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The transport and spatial distribution of materials within river plumes and neighboring waters are strongly
influenced by the plume morphology and fronts bounding the plume area. Thus, identifying locations of plume
fronts and assessing frontal mixing activity is particularly important for understanding the spatial distribution of
biogeochemical tracers and the connectivity between source (river mouth) and offshore regions. Statistical
properties of horizontal dispersion in the Red River (RR) plume region were obtained from drifter experiments,
conducted in the Gulf of Tonkin during summer 2022, and also from realistic numerical modeling. Adopting a
Lagrangian perspective, a method is proposed to characterize the RR plume morphology based on the extraction
of Lagrangian Coherent Structures (LCS) from the surface flow field using Finite-Size Lyapunov Exponents
(FSLE). Maxima of the attracting FSLE field (FSLE ridge lines) enabled us to identify zones of current convergence
and shear in the flow, which are essential for characterizing the dynamics associated with plumes and mapping
the fronts delimiting them. It became clear that the body of the RR plume is formed by the individual river
plumes of the RR deltaic system. FSLE ridge lines allowed identification of the offshore expansion of individual
plumes and revealed a variety of forms, semi-circular or hook-like filaments, characterizing the plume shape. The
ballistic regime of dispersion was found inside the plume region, with the dominant direction perpendicular to
the coastal flow direction revealing anisotropic shear dispersion. It was observed at scales of 0.3 to 3 km
(submesoscale range), with a maximum value of 10-13 day !, as derived from the analysis of the scale
dependent relative dispersion of real drifters. In model simulations, the relative dispersion appeared scale in-
dependent in the range below 2 km, indicating a significant effect of grid resolution on the model’s represen-
tation of lateral mixing.

1. Introduction (Kubryakov et al., 2016; da Silva and Castelao, 2018; Morozov et al.,

2024). Therefore, river plumes have a significant impact on coastal

Transition zones where the freshwater released from a river mouth
meets and interacts with a larger body of sea or ocean water are known
as river plumes. The freshwater input creates a distinct, low-density
layer that can extend outwards from the river mouth for tens of kilo-
meters, in the case of large rivers such as the Columbia (Jay et al., 2010),
the Connecticut (Cole et al., 2020), or hundreds of kilometers, in the case
of the world’s largest river systems such as the Amazon or the Mis-
sissippi (e.g., da Silva and Castelao, 2018; Coles et al., 2013). River
plumes influence local salinity, temperature, and nutrient distribution

ecosystems, marine life and water quality, transporting sediments and
nutrients that support biological productivity (e.g., Dagg et al., 2004;
Han et al., 2012; Moline et al., 2008).

The structure of river plumes, the transport and mixing of river and
sea water have been the subject of extensive studies, as described in
several research reviews (O’Donnell, 2010; Hetland and Hsu, 2013;
Horner-Devine et al., 2015). Particular attention was paid to charac-
terizing the main plume front, a region featuring strong convergence of
surface flow, downwelling, and enhanced mixing (e.g., Jay et al., 2009;
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O’Donnell et al., 1998; Marmorino and Trump, 2000; Orton and Jay,
2005).

Many recent studies have shown that numerical coastal circulation
models have proved capable of quantifying plume behavior in different
geographic regions. Realistic numerical simulations of the circulation in
the Long Island Sound (the Connecticut river plume), have demon-
strated that in coastal environments, characterized by energetic tidal
motions, the combination of tidally pulsed outflows through the mouth
and rapid tidal currents can cut off plume waters from their source and
create a series of discrete plume pulses (e.g., Whitney et al., 2021). This
recurrent phenomenon can generate multiple frontal zones over a wide
plume region. Similar results were obtained in the Merrimack River
plume (e.g., Cole et al., 2020), the Columbia River plume (e.g., Horner-
Devine et al., 2009; Nash et al., 2009), both located in a much lower-
energy tidal environment. Observations and numerical simulations
have clearly demonstrated the decisive effect of tides on plume
morphology. The role of tides in shaping the Gironde river plume in the
Bay of Biscay, as well as in generating the recirculation gyres at the
estuary outlet and a bulge, has been characterized by Toublanc et al.
(2023). Besides, baroclinic and barotropic instabilities at the Gironde
river plume fronts were obtained in response to variations mainly in
wind and freshwater discharge (Ayouche et al., 2021).

These and some other recent studies have demonstrated that nu-
merical modeling can be a highly effective tool, offering the possibility
to study the impact of each individual forcing and also of the whole
plume dynamics. However, significant gaps still exist in our knowledge
of the effects of winds, or of frontal mixing on plume evolution. Perhaps
more importantly, the physical mechanisms that control the plume
horizontal expansion, assumed to be known, are not well reproduced in
the models. Understanding the circulation patterns near the plume edge
and the dominant mixing mechanisms at the plume fronts remains a
challenge.

The transport and dispersion of pollutants, sediments, and biological
materials are strongly influenced by plume morphology and its bound-
ing fronts (Warrick and Farnsworth, 2017; Yankovsky et al., 2022;
Bertin et al., 2024). Identifying plume fronts and assessing frontal
mixing are therefore crucial for understanding the spatial distribution of
biogeochemical materials and the connectivity between the river mouth
and offshore regions as highlighted in earlier studies (e.g., Cole et al.,
2020; Whitney et al., 2021).

The definition of plume spatial extent varies among studies. Satellite
observations of sea surface temperature, salinity, and ocean color (e.g.,
SeaWiFS, SMAP, Sentinel-2, Terra/Aqua) have been widely used to
identify the extent of river plumes (D’Sa et al., 2007; Schroeder et al.,
2012; Brando et al., 2015; Chen et al., 2017). However, their strong
dependence on cloud-free conditions and limited revisit times hinders
continuous monitoring. Therefore, a combination of realistic numerical
model simulations and in-situ measurements, supported by remote
sensing remains probably the most effective method of investigation.

The simplest method, applied directly to model outputs, uses a fixed
surface salinity value or salinity-anomaly threshold to define plume
boundaries. Nevertheless, this approach is highly site dependent (e.g.,
MacCready et al., 2009; Warrick and Farnsworth, 2017). Alternatively,
passive tracer concentrations above a set threshold are often used to
determine near-edge plume boundaries (e.g., Whitney et al., 2021;
Nguyen-Duy et al., 2021). Both methods enable direct comparison of in
situ observations (e.g., salinity or tracer concentrations from transect
surveys) with their model counterparts. However, strong variability in
current velocities, driven by wind, tides, and river runoff, together with
enhanced turbulence and stirring, characterizes the outer boundaries of
the plume. These processes, which are difficult for numerical models to
reproduce, significantly affect the spatial distribution of tracers and,
consequently, the plume shape, as demonstrated in the recent modeling
investigation of the Red River plume by Nguyen-Duy et al. (2021).

Our study focuses on characterizing the expansion of the Red River
(RR) plume during a high-flow summer season (June 2022) and the
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mechanisms governing this expansion. The RR is one of the largest rivers
in Southeast Asia (Dai and Trenberth, 2002) and supplies about 60 % of
the freshwater input to the Gulf of Tonkin (GoT) (e.g., Nguyen-Duy
etal., 2021). Despite its importance as a source of freshwater, sediments,
and nutrients to the GoT, few studies have investigated the dynamics of
the RR plume.

Using multi-year simulations by the high resolution numerical model
SYMPHONIE, Nguyen-Duy et al. (2021) extensively assessed the sea-
sonal variability of the RR plume. The plume expansion was identified
by mapping concentrations of tracers, similar to dye, released within the
estuaries of the RR system under seasonally varying wind conditions and
river discharge. The authors characterized the plume shape and offshore
expansion for four representative periods identified through clustering
analysis. For mean June conditions (represented by cluster 3), RR plume
waters extended 30-60 km offshore and reached the 20 m or 40 m
isobaths, depending on tracer concentration (10 % or 5 %, respectively).
An even larger offshore expansion, up to 100 km for mean June condi-
tions, was reported by Rogowski et al. (2019), who used salinity as a
tracer of the RR plume. Another tracer used by Rogowski et al. (2019)
was CDOM concentration, derived from the space-borne radiometry
sensor MODIS, which has a coarse spatial resolution (9 km). Although
this approach provided different estimates of the RR plume extent, it
proved useful for assessing temporal variability.

