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A B S T R A C T   

The characteristic parameters of the Estuarine Turbidity Maxima (ETM), their aggregates and their tidal varia
tions were investigated within the Cam-Nam Trieu mesotidal estuary (Red River and Thai Binh River system, 
North Vietnam) at spring tides during the early wet season, wet season and dry season. The structure observed 
repeatedly highlights the separation of two distinct zones of high turbidity around the salt wedge, separated by a 
zone of lower turbidity. The upstream part developed at very low salinity (from 0.1 psu) on a quasi-homogeneous 
water column (at Simpson parameter between ~0.65 and 7–10); tidal pumping associated with salinity-induced 
flocculation are likely responsible for its formation. A second maximum was observed in the lower layer of 
stratified waters (at Simpson parameters >10), i.e. in the salt wedge, at higher salinities up to ~12–15 psu; in this 
downstream part, governed by the gravitational circulation, settling is also seasonally enhanced by the presence 
of transparent exopolymeric particles (TEP) for salinity >10 psu. Turbidity was higher in the upper part of ETM 
in the dry season and higher in the lower part of ETM in the wet season. Floc size, excess of density and settling 
velocity were the highest during dry season. Stronger ETMs occur in dry season than in early wet season and wet 
season, when the tidal-induced ETM is maximum. The locations of both ETM parts changed seasonally, moving 
upstream in the dry season and downstream in the wet season. Their length depended on the longitudinal salinity 
gradient and was highest at low tide than at high tide. The intermediate zone of lower turbidity between these 
two parts was longer in the wet season.   

1. Introduction 

Estuarine Turbidity Maxima (ETMs) are zones of elevated suspended 
particulate matter (SPM) concentration at the interface between the 
river and the sea. Because of the strong influences of marine water, tide 
and river discharge, the occurrence of ETMs is complex (Fettweis et al., 
1998; Mitchell and Uncles, 2013). They are trapping a lot of suspended 
matter and encompass a huge range of SPM concentrations with 
maximum values from less than 100 mg L− 1 like in the Kennebec Estu
ary, USA (Kistner and Pettigrew, 2001; Uncles et al., 2002) to >200 g 
L− 1 like in the Severn Estuary, UK (Kirby and Parker, 1983). The settling 
of SPM in an ETM has been well documented in the Gironde estuary 
(Allen and Castaing, 1973; Sottolichio and Castaing, 1999; Jalón-Rojas 
et al., 2015), the Hudson estuary (Olsen et al., 1978; Geyer et al., 2001; 

Traykovski et al., 2004), the Columbia River estuary (Jay and Musiak, 
1994), the Seine estuary (Brenon and Le Hir, 1999), the Chesapeake Bay 
(Sanford et al., 2001; Sanford et al., 2005), and the Humber estuary 
(Uncles et al., 2006), amongst others. For instance, Olsen et al. (1978) 
showed that the deposition rate reached up to 30 cm year− 1 in certain 
parts of the ETM in the Hudson estuary on timescales of 5–10 years. 

Most of the time, the turbidity maximum area is located at the 
boundary between river water and sea water (Allen and Castaing, 1973; 
Uncles and Stephens, 1993; Geyer et al., 2001; Sanford et al., 2005). 
When there is little tidal motion, the longitudinal pressure gradient or 
surface slope (barotropic force) compensates the longitudinal density 
gradient (baroclinic force). Since the barotropic force is vertically ho
mogeneous and acts in down-estuary direction, while the baroclinic 
force increases with depth and acts in an up-estuary direction, their 

* Corresponding author. 
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combination creates the “estuarine circulation” (Officer, 1981; Dyer, 
1995). The convergence at the saltfront of seaward sediment flux by the 
river flow and landward sediment flux by the gravitational circulation is 
considered as a fundamental mechanism contributing to ETM formation 
(Postma, 1967; Bowden, 1984; Toublanc et al., 2016), even in the 
absence of tidal effects, as shown by Festa and Hansen (1978). However, 
in most estuaries, resuspension induced by tidal asymmetry has also 
been recognized as a key factor in maintaining high SPM concentration 
(Schubel, 1968; Allen et al., 1980; Brenon and Le Hir, 1999; Sottolichio 
et al., 2000). Flood tide, which is generally shorter and more energetic 
than the ebb tide in estuaries, is able to put sediment into suspension and 
bring them back landward. Vertical mixing is also enhanced during the 
flood and lowered in the more stratified ebb waters (Coleman and 
Wright, 1978). As a consequence, sediment transport is greater during 
the flood than during the ebb tide (Allen et al., 1980; Mitchell, 2013). 

Due to change of conditions such as river discharge, SPM concen
tration, water temperature and salinity, the characteristics of ETMs 
(pattern, maximum turbidity, location, length) and aggregate parame
ters vary seasonally. From measurements in a coastal turbidity 

maximum area (southern North Sea), Fettweis and Baeye (2015) re
ported that the seasonality was mainly caused by changes in floc size and 
settling velocity, with smaller flocs and thus settling velocities in winter 
and larger flocs and settling velocities in summer. In the Dollard estuary 
in the Netherlands, van der Lee (2000) showed that SPM concentration 
and turbulence mainly affected the tidal variation of floc size, and that 
biological processes impacted the seasonal floc size variation but very 
few the floc settling velocities, since an increase in floc size was mainly 
counterbalanced by a decrease in floc density. Verney et al. (2009) 
showed that the constituents of the suspended sediments and their 
content in organic matter have a major effect on seasonality of floccu
lation processes (efficiency, speed and time) in the Seine estuary. From 
3 years of measurements in the Humber-Ouse estuary, Uncles et al. 
(1999) reported that the ETM moved more than 60 km up estuary during 
the drought of summer 1995 as compared to the previous winter. They 
also showed that the Humber-Ouse ETM was weaker and further down- 
estuary in winter than during summer and early autumn, when it was 
stronger and much closer to the tidal limit. Other studies show seasonal 
variations of ETM characteristics, most of them in temperate areas. 

