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Despite its crucial role in sustaining the global meridional overturning circulation, turbulent mixing remains poorly observed, particularly in the deep ocean. We deployed 1200 kHz Acoustic Doppler Current Profilers (ADCPs) with high temporal [O(1 s)] and spatial [O(2 cm)] resolution to obtain continuous measurements of turbulent mixing at a depth of 1086 m in the northeastern South China Sea. Comparative experiments and the evaluation of four different analysis methods were conducted to determine optimal configurations and effective methodologies for continuous observations of turbulent mixing accompanied by background shear flow. Our observations revealed large temporal fluctuations in near-bottom turbulent kinetic energy dissipation rates, varying by up to two orders of magnitude within a single day. These fluctuations were primarily driven by shear instabilities associated with high-mode diurnal internal tides. These findings provide optimized observational strategies for deep-ocean turbulence studies and enhance our understanding of turbulent processes and their implications for large-scale oceanic dynamics.
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1 Introduction


A thorough understanding of the pathways and energetics of the ocean’s overturning circulation is a necessity to address global climate and environmental challenges (Marshall and Speer, 2012; Talley, 2013). Despite theoretical and observational efforts over the past decades, there is still a major gap in elucidating how the dense bottom water returns to the upper ocean (Ferrari, 2014). The turbulence mixing, typically enhanced near rough bottom topography (Polzin et al., 1997; Ledwell et al., 2000; Tian et al., 2009; Alford et al., 2013; Waterhouse et al., 2014; Shang et al., 2017; Wynne-Cattanach et al., 2024), is thought to provide the necessary potential energy for upwelling of the deep ocean water (Munk, 1966; Ferrari, 2014; McDougall and Ferrari, 2017; Ye et al., 2022; Xiao et al., 2023). Therefore, investigating the characteristics of turbulent mixing in the deep ocean is crucial for clarifying variability of the overturning circulation, understanding the mass and energy transport, and discerning the implications for climate change (Polzin et al., 1997; Jochum et al., 2013; Hummels et al., 2020; Whalen et al., 2020).


Observations of turbulent mixing are typically achieved by estimating the turbulent kinetic energy dissipation rate ɛ or temperature dissipation rate χ at the microscale [O (0.1–1 cm)] or fine-scale [O (10–100 cm)] (Gregg, 1991; Lueck et al., 2002; Meredith and Garabato, 2021). Direct microscale measurements require rapid sampling of variables such as temperature and velocity shear using profilers deployed from a research vessel, necessitating a very fast response and a stable platform to ensure the sensor to sample undisturbed fluid (Ledwell et al., 2000; Wolk and Lueck, 2002; St. Laurent, 2008; Ferris et al., 2022; Lueck, 2022). With the recent advancement in technology, high-resolution sensors such as microstructure shear probes and high-resolution thermistors have been equipped onto gliders (Wolk et al., 2009; Fer et al., 2014), AUVs (Levine and Lueck, 1999; Thorpe et al., 2003), Argo-style profiling floats (Lien et al., 2016), and other platforms (Hughes et al., 2020; Alford et al., 2025). However, due to their discreteness, these approaches still cannot achieve continuous observations of turbulent mixing.


To tackle temporal discontinuities caused by sparse profile data, moored turbulent mixing meters, χpods, have been developed and deployed on several Tropical Atmosphere–Ocean (TAO) array moorings since late 2005 (Moum and Nash, 2009; Moum et al., 2013). Providing near-continuous turbulent mixing measurements, χpods have markedly expanded the length of deployment time. They derive χ from high-frequency temperature time series, and focus on the viscous-convective subrange, the dissipation subrange, and the inertial-convective subrange (Moum and Nash, 2009; Zhang and Moum, 2010). However, estimation of turbulent mixing solely based on temperature observations could overestimate the dissipation rate if salinity compensation occurs (Meredith and Garabato, 2021).


