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Abstract: Air–sea interactions within the ocean’s near-surface layer play a pivotal role in climate reg-
ulation and are essential for understanding the dispersion of marine pollutants such as microplastics
and oil slicks. Despite its significance, high-resolution data exploring the physical dynamics near the
air–sea interface are noticeably sparse. To address this, we introduced a novel Lagrangian observa-
tional platform, outfitted with an upward-facing high-resolution ADCP, designed to measure current
shear within the top 2 m of the surface water. Through two short field experiments, we identified
enhanced currents and shear in the near-surface layer, and observed a negative vertical momentum
flux aligned with the wind direction and a positive one orthogonal to it. The measurement suggest
that Stokes drift contributes to 10% of horizontal mass transport and 20% of shear in the top surface
layer, with the direct and local wind-driven current being the predominant influence. To accurately
model the physical behavior of buoyant microplastics, this observation underscores the necessity of
parameterizations that account for both the Stokes drift and the direct, local wind-driven current, a
factor that is often overlooked in many models.

Keywords: Lagrangian observational platform; surface current; ADCP; wind-driven current; Stokes
drift; momentum flux; air–sea interaction

1. Introduction

Air–sea interactions in the near-surface layer are fundamental to our understanding of
climatic systems and environmental phenomena. Within the surface boundary layer, these
interactions comprise intricate processes at the interface, including the transfer of heat,
momentum, and gases [1–3]. Physical processes near the air–sea interface, such as wind,
wave, and current, regulate these transfers, serving as critical modulators of the exchange
dynamics between the atmosphere and the ocean [4–8].

Specifically, currents within the top surface layer (TSL) at depths of 1–2 m are crucial
for understanding air–sea interactions and for studying the behavior and dispersion of
buoyant marine pollutants such as microplastics, copepod egg sacs, and oil spills [9]. The
concentration of microplastics in the water increases exponentially towards the surface,
indicating that microplastics predominantly reside and act within this layer, where wave-
induced Stokes drift significantly enhances mass transport [10–12]. This effect is especially
pronounced in coastal areas where wave deformations in shallow waters intensify nonlin-
earity, thereby influencing pollutant dispersion [13,14]. Many oceanic models struggle to
directly represent the vertical shear within the TSL due to challenges in vertical resolution.
As a result, this aspect is often parameterized and incorporated into models that focus on
microplastic dispersion [12–15]. Observing near-surface currents is essential not only for
quantifying pollutant horizontal dispersion but also for refining models that assess carbon
exchange in relation to climate change [15–17].
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Despite the significance of the upper ocean layer, our knowledge is limited due to the
scarcity of high-resolution physical observations. The quest to understand or parameterize
surface microplastics’ behavior highlights the need for velocity measurements. Although
many laboratory studies exist, precise field measurements of near-surface current shear are
still lacking [18]. There is a distinct gap in observational data concerning surface current
velocity, crucial for gauging the influence of Stokes drift on pollutants like microplastics.
This shortfall is in part because of challenges in using Acoustic Doppler Current Profiler
(ADCP) measurements to derive mean shear profiles within the TSL, stemming from the
absence of appropriate observational platforms [19].

A variety of experimental methods, including current meters, moored ADCPs, X-band
radars, polarimetric cameras, and drifters, have been employed to measure near-surface
shear. Richman et al. [20] and Cronin and Kessler [21] took vertical shear measurements
close to the surface, but the resolution of their current meter arrays decreased beneath
depths of 2.5 m and 5 m, respectively. Wenegrat et al. [22] utilized low-frequency ADCP
measurements at depths greater than 3.8 m to avoid issues related to surface boundary
reflection [23]. Laxague et al. [19] succeeded in measuring shear over the top 1 cm layer
using a polarimetric camera. They also collated and averaged previous ADCP and drifter
data, highlighting the pronounced concentration of vertical shear within the TSL.

Lagrangian measurements are effective in tracking mean ocean currents and contin-
uously evaluating local changes in surface currents. This approach aids in studying the
immediate effects of wind-induced surface currents on a localized scale. Lagrangian drifters
have been utilized to deduce surface currents [24,25], and Lagrangian observational plat-
forms fitted with ADCPs have been employed to probe turbulence measurements [26,27].
A wave glider equipped with an ADCP has also demonstrated its proficiency as a plat-
form for profiling near-surface currents. Most of these Lagrangian platforms are outfitted
with down-looking ADCPs that commence measurements at a distance from the surface.
Thomson [28] utilized a Lagrangian buoy with an up-looking ADCP to measure the rate of
turbulence kinetic energy dissipation within the TSL. Despite significant advancements
and novel approaches, direct and local measurements of near-surface mean current shear
across diverse environments remain scarce and present considerable challenges.