Fig. 1. The Cam-Nam Trieu estuary (a) general location – transects were performed between stations A and B, Cua Cam Station is the hydrological station, C is the 
tide gauge at Hon Dau; (b) example of survey (stations of Transect 3 in Sep 2015) along the A-B transect. 
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Tropical estuaries (between 30◦N and 30◦S of latitude) are fringed by 
mangrove forests and their dynamics can be largely affected by coastal 
migration of mud banks as along the French Guiana coast (e.g., Orseau 
et al., 2017). The variability and strength of their forcing may also be 
different, due to the strong seasonal variation associated with the 
monsoon and the occurrence of extreme events (typhoons). Few studies 
have been published on the dynamics of ETM in tropical estuaries: 
Wolanski et al. (1996) outlined the seasonal variations of the turbidity 
maximum in the Mekong estuary; Capo et al. (2006) showed that the 
ETM of the Konkouré estuary was river-controlled and correlated with 
the residual currents but not with the salinity front; Abascal-Zorrilla 
et al. (2020) analyzed seasonal and lunar (neap-spring tides) variations 
in the remotely-sensed ETM location of the Maroni river from Landsat-8 
data; but very few studies have described at once the variations of ETM 
patterns and aggregate characteristics. 

The Cam-Nam Trieu estuary (Fig. 1a), located in Hai Phong city 
(Northeast Vietnam) and belonging to the Red River and Thai Binh River 
basins, is an interesting site to study estuarine dynamics under tropical 
climate because this mesotidal estuary is both influenced by a strong 
seasonal river signal and a monsoon regime (Duy Vinh et al., 2018). 
Furthermore, its tidal asymmetry is strong, with negative (or upward) 
flow between 24% of time (in wet season) and 45% (in dry season), and 
shorter flood than ebb tides (Lefebvre et al., 2012). 

Hydro-sedimentary processes in the Red River estuaries have been 
the subject of previous work. Vinh et al. (2014) analyzed the interannual 
variability of sediment fluxes in the main river and its distributaries; 
Lefebvre et al. (2012) highlighted tidal pumping in the estuary and 
showed the control of turbulence on floc size during a tidal cycle; Mari 
et al. (2012) showed that bio-aggregation was enhanced at 10–15 psu 
during the summer; Piton et al. (2020b) detailed the variations in 
aggregate characteristics at three estuarine stations spaced 10-km apart 
during a tidal cycle, during spring and neap tides and in the wet and dry 
seasons. Duy Vinh et al. (2018) started to analyze the spatial variability 
of physical forcing and aggregate characteristics along transects in the 
Cam-Nam Trieu estuary during the early wet season at spring tides. They 
reported that two types of ETM had been sampled and observed: an 
upper well mixed ETM with high SPM concentrations up to the surface 
developed at low salinity (0.11 to <1 psu), while a lower ETM was 
confined in a bottom layer over stratified waters at salinities between 
~1 psu and 15 psu – “up” and “low” referring here to two different parts 
of the estuary. The characteristics of ETM parts and aggregate parame
ters were shown to significantly vary at the tidal scale. Additional 
measurements of several parameters of the ETM or driving the formation 
of the turbidity maximum such as SPM concentration, floc size, settling 
velocity, salinity and velocity were measured in wet and dry seasons, at 
spring tides. This paper aims at synthesizing the main results, analyzing 
the seasonal variations of ETM characteristics and aggregate parameters 
along the Cam-Nam Trieu estuary at spring tides, and outlining the 
processes that control them. 

2. The Cam-Nam Trieu Estuary 

Hai Phong ports system is the second biggest port in Vietnam, the 
main gate of the North Vietnam to the world. This harbor is located 
along the Cam-Nam Trieu estuary (Fig. 1a). This estuary receives water 
and sediment from the Cam River and the Bach Dang River. Their 
confluence is located around 5 km from the river mouth. The total river 
discharge through the Nam Trieu estuary to the coastal zone is about 20 
× 109 m3 year− 1, corresponding to 16.5% of the total water discharge 
from the Red River system to the Tonkin Gulf (Vinh et al., 2014). 

Particle Size Distribution of bed sediments are bimodal and show a 
mixture of fine sediment (peaking around 8–9 μm) and of sand around 
140–220 μm (Lefebvre et al., 2012). Most of the area is covered by sandy 
silt (55–66% of silt, 16–27% of sand) with D50 ~ 10–17 μm, except in a 
small area between the Cam-Bach Dang confluence and the river mouth 
composed of muddy sand (D50 = 140 μm), and a silty area (74% of silt, 

21% of clay and 5% of sand; D50 = 7.8 μm) at the middle of the Haiphong 
Bay, around 8 km offshore the river mouth. 

The sediment flux from the Red-Thai Binh River basin through the 
Cam and Bach Dang Rivers to the coastal zones was about 13.2 × 106 t 
year− 1, until the Hoa Binh dam impoundment in the 1980s. Vinh et al. 
(2014) reported that a large amount of riverine sediment has been 
trapped in the reservoirs since then: the sediment flux through the Cam 
and Bach Dang Rivers to the coastal zones decreased to 6.0 × 106 t 
year− 1, in proportion to 17% of the total sediment flux from the Red 
River to the coastal waters. 

The Cam-Nam Trieu estuary is under the influence of a tropical 
monsoon climate with alternation of wet summers and dry winters. 
Annual rainfall in the region (based on measurements at Hon Dau, 
1978–2007, see location in Fig. 1a) is 1161 mm, of which nearly 80% 
falls during the summer monsoon (May to October) and only 8.3% 
during the winter monsoon (Dec.-March). The wind direction is domi
nantly (72.2%) from the East (NE, E, SE) and South (SW, S, SE) di
rections in summer (June to September), and from the North (NE, N, 
NW) and East (SE, E, NE) directions (92.1%) in dry season (December to 
March), from wind data measured at Hon Dau (1960–2011) (Duy Vinh 
et al., 2018). 

The Cam and Bach Dang Rivers are strongly affected by hydrological 
regime of the Red River. Based on data from 1960 to 2010, the Red River 
discharge at Son Tay (near the apex of the Red River delta) varied from 
year to year over the range 80.5 (in 2010)–160.7 (in 1971) × 109 m3 

year− 1, with an average value of 110.0 × 109 m3 year− 1 (Duy Vinh et al., 
2018). Seasonal variations in water flow are strong, with in average 
70.4% of annual flow in the rainy season (June to October) and 17.1% in 
the dry season (December to April) (Vinh et al., 2014). The Cam-Nam 
Trieu estuary is affected by tides which are mainly diurnal (Minh 
et al., 2014; Piton et al., 2020a). Based on tide gauge measurements at 
Hon Dau station (1960–2011, position C in Fig. 1a located ~14 km from 
the river mouth), tidal range is about 2.6–3.6 m in spring tide and about 
0.5–1.0 m in neap tide (Vinh et al., 2014). 