These examples clearly demonstrate how strongly the choice of
method or tracer can influence the assessment. Moreover, the use of
passive soluble tracers is sensitive to the parameters applied in solving
the transport equation, as well as to model grid size and velocity. The
threshold tracer concentration used to delimit plume expansion may
vary by a factor of two between studies as discussed in (Nguyen-Duy
et al., 2021), leading to different plume patterns. At present, there is no
universal or widely recognized method regarding the choice of tracers
and methodologies for mapping river plumes.

In the present study, we propose a new method for characterizing
river plume expansion that avoids the drawbacks mentioned above.
Instead of solving the transport equation for tracers, our approach relies
on the hypothesis that dynamical structures of the coastal flow field,
particularly current convergence zones, define the plume boundaries
and attribute a complex frontal structure to the river plume body. These
dynamical structures, known as Lagrangian Coherent Structures (LCS),
are identified within a Lagrangian framework by tracking neutrally
buoyant particles in the model velocity field and estimating Finite-Size
Lyapunov Exponents (FSLE). Maxima of the FSLE field, corresponding
to ridge lines, allow us to detect zones of current convergence and
enhanced shear in the flow, which are essential for characterizing plume
morphology and mapping the fronts that delimit plumes.

Therefore, the main objectives of this study are the following: (1)
determine the morphology and spatial expansion of the RR plume dur-
ing the high-flow summer season using a Lagrangian framework, and (2)
quantify Lagrangian dispersion across the plume region. To achieve
these objectives, an approach combining high-resolution numerical
modeling and surface drifter observations is taken. The morphology of
the RR plume, as described in the study, provides context for the sub-
sequent analysis of recently obtained observations in this region and
establishes a basis for further investigations. From a practical perspec-
tive, characterizing transport and dispersion processes in the RR plume
region addresses a major challenge for future monitoring of particulate
matter fate in this part of the GoT, which hosts Vietnam’s most famous
tourist and economic sites.

2. Materials and methods
2.1. Study site and environmental conditions
The study region is located in the northwestern Gulf of Tonkin

(Fig. 1a), a shallow water gulf, 450 km long and 270 km wide, which is a
part of the East Sea in Southeast Asia. The gulf exchanges waters with
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Fig. 1. (A) Gulf of Tonkin, its bathymetry in meters (color shading), and the curvilinear numerical grid used in the SYMPHONIE model simulations (white contours,
only one of ten contours is shown). The red rectangle shows the location of the study region. (B) Study region and its bathymetry (in meters, grey contours). Surface
buoy trajectories are shown by thick color lines. The large magenta line indicates the location of the towed ADCP transect, and red dotes mark the locations of CTD
profiles along the transect. Geographic names mentioned in the text are also shown. “HD” denotes Hon Dau Island. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

the tropical Pacific ocean mainly through the large southern entrance
and partly through the Hainan (or Qiongzhou) Strait in the east, which is
quite deep (—~50 m). The bathymetry of the gulf gradually increases from
a few meters in the deltaic part, near the Vietnamese coast, to about 70
m in the southern part (Fig. 1a).

The study site, shown in Fig. 1b, has a complex coastline with
numerous headlands and embayments, especially near the Red River
(RR) delta. There are also many small islands, scattered along the RR
delta, as well as the bigger Cat Ba Island. Water depth gradually in-
creases from 5 m near the shore to 30 m at the southern and eastern
boundaries of the site (Fig. 1b). The site receives freshwater from five of
the six branches of the Red River, from south to north: the Ba Lat, the Tra
Ly, the Van Uc, the Cam, and the Bach Dang rivers, which all contribute
to a buoyant current along the Vietnamese coast. The Red River is the
major source of freshwater in the gulf. Its mean discharge is about 4000
m>s™}, the range of seasonal variation is very large, from 2000 m>s™! to
12,000 m3s !, during the rainy season, and it carries out a large volume
of sediments (Vinh et al., 2014).

The RR plume dynamics is controlled by buoyancy input, winds, and
tides. The changes in the balance between stratification and mixing
occur on different time scales: from seasonal to monthly and from
fortnightly down to one day or shorter (e.g., Nguyen-Duy et al., 2021;
Tran et al., 2021). The seasonal variability is more prominent, as the
plume is located in the tropical region, and hence affected by monsoonal
cycles, and the freshwater discharge is the largest during the wet sum-
mer. In winter, the buoyant flow leaves the gulf as a trapped coastal
current and joins a rectified tidal current in central Vietnam. In summer,
under the influence of southwesterly monsoon winds, the river plume
spreads further seaward (Nguyen-Duy et al., 2021; Rogowski et al.,
2019).

An oceanographic campaign was organized in June 2022 to collect
data on currents, temperature, salinity and turbidity profiles, as well as
water samples for further analysis of the ecological state in this part of
the GoT. The tidal range during the study period was close to 3 m
(Fig. 2¢), indicating spring tide conditions. The tidal gauge station is
located on Hon Dau Island, 1 km southeast of the extremity of the Do Son
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Fig. 2. (A) Wind during the study period, observed at the Hon Dau Island
meteorological station.

(B) Wind speed (black squares) and direction (blue solid line) at Hon Dau
station, and wind direction at Long Vy offshore meteorological station (blue
dashed line). (C) Sea level variation at Hon Dau Island tidal station. Grey
shading shows the time interval of velocity observations by drifting buoys in
different clusters. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

peninsula (Fig. 1b). Tidal motions in the GoT are diurnal with the
dominant constituents O1 and K1 having amplitudes much larger than
those of M2 and S2 (by a factor of 4 and 10 respectively) Nguyen-Duy
et al., 2021).

The wind conditions during the study period were typical for the
Asian summer monsoon, with persistent southerly winds in this region
(Fig. 2a). A diurnal variability in wind speed was also observed, with a
slightly higher speed at the end of the day. The wind veered to the
northeast from June 3 onwards (Fig. 2a). What is more interesting is that
the wind veering was not detected at the offshore meteorological station
Long Vy (Fig. 2b), located about halfway between Cat Ba and Hainan
Island (China). This may indicate the existence of a local circulation
influenced by the site’s orography.

2.2. Surface velocity data and salinity profiles

A total of three clusters (referred to hereafter as C1, C2a, and C2b),
with two to five buoys in each, were released in the RR plume region
during a sea survey conducted on June 1-5, 2022. Cluster C1, composed
of five buoys, was released at high water (HW) on June 1, 2022, 17:00
LcT (local time) and tracked for 42 h. Tracking duration ranged from 22
h for cluster C2b (3 buoys) to three weeks for cluster C2a (2 buoys), with
overlapping periods (Fig. 2c). The release of clusters C2a and C2b was in
the same location, at HW, but separated by approximately one tidal
period (precisely by 22 h). Wind conditions were also similar during the
drift of buoys in both clusters. Therefore, the trajectories of cluster C2a,
from release to 22 h of drift (orange lines in Fig. 1b; dark grey shading in
Fig. 2¢), were combined with those of cluster C2b (green lines in Fig. 1b;
dark grey shading in Fig. 2c). The five buoys were thus grouped as
cluster C2 (Fig. 2c). Since their trajectories remained sufficiently close
after release, all ten buoy pairs within C2 were analyzed together. The
initial separation between all pairs of drifters was approximately 500 m.
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Surface drifters of two types were used: the coastal Nomad surface
buoys, cylinder-shaped, and manufactured by SouthTek (https://www.
southteksl.com), equipped with GPS/GSM transceiver, and home-
made drifters, equipped with GPS/satellite transceiver SmartOne using
the satellite network GlobalStar. The design of home-made drifters was
similar to that of coastal Nomad drifters, i.e., a cylindrical PVC hull of
0.6 m long and 0.1 m in diameter weighted in its lower part. A thin
square plate of 0.3 x 0.3 m? in size was installed in the upper part of the
hull to assure better stability in the vertical and to reduce the pitch. All
drifters were equipped with a drogue of 0.5 m long positioned in the
water column between 0.8 and 1.3 m depth, allowing them to drift with
surface currents, and to minimize the motion due to windage. Drifter
locations were available at time intervals varying from 5 to 15 min. The
acquired geographic coordinates were re-sampled at a regular time step
of 30 min; the resulting trajectories are shown in Fig. 1b.