High-frequency Acoustic Doppler Current Profilers (ADCPs) may overcome the limitations of temperature observations by focusing on the inertial subrange, ensuring that the noise from instrument vibration does not affect the measurements. Since the signal-to-noise ratio of acoustic observations depends on water clarity, turbulence mixing has been observed by ADCP only in shallow waters (Rowe and Young, 1979; Gargett, 1988; Lohrmann et al., 1990; van Haren et al., 1994; Stacey et al., 1999), such as lakes (Lohrmann et al., 1990; Nielson and Henderson, 2022), tidal channels (Lu and Lueck, 1999; McMillan et al., 2016; McMillan and Hay, 2017), and coastal regions (Wiles et al., 2006; Zippel et al., 2021; Miller et al., 2022). To our best knowledge, few continuous observations of turbulence by ADCPs are available in the deep ocean.


Enhanced turbulent mixing has been observed in the northeastern SCS, with potential impacts on the deep water upwelling under the influence of multiscale dynamic processes, such as internal tides, internal waves, and mesoscale eddies (St. Laurent, 2008; Liu and Lozovatsky, 2012; Huang et al., 2016; Yang et al., 2017; Sun et al., 2019). Particularly, the Luzon Strait and Zhongsha Islands are two hotspots of near-bottom turbulent dissipation, with its diffusivity rate reaching the order of 
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 (Yang et al., 2014; Huang et al., 2016; Li et al., 2022). To address this issue, we deploy a mooring in the northeastern South China Sea at the depth of 1086m during 1–7 August 2023. Here, we report the findings of our analysis from the measurements of a 1200 kHz ADCP mounted on the mooring. Comparative experiments are conducted to determine optimal configurations, and four methods are employed for analyses of the observations. The mechanisms responsible for the observed variability of turbulent mixing are discussed.






2 Data and methods





2.1 Observations


The data used for this study were collected during a cruise in the SCS aboard the R/V Dongfanghong 3 from July to August 2023. At the near-shore station S1 (water depth ~12 m), we conducted comparative experiments using Teledyne RD Instruments Workhorse II Sentinel 1200 kHz ADCPs to assess the sensitivity of observations to the instrument configurations, aiming to determine the optimal configuration strategy for long-term turbulence observations. An experimental mooring was deployed at location T1 (water depth ~1086 m) for continuous deep ocean observations (
Figure 1A
). A 1200 kHz ADCP at ~20 m above the seabed was configured to sample at 1 Hz every 30 minutes for 2 hours. The ADCP was accompanied by a single-point Nortek Aquadopp DW acoustic current meter (NTK) and a Sea-Bird Electronics 37-SM MicroCAT (CTD). Additionally, a 600 kHz ADCP was installed 30 m above the 1200 kHz ADCP at T1 (
Figure 1B
). At location E1, 10 km northeast of T1, a twin mooring was also deployed to record the full-depth current around the experiment site.


[image: Map A displays a topographic view of the South China Sea, highlighting bathymetric contours with labeled points E1 and T1. The color scale indicates depth variations from -4000 meters to 0 meters. Map B illustrates an oceanographic instrument deployment configuration with floats and Acoustic Doppler Current Profilers (ADCPs) at specified depths, ranging from 10 meters to 20 meters, anchored by an acoustic release system.]
Figure 1 | 

(A)Bathymetry of the northern SCS from the 15 arc-second General Bathymetric Chart of the Oceans (GEBCO) dataset. The red triangles show the mooring locations. (B) Schematic of the mooring at T1.




The downward-looking 1200 kHz ADCP had a blanking distance of 0.44 m, with a vertical bin size of 2 cm, covering 255 layers at a sampling frequency of 1 s. The downward-looking 600 kHz ADCP had a blanking distance of 0.88 m, a vertical bin size of 50 cm, and 150 measured layers (
Table 1
). The 20° beam angle of the ADCP transducers effectively avoided acoustic interference between the 600 kHz ADCP and 1200 kHz ADCPs mounted below. Its observational range fully covered that of the 1200 kHz ADCP, providing a background current field for collaborative observations of turbulent mixing. Due to the influence of echoes within a range of about 15m from the bottom of the sea, not all observation layers are used for calculations.