In this study, we introduce a unique Lagrangian observational platform tailored
to measure near-surface current shear and surface currents. These measurements are
crucial for understanding the dynamics of buoyant pollutants and the nuances of air–sea
interactions, areas that have been observed only to a limited degree in prior research.
Equipped with a high-frequency 1 MHz ADCP, the platform excels in gauging current
velocities within the top surface layer. We conducted two preliminary field experiments
under diverse meteorological conditions. These experiments analyzed shifts in surface
current speeds due to wind factors and scrutinized the influence of Stokes drift in relation
to the total near-surface current in the TSL. Additionally, we estimated the role of Stokes
drift in the shear dispersion [29,30] of microplastics within the TSL. Our results underscore
that the Lagrangian observational platform adeptly pinpointed the intricate near-surface
oceanic current shear, yielding profound insights into the dynamics of air–sea interactions
and the influence of Stokes drift on microplastic dispersion in the uppermost layer.

2. Materials and Methods
2.1. Lagrangian Observational Platform

The Lagrangian measurement strategy is adept at mitigating potential issues arising
from high-speed measurements in high-resolution ADCP data. In Eulerian stationary
observations, the measured velocity includes the speed of the predominant mean flow.
Notably, high velocities often result in a low Signal-to-Noise Ratio (SNR). As such, em-
ploying a Lagrangian platform, which inherently minimizes these significant velocities,
enhances data quality. This approach also facilitates the continuous observation of the same
water mass over a prolonged period by moving with the ambient water mass. In contrast,
Eulerian platforms often struggle to monitor temporal variations of a specific water mass
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because of the continuous movement of water masses at the observation location. Hence,
our Lagrangian platform not only reduces potential disturbances from high-speed mea-
surements but also consistently observes the same water mass along its path. However, for
more extensive, longer-duration observations, especially when the primary objective is not
surface current measurements, Eulerian platforms are preferable. They offer a lower risk of
equipment loss and are better suited for long-term operation and upkeep.

We developed the Lagrangian Near-Surface Observational Platform (LANSOP) specif-
ically to measure the mean current shear within the TSL (Figure 1). This platform consists
of a 6 m long, slender metal structure that stands vertically within the surface layer, drifting
passively with the ocean current. An up-looking ADCP, positioned approximately 2 m be-
low the water surface, records the currents within the TSL. Due to issues with the weather
station atop the structure, we sourced wind data from a nearby buoy and a terrestrial
weather station for our analysis. The elongated structure was engineered to maintain its
vertical orientation. Additionally, a wing placed opposite the ADCP was designed to pivot
with the current, reducing potential data interference caused by the structure itself.
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issue with the attached weather station, we used wind data from nearby sources. 

2.2. Field Experiments 
The first experiment (Exp1) was executed on 6 May 2021, in the Korea Strait near Jeju 

Island, and the second experiment (Exp2) took place on 11 November 2021, in Yeongil Bay 
close to Pohang City (Figure 2). Both experiments were part of the R/V Nara Cruise, with 
mean water depths along the LANSOP trajectories being 68 m and 25 m for the respective 
experiments. LANSOP operated for 5 h during each experiment, from 11:30 AM to 4:30 
PM KST in Exp1 and from 8 AM to 12:30 PM KST in Exp2. Over these periods, LANSOP 
drifted approximately 5.2 km and 2.2 km away from its initial locations for Exp1 and Exp2, 
respectively. 

Figure 1. Schematic illustration of the Lagrangian Near-Surface Observational Platform (LANSOP)
and a scene from the field experiment (Exp2) showcasing surface current measurement. The distance
from the weather station at the top to the water surface is approximately 2 m. Owing to an issue with
the attached weather station, we used wind data from nearby sources.

2.2. Field Experiments

The first experiment (Exp1) was executed on 6 May 2021, in the Korea Strait near Jeju
Island, and the second experiment (Exp2) took place on 11 November 2021, in Yeongil Bay
close to Pohang City (Figure 2). Both experiments were part of the R/V Nara Cruise, with
mean water depths along the LANSOP trajectories being 68 m and 25 m for the respective
experiments. LANSOP operated for 5 h during each experiment, from 11:30 AM to 4:30
PM KST in Exp1 and from 8 AM to 12:30 PM KST in Exp2. Over these periods, LANSOP
drifted approximately 5.2 km and 2.2 km away from its initial locations for Exp1 and
Exp2, respectively.
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Figure 2. Locations of field experiments. The symbols ‘x’, ‘4’, and ‘�’ represent the mean location of
LANSOP trajectory, the location of the wind station, and the locations of the wave buoys, respectively.
Exp1 was conducted in the Korea Strait near Jeju Island on 6 May 2021, while Exp2 was conducted
near Pohang City on 11 November 2021.

Hydrographical data for the experiments was sourced from the research vessel, adja-
cent buoys, and weather stations (Figure 2). For Exp1, conducted near Jeju Island, wind
information was acquired both from the research vessel and a weather station situated on
a nearby island (denoted by ‘4’). Wave data was collected from a proximate wave buoy
(indicated by ‘�’). For Exp2, which took place near Pohang City, wind data was obtained
from the research vessel and a weather station located in Pohang City. Wave information
was retrieved from neighboring buoys.