A large number of CTD casts with the SonTek CastAway probe were
done during the survey period. Salinity profiles obtained at rising tide
along a transect in the near-field of the plume are shown in Fig. 3. The
plume thickness did not vary much, from 4 m near the shore to 2.5 m 8
km offshore. On the contrary, the salinity in the surface layer increased
from O to 15, showing high salinity gradients along the transect. The
background salinity in the lower layer was around 30 (Fig. 3a). Other
profiles available in a larger area indicated offshore expansion of the RR
plume (not shown).

In addition, underway velocity measurements were performed by
towed ADCP (Teledyne/RDI 1.2 MHz workhorse Sentinel). Velocity
profiles were acquired along the transect from the Van Uc river mouth to
Hon Dau Island at 1 s resolution in time and 0.5 m in the vertical, then
averaged in the 1 m deep surface layer (from 0.5 to 1.5 m) and over 1
min. The resulting velocity vectors, shown in red in Fig. 3b, were used to
reconstruct a surface current vector map by applying the 2dVar varia-
tional interpolation method (Yaremchuk and Sentchev, 2009). 2dVar is
a non-local method of interpolation. It uses all velocity measurements in
combination with the dynamic constraints (divergence, curl, and zero
velocity component normal to rigid boundaries) to obtain a velocity
vector at each grid point. The resulting field best fits the observations
and captures small-scale velocity variations that are resolved by the
variational approach but are difficult to reproduce using other inter-
polation methods. The current map in Fig. 3b represents the combined
influence of tidal currents and river runoff and provides a comprehen-
sive view of the spatial variation in coastal flow during the rising tide on
4 June 08:30-13:00 (low water at 07:00). Large current velocity values,
up to 0.7 m/s, were observed at two locations, namely at the river mouth
and in the coastal jet, roughly following the bathymetry contours from 5
to 10 m (Fig. 3). Large velocity variations across the jet are a charac-
teristic feature of the observed coastal current. The relative error of
interpolation, evaluated by projecting the interpolated velocity vectors
onto the observation locations and calculating the difference, was low
(19 %), indicating a high level of confidence in the reconstructed current
field.

2.3. Circulation model SYMPHONIE

The 3D hydrodynamic model SYMPHONIE is a Boussinesq hydro-
static coastal circulation model based on an Arakawa curvilinear C-grid
(Marsaleix et al., 2008). The model configuration used in this study is is
identical to that described by Nguyen-Duy et al. (2021, 2023) and Tran
et al. (2022). A detailed description of the model and its validation is
provided in Nguyen-Duy et al. (2021). Here, we summarize only the key
information of the model configuration. The SYMPHONIE model em-
ploys the k—¢ turbulence closure scheme and the QUICKEST scheme for
tracer advection and diffusion (Neumann et al., 2011). Specifically,
QUICKEST uses a fourth-order centered scheme for horizontal advection


https://www.southteksl.com
https://www.southteksl.com

A. Sentchey et al.

AOO 51015202530

9

Journal of Marine Systems 252 (2025) 104143

4 8 12 16

Fig. 3. (A) Salinity profiles (left panel) along the transect shown by red dots in the right panel (stations numbered 1 to 6), measured on June 4, 2022, 08:30-13:00
during the rising tide. Bathymetry is shown by color shading. (B) Surface current velocities recorded by towed ADCP (red arrows) along the same transect. Spatially
interpolated velocities are shown by blue arrows. Grey lines indicate the 3, 5, and 10 m depth contours. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

of momentum, a bi-harmonic scheme for horizontal diffusion of mo-
mentum, and a second-order centered scheme for vertical advection of
momentum. This hybrid formulation ensures good model stability across
a wide range of Courant numbers. A more detailed description of
QUICKEST and its implementation in the model can be found in Garinet
et al. (2024, Section 2.3.2). The grid resolution increases gradually from
300 m locally near the shore in the Red River delta to 4500 m toward the
deeper part of the gulf, at the open boundaries (Fig. 1a). In the vertical
direction, 20 seafloor following levels define a variable vertical resolu-
tion. The enhanced resolution in the western part of the gulf (Fig. 1a)
was sufficient to resolve motions at scales comparable with the first
baroclinic Rossby radius of deformation (Nguyen-Duy et al., 2021). The
model bathymetry has been progressively refined by integrating various
datasets and increasing spatial resolution. This refinement is essential
for the reliable simulation of currents and mixing.

Atmospheric forcing is introduced via the bulk formulae of Large and
Yeager (2004) using the 3-hourly outputs of the ECMWF 1/8° atmo-
spheric operational analyses. Initial conditions and lateral open
boundary conditions are prescribed from the daily outputs from the
operational Mercator global ocean analysis and forecast system at 1,/12°
provided by the Copernicus Marine and Environment Monitoring Ser-
vice (CMEMS). Tidal data were taken from the global atlas FES2014
(Lyard et al., 2021). Nine tidal constituents have been considered. River
forcing was enabled, with the information of river systems along the
coasts of the GoT described in detail in Nguyen-Duy et al. (2021).

The model configuration used in our study has been extensively
validated by Nguyen-Duy et al. (2021) and Piton et al. (2021) through
comparisons with multiple observational datasets, including: (a) tem-
perature-salinity profiles collected in the study region during the VITEL
campaign in 2014; (b) surface velocity measurements from HF radars (a
one-year time series of daily averaged velocities); and (c) amplitudes of
the major tidal constituents that dominate sea surface height variability
in the Gulf of Tonkin (GoT). Discrepancies were quantified, and the
results demonstrated good model performance.

The SYMPHONIE model was run over 2021-2022. Surface velocity
fields in a sub-domain of limited size (Fig. 1b) were extracted from the
hourly instantaneous model outputs and interpolated onto a regular 0.5
km grid. These fields were then used for particle tracking, for comparing
virtual and real drifter trajectories, and for subsequent analyses.

Virtual drifter trajectories in the model velocity fields were
computed by the open-source software OpenDrift (https://opendrift.
github.io/, Jones et al., 2016), using the 4th order Runge-Kutta
scheme and bilinear interpolation. The horizontal diffusion parameter

was set to 0. In OpenDrift, particles were initially put at the time and
location of the real drifters to calculate the separation distance between
the real and virtual trajectories. The maximum and mean velocity (time
and drifter averaged) were estimated and used for assessing the model
performance.

2.4. Lagrangian diagnostics

In a turbulent ocean flow, a cluster of neutrally buoyant particles
carried by the current undergoes spreading, the intensity and direction
of which depend on a number of factors, such as the distribution of
energy across scales of motion, the presence of current convergences,
indicating the location of frontal zones, external forcing, bathymetric
constraints (for coastal regions), etc.

