly distributed at the front of the head
wave during the polarity reversal process (4 km), which is
consistent with the characteristics on L1. The diffusivity af-
ter the head wave is low, but it is still higher than that in other
regions. The diffusivity in the non-polarity reversal region is
almost uniform. The two internal solitary waves at 15-16 km
did not increase the diffusivity. There is a low-diffusivity area
near the seafloor around 16—-18 km, which is caused by un-
tracked reflection seismic events in this area. The diffusivity
map of survey line L3 (Fig. 8c) is similar to that of L2. The
high value is distributed in the polarity reversal region, and
the diffusivity of the head wave is still high. However, un-
like the diffusivity map of L2, the high diffusivity is mainly
distributed in the shallow part of the head wave (water depth
50-120 m), while the diffusivity of the whole head wave in
L2 is high. In the non-polarity reversal region, the diffusivity
is small and the distribution is uniform too. The diffusivity
near the seafloor at 25-27 km is slightly lower than other re-
gions.

4 Discussions

4.1 The relationship between diffusivity and reflection
seismic events

When there is a significant impedance difference in the wa-
ter column, a reflection seismic event will occur (Holbrook
et al., 2003; Ruddick et al., 2009). The impedance difference
in the ocean is contributed by temperature gradient and salin-
ity gradient, where the former is usually greater than the lat-
ter (Ruddick et al., 2009; Sallares et al., 2009). Density is a
function of temperature and salinity, so the reflection seismic
events are related to density gradient. The enhanced mixing
reflects the structure of density gradient, thereby changing
the appearance of the reflection seismic events. Understand-
ing the relation between diffusivity and reflection seismic
events can help us analyze the spatial distribution of diapyc-
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nal mixing. Figure 8 shows that the reflection seismic event
in the high-diffusivity region is obviously different from that
in the low-diffusivity region. In the high-diffusivity area (red
in Fig. 8), the reflection seismic events are fuzzy, discontin-
uous or bifurcate, while in the low-diffusivity area (yellow
and blue in Fig. 8), the reflection seismic events are clear
and continuous. This is because regions with high diffusiv-
ity are strongly mixed. The density gradient is smeared by
mixing, so that it affects the appearance of reflection seis-
mic events. For example, in the polarity reversal region of
three seismic sections, the diffusivity is high and the reflec-
tion seismic events are fuzzy and discontinuous. Especially
in the range of 5-10km in Fig. 8c, the events are obviously
broken and weak. The diffusivity is low in areas where the
events are clear, such as the region near the seafloor around
45-50km and the region near the seafloor around 93-99 km
in Fig. 8a and the region near the seafloor around 24-27 km
in Fig. 8c.

The diffusivity is not only related to the continuity of the
reflection events, but is also related to the fluctuation inten-
sity of the events. The greater the fluctuation intensity of the
events, the higher the spectral energy and the greater the dif-
fusivity value. There is a mode-1 depression internal soli-
tary wave at 50-58 km in Fig. 8a, and the reflection seismic
event is clear and continuous at 180 m. However, the diffu-
sivity is high, because the reflection events fluctuate more
strongly. It can be seen from the figure that, in addition to the
amplitude of the internal solitary wave, there are also many
high-frequency waves at the shoulders of the internal solitary
wave. These waves increase the spectral energy and result in
a higher diffusivity. In addition, the reflection seismic events
before 4km in Fig. 8b are continuous and without obvious
fluctuations, but the diffusivity is higher. It can be seen from
the figure that the reflection events of this region are thicker
than those of other regions. The seismic data processing of
the three sections in Fig. 8 is the same, so the thicker events in
Fig. 8b do not stem from the low frequency of seismic waves.
We think this may be caused by small-scale mixing between
layers, such as Kelvin—Helmbholtz (K-H) instability. Figure 9
is an enlarged view of 2-3 km in the seismic section of L2
(Fig. 5b). The wavelength of the seismic wave (red line) at
80 m is larger than that at the seafloor, which is formed by the
overlap of multiple wavelets. It can be seen from the figure
that a weak reflection event is barely visible at 80 m, which
indicates a thin reflection layer with weak impedance differ-
ences. The K-H instability can last for a long distance in the
lateral direction (Seim and Gregg, 1994; Haren et al., 2014;
Chang et al., 2016; Tu et al., 2019) and enhance local ocean
mixing. This structure can form at the tail of internal solitary
waves (Moum et al., 2003). The vertical scale of the K-H in-
stability is small and usually appears on the isopycnal. On
the one hand, K-H instability weakens the density gradient,
so that the reflected seismic wave energy is reduced. On the
other hand, the vertical scale of K-H instability is lower than
the seismic wave resolution (a quarter of the seismic wave
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wavelength), so it causes overlapped wavelets and stretched
wavelengths (Fig. 9). Therefore, the reflection event in this
area is thicker. In addition, the horizontal scale of the K-H
instability train is large, which may explain the larger turbu-
lence subrange on the horizontal slope spectrum (Fig. 7b).