2.3. Data Filtration

The SNR is a fundamental metric in ADCP data, defining the proportion between the
desired signal’s power and the background noise. A high SNR signifies superior signal
strength compared to the noise, leading to more accurate and reliable measurements. Con-
versely, a low SNR can result in inferior signal quality, introducing errors and uncertainties
into the data [31]. In order to remove the data with low SNR, we implemented a low
SNR threshold at 3 dB. The side lobe effect refers to the undesirable emission or reception
of acoustic energy deviating from the main beam direction. This phenomenon can intro-
duce interference in upward-facing ADCP measurements when side lobes interact with
the water’s surface or other boundaries, thereby contaminating the desired signal [32,33].
This impact becomes particularly pronounced in shallow waters or during near-surface
measurements, where the boundaries are much closer. To mitigate this, we incorporated
a side lobe rejection setting of 90%. The utilization of Storm (v1.17.06) software provided
by Nortek allowed for sophisticated filtration that not only facilitated data refinement
by managing SNR and side lobe effects but also compensated for the tilting effect of the
ADCP. Such comprehensive data processing ensures the robustness and reliability of the
ADCP measurements.

Pulse correlation in ADCP measurements refers to the correlation between the trans-
mitted and received acoustic signals. The accuracy of the velocity measurements made
by an ADCP relies significantly on this pulse correlation. Acoustic pulses are transmitted
into the water column and are reflected off suspended particles in the water. The reflected
signal, which contains information about the motion of these particles, is then received
back at the ADCP. If the received signal closely matches the transmitted signal, it signifies



J. Mar. Sci. Eng. 2023, 11, 1716 5 of 15

a high pulse correlation. High correlation typically indicates that the signal has not been
significantly distorted or altered during its transmission and reflection, leading to more
accurate velocity data [34].

Low pulse correlation in ADCP data may occur due to various factors such as signal
scattering, interference, or distortion, leading to a received signal that differs significantly
from the transmitted one. Low correlation can affect the quality of the data, making it less
reliable for accurately representing water velocities [35]. For instance, in cases of strong
currents, the acoustic signal can be significantly altered during its round trip, resulting in
lower pulse correlations and potential velocity ambiguities [36]. This issue can be more
prominent in environments that are turbulent or contain bubbles, as these can distort
the transmitted signal and decrease the correlation. In our study, the data was initially
processed using Storm software, after which data with a pulse correlation lower than 50%
were discarded [28].

2.4. Reynolds Stresses

Wind stress, the force exerted by wind on the water’s surface, is intrinsically connected
to momentum flux. Momentum flux can incite movement and mixing within the water
column, rendering it a critical parameter in the investigation of turbulence and momentum
transport in fluid systems. The term 〈u’w’〉 signifies the vertical Reynolds stress or turbulent
momentum flux, which is a representative measure of momentum transfers due to turbulent
fluctuations [37]. In this context, u’, w’, and 〈 〉 symbolize the horizontal velocity fluctuation,
vertical velocity fluctuation, and time-averaging, respectively.

Although momentum flux does not directly induce a mass flux, it may indirectly
influence vertical mass flux by generating turbulence and initiating mixing processes
arising from wind action on the surface [38]. Wind-induced turbulence originating from the
surface amplifies vertical mixing in the water column, leading to a homogenization of water
properties across different depths. When wind-induced shear stress is applied to a still
water surface in contact with the atmosphere, an initially sharp exponential velocity profile
begins to develop from the water’s surface. A mean velocity profile displaying higher
velocity at larger vertical positions generally exhibits a negative momentum flux [39]. As
wind-induced turbulence heightens, this sharp profile slowly transitions into a blunt profile,
promoting a downward mass movement.

The vertical momentum flux, quantifying the rate of momentum transfer vertically
due to turbulence, critically determines the water column’s motion and mixing. When the
momentum flux is negative, it suggests a momentum transfer from the surface towards
lower layers of the water column, indicative of amplified turbulence and vertical mixing
within those strata. Therefore, interpreting vertical momentum fluxes is pivotal to compre-
hending the physical processes within the ocean’s surface layer. We computed the Reynolds
stresses to examine the wind’s impact on the vertical momentum flux.

2.5. Stokes Drift

We evaluate the relative influence of Stokes drift on the dominant surface current
due to its significant role in the dispersion of pollutants such as microplastics and oil
slicks [40]. The most accurate portrayal of Stokes drift can be derived from a 2D wave
spectrum [41]; however, obtaining this spectrum can sometimes be challenging. We used the
monochromatic wave as a representation to elucidate the effects of Stokes drift. Horizontal
particle velocity (u) for a deep-water Airy wave is provided as

u(z, t) = aσekzcos(kx− σt) (1)

where a, k, and σ are wave amplitude (= H/2), wave number (= 2π/L), and angular fre-
quency (= 2π/T), respectively [42]. A fluid particle returns to its original position, forming
a closed loop in a linear wave. but the second-order nonlinear effects are incorporated
into the Taylor expansion of the particle velocity and subsequently time-averaged, the
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time-mean vertical velocity profile of the Stokes wave for deep water waves [43] can be
expressed as

us(z) = a2σke2kz (2)

To compute the Stokes drift profile from Equation (2), we utilized the significant
wave height observed from a nearby buoy, the peak wave period from the wave spec-
trum acquired from LANSOP, and the wave length determined through the dispersion
relation [44].