The Cam-Nam Trieu estuary is strongly influenced by tidal propa
gation. Several mechanisms are responsible of the tidal asymmetry, such 
as the higher wave celerity (prop. to 

̅̅̅̅̅
gh

√
) at high water level than at low 

water level, and the difference of bottom friction at high and low water 
levels. As a result, flood tide is shorter than the ebb tide in the Cam-Nam 
Trieu estuary (Lefebvre et al., 2012). The tidal asymmetry can also be 
illustrated from water level and water discharge measurements at the 
hydrologic Cua Cam station in the estuary (see its location in Fig. 1-a) in 
dry season (January 2016) at spring tide: the flood period (defined as 
increasing water elevation) lasted 9 to 10 h, while ebb tide lasted 14 to 
15 h at spring tide (Fig. 2). 

3. Material and methods 

3.1. Field data 

Three field surveys were performed in the Cam-Nam Trieu estuary at 
spring tides during the early wet season (10–13 May 2015), wet season 
(23–25 September 2015) and dry season (11–12 January 2016). Over 
these three surveys, 15 transects (6 in early wet season; 5 in wet season 
and 4 in dry season) were recorded, including 310 stations. Along river 
transects were performed from the upper estuary in the Cam River 
(position A, Fig. 1a) to the Nam Trieu mouth (position B, Fig. 1a) or the 
reverse, in ~3–4 h each. Velocity profiles were measured continuously 
with a 600 kHz acoustic Doppler current profiler (ADCP RDI Workhorse 
in bottom tracking mode) configured for a 0.3 m bin size. At each sta
tion, depth profiles of water temperature, salinity and turbidity were 
measured by a Compact-CTD (ASTD687, Alec Electronics Co. (Nishi
nomiya, Japan), now released by JFE Advantech Co. (Nishinomiya, 
Japan) as Rinko-Profiler); depth profiles of floc size distribution and 
concentration were measured using an in situ laser scattering and 
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transmissometry instrument with a 90% path reduction module (LISST- 
100X, Sequoia Scientific Inc. (Bellevue, WA, USA); e.g., Traykovski 
et al., 1999; Agrawal and Pottsmith, 2000). The type-B LISST provided 
volumetric particulate concentrations in 32 logarithmically spaced size 
classes ranging from 1.25 to 250 μm and attenuation at λ = 660 nm. In 
order to study the relationship between turbidity and SPM concentra
tion, water samples were collected using a Niskin bottle at each station 
1.5 m below the surface, from which we measured SPM concentrations 
and turbidity, measured onboard using a Hach 2100Q turbidimeter. 
Where possible, we tried to start a transect 1 to 1.5 h before high tide or 
low tide, in order to consider all measurements as coincident (or quasi- 
simultaneous). In relation to a full tidal cycle (here ~24 h), we therefore 
considered that all measurements in a transect were made at approxi
mately the same tidal state (high tide, low tide, early ebb, late ebb, mid- 
flood etc.). 

Data at the hydrographic station of the Cam River (position Cua Cam 
Station, Fig. 1a), which were provided by the National Hydro- 
Meteorological Service (NHMS), are also used in this study. They 
include hourly flow rate and mean SPM concentration (each day, 
averaged values during “flood tide” and “ebb tide” in the sense of rising 
water level and decreasing water level, respectively). These data were 
measured and calculated according to the standard 94 TCN17-99 of the 
Vietnam Meteorological Hydrological Administration, which is applied 
in every gauging station in Vietnam, using the same protocol. The hourly 
flow rate was deduced from the water depth using rating curves that are 
regularly calibrated (several times a month) using ADCPs at the station. 
The data were quality-controlled and provided by the Hydrometeoro
logical Data Center. From these values, we calculated the daily water 
fluxes flowing upward Q− and downward Q+, and the daily fluxes of 
suspended sediment flowing upward Qs- and downward Qs+. The 
instantaneous flow measured at the station is composed of the “mean 
river discharge” and the “residual flow” which results from the inter
action between the tides (and the induced flows) and the river. The 
mean river and sediment discharges were estimated as the averages of 
net flows of water (Q = Q+ + Q− ) and of suspended sediment (Qs = Qs+
+ Qs-) over 2–4 tidal cycles around spring tides, during the days of 
surveys. The discharge-weighted suspended sediment concentration was 
defined as SPM* = Qs / Q (like in Meybeck et al., 2003; Achite and 
Ouillon, 2007). At the Hon Dau station in Hon Dau Island (position C, 
Fig. 1a), data include rainfall (daily), wind (every 6 h) and water 
elevation (every hour). 

3.2. Data processing 

3.2.1. SPM concentration and the ratio organic to inorganic matter in the 
solids of flocs 

Suspended particulate matter concentration was determined by 
filtering about 100–150 mL per sample through pre-weighed poly
carbonate Nuclepore filters (porosity 0.4 μm). Filters were rinsed three 
times with 5.0 mL of distilled water, dried for 24 h at 75 ◦C in an oven, 
and then stored in a desiccator until weighing on a high-precision 
electrobalance (Duy Vinh et al., 2018). 

The same process was also applied at selected stations with GF/F 
filters (porosity 0.7 μm). The sediment concentration after drying 24 h at 
75 ◦C provided the total SPM concentration, which includes organic and 
inorganic matter. After burning the filter at 450 ◦C during 2 h, all the 
organics had been removed and the particulate inorganic matter (PIM) 
concentration was measured. The difference between the total SPM and 
PIM provided the particulate organic matter (POM) concentration and 
thus the ratio of organic to inorganic matter within the solid part of the 
flocs POM/PIM (Duy Vinh et al., 2018). 

3.2.2. SPM volume concentration (SPMVC) and particle size distribution 
(PSD) 

The distribution of volume concentration of particles given by LISST- 
100X is discretized over 32 size classes. Their sum is providing the SPM 
volume concentration (SPMVC). However, particles less than the 
smallest size class or bigger than the largest size class affect the mea
surements in the spectrum (Traykovski et al., 1999; Agrawal and Pott
smith, 2000; Mikkelsen et al., 2005; Jouon et al., 2008; Andrews et al., 
2010; Graham et al., 2012; Fettweis and Baeye, 2015; Many et al., 2016; 
Pinet et al., 2017). Duy Vinh et al. (2018) followed the recommendation 
of former authors to remove the first and last classes for calculating the 
general slope of the particle size distribution and the median apparent 
diameter D50. In this study based on data between class #2 and class 
#31, D50 was thus calculated as the diameter corresponding to 50% of 
the cumulative volume concentration of aggregates between 1.48 and 
212 μm. 