4.2 Enhanced diapycnal mixing induced by the
polarity reversal of internal solitary waves

Strong mixing in the ocean mainly occurs near rough to-
pography or areas with strong tides (Simpson et al., 1996;
Rippeth et al., 2001, 2003; Nash and Moum, 2001; Kly-
mak et al., 2008; Jarosz et al., 2013; Staalstrgm et al., 2015;
Wijesekera et al., 2020; Voet et al., 2020). The Dongsha
Atoll region in the South China Sea possesses both features.
On the one hand, the Dongsha Atoll lies on the continen-
tal slope with variable topography. On the other hand, large-
amplitude internal solitary waves (Alford et al., 2015) propa-
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Figure 9. Schematic of the K-H instability. The red lines are the
seismic waves, and the black billows represent the K-H instability.
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gating from the Luzon Strait reflect, refract, and shoal in this
region. This process will dissipate most of the energy car-
ried by the internal solitary waves. Especially in the shoal-
ing process, polarity reversal and breaking occur and the
energy of internal solitary waves transfers to smaller-scale
waves. Our results (Fig. 6) indicate that the average diffu-
sivity has a magnitude order of 0(10~H-0(103) m? s 1,
consistent with previous observations by other techniques.
St. Laurent (2008) observed turbulent mixing on the conti-
nental shelf and slope and found that the mixing is higher at
the shelf break, and the magnitude order of average dissipa-
tion is O(10~7)-0(10~ %) m2s~!. According to the average
buoyancy frequency N = 6 cph, the magnitude order of the
average diffusivity is 0(10~4H-0(10~3)m?s~! and is con-
sistent with our result. Yang et al. (2014) observed diapy-
cnal mixing on the continental shelf and slope and found
that the average diffusivity can reach O(10~3)m2s~! too.
Similar results have been reported in the study of inter-
nal solitary waves shoaling in other regions. For example,
Sandstrom et al. (1989) observed the turbulent diffusivity
caused by the nonlinear internal wave group on the conti-
nental slope of Canada and found an average diffusivity of
2.4 x 103 m?s~!. Carter et al. (2005) observed the eleva-
tion internal solitary waves in Monterey Bay and a diffusiv-
ity on the magnitude order of O(10~#)m?s~!. Richards et
al. (2013) observed the shoaling of nonlinear internal waves
at the St. Lawrence Estuary, which induced high turbulence
and enhanced mixing. Therefore, it is reasonable that diapy-
cnal mixing induced by nonlinear internal waves on the con-
tinental shelf and slope in the northern South China Sea can
reach 100 times that in the open ocean.

The high diffusivity is mainly in the leading internal soli-
tary wave during the polarity reversal. We suggest that strong
mixing may be caused by internal wave breaking due to con-
vective instability. In Fig. 8a and c, the reflection seismic
events are obviously discontinuous in the high-turbulence
area, indicating that the density gradient is weakened by in-
ternal wave breaking. The trough of the internal solitary wave
decelerates first when the polarity is reversed (Shroyer et al.,
2008), which makes the Froude number (Fr) greater than
1 and causes convective instability. This phenomenon can
be found in other observational data. In the high-frequency
acoustic section, the backscatter at the top of an internal soli-
tary wave is increased when it changes from depression to el-
evation wave (Orr and Mignerey, 2003), which indicates that
the turbulence of the front increased. However, in the seismic
section of Fig. 8b, we did not find breaking at the front of the
polarity reversal internal solitary wave. The strong mixing
of this internal solitary wave may be induced by shear in-
stability (Fig. 9). Therefore, both convective instability and
shear instability are responsible for the enhanced mixing in
this process. In addition, the non-polarity reversal region in
Fig. 8a has a higher diffusivity in 50-150 m than other re-
gions. This range is in the thermocline (Fig. 1c). The inter-
nal waves usually greatly increase mixing in the thermocline,
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which is related to shear instability of internal waves (MacK-
innon and Gregg, 2003). Shear instability is an important
mechanism of internal wave dissipation (Farmer and Smith,
1978), and it more likely occurs in nonlinear internal waves
than convective instability (Zhang and Alford, 2015). The re-
sults of high-frequency acoustic observations show that the
enhanced backscatter at the bottom of the thermocline repre-
sents higher shear instability when the internal solitary waves
are shoaling (Orr and Mignerey, 2003), which is consistent
with the depth range of high diffusivity in our results.