3. Results
3.1. Data Filtration

Exp1 was conducted under weak wind conditions, and with the ADCP range located
below sea level, it was shielded from interference, leading to only a small fraction of data
being filtered out. Conversely, Exp2 was conducted under moderate wind conditions,
and the ADCP range intersected the sea level, leading to significant data removal. Upon
applying the SNR thresholding and side lobe rejection filter, 0.03% (Exp1) and 23.63% (Exp2)
of raw data were excluded via the Storm software. Figure 3 illustrates the distributions
of raw data (depicted by the dashed line) and filtered data (depicted by the red lines).
Following the removal of data with a low pulse correlation, 49% (Exp1) and 13% (Exp2) of
the raw data remained, which were utilized for further analysis. The distribution of the
remaining data is represented by the blue lines in Figure 3.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 6 of 15 
 

 

loop in a linear wave. but the second-order nonlinear effects are incorporated into the 
Taylor expansion of the particle velocity and subsequently time-averaged, the time-mean 
vertical velocity profile of the Stokes wave for deep water waves [43] can be expressed as 𝑢௦(𝑧) = 𝑎ଶ𝜎𝑘𝑒ଶ௭ (2) 

To compute the Stokes drift profile from Equation (2), we utilized the significant 
wave height observed from a nearby buoy, the peak wave period from the wave spectrum 
acquired from LANSOP, and the wave length determined through the dispersion relation 
[44]. 

3. Results 
3.1. Data Filtration 

Exp1 was conducted under weak wind conditions, and with the ADCP range located 
below sea level, it was shielded from interference, leading to only a small fraction of data 
being filtered out. Conversely, Exp2 was conducted under moderate wind conditions, and 
the ADCP range intersected the sea level, leading to significant data removal. Upon ap-
plying the SNR thresholding and side lobe rejection filter, 0.03% (Exp1) and 23.63% (Exp2) 
of raw data were excluded via the Storm software. Figure 3 illustrates the distributions of 
raw data (depicted by the dashed line) and filtered data (depicted by the red lines). Fol-
lowing the removal of data with a low pulse correlation, 49% (Exp1) and 13% (Exp2) of 
the raw data remained, which were utilized for further analysis. The distribution of the 
remaining data is represented by the blue lines in Figure 3. 

 
Figure 3. Distribution of horizontal current speed based on data filtration for Exp1 (a,b) and for 
Exp2 (c,d). The dashed line represents raw data. The red line illustrates the data remaining after the 
application of Signal-to-Noise (SNR) thresholding and side lobe rejection filters. The blue line indi-
cates the residual data after applying the 50% pulse correlation criteria. 

Figure 4 illustrates the temporal variations in the vertical profile of horizontal current 
speed following data filtration. Figure 4a and Figure 4c, respectively, showcase the re-
maining current data for Exp1 and Exp2, after the application of SNR thresholding, side 
lobe rejection, and tilt compensation via the Storm software. The black lines represent sea 
surface level fluctuations as detected by pressure and tilt sensors installed on the ADCP. 
All data above these lines were discarded. Moreover, in the case of Exp2, a significant 
amount of data just beneath the sea surface level was also removed. Figure 4b,d depict the 
final remaining current data for Exp1 and Exp2, respectively, after the elimination of data 
with correlation values less than 50%. 

Figure 3. Distribution of horizontal current speed based on data filtration for Exp1 (a,b) and for
Exp2 (c,d). The dashed line represents raw data. The red line illustrates the data remaining after
the application of Signal-to-Noise (SNR) thresholding and side lobe rejection filters. The blue line
indicates the residual data after applying the 50% pulse correlation criteria.

Figure 4 illustrates the temporal variations in the vertical profile of horizontal current
speed following data filtration. Figures 4a and 4c, respectively, showcase the remaining
current data for Exp1 and Exp2, after the application of SNR thresholding, side lobe
rejection, and tilt compensation via the Storm software. The black lines represent sea
surface level fluctuations as detected by pressure and tilt sensors installed on the ADCP. All
data above these lines were discarded. Moreover, in the case of Exp2, a significant amount
of data just beneath the sea surface level was also removed. Figure 4b,d depict the final
remaining current data for Exp1 and Exp2, respectively, after the elimination of data with
correlation values less than 50%.
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3.2. Hydrometeorological Observations