Absolute dispersion A2(t) is generally used to extract information
about the largest and most energetic scales of motion acting to transport
particles over long distances. It is defined as the variance of particle
displacements from their initial positions at the initial time ty, i.e. the
release time. In a two-dimensional flow, occupying the surface layer, for
example, absolute dispersion can be estimated in the zonal (along x-axis)
and meridional (along y-axis) directions following the expression (e.g.,
Enrile et al., 2019):

wherei,j = x,y, N is the total number of particles in a cluster, x*(t) is the
position vector, of coordinates (x, y), of the k-th particle at time ¢, and
xk(to) is that at the release time.

At time scales smaller than the Lagrangian correlation time, absolute
dispersion is expected to grow quadratically in time: A(t)? ~ t2, indi-
cating a ballistic regime of dispersion. The ballistic regime lasts as long
as the trajectories save some memory of their initial conditions. In the
opposite limit of large times, when the particle velocity autocorrelation
is close to zero and the memory of the initial conditions is lost, absolute
dispersion becomes a linear function of time, A(t)*> ~ 2K t, where the
proportionality coefficient K is the absolute diffusion coefficient, intro-
duced by Taylor (Taylor, 1922).

The use of two-particle Lagrangian diagnostics, such as relative
dispersion RZ(t) or the finite-size Lyapunov exponent, 4, allows to
extract information about the physical mechanisms governing the sep-
aration of particle pairs, and to associate the latter with the different
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flow scales. For this purpose, relative dispersion is commonly used. It is
defined as the squared separation distance between particles k and [ in a
pair at time t, averaged over all particle pairs:

Ri(t) = mﬂllﬂt) Gl @

The behavior of relative dispersion depends on the level of turbu-
lence in the flow field, usually quantified by the turbulence kinetic en-
ergy spectrum E(k), where k is the (horizontal) wavenumber modulus.
At short times, when the pair separation distance is small, the evolution
of relative dispersion follows a ballistic behavior, R3(t) ~ t>. This regime
also occurs in strong and persistent currents, or coastal jets, where the
major source of the velocity variability and dispersion are large hori-
zontal velocity gradients (LaCasce, 2008). Richardson superdiffusive
regime corresponds to R3(t) ~ t* and occurs at larger time scales, in
sufficiently energetic flow, i.e. when E(k) ~ K>3 (e.g., Foussard et al.,
2017). In this case, the dispersion of particles is controlled by eddies
with a size similar to the mean separation distance between pairs of
particles. For less energetic spectra, steeper than k™2, instead, relative
dispersion grows exponentially in time. When the particle separation
reaches scales much larger than the largest characteristic flow scale, the
pair velocities become uncorrelated and a diffusive regime with scaling
R3(t) ~ t is expected.

Relative dispersion can be also seen as the dispersion of particles in a
cluster with respect to the mean particle position at time t (cluster
barycenter) and quantified by the variance of particle positions.
Depending on the geography of the coastal zone studied and the domi-
nant direction of the flow, such variance is sometimes calculated in the
direction of maximum particle spreading and in the perpendicular di-
rection, providing two quantities, R?(t) and R3(t), which account for
dispersion along these two axes. R and R are estimated by applying the
Principal Component Analysis (PCA) to the spatial particle distribution
at each time step (Thomson and Emery, 2014):

Ry
R;

= [0y () ey, ©)

where x2, y2 and Xy'represent the variances of particle positions in the x
and y directions, and their covariance, respectively.

The orientation of the resulting dispersion ellipse (i.e., the orienta-
tion of R; axis with respect to the x-axis direction) is given by:

o) = Lign1 |2V ,
2 X2 — y?

4

The Finite Size Lyapunov Exponent (FSLE), 4, is estimated by
measuring the inverse of the time 7, during which the distance between
two fluid particles grows from a value & to a larger one &7 = r 5k (with
r>1,k=1, ..., Ny and Ni the number of values, chosen in a way to span
the relevant range of scales):

)

Here, brackets represent an average over all particle pairs. Values of
A can be also used to characterize the regime of dispersion (see, e.g.,
LaCasce, 2008; Berti et al., 2011; Schroeder et al., 2012). Compared to
relative dispersion, the FSLE, being a fixed-length indicator, better al-
lows to disentangle contributions of different scales of motions to
dispersion (Artale et al., 1997). A sensitivity analysis of the results to the
choice of r was performed with the fixed number of particles in the area.
It was found that varying r from 1.2 to 1.6 does not change the slope of
A(8) considerably and the value of r = 1.4 was finally adopted.

In addition, the spatial distribution of the backward FSLE estimate
(different from the particle-pair-averaged FSLE described above) has
been obtained in order to characterize the intensity of stirring and
horizontal spreading over the RR plume region. This diagnostic is
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frequently used to quantify transport and horizontal mixing in the ocean
(e.g., d’Ovidio et al., 2004; Hernandez-Carrasco et al., 2011; LaCasce,
2008; Tran et al., 2022). In these and several other studies, the authors
demonstrated that the largest backward FSLE values concentrate along
characteristic lines, identifying regions of maximum stretching, which
correspond to specific dynamic features, such as fronts, or current
convergence zones, named attracting Lagrangian coherent structures,
aL.CS (Hernandez-Carrasco et al., 2018). It was demonstrated that such
aLCS can act as barriers to transport and strongly affect the spatial dis-
tribution of particulate material in the ocean surface layer.

FSLE maps were then estimated at position x as the inverse of the
time 7(x) required for two particles of fluid to separate from an initial
distance & to a final distance &;:

Ax) = ——In (‘1) . ©)

T(x) o

In this study, the algorithm described in Hernandez-Carrasco et al.
(2011) was used, with &, set to 0.5 km (the grid size), s = @ 6o = 2.5 km,
and the amplification factor ¢ = 5, enabling to measure important
stretching rates and obtain reliable aL.CS. Backward FSLEs were ob-
tained by advecting particles backwards in time for a time period of 5
days, comparable to the survey duration.

3. Results

3.1. Lagrangian dispersion characterization from time dependent
indicators

The trajectories of two clusters of surface drifters and the corre-
sponding ones from model simulations were used to assess the flow
dynamics and Lagrangian dispersion in the RR plume region. A total of
five buoys of cluster C1 and five buoys of cluster C2 were released in
front of the Van Uc river estuary. The buoys of C1 moved north-eastward
during approximately 24 h after release, under the effect of tide and
southern wind. At the end of the 24 h period, three buoys beached in a
very shallow-water area in the vicinity of Cat Ba Island, while the two
remaining drifters started moving southward after the current reversal
of HW on June 2, 2022, 18:00 (Fig. 4a). The mean and maximum speeds
of drift were found to be 0.24 and 0.6 m/s respectively (Table 1).

Absolute dispersion followed two regimes (Fig. 5a). During the first
10 h, we found that A2 ~ ¢, with larger dispersion in the zonal direction.
The best fit with a quadratic function yields a prefctor of 1.3 km?/h?,
which has a physical meaning. It accounts for the Lagrangian velocity
variance, i.e., twice the kinetic energy measured by the drifter trajec-
tories. From 10 h onward, absolute dispersion evolves as a linear func-
tion of time (A% ~ 0 indicating a diffusive behavior. Therefore, the
Lagrangian correlation time appears short, of the order of 10 h.

Relative dispersion, which was first quantified along the major and
minor axes of spreading (R, R3), then combined to obtain R> =R? + RZ,
also showed two regimes. During 6 h after release, the buoys did not
separate much, and the shape of the cluster remained almost unchanged.
When the buoys passed the alignment of Do Son peninsula and Hon Dau
Island (Fig. 5c), R? followed a ballistic regime, scaling as t2, and
appeared highly anisotropic. Spreading was found ten times larger along
the major axis of dispersion (R2), roughly oriented across the line of
buoy travel (Fig. 5¢). Fairly high horizontal velocities and non-negligible
cross-jet velocity gradients, measured by towed ADCP in the coastal area
(Fig. 3b), are likely the main cause of enhanced spreading across the
dominant flow direction, i.e., shear dispersion.