Table 1 | 
The configuration information for mooring.





	Instrument

	Depth [m]

	Orientation

	Water mode

	Bin size [cm]

	Bin number

	Internal [s]

	Ensembles/ Burst duration






	600 kHz ADCP
	1033
	Down
	/
	50
	150
	30
	20/1h



	NTK
	1063
	/
	/
	/
	/
	10
	/



	1200 kHz ADCP-1
	1064
	Down
	12
	2
	255
	1
	1800/2h



	1200 kHz ADCP-2
	1064
	Down
	11
	2
	255
	1
	1800/2h










The ADCP datasets underwent quality control procedures prior to turbulence estimation. During background flow processing, invalid velocity measurements across all bins were eliminated based on echo intensity and correlation thresholds. Subsequent despiking was performed on raw beam velocities using a 3σ criterion. These data were then transformed from beam coordinates to Earth coordinates utilizing recorded instrument attitude parameters. Valid velocities were vertically interpolated onto standardized depth levels. The near-bottom deployment with sufficient buoyancy maintained taut mooring lines, effectively suppressing tilt-induced artifacts during short-term observations. Therefore, for the calculation of turbulent fluctuations, raw velocities in beam coordinates were preserved and used without interpolation to standard depths.






2.2 Estimation of turbulent dissipation rates


Based on the assumption of fully developed isotropic turbulence, four methods are used to estimate the turbulent dissipation rates, ɛ. The fluctuation of velocity u’ is obtained by subtracting the Reynolds-averaged velocity 

u
¯


 from the original velocity (Tennekes and Lumley, 1972). The separation of time scales is selected such that, over the averaging interval, the mean flow is statistically stationary, and 



u
'

¯

=
0


. The overbar denotes an average, while the prime represents the fluctuation from the mean. Tests with averaging windows from 10 s to 30 min showed that intervals that were too short or too long introduced significant biases, whereas 40 s, 60 s, and 80 s windows produced nearly identical dissipation estimates. Thus, 60 s was adopted as an optimal compromise between accuracy and stability.





2.2.1 Second-order structure function method


Structure functions are used to quantify the statistical properties of turbulence (Kolmogorov, 1941). The longitudinal second-order structure function 
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 is described as the correlation of fluctuation velocity between two points separated by a close distance r, which refers to the spatial separation between two measurement points along an ADCP beam within a single profile:
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where 

u
′


 is the fluctuation of velocity as a function of space z and space separation r. The relationship between the second-order structure functions and the turbulent dissipation rate 
ɛ

 and the space separation r is described as:
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where 


C
1



 is a universal constant (Kolmogorov, 1941).


High-resolution ADCP measurements provide vertical velocity profiles, enabling the calculation of structure functions for estimating ɛ (Wiles et al., 2006; Lorke, 2007; Lucas et al., 2014; McMillan and Hay, 2017). As the noise is uncorrelated with the signal, the second-order structure function 
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 obtained by ADCPs is described as:
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where 
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S
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 denotes the error introduced by noise (McMillan and Hay, 2017), 
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 is the turbulent dissipation rate. According to Kolmogorov’s theory, α is expected to be 2/3 in the inertial subrange. Based on the above relationship, 
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 is obtained by least squares fitting of the second-order structure function. For the 1200 kHz ADCP measurements, we evaluated 
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 for separation distances 
r
 less than 0.84 m (42 layers from layer 1). Assuming isotropy, 
ɛ

 is calculated by averaging results from the four beams all four methods in this paper.