The experiments, Exp1 and Exp2, were conducted under weak (0–4 m/s) and mild
wind (4–8 m/s) conditions, respectively. The hydrometeorological conditions including
wind, wave, and surface current are presented in Figure 5. During Exp1 in May, the average
wind speed and direction were 1.69 m/s and 202◦ (northward), respectively, with the wind
persistently blowing northward throughout the experiment, exhibiting a standard deviation
of 7.33◦ throughout the experiment. The mean significant wave height and wave direction
were 0.49 m and 188◦ (northward), respectively, and the waves continued to propagate
northward during the experiments with a standard deviation of 10.3◦. Therefore, the
wind and wave directions were almost identical. During Exp2 in November, the average
wind speed and direction were 5.04 m/s and 262◦ (eastward), respectively. The wind
continued to blow eastward, with a standard deviation of 12◦ throughout the experiment.
The mean significant wave height was 0.46 m, and it increased towards the end of the
experiment. As Exp2 was conducted within a bay area, the wave heights under mild
wind conditions during Exp2 were comparable to those under weak wind conditions
during Exp1. Based on wind speed observations and the drag coefficient parameterized
by Cd = (0.8 + 0.065U10)10−3 [45], the average wind stresses for Exp1 and Exp2 were
estimated to be 0.0081 Pa and 0.035 Pa, respectively.

Time-series measurements of ADCP revealed a strong dependence of wave-induced
near-surface current speed on depth and wind speed. To investigate the effect of waves, the
magnitude of horizontal current speed U was calculated as

√
u2 + v2, where u and v are

instantaneous ADCP current. As anticipated, an intensification of wave-induced horizontal
current speed was observed within a 1 m depth, with stronger winds during Exp2 leading
to stronger current speeds. Despite the overall calm weather conditions during Exp1, a
wind event at around 1 pm notably enhanced vertical shear within 1 m depth. For both
experiments, active shear variations were limited to the upper 1 m depth, where surface
wave activity predominantly influences surface current.

Based on the near-surface current measurements at depths between −1.2 m and
−0.4 m from both experiments, the horizontal surface current and vertical shear exhibited
positive correlations with wind speed (Figure 6a,b). To minimize the influence of oscillatory
surface waves on the current component, a 10 min moving average was implemented, so

the horizontal current speed U was calculated as
√
(u)2 + (v)2, where u and v are 10 min

moving averages of the ADCP current speed. The averaged horizontal current speed
and vertical shear were 0.08 m/s and 0.32 m/s, respectively, for Exp1, and 0.15 m/s and
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0.47 m/s for Exp2. Overall, the linear slopes fitted to all data were 0.013 for the horizontal
current speed and 0.032 for the shear (Figure 6a,b).
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Figure 5. Hydrometeorological conditions and corresponding current measurements for Exp1 (left
panels) and Exp2 (right panels). Time series of wind speed (Uw) and wind stress (τ) (a,b), wave height
(H) and wave direction (θ) (c,d), vertical profiles of ADCP horizontal current speed (e,f), ACDP
horizontal current speed at 0.5 m (solid lines) and 1.0 m (dashed lines) depths (g,h), and vertical
shear (i,j). No wave direction information for Exp2 because it was conducted in the bay. White lines
in (e,f) indicate the isolines of 0.15 m/s and 0.28 m/s, respectively. The horizontal current speed
U was calculated as

√
u2 + v2. The instantaneous filtered current speeds were interpolated using

neighboring points to generate the u and v components in this figure.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 8 of 15 
 

 

 
Figure 5. Hydrometeorological conditions and corresponding current measurements for Exp1 (left 
panels) and Exp2 (right panels). Time series of wind speed (𝑈௪) and wind stress (𝜏) (a,b), wave 
height (𝐻) and wave direction (𝜃) (c,d), vertical profiles of ADCP horizontal current speed (e,f), 
ACDP horizontal current speed at 0.5 m (solid lines) and 1.0 m (dashed lines) depths (g,h), and 
vertical shear (i,j). No wave direction information for Exp2 because it was conducted in the bay. 
White lines in (e,f) indicate the isolines of 0.15 m/s and 0.28 m/s, respectively. The horizontal current 
speed 𝑈 was calculated as √𝑢ଶ + 𝑣ଶ. The instantaneous filtered current speeds were interpolated 
using neighboring points to generate the 𝑢 and 𝑣 components in this figure.  

Based on the near-surface current measurements at depths between −1.2 m and −0.4 
m from both experiments, the horizontal surface current and vertical shear exhibited pos-
itive correlations with wind speed (Figure 6a,b). To minimize the influence of oscillatory 
surface waves on the current component, a 10 min moving average was implemented, so 
the horizontal current speed U was calculated as ඥ(𝑢)ଶ + (𝑣)ଶ , where 𝑢  and 𝑣  are 10 
min moving averages of the ADCP current speed. The averaged horizontal current speed 
and vertical shear were 0.08 m/s and 0.32 /s, respectively, for Exp1, and 0.15 m/s and 0.47 
/s for Exp2. Overall, the linear slopes fitted to all data were 0.013 for the horizontal current 
speed and 0.032 for the shear (Figure 6a,b). 