What is inconsistent with the observed distribution of mix-
ing is that our results do not show diffusivity in the bottom
boundary layer. Because our seismic data were collected in
summer, the strong stratification at this time limits the ver-
tical range of the bottom boundary layer (MacKinnon and
Gregg, 2003), so that the bottom boundary layer near the
Dongsha Atoll is thin and lower than the thickness that can
be recorded by seismic data. So, the diffusivity we calculated
does not include the bottom boundary layer. The enhanced
diapycnal mixing induced by the polarity reversal of internal
solitary waves plays an important role in local environment
and primary productivity. On the one hand, diapycnal mixing
on the continental slope and shelf makes an important contri-
bution to ocean heat flux, which affects climate and the ocean
through heat exchange of the local water column (Rahmstorf,
2003; Tian et al., 2009). On the other hand, the vertical flux
caused by turbulence can redistribute materials in the ocean
and have an important impact on the marine ecological envi-
ronment (Sharples et al., 2001; Moum et al., 2003; Klymak
and Moum, 2003; Wang et al., 2007).

4.3 The mixing scheme of internal solitary wave
shoaling

We compared the vertical distribution of diffusivity with
the vertical mixing scheme of internal wave breaking pro-
posed by Vlasenko and Hutter (2002). Although Klymak
and Legg (2010) also proposed a mixing scheme for inter-
nal wave shoaling and achieved good results in numerical
simulation, we cannot use that method to calculate mixing
parameters because of lacking high-resolution density obser-
vation data. Figure 10 shows the vertical distribution of diffu-
sivity from seismic data (solid line) and the diffusivity calcu-
lated from a mixing scheme (dashed line) at four positions of
the three survey lines (black arrows in Fig. 8). The reflection
events in the L3 section are broken, and it cannot be guaran-
teed that the events are parallel to the streamline. Therefore,
we did not use the method described in Sect. 2.3 to calculate
the wave-induced velocity and thus did not obtain the dif-
fusivity of the mixing scheme. It can be seen from Fig. 10
that the turbulent diffusivity gradually decreases from shal-
low to deep water. Except for the local low-diffusivity value
in the deep water at position D of Fig. 10b and c, the diffu-
sivity reduction rate at other locations is similar. Figure 10a
and b show that the parameterized diffusivity is nearly 2-3
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orders of magnitude smaller than our result, but they have a
similar trend of change. In Fig. 10a (line L1), the parame-
terized diffusivity (blue dotted line) at position B decreases
by an order of magnitude within 50—100 m. This tendency is
the same as our results. However, the parameterized diffu-
sivity within 150-200 m increases by 1 order of magnitude,
which is inconsistent with our results (solid blue line). The
parameterized diffusivity at position C fluctuates and keeps a
decreasing trend on the whole. In survey line L2, we selected
position A and position B to calculate the parameterized dif-
fusivity. The diffusivity at position A (red dashed line) de-
creases rapidly within 60-100 m and then almost stays un-
changed. This is different from our result (solid red line), and
the reduction rate of the diffusivity is larger than our result.
The trend of the diffusivity at position B (blue dashed line)
above 110 m is consistent with our results (solid blue line),
but the diffusivity below 110m decreases rapidly and then
rises again. In our results, the diffusivity decreases slowly at
the same depth. The value is consistent with that in the open
ocean. However, the mixing enhanced obviously on the con-
tinental shelf and slope because of the internal wave shoal-
ing. The mixing scheme underestimates mixing, especially
the strong mixing induced by the polarity reversal of inter-
nal solitary waves. Our results indicate that near the Dong-
sha Atoll, where large-amplitude internal solitary waves de-
velop, mixing will be enhanced by the shoaling internal soli-
tary waves. The diffusivity gradually decreases from shallow
to deep water (not including the bottom boundary layer). This
has important implications for improving the mixing scheme
for models on the continental shelf and slope.
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5 Conclusions