2.2.2 Inertial subrange wavenumber spectral method


The spectral form of the two-thirds law was obtained independently (Obukhov, 1941) which gives the familiar -5/3 dependence of the turbulent velocity spectral density on the wavenumber k in the inertial subrange. The inertial subrange of velocity spectrum 
S

 is described as:
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where 


C
2



 is a universal constant, 
k

 represents the wavenumber. Assuming that the noise is uncorrelated with the true signal, the inertial subrange of observed wavenumber spectrum 
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where 
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 denotes the noise introduced by measurement errors (McMillan and Hay, 2017). The noise level 
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 is obtained by averaging the spectral floor, which appears as the high-wavenumber plateau in the observed velocity spectra, typically caused by electronic and Doppler noise (van Haren et al., 1994; Hay et al., 2013). Then 
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 was estimated by iterative integral of the along-beam velocity spectral densities 
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. The integration lower limit of 2 cpm following practice in microstructure turbulence analyses (e.g., Oakey, 1982; Bluteau et al., 2011), and it exceeds the theoretical lower wavenumber limit of the inertial subrange corresponding to the current dissipation rate intensity (
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W/kg). The upper limit of the integration domain was gradually increased until the difference between the integrated observed spectrum and the theoretical form 
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 reached a minimum. Meanwhile, the upper limit was further constrained to remain below the Kolmogorov wavenumber 
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2.2.3 Inertial subrange frequency spectral method


Due to the challenge of obtaining high spatial resolution velocity measurement, estimation of ɛ often relies on single-point time series with the Taylor’s frozen-turbulence hypothesis (Lorke and Wüest, 2005; McMillan et al., 2016; McMillan and Hay, 2017). The Taylor frozen-turbulence hypothesis proposes that the turbulent eddy in a flow does not change significantly as they move downstream past a fixed observation point, as if they were frozen in time (Taylor, 1938). The corresponding mathematical expression of the hypothesis is
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where 
z

 represents space location, 
τ

 represents the time delay, the 
U

 represents the constant convection velocity. In one dimension, the spectra described as:
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where 
k

 represents the wavenumber, and 
f

 represents the frequency. Following the relationship:
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the noise 
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 is estimated by computing the average the spectral floor, and 


ɛ
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 is estimated by iterative integral of the along-beam velocity spectral densities 
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 within the inertial subrange. The iterative process follows the approach described in Section 2.2.2.






2.2.4 Elliptic approximation model


The EAM, proposed by He and Zhang (2006), was initially devised for analyzing the velocity space-time correlation function 
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 in turbulent shear flows. The Taylor hypothesis links spatiotemporal scales through a linear relationship, thereby eliminating the temporal dimension from spatiotemporal correlations. In practice, devices measuring turbulent fluctuations require a rapid response time to ensure that the probe samples undisturbed fluid. Additionally, the platform’s speed must be carefully controlled. It should neither be too fast nor too slow to precisely capture the structure of turbulent eddies. However, the Taylor frozen-turbulence hypothesis fails in cases where variations in advection past the sensor occur within the short duration allocated for spectrum calculation. Under such circumstances, the EAM offers a more appropriate framework for characterizing spatiotemporal correlations:
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where R is the correlation function as a function of space separation z and time delay τ, the convective velocity 
U

 characterizes the convection of currents, and the sweeping velocity V characterizes the distortion of currents which is related to sweeping hypothesis of Kraichnan (1964). Employing characteristic velocities 
U

 and 
V

, this method produces an elliptical depiction of the iso-correlation contours in the z-τ plane.


For 
z

 or 
τ

 close to 0, a length scale 
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 and a time scale 


τ
0



 are defined which gives the equivalence between the space and time domain (Fer et al., 2014; Wallace, 2014; He et al., 2015),
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It can be Fourier transformed into the wavenumber and frequency space,
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The correlation across space and time can be represented via spatial correlations, denoted as 
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 alongside U and V, which collectively satisfy the relation (He and Zhang, 2006; He and Tong, 2009; He et al., 2010):
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Fulfilling the EAM allows for the determination of time scale constant 


τ
0



 and spatial scale constant 


λ
0



, and facilitating the conversion of time spectra to spatial energy spectra (Fer et al., 2014; He et al., 2015),







E

(


λ
0

k

)

=
R

(


τ
0

f

)

.









Further determination of ɛ is achieved through,
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where the noise 
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 is estimated by computing the average the spectral floor, and 


ɛ
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 is estimated by iterative integral of the along-beam velocity spectral densities 
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 within the inertial subrange.