 
Figure 6. Scatter plots displaying the correlation between wind speed 𝑈௪ and depth-averaged hor-
izontal velocity 𝑈 (a), depth-averaged shear 𝑆 (b), and depth-averaged vertical velocity 𝑤 (c). The 
density of data points is indicated by the color scale. Only data with a correlation greater than 50% 
were used in the analysis. Data were averaged over depths ranging from −1.2 m to −0.4 m for both 
experiments, and a 10 min moving average was subsequently applied. The horizontal velocity was 
calculated as ඥ(𝑢)ଶ + (𝑣)ଶ, where 𝑢 and 𝑣 are the 10 min moving averages of the ADCP current 
used to eliminate the effect of wave action. The vertical velocity was also subjected to a 10 min av-
eraging. The dashed linear fitting lines are y = 0.013x + 0.068, y = 0.032x + 0.28, and y = −0.0028x + 
0.0036 for (a), (b), and (c), respectively. 

Figure 6. Scatter plots displaying the correlation between wind speed Uw and depth-averaged
horizontal velocity U (a), depth-averaged shear S (b), and depth-averaged vertical velocity w (c). The
density of data points is indicated by the color scale. Only data with a correlation greater than 50%
were used in the analysis. Data were averaged over depths ranging from −1.2 m to −0.4 m for both
experiments, and a 10 min moving average was subsequently applied. The horizontal velocity was

calculated as
√
(u)2 + (v)2, where u and v are the 10 min moving averages of the ADCP current used

to eliminate the effect of wave action. The vertical velocity was also subjected to a 10 min averaging.
The dashed linear fitting lines are y = 0.013x + 0.068, y = 0.032x + 0.28, and y = −0.0028x + 0.0036 for
(a), (b), and (c), respectively.

4. Discussions
4.1. Wind-Dependent Surface Current and Shear

Negative mean vertical velocities and their negative correlation with wind were ob-
served in both experiments. The mean vertical velocity for Exp1 was near zero (−0.0071 m/s),
whereas it was noticeably lower for Exp2, at −0.021 m/s. This difference manifested as a



J. Mar. Sci. Eng. 2023, 11, 1716 9 of 15

negative slope of −0.0023 in the linear fit depicted in Figure 6c. A possible explanation for
this negative mass flux could be the downwelling induced by buoyancy effects caused by
density differences. For Exp1, the mean water temperatures measured by the Conductivity,
Temperature, and Depth (CTD) sensor within the 0–2 m depths range, and the mean air tem-
perature recorded by a nearby weather station were 14.7 ◦C and 20.62 ◦C, respectively. The
positive temperature gradient (dT = 20.62–14.7 = 5.92 ◦C) at the air–sea interface resulted
in a slightly positive temperature gradient in the 2 m depth water layer (dT = 0.025 ◦C). In
contrast, for Exp2, the water and air temperatures were 17.65 ◦C and 10.96 ◦C, respectively,
leading to a negative temperature gradient (dT = 10.96–17.65 = −6.69 ◦C), which in turn
resulted in a slightly negative temperature gradient in the 2 m depth layer (dT = −0.021 ◦C).
Additionally, for Exp2, the surface salinity as measured by the CTD was 0.06 psu higher than
that at a 2 m depth, while no such difference was detected in Exp1. As such, the pronounced
local negative vertical velocity observed in Exp2 may account for the buoyancy-induced
transportation, suggesting that the temperature and salinity differences between the surface
and subsurface waters could drive vertical mass transport in the water column [46,47].

4.2. Reynolds Stresses

We observed a vertical momentum flux that was negative in the wind direction and
positive orthogonal to the wind direction. The correlation between horizontal and vertical
velocities in the upper surface layer at depths ranging from −0.8 m to −0.4 m is depicted
in Figure 7. Throughout Exp1, with a mean wind speed of 1.93 m/s, the wind consistently
blew toward the North. The vertical momentum flux aligned with the wind direction
(〈v’w’〉) was negative, while the vertical momentum flux (〈u’w’〉) aligned with the East
direction, perpendicular to the wind, was positive. Similarly, throughout Exp2, with a
mean wind speed of 5.04 m/s, the wind consistently blew toward the East. The vertical
momentum flux aligned with the wind direction (〈u’w’〉) was negative, whereas the vertical
momentum flux (〈v’w’〉) aligned with the North direction, perpendicular to the wind,
was positive.
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from these linear fittings are 0.017 (a), −0.14 (b), −0.060 (c), and 0.11 (d).