We have observed the polarity reversal of internal solitary
waves by reflection seismic data near the Dongsha Atoll
in the South China Sea and calculated their slope spectra
(Fig. 6) and diapycnal diffusivity (Fig. 8). The results show
that the average diapycnal diffusivities of the three survey
lines are about 2 orders of magnitude greater than the open-
ocean value. We calculated the average spectral slope of the
polarity reversal and non-polarity reversal regions (Fig. 7)
and found that the former is about 3 times larger than the
latter. The diffusivity maps reveal that horizontally high dif-
fusivity is mainly in the leading wavefront of an internal soli-
tary wave in reversing polarity, and vertically high diffusivity
is mainly in the thermocline (50—-100 m).

We analyzed the relation between reflection seismic events
and diapycnal diffusivity. The result indicates that continu-
ous and clear reflection events correspond to low diffusiv-
ity, while discontinuous or fuzzy events correspond to high
diffusivity. The strength of the events also affects the mag-
nitude of diffusivity. The stronger the fluctuation, the higher
the spectral energy and the higher the diffusivity. In addition,
we observed an area of high diffusivity with a large hori-
zontal scale in L2, and the reflection events did not appear
to be discontinuous or fuzzy. We suggest that this enhanced
mixing may be induced by the K-H instability (Fig. 9). The
vertical scale of the K-H instability is smaller than the resolu-
tion of our seismic data, so we cannot observe clearly in the
seismic data. However, its high-energy characteristics can be
recorded by reflection events.
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Our results show that shoaling internal solitary waves en-
hance local mixing. The magnitude order of diapycnal dif-
fusivity is consistent with previous studies. We suggest that
there are two mechanisms that could account for the en-
hanced mixing. On the one hand, the polarity reversal of in-
ternal solitary waves results in convection instability, which
induces internal solitary wave breaking. This mechanism ap-
pears at the leading edge of one internal solitary wave in sur-
vey lines L1 and L3. The discontinuous reflection events in-
dicate that the internal solitary wave is broken, while in the
seismic section of L2, the reflection events are continuous
and clear at the leading edge of the internal solitary wave and
other strong mixing areas in the three sections. Such strong
mixing may be caused by shear instability.
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We picked four positions from the diffusivity maps to
analyze the vertical distribution of diapycnal diffusivity
(Fig. 10). Our result shows that the diffusivity gradually
decreased from shallow to deep water (excluding the bot-
tom boundary layer). Compared with one previous mixing
scheme, the parameterized diffusivity is about 2-3 orders of
magnitude smaller. This means that the mixing scheme un-
derestimates mixing induced by internal solitary wave shoal-
ing near the Dongsha Atoll. However, the vertical pattern of
the parameterized diffusivity is consistent with our result.
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Appendix A: The uncertainty of diffusivity from seismic
data

According to Egs. (1) and (2), the parameters used in calcu-
lating diffusivity are buoyancy frequency (N ), mixing coeffi-
cient (I"), and the Kolmogorov constant (Cr). It can be seen
from the formula that the diffusivity is proportional to N. The
mean deviation of N we used is about 2 % (Fig. 1), so the un-
certainty of the corresponding diffusion rate is about 0.008
logarithmic units. In addition, diffusivity is proportional to
I'~1/2 which is 0.1-0.4 (Mashayek et al., 2017), so the cor-
responding uncertainty of diffusivity is about 0.15 logarith-
mic units. Similarly, diffusivity is proportional to C;.*/*. The
value of Cr is 0.3-0.5 (Sreenivasan, 1996), and the corre-
sponding diffusivity uncertainty is about 0.15.
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In addition, the key reason for the uncertainty of diffusiv-
ity in our calculation is the fitting of the Batchelor model and
the slope spectrum (Figs. 3b and 6). We evaluated the uncer-
tainty based on the least-squares standard deviation between
the Batchelor model and the slope spectrum. The uncertainty
of the three diffusivity maps in Fig. 8 is shown in Fig. Al.
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Stockwell, 1999).
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