3 Results of estimation of turbulent dissipation rates





3.1 Configuration comparative experiments


Effective configurations of water mode, bin size, sampling frequency, ambiguous velocity and number of bins of 1200 kHz ADCPs contribute to diminishing measurement errors. To elucidate the influence of different configurations and to determine the optimal setup, a series of experiments were conducted at S1 (
Table 1
).


Experiments S108, S112, and S107, were configured with different bin sizes (5cm, 2cm, and 1cm, respectively). We used ISM-k and SFM to analyze the experimental data and compare results. As shown in 
Table 2
, a smaller bin size results in a smaller noise introduced by measurement errors (
N
), but it also leads to a larger standard deviation. When analyzed using ISM-K, 
N
 is the smallest in S107 (

~
1.91
×


10


−
6




W/kg).



Table 2 | 
The deployment information and results of experiments at S1 with different settings.





	Experiment

	Bin size [cm]

	Bin number

	Internal [s]

	Ensembles/ Burst duration

	LOG10 (
ɛ

) MEAN [W/kg]

	LOG10 (ɛ) STD [W/kg]

	LOG10 (N) MEAN [W/kg]






	S102
	25
	120
	4
	60/10min
	-7.76
	0.32
	-5.68



	S104
	1
	120
	1
	600/10min
	-8.03
	0.31
	-5.63



	S107
	1
	200
	1
	600/10min
	-8.69
	0.51
	-5.72



	S108
	5
	255
	1
	600/10min
	-8.23
	0.30
	-5.21



	S112
	2
	160
	1
	1800/30min
	-7.41
	0.57
	-5.32



	S120
	2
	255
	0.5
	300/10min
	-7.45
	0.32
	-4.26










In experiments S102, S107, and S120, which feature varying sampling frequencies (0.25 Hz, 1 Hz, and 2 Hz respectively), a higher temporal resolution is beneficial for reducing errors in ɛ estimation despite slightly increasing velocity observation error. Reducing the sampling interval improves the ability to meet turbulence measurement standards. However, data from S120 indicate that the instrument cannot calculate uniformly spaced samples when the sampling interval is less than 1 second.


The number of bins directly affects the algorithm’s processing speed and the standard deviation of the measurements, particularly in bins farther from the instrument. A balance between coverage and resolution is assessed by comparing S104 and S107; the selection of a limited number of bins was found not to significantly impact observation quality, with the noise level of ~ 

2.34
×


10


−
6


 W
/
kg


 and ~ 

1.91
×


10


−
6


 W
/
kg


, respectively. To maximize data collection, selecting a larger number of bins is recommended. In addition to configurations mentioned above, the threshold of the correlation value, which is commonly set to a default value of 64, is recommended to be set to zero in the deep ocean.






3.2 Elliptic approximation model


In Taylor’s model, decorrelation is determined solely by the convection velocity caused by mean flows. He and Zhang (2006) theorized that EAM could precisely map out the areas of correlation over a broad range of z and τ, a feature ascribed to the inherent self-similarity of the flow (He et al., 2010). This theory was validated through the analysis of numerical simulations (Zhao and He, 2009; Wallace, 2014; He et al., 2015) and experimental investigations (Zhou et al., 2011; Hogg and Ahlers, 2013; Wang et al., 2014).


The EAM has been examined in the upper ocean (Liang et al., 2024). Here, we apply the EAM to in situ deep oceanographic observations. Using velocity data from a 1200 kHz ADCP, the spatiotemporal correlation function was computed, yielding correlation coefficients that exhibit unimodal distributions in both the spatial and temporal dimensions. The correlation peaks at the origin (r = 0, τ = 0) and decays progressively with increasing spatial lag r and temporal lag τ (
Figure 2A
). If the Taylor’s frozen turbulence hypothesis were well valid in this turbulent regime, the spatiotemporal correlation structure would degenerate into a straight line. However, the observed contours clearly form elliptical patterns, closely matching the theoretical ellipses predicted by the EAM. As an example, the spatiotemporal correlation field was computed using a 1-minute velocity time series from 05:30 to 05:31 on August 1, with the 80th vertical bin as the origin, spanning 160 adjacent vertical bins. Characteristic variables U and V were employed to further validate the EAM by examining the functional relationship between r, τ, and the correlation coefficients. The correlation curves of velocity versus time lag for different spatial internals first increase to a peak and then decay, all exhibiting unimodal behavior. Symmetry degrades with increasing r (
Figure 2B
). The temporal correlation functions derived from observations agree well with the theoretical correlation curves defined by the EAM when r< 1 m (
Figure 2C
), indicating that the model is valid within a finite spatial extent.