The capability of the numerical model to reproduce the properties of
the underlying turbulent flow was assessed in two ways by performing
particle-tracking experiments. First, five particles (virtual buoys) were
placed in real drifter locations and tracked during 30 h. The mean sep-
aration distance between the real and virtual buoys was estimated
(Table 1). The ensemble-averaged travel distance and final separation
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Fig. 4. Trajectories of five surface drifters in cluster C1, released at high tide on June 1, 2022, 17:00 (A), and model trajectories of nine drifters, initially spaced by
300 m and released at the same time and location as the real drifters in C1 (B). Major and minor axes of spreading are shown by magenta and red lines at 6 h intervals.
The parts of two trajectories shown by dashed lines were excluded from the analysis. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

Table 1

Drift time, drift distance, mean and maximum drift speed of surface buoys in
clusters C1 and C2 (ensemble averaged) from observations and model simula-
tions (values in parentheses), and the mean separation distance between
observed and simulated buoy trajectories.

Cluster ~ Nb of Drift Drift Mean Max Mean
buoys time distance speed speed separation
(h) (km) (m/s) (m/s) distance (km)
C1 5 28-42 55 (58) 0.26 0.55 3.7
(0.25) (0.52)
Cc2 5 22 54 (51) 0.42 0.62 5.7
(0.32) (0.46)

from the real drifters were 58 km and 3.7 km, respectively, corre-
sponding to a relative error of about 6-7 %. The virtual buoys followed
the trajectories shown in Fig. 4b, which were longer and more northeast-
oriented than those of the real drifters. The mean and maximum drift
speed were equal to 0.25 and 0.52 m/s, respectively, which are quite
similar to those derived from observations (Table 1).

In the second step, Lagrangian dispersion was assessed using nine
particles released in a square area and initially separated by 0.3 km (a 3
x 3 cluster of regularly spaced particles). The cluster location and the
time of release exactly matched those of the real drifters. A larger
number of particles was used to improve the statistical robustness of the
estimates.

The time evolution of the absolute dispersion of virtual buoys is
likely to follow a quadratic law (A% ~ £2), for most of the period of
simulation (Fig. 5b). As the virtual buoys approached Cat Ba Island, a
change in the velocity field due to topographic constraints led to a
decrease in the rate of dispersion. Some buoys beached, while others
continued to drift along the island. As a result, after hour 22, the slope of
the A2 curve shows a little change tending to t, indicating a longer
Lagrangian correlation time than that obtained by analyzing real-drifter
dispersion. The consequence of the longer correlation time is a signifi-
cantly higher intensity (50 % higher) of absolute dispersion in the model
simulations at the end of the 25 h period (Fig. 5b). The anisotropy of
dispersion also appears more important in the model. The level of kinetic
energy in the model simulations was found similar to that revealed by
observations: 1.3 and 1.4 km?/h?, respectively (Fig. 5a,b)

The major and minor axes of the relative dispersion of virtual buoys
from model simulations are shown in Fig. 4b. Detailed comparison with
real drifters revealed that relative dispersion evolves in a similar way,
with very low dispersion during the first 10 h (dispersion rate close to
zero), before the onset of a ballistic regime during the next 10 h

(Fig. 5d). The decrease in dispersion rate, observed around 20 h, is due
to the arrival of buoys into very shallow waters near Cat Ba Island,
where the current speed and dispersion rate dropped. Dispersion be-
comes anisotropic a few hours after the release. As in the case of real
drifters, the principal axis of dispersion, oriented from south to north, is
globally transverse to the drifter trajectories. The ratio between
dispersion along the two principal axes reaches an order of magnitude,
15 h after release.

Lagrangian dispersion in the RR plume region was also assessed for
the second period of the survey, when the wind veered to the northeast
(Fig. 2a). To improve the robustness of statistical estimates, two buoys
released on June 3 and three buoys released on June 4 were combined to
form cluster C2, as described in section 2.2. The trajectories obtained
(Fig. 6a) are interesting because they show a significant change in the
direction of surface currents on these two dates, caused by the change in
wind direction toward the northeast, as compared to that observed on
June 1 (Fig. 2). The wind not only produced a seaward extension of the
plume, but it also significantly increased the rate of spreading of the
drifting buoys.

Absolute dispersion was found to be higher for C2 than for CI,
reaching maximum values of 800 and 350 km?, respectively (Fig. 7a and
Fig. 5a). It was largely anisotropic, with the dominant zonal component
(AZ) aligned with the seaward flow direction. The ballistic regime,
scaling as 2, was observed from the very beginning until later stages of
the dispersion process.

On the contrary, the range of variation of relative dispersion is rather
similar to that found from C1, i.e. from 0.1 to 3 km? at the end of the 20 h
time period (Fig. 5¢ and Fig. 7¢). It is difficult to identify the regime of
dispersion of buoys during 10-12 h after release. The drift of the buoys
was affected by Hon Dau Island, which canalizes the flow within a 1 km-
wide strait and also in a very shallow-water area south of the island. Ten
hours after release, dispersion approaches to some extent the ballistic
regime (R? ~ %), but the data do not allow to draw a completely clear
conclusion. During this period, the dispersion is not exactly monotonic,
probably due to differences in the drift velocity of buoys launched on
two successive dates, June 3 and 4. The relative dispersion of C2 is
characterized by a high degree of anisotropy (one order of magnitude),
with the major axis of spreading oriented along the flow direction
(Fig. 6a).

The model simulation of Lagrangian dispersion of nine virtual
drifters shows a good overall agreement with observations in terms of
drift speed and direction, distance (Table 1), spreading, and degree of
anisotropy (Fig. 6). The regime of dispersion was close to ballistic
(scaling larger than ?) during most of the drift time, from 5 to 18 h
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Fig. 6. Trajectories of surface drifters released at high tide on June 3, 2022, and on June 4, 2022 (orange and green lines, respectively) (A), and model trajectories of
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red lines at 6-h intervals in (A) and (B), respectively; axes of spreading of real drifters 6 h after release in (A) are not shown. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

(Fig. 7d). However, starting from time 10 h, the intensity of relative
dispersion was found twice higher in model simulation. On the other
hand, absolute dispersion (Fig. 7b) shows a very similar trend to that
obtained from observations. Overall, the results of the comparison
demonstrate the model capability to reconstruct not only reasonably
well a complex coastal flow pattern but also absolute dispersion, as well
as some qualitative aspects of relative dispersion.

3.2. Scale dependent dispersion

To further assess dispersion regimes and to identify the characteristic
scales of the underlying turbulent flow, the FSLE, A(8), was computed

using the trajectories of real drifters and the corresponding trajectories
of nine virtual drifters advected in the model velocity field (Fig. 6).

The analysis of C1 trajectories revealed that, during five hours after
release, as the buoys move eastward at high speed ~0.4-0.5 m/s (from
HW at 17:00 to 22:00), the mean separation distance between particle
pairs does not increase but, on the contrary, decreases (Fig. 4c). This
suggests that the flow field is strongly affected by topographic features,
in particular, by Hon Dau Island (Fig. 4a). Therefore, the FSLE (Eq. 5)
was estimated starting from 22:00, when drifters actually started to
separate.

The scaling behavior of A(5) reveals a ballistic regime of dispersion
B ~ &Y at all scales, from 0.35 km to ~3 km (Fig. 8). Its
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Fig. 8. Finite-size Lyapunov exponent A(8) as a function of the separation
distance 8, for drifters in clusters C1 and C2 (circles), and virtual drifters
advected in the model velocity field (squares). The 5! behavior (black dashed
line) indicates the ballistic dispersion regime.

predominance implies that the pair-separation process is controlled by a
scale independent velocity increment presumably associated with the
current jet. This result is also supported by the spreading in time of
buoys in C1, which was well approximated by R ~ ¢ (Fig. 5¢). No
change of dispersion regime was observed because of the relatively short
duration of advection. The FSLE obtained from drifter pairs in C2
revealed globally similar results (Fig. 8). Also in this case, the behavior
of A(8) indicates a ballistic regime of dispersion at all scales. The typical
dispersion rate from observations appears quite high, with the largest
values reaching Ayax ~ 10-13 day’l.