Negative momentum flux suggests that the momentum transfer is directed down-
wards, often a result of wind-induced shear stress at the water surface. When the momen-
tum flux is negative, it can induce an evolution of the vertical velocity profile near the
water surface. Initially, under calm conditions, the water is still, and the velocity profile is
flat with essentially no vertical motion. However, when wind-induced shear stress begins
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to act on the water surface, an exponential velocity profile starts to form, which is sharply
peaked at the surface and decreases rapidly with depth. This is the initial response to the
wind’s influence. As the wind continues to exert stress on the water’s surface and the
negative momentum flux persists, the velocity profile starts to change further. The initially
sharp profile becomes blunter, which is indicative of increased mixing and the transfer of
momentum from the surface to deeper layers of the water. The wind-induced turbulence
that is associated with the negative momentum flux enhances this mixing and momen-
tum transfer, causing the vertical velocity profile to transform and the water properties at
different depths to homogenize.

4.3. Spectral Variations of Near-Surface Current

Figure 8 depicts spectrograms for sea surface height (η), vertical shear (S), horizontal
current speed (U), and vertical current speed (w), corresponding to wind speed during the
experiments. The sea surface height (η) was calculated using data from the pressure sensor
and was adjusted using readings from the tilt sensor in the ADCP. Significant energy peaks
for η near 0.1 Hz were detected in both experiments, which are typically associated with
swells originating from distant locations. A broad energy distribution around 0.3 Hz (Exp1)
and 0.4 Hz (Exp2) pointed to the dominant surface waves. Notably, under weak wind
conditions (Exp1), the spectral distribution was broader than under mild wind conditions
(Exp2). During Exp2, an energy surge was detected after 11 am, coinciding with increases
in wind speed and wave height. The spectral pattern of η was reflected in the spectrum
for w, suggesting that the vertical particle velocity, which is comparable in magnitude to
horizontal velocity in deep-water surface waves, is directly linked to vertical undulation.
Therefore, the spectral distribution of η could potentially serve as a surrogate for the
spectral distribution of vertical velocities near the surface.
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Figure 8. Spectrograms for different variables. Panels (a,c,e,g) represent the sea surface height (η),
depth-averaged shear (S), depth-averaged horizontal current speed (U), and depth-averaged vertical
speed (w), respectively, for Exp1. The same variables for Exp2 are displayed in panels (b,d,f,h).
Panels (i,j) showcase the wind speed for Exp1 and Exp2, respectively. The horizontal current speed
was subjected to a 2 min moving average, followed by depth-averaging across a range of −1.2 m to
−0.4 m depths. The units of the contour plots are in decibels (dB).

Although variations in η were not strongly influenced by wind, the shear closely
mirrored instantaneous wind fluctuations that were especially apparent during pronounced
wind events at 13:00–14:00 (Exp1), 9:30 (Exp2), and 11:00 (Exp2). During periods of weaker
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wind (Exp1), there was no significant enhancement of energy in the high-frequency domain.
Conversely, stronger wind events, such as in Exp2, showed a broader energy distribution
extending into the high-frequency spectral domain. Under weak wind conditions (Exp1),
vertical velocity exhibited low sensitivity to wind variations, similar to the behavior of η.

4.4. Vertical Velocity Profiles and Stokes Drift

To investigate deeper into near-surface current shear, we juxtaposed the ADCP mea-
surements in our experiments with data presented in Laxague et al. [19] (henceforth termed
as LAX2017). Given that ADCP measurements are interpreted as current fluctuations and
the speed of LANSOP as the average current velocity, the LANSOP mean speed was added
to the ADCP profiles to construct the total the velocity profile. This profile aligned well with
an exponential function as illustrated in Figure 9. The wind speed in Exp2, which was three
times stronger than in Exp1, aligns with the surface current in Exp2 being approximately
three times more potent. The velocity magnitudes in LAX2017 largely aligned with our
findings. LAX2017’s measurements in the deeper layer (depths less than 1 m) were akin to
our Exp1 results, while their upper layer measurements (depths higher than 1 m) paralleled
our Exp2 results in terms of magnitude.
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Figure 9. (a) Time-averaged vertical velocity profiles observed in Exp1 (‘#’), Exp2 (‘�’), and LAX2017
(‘4’), alongside estimates of Stokes drift (solid lines). The dashed lines represent exponential fittings.
LAX2017 references the integrated profile reported in Laxague et al. 2017, where Stokes drift was
estimated for 0–1 m depths (blue color). (b) Vertical shear profiles derived from the vertical velocity
profiles shown in (a). The same line colors, line types, and markers were used in both (a) and (b).
Given the consistent northward wind during Exp1 and eastward wind during Exp2, only the v and u
components were used for their respective experiments.

We computed the vertical velocity profiles of Stokes drift for deep water waves using
Equation (2), as displayed in Figure 9a, and interpreted the wave-induced velocity profile
based on the significant wave height and period of the dominant wave component. The
Stokes drift in both Exp1 and Exp2 exhibited similarities despite the stronger wind observed
in Exp2. This resemblance might be due to Exp2’s location within a bay area. In the case of
LAX2017, the Stokes drift component demonstrated a pronounced velocity within the top
20 cm of the surface layer.