[image: A: Contour plot showing correlation as a function of distance r and time lag τ, with red regions indicating higher correlation. B: Line graph of correlation versus time lag τ for different distances r. C: Correlation versus effective radius \( r_E \) with distinct lines for various r values. D: Scatter plot showing parameter I versus δε with different sized circles. E: Line graph of power spectral density (PSD) versus wavenumber for several models, including ε_ISM-k and ε_SFM. F: Similar PSD plot as E with different data. Each plot has labeled legends and axes.]
Figure 2 | 

(A) Temporal and spatial correlation coefficients. The red dashed lines represent the theoretical ellipses obtained by EAM. (B) The relationship between 
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 and τ at different spatial intervals. (C) The relationship between different 
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 at different spatial intervals. (D) δɛ is the difference between the ɛ calculated by ISM-f and the 

ɛ
¯


 calculated by ISM-k and SFM, defined as 

δ
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. The turbulence intensity (I) is the ratio between the root-mean-square of the turbulent velocity and the time-averaged velocity. (E) Spectra calculated by the four methods corresponding to the purple points in (D, F) Spectra calculated by the four methods corresponding to the pink point in (D).




Turbulence intensity (I) is commonly used to quantify the strength of turbulence and is defined as the ratio of the root-mean-square (RMS) of velocity fluctuations to the mean flow velocity. In this study, the mean dissipation rates obtained from the SFM and ISM-k methods were taken as reference values, and the relative error δɛ was defined as the difference between the dissipation rate estimated by the ISM-f method and, normalized by 

ɛ
¯


. Results indicate that the estimation error increases with rising I (
Figure 2D
), implying that the Taylor frozen-turbulence hypothesis tends to break down under strong turbulence conditions in our observation, although it still meet the range required by the classical Taylor freezing assumption in terms of I. To further compare the performance of different estimation methods, the function of SFM was transformed into the spectral domain via Fourier transform. In comparison to the spectrum derived from ISM-f under the Taylor frozen-turbulence hypothesis, the results from the EAM show better agreement with those from ISM-k and SFM in this context (
Figures 2E, F
). These findings demonstrate the effectiveness of the EAM in accurately converting measurements from the time domain to the spatial domain. Furthermore, grounded in a robust spatiotemporal transformation framework, this method is not only applicable to 1200 kHz ADCP-based velocity measurements for ɛ estimation, but can also be extended to other high-frequency, time-continuous datasets with at least two spatially adjacent (within 1 m) velocity records, thereby enhancing the applicability and data utilization efficiency in ocean turbulence observation.







4 Variability of turbulent dissipation rates


Turbulence measurements require a high sampling resolution. To attain a robust observation of turbulence, the initial objective is to ensure that high-resolution sampling provides fundamentally stable and effective measurements of current velocity. In conjunction with more established single-point current meter NTK, ADCP velocity observations are utilized to assess the feasibility of employing high-resolution ADCP for deep-sea current observations. The observation results from 1200kHz ADCP and 600kHz ADCP show good consistency with the velocity observed by NTK (
Figure 3
).


[image: Time series plots show water velocity components U and V in centimeters per second over August 1 to August 8. Panel A displays U with red, blue, and yellow lines representing 1200 KADCP, 600 KADCP, and NTK, respectively. Panel B shows V with the same color coding for each dataset. The data points exhibit fluctuating patterns across the days.]
Figure 3 | 

(A) The meridional and (B) zonal current velocities measured by the 1200 kHz ADCP (red points), 600 kHz ADCP (blue points), and acoustic current meter Nortek Aquadopp DW at similar depths (yellow lines).