Unlike real observations, the model simulations of nine drifter tra-
jectories at the beginning of the survey (June 1-2), do not allow to

quantify satisfactorily the scale dependent dispersion rate. The FSLE
curve appears quite flat and scale independent (Fig. 8, black squares).
Moreover, the intensity of virtual drifter separation processes, repre-
sented by A(8), was found in the model simulations significantly lower
(Amax ~ 3 day’l) than that revealed by observations (Amax ~ 13 day’l).
This may be probably related to difficulties of the model in capturing
properly the very fine-scale spatial structure of the velocity field in the
plume body, under a persistent southerly wind.

On the contrary, modeling of virtual drifter trajectories on June 3-4,
when the wind veered northeast, provided much better agreement with
observations (Fig. 8). In particular, for large separations, the ballistic
regime of dispersion is found and the A(8) curves from observations and
modeling are in close agreement. On scales smaller than 2 km, the FSLE
from model trajectories of C2 is still smaller than that from real-drifter
data, though higher than that of C1, and levels off, again pointing to
an underestimation of model velocity increments at small scales. Over-
all, these results demonstrate the capability of SYMPHONIE model to
reconstruct coastal-flow dispersion properties reasonably well at rela-
tively large scales in the submesoscale range.

3.3. Spatial structure of Lagrangian dispersion from model simulations

To assess the spatial variations of the dispersion process and to
evaluate the combined effects of the RR outflow, tidal motions, and
bathymetry constraints, two series of particle-tracking experiments were
conducted. In the first one, passive particles were initially homoge-
neously spaced within the whole model domain and tracked in the
model velocity field during a period of time corresponding to the
surveying period. The aim of the experiment was to identify, throughout
the study area, the location of zones of strong horizontal stirring (where
particle spreading can be largely affected by spatial variations of the
velocity field), as those suggested by the analysis of real and virtual
trajectories presented above. Moreover, high stirring and spreading of
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particles may indicate the presence of surface current convergence
zones, which are ubiquitous in river plume regions. It is important to
note that the model simulations accounted for variations in wind and
tide, as well as daily fluctuations in RR discharge, which in turn
modulated the seaward flow from the RR system.

The spatial distribution of FSLEs A(x) was obtained using the algo-
rithm of particle tracking described in (Hernandez-Carrasco et al., 2011)
with the initial separation between particle pairs o = 0.5 km and
amplification factor @ = 5, enabling to achieve a reasonable stretching
during the tracking experiments (6f = a 6o = 2.5 km). FSLE maps were
obtained by integrating particle trajectories backward in time over 3
days. Fig. 9a shows the FSLE spatial distribution at the end of the inte-
gration period. Lines with high A(x) values, known as ridge lines, delimit
regions of high dispersion and stirring of particles along the attractive
manifolds of the model velocity fields. In the RR plume region, several of
such regions, each associated with distinct ridge lines, have been iden-
tified at different distances from the coast (Fig. 9a).

The mid-field of the Van Uc River plume is well delineated by semi-
circular ridge lines, around 10 km from the coast, with the river mouth
at their center. The shape of the area delimited by these lines, the total
coverage and the distance from the shoreline, are all likely to correspond
to the Van Uc river plume. Further offshore, at a distance from 15 to 25
km, there is another set of ridge lines, also of curvilinear shape. The
latter probably marks the seaward limit of the Cam river plume, while
the former is composed of two river plumes (the Van Uc and the Cam)
merged together. It is worth noting that the second most important
freshwater supply to the GoT comes from the Cam River (see Fig. 1b for
river locations).

The ridge lines, shown in Fig. 9a, control particle spreading and
typically act as barriers to the transport of floating materials. To
demonstrate the role of FSLE ridge lines in structuring the spatial
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distribution of materials, a second particle tracking experiment was
conducted. A cluster of 900 particles, initially spaced 150 m apart within
asquare area (shown in red in Fig. 9b) was released at the same time and
place as those of C1 and C2 real drifters (on June 3, 2022, 18:30). The
major and minor axes of particle dispersion are shown in red in Fig. 9¢c
with a time step of 6 h. Twelve hours after release, dispersion starts to
become strongly anisotropic, with the main axis of spreading roughly
oriented across the flow direction. It is interesting to note that the
dominant direction of spreading in the model simulation (Fig. 9c, red
crosses) and that of the real drifters (Fig. 4a) are very similar. The spatial
distribution of particles at two particular times, 15 h and 30 h after
release, is shown by red dots in Fig. 9b. Obviously, the stretching of the
particle cloud 15 h after release is strongly affected by the ridge lines
located at a distance of 25 km from the Van Uc estuary. After 30 h this set
of particles forms a curvilinear shape and its stretching appears to occur
along a ridge line near Cat Ba Island. A large ridge line with the highest
values of A (up to 8 day_l), oriented in south-north direction at a dis-
tance of ~25 km from the Van Uc river mouth, may considerably affect
the spreading of particles if they are released from the Cam River estu-
ary. Note that only values of A(x) > 3.5 day * are shown in Fig. 9b-d to
indicate the location of zones where the current convergence is most
likely to occur.

To explore Lagrangian dispersion in the southern part of the study
area, a second cluster (cluster B), also containing 900 particles initially
spaced by 150 m, was positioned within a square in front of Tra Ly river
mouth, at a distance of 10 km from the coast (Fig. 9b). This southern part
of the region does not contain ridge line of high A values, except one
located further offshore, probably delimiting the Ba Lat river plume
expansion. The particles were released at the beginning of the rising
tide, on June 2, 2022, 7:00 (LW + 1), and tracked during 38 h. The
particle distribution 24 h and 38 h after release (Fig. 9b, magenta dots),

Latitude (°N)
'S
A, 1/days

106.8 107
Longitude (°E)

Latitude (°N)

106.8 107
Longitude (°E)

Fig. 9. (A) Spatial distribution of backward FSLE, A(x), in the RR plume region on June 3, 2022 from model simulations (color shading). Trajectories of surface buoys
of C2b are shown in green. (B) Dispersion of 900 particles initially spaced by 150 m and released in areas A and B, shown by red and magenta squares respectively.
The particle distribution 15 h and 30 h after release is shown in red for cluster A, and 24 h and 38 h after release in magenta for cluster B. major and minor axes of
particle spreading ellipses are shown at 6 h intervals in red for cluster A (C) and in magenta for cluster B (D). Backward FSLE high values (A > 3.5 day ') are shown
by color shading in (B, C, and D). In all panels, dashed circles indicate the distance (in km) from the Van Uc river mouth. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)
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shows anisotropic dispersion, with spreading predominantly across the
flow direction. The shapes formed by spreading particles apparently
controlled by FSLE ridge lines during the drift. For instance, 24 h after
release, the patch of particles was stretched, first along a curvilinear
line, located at a distance of 10 to 25 km from the coast, then along a
series of lines at the eastern side of the patch. After 38 h from release,
particles are pushed against Cat Ba Island, resulting in a reduction of the
patch size and of the length of the major axis of spreading (Fig. 9b,d).
Fig. 9d shows the space-time evolution of particle spreading ellipses in
more detail, revealing high anisotropy of dispersion, with a much
stronger spreading in the direction of ridge lines located in the area
between the Van River mouth and Do Son peninsula.