The number of particles of each class, N(D), was calculated from the 
volumetric particle size distribution (PSD) assuming spherical particles 
in the assemblage, after a normalization by the width of each logarith
mically spaced size bin (Jouon et al., 2008). The more often, a power law 
relationship can be proposed between N and D following: 

N(D) = aD− j (1)  

where a is a coefficient (in number of particles L− 1 μm− 1), D is the 

Fig. 2. Hourly water level and water flow at Cua Cam Station (point C in Fig. 1a) in dry season and at spring tide (10–13 January 2016). The water flow is composed 
of the “mean river discharge” and the “residual flow” which results from the interaction between the tides (and the induced flows) and the river. 
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diameter of aggregates and j is the dimensionless exponent, also referred 
to as the particle size distribution slope or the Junge parameter (Bader, 
1970; Jackson et al., 1997). j provides information on the relative con
centration of small to large particles: the steeper the slope, the greater 
proportion of smaller particles and the flatter the slope, the greater 
proportion of larger particles. Furthermore, j can be estimated from 
multispectral satellite data of ocean colour through the particulate beam 
attenuation (Boss et al., 2001) or the particulate backscattering coeffi
cient (Babin et al., 2003). 

After skipping the measurements of the first class (<1.48 μm) and the 
last class (>212 μm) of particle sizes, the grain size range was analyzed 
through some groups: over the whole particle size range (1.48–212 μm), 
the fine particle size group (1.48–17.7 μm), the medium particle size 
group (17.7–92.6 μm), and the coarse particle size group (92.6–212 μm). 
The classes were defined from our measurements to separate the two 
extreme peaks (around 3.4 μm and 120–140 μm) from the intermediate 
peaks around 25 or 45 μm. Other groups may have been considered (e.g., 
Winterwerp, 1998). The purpose of the groups here is only to illustrate 
the transfer of particles amongst them during the tidal cycle inferred by 
flocculation/disaggregation and/or sedimentation/erosion. 

3.2.3. Excess of density, settling velocity of flocs and fractal dimension 
Settling velocity of flocs, ws, is the sinking velocity of a floc in still 

water, which may be reduced by the presence of other flocs that cause 
hindered settling (Winterwerp, 1998, 2001, 2006). In this study, ws was 
calculated from the Stokes formula (Stokes, 1851): 

ws =
1

18μΔρf gD2 (2)  

where μ is the dynamic viscosity of water, ∆ρf is the excess of density of 
flocs given by ∆ρf = ρf − ρ, ρ is the water density, ρf is the floc density 
and g the gravitational acceleration constant. The bulk excess of density 
of flocs ∆ρf of diameter D50 was either calculated at the points where the 
weight and volume suspended sediment concentrations have been 
measured (method A), or estimated from the available data and the 
formulas proposed by Kranenburg (1994) and Maggi (2009) (method B). 
Both methods are hereafter described. 

Method A: at the stations where SPM, SPMVC and ρ were measured, 
the bulk ∆ρf was calculated under the assumption that flocs were made 
of particles (subscript p) and water (subscript w), and that their relative 
component of minerals and organic particles was known. In that case: 

SPM
SPMVC

=
Mp

Vp + Vw
(3)  

where Mp is the mass concentration of flocs, determined from filtration, 
(Vp + Vw) is the volume of flocs measured by the LISST. If we note ω the 
ratio of particulate inorganic matter concentration (PIM, determined by 
loss of ignition of GF/F filters) to the particulate organic matter con
centration (POM), the density of the particulate component of flocs ρp 
was calculated following: 

ρp =
Mp

Vp
= ω ρs +(1 − ω )ρo (4)  

where ρs is the density of minerals in the flocs (hereafter considered to be 
2650 kg m− 3) and ρo is the density of organic matter (hereafter 
considered to be 1100 kg m− 3, like Maerz et al., 2016). Finally, at these 
stations, the measured excess of density was obtained by: 

Δρf =
SPM

SPMVC

(

1 −
ρ
ρp

)

(5) 

If SPM, ρ and ρp are expressed in g m− 3 and SPMVC in μL L− 1, ∆ρf is 
expressed in g mL− 1 and must be multiplied by 1000 to provide a value 
in g L− 1 (or kg m− 3). This formula, combined with Eq. (2), provided the 
bulk ws values from measurements. 

Method B: where SPM was not measured but inferred from turbidity, 
∆ρf can be estimated using the fractal description of flocs. Kranenburg 
(1994) derived the excess floc density ∆ρf of a floc composed of primary 
particles of diameter Dp and density ρp, with fractal dimension df: 

∆ρf =
(
ρp − ρ

)
(

Dp

D

)3− df

(6) 

Maggi (2009) adapted this formula to the case of a floc composed of 
mineral and organic particles with density ρs and ρ0, respectively, as 
follows: 

∆ρf = [(ωρs +(1 − ω)ρ0 ) − ρ ]
(

Dp

D

)3− df

(7)  

which finally gives: 

ws =
1

18μ (ω∆ρs +(1 − ω)∆ρ0 )gD3− df
p Ddf − 1 (8) 

This formula was used to either to estimate the settling velocity of 
flocs (Kranenburg, 1994; Maggi, 2009; Maerz et al., 2016; van der Lee 
et al., 2009), or to estimate the fractal dimension df where ws has been 
determined from measurements by method A. To estimate the bulk ws of 
flocs of diameter D50, this relationship was applied with Dp = 4 μm 
(following Fettweis (2008): Dp = 1.1 μm in the ETM, 2.1 μm at the edge 
of ETM and 7.2 μm offshore), ρs = 2650 kg m− 3 and ρ0 = 1100 kg m− 3, 
like Maerz et al. (2016) did, and df = 2 as suggested by Winterwerp 
(1998). Averaged measured values of ω were considered for the appli
cation: ω = 0.89 at flood tide, 0.85 at high and low tides, 0.91 at ebb tide 
in May 2015 (Duy Vinh et al., 2018), ω = 0.91 at flood tide and 0.92 at 
ebb tide in September 2015; and ω = 0.9 at ebb tide and 0.92 at ebb-low 
tide in January 2016. At stations where SPM, SPMVC and ρ were 
measured, we considered that the bulk ∆ρf provided by eq. (5) was 
correct, as well as D supposed to be worth D50 derived from the LISST 
measurements. The model of ∆ρf (eq. 7) was then used to estimate the df 
value, considering the bulk measured ∆ρf and under the assumption Dp 
= 4 μm. 