The time series of ɛ derived from SFM, ISM-k, and EAM at T1 demonstrate excellent consistency with each other as shown in 
Figure 4
. The average of results from these three methods (SFM, ISM-k, EAM) was taken as the observed value of ɛ. Throughout the observation period, the mean ɛ was 

1.44
×


10


−
7




 W/kg. During the seven days of continuous observations, the two-hour resolution time series shows ɛ values ranging from 

3.44
×


10


−
9




 W/kg to 

5.27
×


10


−
7




 W/kg. Within each single day, ɛ can vary by up to two orders of magnitude. For instance, the minimum ɛ observed in 2 August is 

3.44
×


10


−
9




 W/kg, but it reaches as high as 

1.01
×


10


−
7




 W/kg, indicating a 143% increase within the period of just 24 hours. This result suggests that a single profiler measurement is by far not sufficient to capture the full structure of turbulent mixing in the deep ocean, and continuous observations are therefore necessary in order to obtain reliable ɛ measurements.


[image: Line graph showing energy dissipation rate (epsilon) in watts per kilogram over time from August 1st to August 8th. Multiple lines represent different data sets: blue (SFM), pink (ISM-k), green (EAM), yellow (ISM-f), and black (average). The vertical axis is logarithmic, ranging from ten to the power of negative nine to ten to the power of negative six.]
Figure 4 | Time series of ε obtained by SFM (blue), ISM-k (red), EAM (green), ISM-f (yellow), and the average of the first three methods (black) at T1, with asterisks indicating 30-minute burst averages.
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 represents the shear of horizontal velocity (Howard, 1961; Miles, 1961). During the observation period, the temporal variability of mixing intensity matches well with Ri (r = 0.8), indicating that the enhanced mixing could be associated with the decrease in Ri (
Figure 5
). This suggests that local turbulent dissipation is intensified by pronounced shear instability in the background flow.


[image: Line graph showing two data series with red and blue lines fluctuating over dates from August 1st to August 8th. The left axis is labeled “Ri^-1” ranging from 10^0 to 10^1, and the right axis is labeled with power in watts per kilogram, ranging from 10^-8 to 10^-6.]
Figure 5 | 
The turbulent kinetic energy dissipation rate averaged across all methods (blue), and the time series of Ri-1 (red). The black dashed line marks the value 4 of Ri-1 (Ri = 0.25).




Dissipation of internal tides is the primary mechanisms for generating shear instability and inducing deep ocean mixing (Shang et al., 2017). Spectral analysis of the horizontal velocity at station E1, a twin mooring located 10 km from T1, reveals distinct peaks corresponding to the diurnal and semi-diurnal tides. The topographic spectrum suggests that this location is conducive to the generation of high-mode internal tides (
Figure 6
), which is likely responsible for the variations of ɛ. Moreover, this location is also characterized by strong internal tides propagating from in the Luzon Strait (Zhao et al., 2014).


[image: Contour plot showing log base 10 of power as a function of wavelength (in kilometers) and distance (in kilometers). Modes are labeled from Mode 1 to Mode 8. Red and blue regions indicate power levels, with a color bar on the right. A dashed red line and arrow are present at around 40 kilometers.]
Figure 6 | 
The wavelet spectrum of multibeam bathymetric data in 
Figure 1A
. The red triangle and dashed line represent the location of station T1.




To investigate how these processes influence ɛ, a band-pass filtering was performed to calculate the correlation between changes in ɛ and kinetic energy at different frequencies (
Figure 7A
). The correlation is notably high in the diurnal band (r = 0.5, 
Figure 7B
), but is negligible on the semi-diurnal frequencies. This result suggests that the dissipation of diurnal internal tides dominate the variability of ɛ. Significant temporal variability in turbulent mixing has also been reported on the northern continental shelf of the SCS (e.g., Huang et al., 2021; Qu et al., 2021; Zhu et al., 2024), with elevated mixing levels attributed to critical interactions between semidiurnal tides and slope topography. These findings further support the necessity of continuous long-term deep-ocean observations to capture the mechanisms linking internal tides to highly intermittent turbulent mixing.