The surface current shear measurement was an order of magnitude higher than the
shear induced by Stokes drift on the surface. The measurements from the LANSOP revealed
near-surface mean shear values between order of 0.1–1 m/s for depths <1 m, and order of
0.01–0.1 m/s for depths 2 m–1 m depths. Although the LANSOP measurements largely
aligned with those from LAX2017, the shear cited in LAX2017 were notably an order of
magnitude higher for depths below 1 m (Figure 9b).
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4.5. Estimation of Microplastic Shear Dispersion

To estimate the contribution of Stokes drift to the total velocity and shear depicted
in Figure 9, we computed the ratio (ru) of Stokes drift current to the time-averaged total
current (Figure 10a) and the ratio (rS) of Stokes drift shear to the time-averaged total
shear (Figure 10a). The total velocity (or mass transport) was estimated to be around
10 times larger than that of Stokes drift, and the total shear was about 5 times larger than
that produced by Stokes drift in the TSL. The primary factor for the increased total mass
transport and shear is believed to be direct wind-driven current [40], which is particularly
responsive to local wind events, as demonstrated in the spectrograms in Figure 8.
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Figure 10. Assessment of the Stokes drift’s contribution to the overall observed surface current.
(a) Ratio (rU) of the time-averaged total current to the estimated Stokes drift current for Exp1 (black
line), Exp2 (red line), and LAX2017 (blue line). (b) Ratio (rS) of the time-averaged total shear to the
Stokes drift shear, using the same line representations. Stokes drifts for Ex1 and Ex2 were estimated
by Equation (2). The gray dashed lines indicate the mean of three datasets (Exp1, Exp2, and LAX2017).
Depth-averaged (0–1.5 m depths) rU,exp1, rU,exp2 rU,LAX2017, and rU,mean are 5.8, 15.8, 9.4, and 10.3.
Depth-averaged rS,exp1, rS,exp2 rS,LAX2017, and rS,mean are 5.6, 2.8, 8.4, and 5.6.

The transport and dispersion of microplastics within the top surface layer (TSL) is
a complex process influenced by both horizontal and vertical dynamics. Drawing from
a simple dispersion model accounting for mean shear current (S) and vertical diffusivity
(Kz) within a well-mixed bounded ocean layer, the horizontal dispersion coefficient Kx in
the x-direction can be expressed as Kx = S2h4/60Kz [30,48]. This relationship underscores
two core interactions: while the shear squared demonstrates a direct correlation with the
horizontal dispersion coefficient, vertical mixing displays an inverse relationship.

When we examine the behavior of buoyant microplastics, predominantly confined to
the TSL, the disparity in shear effects becomes clear. As illustrated in Figure 10, the ratio (rS)
reveals that Stokes drift by itself contributes to 1/25 of the horizontal dispersion coefficient
(Kx) with respect to shear. This implies that the shear in the TSL developed directly by
local wind stress plays a dominant role in the horizontal dispersion of buoyant microplas-
tics. However, it is important to note that the wind enhancing shear-induced dispersion
also boosts vertical mixing, which may counteract the horizontal dispersion [49]. For a
well-rounded understanding of optimal dispersion of microplastics, comprehensive mea-
surements of mean vertical shear should be paired with a quantification of vertical mixing.

5. Conclusions

In this study, we developed a Lagrangian observational platform, specifically designed
for measuring mean vertical current profiles in the top surface layer while passively drifting
with ocean currents. Based on the near-surface measurements, the study underscored
several pivotal observations and implications:

• Vertical momentum flux: we observed a negative flux, aligned with the wind direction.
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• Negative mass flux: we detected indications of negative mass flux, potentially due to
buoyancy-induced downwelling or wind-induced turbulence.

• Stokes drift contribution: Stokes drift represents about 1/10 of total mass transport
and 1/5 of shear in the TSL.

• Shear dispersion of microplastic: local wind-driven current amplifies horizontal disper-
sion, whereas wind-induced vertical mixing can potentially counteract this horizontal
dispersion of microplastics.

• Measurement and parameterization: for accurate microplastic modeling, an inte-
grated approach is essential, fusing precise shear measurements with vertical mixing
assessments and subsequent parameterization.

• Wind-driven current vs. Stokes drift: contrary to common parameterizations that
emphasize Stokes drift, our result underscores the pivotal role of direct wind-driven
current in the horizontal dispersion of microplastics.

Our study emphasizes the significance of the Lagrangian near-surface observational
platform, which provides insights into air–sea interaction and near-surface dispersion of
microplastic. To precisely model the physical behavior of buoyant microplastics, it is essen-
tial to incorporate parameterizations that consider both the Stokes drift and the direct, local
wind-driven current, an element frequently neglected in many models. Future experiments
are set to enhance measurement accuracy by using Acoustic Doppler Velocimeters (ADV)
and ultrasonic anemometers, shedding light on vertical mixing and momentum fluxes
arising from multiscale air–sea interactions.
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