Particle trajectories of cluster B were used to characterize the regime
of Lagrangian dispersion since the drift period was much longer than
that in cluster A and the travel distance was also larger. The evolution of
absolute dispersion is not monotonic (Fig. 10a). During first 11 h after
release, a ballistic regime is found for particles in cluster B, with a
quadratic increase of the distance from the release point. From 15 to 25
h, the evolution of absolute dispersion seems to become linear. On the
whole, the ballistic regime seems to dominate. Fig. 10a also reveals that
only the meridional component of dispersion (Agy) slows down due to
the presence of the coastline to the north, while the zonal component
(AZ) increases monotonically. Fitting absolute-dispersion data with a 2
function in the southern part of the study area indicates that the level of
kinetic energy of the coastal flow (prefactor 2.2 km?/h?) is similar to
that revealed by drifter observations in the northern part under south-
westerly winds (2.1 km?2/h?), and significantly higher than that under
southerly winds (1.4 km?/h?). This proves that wind has a decisive effect
on dispersion and, more generally, on the behavior of the RR plume.

The time evolution of relative dispersion is shown in Fig. 10b. It
provides indication that, from 6 to 15 h of the tracking period (particles
drifting in the sector of the Van Uc river plume), the regime of relative

dispersion is intermediate between ballistic and diffusive, scaling as
R? ~ !5, A change in regime is observed when the cluster of particles
approached the Do Son peninsula, after about20 h. The flattening of the
R? curve is probably due to the effects of the coastline and of the shallow
depth, which reduce the velocity and the intensity of spreading in that
area. Relative dispersion does not evolve much in the flow field of the
Cam river plume, globally characterized by larger values of FSLE ridge
lines, as shown in Fig. 9d. Here, the dispersion process could be strongly
affected by topographic features and the presence of Cat Ba Island.
However, it is difficult to characterize its regime in such a complex
environment.

4. Discussion

In this study, a new method is proposed for characterizing the
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morphology of the Red River plume, during a summer season when
freshwater discharge is large and conditions favorable to seaward plume
expansion are met. The method employs the Lagrangian framework, and
more specifically, Lagrangian particle tracking to estimate the separa-
tion distance and separation time between pairs of particles, in order to
assess the properties of Lagrangian dispersion. An approach combining
high-resolution numerical modeling and surface drifter observations has
been adopted. The SYMPHONIE simulations have been validated using
high-resolution velocity data from surface drifters deployed during an
oceanographic campaign conducted in June 2022 in the plume region.
The agreement was found to be good. For example, the largest relative
error of separation was 10 %, mean and maximum drift velocities were
comparable, and drifter trajectories were well reproduced in the model
velocity field. Then the model was used to quantify Lagrangian disper-
sion, its time and scale dependence, as well as its spatial variability. All
these estimates allowed us to quantify the intensity of stirring and
horizontal spreading of passive particles across the extensive RR plume
region, and to identify the plume expansion bounded by zones of surface
current convergence, as indicated by FSLE ridge lines.

The Lagrangian diagnostics we have used, in particular the FSLE
maps, A(x), are frequently employed to quantify horizontal mixing in the
ocean and the effect of large stirring in the vicinity of current conver-
gence zones on the spatial distribution of materials (e.g., d’Ovidio et al.,
2004, 2015; Hernandez-Carrasco et al., 2018, 2020; Tran et al., 2022).
Lines of high 1 values (ridge lines) are frequently associated with
Lagrangian Coherent Structures (LCS) reflecting the spatial organization
of the flow (e.g., Berta et al., 2014; Gough et al., 2016).

On large scales, the spatial distribution of FSLE ridge lines, obtained
in the Mediterranean Sea by d’Ovidio et al. (2004), enabled to identify
regions with very different mixing that exert a control on biological
activity. That work opened the way for a more detailed assessment of the
spatial distribution of biogenic materials, taking into account the dy-
namics and mixing properties in the basin. A similar methodology,
applied on a regional scale in the southern Indian Ocean, has made it
possible to monitor the dynamic boundaries between regions charac-
terized by different mixing (d’Ovidio et al., 2015). In the western
Mediterranean (Hernandez-Carrasco et al., 2018) it allowed a better
interpretation of physical mechanisms affecting phytoplankton dy-
namics and the patchiness of its spatial distribution. In those studies,
fine-scale frontal zones, where surface currents converge, have been
shown to act as barriers to the transport of biological material. On the
contrary, Lagrangian coherent structures characterized by current
divergence corresponded to zones with high Chl-a concentrations due to
upward vertical velocities and the injection of nutrients into the surface
layer (Hernandez-Carrasco et al., 2018).

On smaller scales, surface current convergence (SCC) and the asso-
ciated downward vertical velocities at the Mississippi river plume
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Fig. 10. Evolution of absolute dispersion (A) and relative dispersion (B) of 900 particles in cluster B, initially spaced by 150 m. The release location of particles is
shown in Fig. 9b. Dashed lines show the best fit of A% and R? by power law functions.
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boundary were documented in the observational study of d’Asaro et al.
(2018). Their results provided, perhaps for the first time, observational
evidence highlighting the importance of fine-scale attracting Lagrangian
coherent structures, such as SCC, in concentrating materials floating
with currents, even after significant spreading.

At regional scale in the Gulf of Tonkin, the modeling study of Tran
et al. (2022) clearly demonstrated the effect of freshwater runoff on the
spatial distribution of FSLE and the location of SCC in the gulf. The
authors used high-resolution SYMPHONIE model simulations also to
assess the seasonal variability of horizontal mixing and spatial distri-
bution of SCC in response to the joint effect of the Asian monsoon winds
and river runoff. In the studies mentioned above, the use of FSLE ridge
lines has proved highly effective in identifying the location of SCC zones
that can be viewed as boundaries separating areas with different dy-
namic regimes, as was highlighted by D’Asaro et al. (2018). The plume
body and the seawater surrounding it are two water bodies with
fundamentally different dynamics.

Our results revealed that a series of semicircular FSLE ridgelines
located between 10 and 25 km offshore (Fig. 9a) represent the seaward
boundary of the individual river plumes which, when merged, form the
main body of the vast Red River plume. Dispersion of tracers (clusters of
particles) in the model velocity field (Fig. 9b) and trajectories of real
buoys (Fig. 9a) clearly show how FSLE ridge lines affect the transport of
materials in the plume region: the buoy trajectories are indeed shaped
by the FSLE ridge lines and closely follow them. Therefore, FSLE maps
appear effective for assessing the structure of fluid transport and to
reconstruct the morphology of the plume body.

SCC zones and enhanced stretching of passive tracer patches, ob-
tained in model simulations, are the distinctive features of plume
boundaries. Therefore, our results appear promising for the character-
ization of the morphology of river plumes in other geographic regions.
To the best of our knowledge, the pioneering work of Tran et al. (2022)
followed by our study, represent the first use of Lagrangian diagnostics,
such as relative dispersion and FSLE, to characterize the role of hori-
zontal mixing in structuring river plumes and dispersion of materials in
coastal regions of Southeast Asia.

At the same time, other Lagrangian diagnostics, such as relative
dispersion, R?, absolute dispersion, A?, and the space-independent, pair-
averaged FSLE, 1(58), have been used to quantify dispersion regimes and
their scale dependence across the RR plume region. On short time scales,
the ballistic regime was obtained in the lower submesoscale range
(0.3-4 km) for both real and virtual drifters. This is expected in the
presence of intense mean currents (LaCasce, 2008; Berti et al., 2011). A
powerful coastal jet reinforced by the buoyancy input from the RR
system and large gradients of the current velocity are probably the main
causes. The intensity of relative dispersion, estimated from M(5),
appeared high, with a maximum value Ap,x =~ 10-13 day’l, from ob-
servations, but smaller (~ 3 day’l) in simulations. Comparable values of
dispersion rates were previously reported by Schroeder et al. (2012) in
an observational study in the coastal region of the eastern Ligurian Sea
(northwestern Mediterranean), where freshwater runoff from the Arno
river (and several smaller rivers) formed a plume. With the exception of
the runoff, which is much larger for the Red River, coastal hydrody-
namics at the two sites can be considered similar. The important relative
dispersion at submesoscales found in (Schroeder et al., 2012) was
interpreted as Richardson dispersion, corresponding to A ~ 523, Inter-
estingly, realistic model simulations (ROMS was used) were unable to
capture this enhanced dispersion regime, indicating the need for model
refinement or better parameterization of sub-grid mixing.