3.2.4. Richardson number 
The gradient Richardson number, Ri, has largely been used as a 

criterion for assessing the stability of stratified shear flow through en
ergy consideration (Miles, 1986). It is calculated from the data of ADCP 
and CTD, following: 

Ri =
− g ∂ρ

∂z

ρ
((

∂u
∂z

)2

+

(
∂v
∂z

)2
) (10)  

where u, v are velocity components (m s− 1) and ρ the local density of 
water including the sediment concentration. 

3.2.5. Simpson parameter 
To quantitatively analyze the physical mechanisms contributing to 

mixing and stratification in an estuary, Simpson et al. (1978) introduced 
the potential energy anomaly (Φ), which represents the mechanical 
energy (in J m− 3) required to bring about complete mixing of the water 
column, given by: 

Φ =
1
D

∫ 0

− H
gz(ρ − ρ)dz (11)  

where ρ is the depth-mean density. 
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4. Results 

4.1. Hydrosedimentary forcing 

As expected, the average river discharge at the Cua Cam station 
(location in Fig. 1-a; see the variation of the hourly flow there in the dry 
season in Fig. 2) was maximum in flood period season (783 m3 s− 1 on 
average from 23 to 25 September 2015), minimum in low-flow season 
(297 m3 s− 1 on 11–12 January 2016) and intermediate at the beginning 
of the wet period (459 m3 s− 1, 10–13 May 2015) (Table 1). The standard 
deviation σQ of the hourly flow rate and the average inflow per day Q−

were seen to decrease with increasing river discharge (Table 1). 
Interestingly, the discharge-weighted suspended sediment concen

tration SPM* was higher in dry season (99.9 mg L− 1) than in wet season 
(45.0 mg L− 1), with an intermediate value in early wet season (65.2 mg 
L− 1). This evolution is the same for the concentrations averaged over the 
flood or ebb tides, which are similar at +/− 20% at each season 
(Table 1). Even if the upward flux of water is always much less than the 
downward flux, the upward flux of suspended sediment in dry season 
(− 3.37 × 103 tons day− 1) is very close to the downward flux of sus
pended sediment in early wet (3.72 × 103 tons day− 1) or wet (3.19 × 103 

tons day− 1) season. The highest value of sediment supply from the sea to 
the estuary during flood tide in dry season may either be explained by a 
higher tidal pumping, induced by a lower freshwater discharge, and/or 
indicate that the ETM could extend further upstream in dry season, up to 
the Cua Cam hydrologic station, while it is located further offshore in 
wet season. 

Another important feature of the seasonal variations is that the net 
flux of suspended sediment Qs is similar in dry (2.57 × 103 tons day− 1) 
and early wet (2.59 × 103 tons day− 1) seasons, the lowest river flow in 
dry season being counterbalanced by a higher SPM*. However, these 
values remain lower than the suspended sediment discharge in wet 
season (3.05 × 103 tons day− 1) (Table 1). 

In the Cam-Nam Trieu estuary, our measurements showed quasi- 
linear relationships between measured turbidity and SPM concentra
tions. These relationships (see Fig. A1), which provided the best deter
mination coefficient between turbidity (in FTU) and SPM concentrations 
(in mg L− 1), were used to estimate the SPM profiles from the measured 
turbidity profiles. Nevertheless, since turbidity was measured from 
surface to the bottom at each station and SPM only at two or three points 
(surface, 1.5 m below the surface and sometimes at a greater depth), we 
prefer to show hereafter the original, unbiased turbidity data, which do 
not incorporate the uncertainty of the Turb-SPM conversion, than SPM 
concentrations. 

By definition, ETMs are estuarine areas where turbidity (or sediment 
load) is the highest. Turbidity of ETMs was found to be higher in early 
flood period (> 200 FTU corresponding to >140 mg L− 1 in their core, 
and ~150 FTU or ~100 mg L− 1 at their edge) than later during the wet 
season (> 130 FTU or >270 mg L− 1 in their core and 60 FTU or ~120 
mg L− 1 at their edge). The highest turbidity and sediment load in ETMs 
were measured in dry season (>300 FTU or ~235 mg L− 1 in their core 
and 150 FTU or ~107 mg L− 1 at their edge). 

4.2. Variations of ETM patterns and aggregate characteristics along 
transects 

Five transects were performed in wet season (Sept. 23–25, 2015) and 

four in dry season (January 11–12, 2016). A selection of these transects 
are presented from Figs. 3 to 6. They show a general configuration of 
ETM with two parts in wet season (Figs. 3a and 4a) and dry season 
(Figs. 5a and 6a), in accordance with the configuration in early wet 
season (Duy Vinh et al., 2018). 

To support a detailed analysis of their spatial and temporal vari
ability at seasonal and tidal scales, Table 2 reports the length and ranges 
of turbidity and salinity of the two parts of the ETM, and characteristic 
parameters at selected stations: Simpson parameter (from eq. 11); depth- 
averaged S, Turbidity, D50, ws and J values (J being calculated over the 
whole size range 1.48–212 μm;ws using Method B). 

Unfortunately, we did not make measurements at each tidal stage 
and each season. This restriction was due to the fact that the tide is 
diurnal in this area, and that it was impossible to make measurements 
there at night within the Haiphong harbor, with a lot of cargos moving 
back and forth along the main channel. That is why, for example, we 
could only make measurements at high tide or during ebb in the dry 
season, since low tide and flood tide occurred at night. 

The ranges and along-transect averaged values of aggregate param
eters either measured at sub-surface (SPM, SPMVC, ∆ρf) or calculated 
from sub-surface measurements (D50, df, ws) during the three field sur
veys are given in Table 3 per season and at different tidal phases. ws 
values derived from Method A, without any assumption on the diameter 
of primary particles. 