[image: Panel A shows a heatmap with upper and lower limits of the period in hours, correlated between -0.4 and 0.4. Panel B features a time series graph with kinetic energy and epsilon values from August 1 to August 8, displaying oscillating patterns in red and black.]
Figure 7 | 

(A) Correlation between ɛ and kinetic energy obtained from horizontal velocities filtered by different time scales. (B) Diurnal kinetic energy (red line) and averaged ɛ (black dotted line) in the time range of the black box in (A).




To examine the influence of internal tides on turbulent mixing variability, modal decomposition was performed for the full-depth current velocity at station E1. Modes 1 and 2, accounting for an average of 69% of total kinetic energy, show low correlation with ɛ (r<0.2) (
Figure 8A
), while the energy of diurnal internal tides in modes 3–10 exhibits a higher correlation with ɛ (up to 0.5) (
Figure 8B
). The temporal variability of ɛ is closely related to the local shear instability, which is dominated by the dissipation of high-mode diurnal internal tide. Other multiscale dynamic processes, such as mesoscale eddies (Zhang et al., 2016) and near-inertial waves (Zheng et al., 2023), which extend from the surface to the near-bottom, may also contribute to the variability of ɛ in the deep South China Sea. Their relationships with ɛ will be examined in a future study over the extended observation period.


[image: Two line graphs labeled A and B show kinetic energy (KE) in meters squared per second squared on the left y-axis and epsilon in watts per kilogram on the right y-axis, plotted over dates from July 31 to August 9. Graph A includes Mode 1 and Mode 2, shown in blue and red lines respectively. Graph B displays Mode 3-10 in a red line. Both graphs feature black dots connected by gray lines indicating data points.]
Figure 8 | 

(A) Energy of modes 1 and 2 of the inertial tidal velocity decomposition at E1 and ɛ (black dotted line) (B) Energy of mode 3–10 of the tidal velocity decomposition at E1and averaged ɛ (black dotted line).








5 Conclusions


By conducting a set of mooring experiments in the northeastern South China Sea, we present, for the first time, the efficacy of the 1200 kHz ADCPs for continuous observations of turbulent mixing with high spatial (2cm) and temporal (1Hz) resolution in the deep ocean. Velocity profiles observed by the 1200 kHz ADCPs enable direct estimation of near-bottom dissipation rates using ISM-k and SFM without relying on Taylor’s frozen-turbulence hypothesis. We also test the EAM, which overcomes the limitations of profiling measurements and allows for continuous observations of turbulent mixing in deep ocean through high-frequency current measurements.


Continuous observations of turbulence unveil significant temporal variability in the northeastern South China Sea. With pronounced intermittency, the near bottom dissipation rates, ɛ, can change by up to two orders of magnitude in a single day. The variability of ɛ is closely correlated (r = 0.8) to Ri, which indicates the occurrence of shear instability. Further analysis of the background flow reveals that locally generated diurnal and high-mode internal tides are critical factors influencing the mixing variability. However, the variability of ɛ may also be influenced by other multiscale dynamic processes, whose roles will be explored in future investigations based on extended observation periods. The capability of the 1200 kHz ADCPs for remote current measurements and long-term deployment (months to years) make them suitable for characterizing current velocity across various timescales and investigating the turbulence in the deep ocean.


This study refines observation strategies and achieves continuous observations of turbulence in the deep South China Sea, underscoring the substantial variability of turbulence and the necessity for sustained observations. Further observations are necessary to access the full spectra of variability of turbulent mixing and associated dynamic processes in the deep ocean. The enhanced observational capability of the deep bottom boundary layer turbulent mixing holds significant potential for advancing the understanding of boundary layer dynamics and multiscale energy cascades.
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