Moreover, plume fronts are usually highly unstable and much nar-
rower than the resolution of model grids. Therefore, high-resolution
plume models must incorporate a more realistic representation of tur-
bulence, accounting for physical processes that are not always resolved
by the models but instead represented as subgrid mixing. One such
process is the generation of internal waves by tidally pulsed plumes.
These waves, whose presence has been documented through in-situ
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measurements in the Columbia River plume (e.g., Vlasenko et al.,
2013) and the Winyah Bay plume (Yankovsky et al., 2022), enhance
mixing at the outer edges of the plume and along intermediate fronts. A
realistic representation of turbulence induced by frontal mixing and
breaking internal waves requires a fully non-hydrostatic numerical
approach. The non-hydrostatic version of the high-resolution MIT
model, used by Stashchuk and Vlasenko (2009), and later by Vlasenko
et al. (2013) to investigate the dynamics of the Columbia River plume,
proved to be effective. Model simulations revealed the fine internal
structure of the plume, including secondary fronts and internal wave
systems propagating radially from the lift-off region to the outer plume
boundary - features that were supported by observations. However, such
modeling efforts remain computationally demanding and technically
challenging, and there is little evidence that they would bring significant
improvements in very shallow water regions, such as those considered in
our study. At the same time, Garinet et al. (2024) demonstrated that the
QUICKEST scheme implemented in the SYMPHONIE model produces
excessive vertical mixing over highly variable seabed topography, where
internal tides can develop. They further indicated that adopting a
higher-order numerical diffusion operator can greatly improve the
model’s overall performance.

It is necessary to mention that our results demonstrated the capa-
bility of SYMPHONIE model to accurately reconstruct the dispersion
regime in the coastal flow only in the upper submesoscale range (>2
km). At smaller spatial scales, model simulations showed that dispersion
was scale independent, highlighting the strong influence of the model’s
limited resolution (~300 m near the coast) on its representation of
lateral mixing. This conclusion is consistent with the findings of Choi
et al. (2017), who investigated the effects of model resolution and river
runoff on the spatial distribution of FSLE in the Gulf of Mexico.

In addition, our results revealed that relative dispersion is highly
anisotropic, with values along the major axis being an order of magni-
tude larger than along the minor axis, the former roughly oriented across
the main current direction. This is an example of shear dispersion, pri-
marily driven by velocity differences across the coastal jet within the
Red River (RR) plume. High anisotropy of horizontal relative dispersion
was also obtained by Ohlmann et al. (2019) from observations in the
western Gulf of Mexico. In that case, the predominant contribution to
dispersion was observed in the direction perpendicular to the coastal
flow direction. This may have important implications for pollutant-
transport issues, such as the dramatic event “Deepwater Horizon oil
spill” (e.g., Huntley et al., 2011), or the illegal discharge of toxic in-
dustrial waste into the ocean by the Formosa Group plant in Vietnam in
2016 (e.g., Do et al., 2023).

While our results confirm the model’s overall skill, it is important to
acknowledge that numerical simulations are subject to errors. For
instance, Fig. 4 shows noticeable discrepancies between real and virtual
drifter trajectories and dispersion ranges. Several factors may contribute
to these differences, including uncertainties in forcing data, limitations
in their spatial and temporal resolution, and simplifications in physical
parameterizations, discussed above. The wind forcing is assumed to be
the primary source of discrepancy. Using ensemble simulations with
wind perturbations, Nguyen-Duy et al. (2023) performed a sensitivity
analysis of regional circulation in the GoT to uncertainties in wind
forcing. Their results showed that while the main characteristics of the
RR plume are largely insensitive to wind perturbations, certain quanti-
ties, such as along-coast transport, are affected. Across the study region,
the ensemble-based uncertainty in surface currents was estimated to
range from 0.03 to 0.08 m/s. Furthermore, the dispersion rate of virtual
buoys is strongly affected by Cat Ba Island (Fig. 4), which is represented
in the model as a smoothed rigid boundary.

Several effective methods exist for reducing such discrepancies. For
example, the study by Nguyen-Duy et al. (2023) on the impact of wind
forcing uncertainties in the GoT provides a basis for future optimization
of wind forcing. In another study, Tran et al. (2021) showed the benefit
of surface current velocity measurements by HF radars along the
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Vietnamese coast for reducing errors in SYMPHONIE model simulations
arising from imperfect wind forcing.

5. Summary

By performing high-resolution simulations with the SYMPHONIE
model, we have characterized the lateral mixing and morphology of the
Red River (RR) plume in the northwestern Gulf of Tonkin from a
Lagrangian perspective. During the study period, in June 2022, strong
Asian monsoon winds drove seaward expansion of the river plume,
accompanied by high freshwater inflow. Observations collected in the
plume region during this period included high-quality surface velocity
data from drifters and towed ADCP transects, complemented by CTD
casts. The surface velocity field simulated by the SYMPHONIE model
was validated against drifter observations, demonstrating its capability
to reproduce coastal circulation and absolute dispersion with reasonable
accuracy, as well as some qualitative features of relative dispersion.

FSLE ridge lines obtained from Lagrangian particle tracking revealed
useful to demarcate the boundary between the plume body, originated
from the individual river plumes of the RR deltaic system, and the sur-
rounding seawater. The spatial distribution of FSLE enabled to identify
the offshore expansion of individual plumes and revealed a variety of
forms, semi-circular or hook-like filaments, characterizing the plume
shape. A very good agreement between the spatial evolution of the FSLE
and the motion of drifting buoys was obtained. In particular, the drifters
followed FSLE ridge lines, confirming that these lines act as barriers to
transport of mass, as well as of particulate and dissolved materials, and
appear to be dynamic boundaries of the RR plume.

Within the plume body, the ballistic regime of dispersion dominated
in the range of separations from 0.3 and 3 km (submesoscale range). No
transition to other regimes, such as the Richardson regime, was observed
over the analysis period, which was limited to 20-35 h. However, the
analysis of relative dispersion using scale-dependent metrics, revealed
high dispersion rates, with a maximum value Ap.x ~ 10-13 day ™,
retrieved from observations, and a much smaller one, ~ 3 day’l, from
model simulations. Although such high dispersion rates are rarely
observed, even larger values were reported in another coastal jet by
Schroeder et al. (2012). The strong coastal jet is a characteristic feature
of the RR plume in summer, and the associated velocity gradients were
identified as the primary driver of shear dispersion across the flow. The
pronounced anisotropy of dispersion has important implications for
practical applications, including predicting the transport and fate of
materials delivered to the sea by the Red River.

Lagrangian diagnostics, and in particular the FSLE, proved to be
effective tools for identifying LCS and, consequently, for characterizing
the morphology and spatial expansion of the RR plume. The spatial
distribution of LCS provided insight into the surface circulation in ways
that are not available with other types of analyses that can be applied to
velocity fields provided by numerical models or HF radar observations,
such as time-averaged vorticity, divergence maps, and mean flow.
Extending LCS analyses and combining model simulations with other
types of data, such as ocean color imagery, altimetry data, and HF radar
velocity measurements will provide a more complete view of the coastal
circulation and plume dynamics in this region, while also enabling po-
tential model optimization. This will be the focus of future studies.
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