4.2.1. In the wet season 
In the wet season, the longitudinal profiles of turbidity showed at 

high tide the same structure than in early wet season, with an upper ETM 
developing up to the surface and a maximum value above 80 FTU and a 
lower ETM restricted to the bottom layer (< 4 m from the bottom) with a 
local turbidity above 140 FTU (Transect 5, Fig. 3a). The upper ETM 
started at salinity ~0.1 psu and ended around 2–3 psu, and developed 
over well mixed waters (Fig. 3b). Its length was around 4 km. The lower 
ETM developed over stratified waters at higher salinity around 3–10 
psu, near the bottom, downstream to an intermediate zone of lower 
turbidity of around 4 km length. 

During the flood tide on September 24, 2015 (Transect 3, Fig. 4), 
only one maximum of turbidity was measured, above 130 FTU, in well 
mixed waters and salinity between ~0.1 psu and 2–3 psu as well. The 
salinity at the river mouth was lower during flood tide (< 5 psu, Fig. 4b) 
than during high tide (around 10 psu, Fig. 3b). If the lower ETM existed 
at flood tide on September 24, 2015, it should develop further offshore 
than the river mouth, in the Bay. 

D50 values along river transects varied between 30 and 60 μm at high 
tides (Fig. 3c) and 40–80 μm during flood tides (Fig. 4c). At high tide, the 
depth-averaged D50 was the smallest in the riverine estuary (at salinity 
<0.1 psu) and slightly increased in the upper ETM (33–47 μm), lower 
than the mean of whole transect (42.7 μm, Fig. 3c). The same trend 
occurred during flood tides: D50 was 43.6 μm at the riverine station v239 
then slightly increased to 45.0 μm at station v245 in the upper ETM 
(Table 2), lower than the mean of whole transect (53.5 μm). The largest 
floc sizes (D50 > 60 μm at high tide or 80 μm at flood tide) were observed 
in the low-turbid zone laying between the upper ETM and the lower 
ETM, and in the core of the lower ETM at high tides (station v307, Fig. 3 
and station v250, Fig. 4). D50 at high tide was higher than the average 
(52.8 μm) in the lower ETM (Table 2). At least, we noticed that D50 had 
highest values from each side of the upper ETM (upstream and 

Table 1 
Mean values and standard deviation of basic hydrosedimentary parameters at the Cua Cam station during the 3 surveys.  

Season Salinity Qave +/− σQ Qmax Qmin Q+ Q− Cflood Cebb Qs_ave Qs + Qs - SPM* 

(psu) (m3 s− 1) (106 m3 day− 1) (mg L− 1) (103 tons day− 1) (mg L− 1) 

Early wet season 2.7 ± 4.3 459 ± 836 1490 − 1210 57.35 − 17.66 70.7 ± 25.6 66.1 ± 22.4 2.59 3.72 − 1.14 65.2 
Wet season 2.5 ± 3.1 783 ± 643 1540 − 339 70.45 − 2.76 50.0 ± 4.4 39.1 ± 13.0 3.05 3.19 − 0.12 45.0 
Dry season 11.1 ± 6.6 297 ± 1034 1440 − 1360 57.25 − 31.58 93.6 ± 27.4 107.9 ± 31.1 2.57 5.94 − 3.37 99.9  
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downstream) than at its middle, with higher values at its downstream 
boundary that at its upstream one (v309 vs v312 at high tide, Fig. 3c; 
v247 vs v244 at flood tide, Fig. 4c). 

The spatial distributions of settling velocities were very similar than 
the distributions of D50. At high tide, the average bulk settling velocities 
of flocs is 0.13 mm s− 1. The highest values were observed at the 
downstream boundary of the upper ETM (up to 0.16 mm s− 1, v309), in 
the low-turbid zone separating the upper and lower ETMs (0.14–0.18 
mm s− 1, v307), and in the core of the lower ETM (above 0.16 mm s− 1, 
Fig. 3d). During flood tides, the average of ws values is 0.17 mm s− 1. The 
highest values (0.19–0.25 mm s− 1) were measured at the downstream 
edge of the upper ETM (v247) and in the low-turbid waters downstream 
the upper ETM (v250) (Fig. 4d) (the lower ETM was not sampled at this 
time as it was located further offshore). 

In the wet season, the PSD slope (j) showed slight variations within 
the estuary (not shown), in the range 3.0–3.8 at high tide (averaged 
value: 3.51) and 2.9–3.6 during flood tide (average: 3.38). j was lower in 
the lower estuary (and near bottom) and higher in the upper estuary 

(and subsurface layer), which indicates a higher percentage of coarser 
aggregates seaward. Its depth-averaged value was higher in the upper 
ETM and lower in the lower ETM than the averaged of transects 
(Table 2). For both transects, the lowest values of j were observed in the 
areas of the highest D50 and ws values, in the low-turbid zone between 
the upper and lower ETM and, at high tide, in the lower ETM. 

These two along-transect distributions of aggregate parameters are 
rather typical of those measured in wet season. The ranges of salinity, 
turbidity and other parameters are given at selected stations in the upper 
and lower ETMs for 3 additional transects in Table 2. In the upper ETM, 
Φ varied from 0.31–0.37 at high tide to 2.74–2.86 at flood tide. In the 
lower ETM, Φ were above 15 at ebb tide (v229), around 31 at flood tide 
(v298) and higher than 67 at high tide (v217, v304) (Table 2). We 
noticed a much larger range during high tide than flood tide. In the 
upper ETM, the average Ri was 0.17 at high tide and in the range 
0.04–0.08 at flood tide. In the lower ETM, the average Ri was higher, 
showing a higher stability. 

Fig. 3. 2D distributions of parameters along Transect 5 during wet season, high tide (water elevation = 2.8–3.0 m, 25/09/2015). (a) Turbidity (FTU); (b) Salinity 
(psu); (c) D50 calculated over the whole grain size range (1.48–212 μm); (d) Settling velocity of flocs (mm s− 1). 
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4.2.2. In the dry season 
In the dry season, salinity is much higher all along the sampled 

14–18 km of the estuary than in the wet season. Contrasted salinity 
profiles were measured: stratified conditions with 6–8 psu more near the 
bottom than at the surface (and thus Φ > 40), from 11 to 18 psu up
stream to 18–22 psu at the river mouth during early ebb tide (Fig. 5b); 
and from rather homogeneous salinity profiles upstream (< 1 psu and Φ 
< 2) to stratified conditions downstream (14–19 psu and Φ > 30) at the 
river mouth during late ebb tide (Fig. 6b). 

The longitudinal profiles of turbidity showed a pronounced upper 
ETM at late ebb tide with a maximum value above 500 FTU at 2–4 psu 
(v429) and a lower ETM with a local turbidity reaching 400 FTU at ~10 
psu and Φ = 10.9 (v424) (Fig. 6a). Pockets of high values of turbidity (up 
to 530 FTU) were observed in the bottom and salted layer during early 
ebb tide in these stratified waters (S > 13 psu, Fig. 5a). No upper ETM 
was observed in our surveys during early ebb tide or high tide, because 

salinity was too high at these tidal stages in the sampled area. If an upper 
ETM existed at these tidal stages in dry season, it should develop further 
upstream than our upstream limit. 

D50 values along river transects varied in the ranges 35–75 μm at 
early ebb tide (Fig. 5c) and 24–68 μm during late ebb tide (Fig. 6c). The 
largest floc sizes were observed in the lower ETM and at the edges of the 
upper ETM, the smallest aggregates close to the surface between the two 
ETMs (Fig. 6c). 

As with D50, bulk settling velocities of flocs were slightly higher 
along estuary at early ebb tide (mean value: 0.16 mm s− 1) than at late 
ebb tide (0.10 mm s− 1) (Figs. 5d, 6d, Table 2). In the presence of ETMs 
(at late ebb tide), the largest settling velocities (ws > 0.13 mm s− 1) were 
observed at the edges of the upper ETM and in the lower ETM, and the 
smallest settling velocities (ws < 0.07 mm s− 1) close to the surface be
tween them (Fig. 6c). 

We observed a very good covariation of j and D50, with higher 

Fig. 4. 2D distributions of parameters along Transect 3 during wet season, flood tide (water elevation = 2.5–3.0 m, 24/09/2015). (a) Turbidity (FTU); (b) Salinity 
(psu); (c) D50 calculated over the whole grain size range (1.48–212 μm); (d) Settling velocity of flocs (mm s− 1). 
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proportion of bigger aggregates (smallest j-values) where D50 is the 
highest. Their spatial distributions are similar. The PSD slope was in 
average higher at late ebb tide (3.6) than at early ebb tide (3.1). At late 
ebb tide, j is varying between 3.2 where D50 is maximum (~68 μm at 
v425, in the lower ETM) and 3.8 where D50 is minimum (~24 μm near 
the surface between the two ETM parts). 

The Simpson parameter is high all along the transect at early ebb tide 
(e.g., 48.1 at v414, Table 2), due to the high vertical stratification. At 
late ebb tide, Φ-values varied between 1.82 (at v430, Transect 2, Fig. 6) 
and 7.45 (Transect 4, see Table 2) in the upper ETM. Φ was higher than 
10 in the lower ETM (see its values at selected typical stations in Table 2: 
10.89–13.97 during late ebb tide and >30 in the downstream estuary at 

high and early ebb tides). Ri-values were always lower in the upper ETM 
(< 0.03 at late ebb tide) than in the lower estuary (> 0.09). 

4.3. Tidal and seasonal variations of aggregate parameters 

We put in Table 3 the average aggregate parameters during same 
tidal phases of each survey in sub-surface waters, in order to illustrate 
their tidal and seasonal variations. Values obtained at ebb tide are 
interesting since all parameters were measured at this tidal stage during 
the three surveys. However, caution must be made because of the high 
variability of parameters in ebb stages, as illustrated in January 2016 
when two transects were performed on the same day: one in early ebb 

Fig. 5. 2D distributions of parameters along Transect 1 during dry season, early ebb tide (water elevation = 1.3–2.7 m, 11/01/2016). (a) Turbidity (FTU); (b) 
Salinity (psu); (c) D50 calculated over the whole grain size range (1.48–212 μm); (d) Settling velocity of flocs (mm s− 1). 
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stage (Fig. 5), the following in late ebb stage (Fig. 6) (see Table 3): from 
the early ebb (right after high tide) to late ebb (just before low tide), SPM 
was multiplied by more than 3, the volume concentration and the excess 
of density by nearly 2, D50 and ws were divided by more than 2. Un
fortunately, no subsurface samples had been performed at the exact high 
tide during the dry season. 

So as to complement the analysis of seasonal variability, we addi
tionally considered the across-transect and depth-averaged values of 
some major parameters derived from LISST and CTD profiling for all 
transects and for those performed at high tide only: salinity, D50, ws and 
J (Table 4). Transects were performed at ebb tide and high tide during 

the three surveys, but data collected at high tide will be preferred to 
those collected at ebb tide to assess their seasonal variations because 
their variability is much higher during ebb stages than during shorter 
high tides. 

Finally, since Tables 3 and 4 show averaged values, we also 
considered 99 in situ measurements (23 in the early wet season, 43 in 
the wet season and 33 in the dry season) of the parameters so as to 
compare their co-variations. Most of these measurements were per
formed sub-surface, the other ones within a 5 m-depth surface layer. 

In relation with the strong river discharge seasonality, salinity was 
seen to strongly vary along the transects, e.g. at high tide, from 2.7 psu in 

Fig. 6. 2D distributions of parameters along Transect 2 during dry season at late ebb tide (water elevation = 0.5–1.1 m, 11/01/2016). (a) Turbidity (FTU); (b) 
Salinity (psu); (c) D50 calculated over the whole grain size range (1.48–212 μm); (d) Settling velocity of flocs (mm s− 1). 
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average in wet season to 20.0 psu in dry season (Table 4). 
SPM values averaged over the transects follow the same variability 

than salinity, with their highest values and ranges in the dry season and 
their lowest ones in the wet season, in agreement with the SPM con
centrations measured at Cua Cam station (see Tables 1 and 3). Con
cerning their tidal variability, in early wet season where all tidal stages 
were sampled, SPM values were clearly the lowest at high tide, the 
highest at low tide (4 times its average value at high tide) and inter
mediate at flood and ebb tides (Table 3). SPMVC values were strongly 
correlated to SPM (R2 = 0.852, not shown), and showed the same tidal 
evolution (Table 3). 

D50 varied from maximum values at low tides to minimum values at 
high and ebb tides (Table 3). The intertidal variability was very high, as 
illustrated during the dry season with a strong decrease from early to 
late ebb tide (Table 3). The depth-averaged D50 values at high tide was 
the lowest in wet season (49.7 μm) and the highest in dry season (61.9 
μm), with an intermediate value in early wet season (59.6 μm) (Table 4). 
They show the same seasonal variations than SPM, SPMVC and ∆ρf. 

The co-variation of D50 and SPM is not straightforward (Fig. 7), and 
just makes it clear that the D50 and SPM ranges (or variability) seemed 
the lowest in wet season for all tidal stages (Fig. 7a) and at high tide for 
all seasons (Fig. 7b). 

4.3.1. Excess of density 
Like SPM and D50, the range of variability of bulk sub-surface and 

along-estuary averaged excess of density ∆ρf seemed the lowest in wet 
season (45–221 kg m− 3) and the highest in dry season (56–595 kg m− 3). 
Its values seem to follow the same variations (Table 3), being the highest 
in dry season. However, the tidal variability of ∆ρf is strong and may 
differ from a season to another (Table 3); in dry season, ∆ρf was 
measured to increase by 88% during ebb tide. Furthermore, we have to 
remind that we did not sampled at same tidal stages in each season. A 
higher range of variability in dry season for SPM, D50 and ∆ρf values 
may indicate that ETMs are stronger in dry season than in wet season. 

Locally, the variations of ∆ρf followed the ones of SPM in each season 
(Fig. 8a) and over a tidal cycle (Fig. 8b) but their relative increase or 
decrease is also affected by the variation of D50 (Fig. 9a and b). ∆ρf is 
seen to increase with increasing SPM (Fig. 8) and to decrease with 
increasing D50 (Fig. 9). The trends (slopes) vary a little amongst seasons 
and much more amongst tidal stages (see, e.g., Fig. 8b compared to 8a). 
The tidal variations of SPM likely explain the tidal variations of ∆ρf, 
from the lowest values at high tide to the highest values at low tide 
(Fig. 8b). 

The floc fractal dimension (df) calculated from 99 in situ measure
ments varied from 1.91 to 2.09. Like other parameters, the range of 
values was slightly higher in the dry season than in the early wet and wet 
season (Table 3). The seasonal variation of df (1.97 in dry season and 
2.00 in wet season at ebb tide, Table 3) was lower than its tidal varia
tions (+/− 5% around the average value), which are not straightfor
ward. In dry season smaller df values at late ebb tide corresponded to 
much smaller aggregates (D50 = 21.7 μm) with a higher excess of density 
(∆ρf = 224.5 kg m− 3) than at early ebb tide (D50 = 46.3 μm, ∆ρf = 119.2 
kg m− 3) (Table 3). The comparison between averaged values of each 
parameter at early ebb and late ebb in dry season (increase in SPM, 
SPMVC, ∆ρf; decrease in D50, df, ws) is particularly instructive on their 
high variability at the tidal scale in this season (Table 3). 

The depth-average PSD slopes J along the Cam-Nam Trieu estuary 
increased from dry season (3.13 in average at high tide) to early wet 
season (3.39) and wet season (3.44) (Table 4, see examples on Fig. 10b). 
Thus, aggregation seems to be enhanced in dry season and reduced in 
wet season, and its seasonal variations are the same than df. A detailed 
comparison of the PSDs between wet and dry seasons(see, e.g., Fig. 10a) 
shows that, at high tide, the proportion of fine aggregates decreased 
from35.2% to 30.5% in average, and the proportion of coarse aggregates 
increased from 27.4% to 33.1%. 

The bulk settling velocity was calculated from the Stokes Ta
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relationship, considering D50 derived from LISST measurements, by two 
methods, considering either the measured ∆ρf at stations where water 
was sampled (method A, Table 3), or the bulk ∆ρf derived from a model 
based on fractal distribution of aggregates, with df = 2.0, Dp = 4.0 μm, 
and D = D50 along the whole transects (method B, Table 4). The com
parison between these two methods at the sampled stations (Fig. 11) 
shows a good correlation between the measured value and the estimated 
value based on the model, and indicates that, globally, the model (before 
adjustment of df) tends to overestimate the measured settling velocities 
up to ~0.12 mm s− 1, and to underestimate higher settling velocities. 
Overestimation occurred mainly in dry season or at low and high tides, 
underestimation in early wet season, or at ebb and flood tides. In a 
second step, df was adjusted at 99 sampled stations in Method B until it 
provides the same settling velocity than Method A, considered as the 
reference. 

The bulk settling velocity of aggregates clearly showed to increase 
with increasing D50 (Fig. 12, Tables 3 and 4). It also showed to vary with 
seasons and tides, but its tidal variations seem to vary a little seasonally. 
The seasonal and tidal variations are thus not straightforward. Although 
ws decreased from early ebb (0.14 mm s− 1, Table 3) to late ebb tide 
(0.06 mm s− 1) in dry season, we observed the smallest ws values at high 
tide in early wet and wet seasons. Concerning its seasonal variations, at 
high tides, ws was higher in dry season (0.17 mm s− 1 in average, Table 4) 
than in wet season (0.11 mm s− 1, Table 4) with intermediate values in 
early wet season (0.12 mm s− 1, Table 4). It was the reverse at ebb tides, 
with the highest ws (0.13 mm s− 1) and the smallest in the dry season 
(0.10 mm s− 1) (Table 3, Fig. 12a) but, as the range of variation is higher 
during ebb than at high tides (Fig. 12b), the seasonal variation is 
assumed to be more representative at high tides. 

Although the power-law regression curve between ws and SPM was 
good in early wet season (R2 = 0.64 through power-law regression 
curve, not shown), it was very poor in the dry season (R2 = 0.23) and not 
significant in the wet season (R2 = 0.09). Furthermore, while ws tended 
to increase with increasing SPM in early wet and wet seasons, it tended 
to decrease with increasing SPM in dry season. 

Table 3 
Seasonal and tidal variations of aggregate parameters in the Cam-Nam Trieu estuary. Values averaged along the estuary from subsurface sampling and LISST mea
surements at different tidal phases.  

Parameters Early wet seasona (May 11–13, 2015) Wet seasonb (September 23–25, 2015) Dry seasonc (January 11–12, 2016) 

Min Max Tidal phase Min Max Tidal phase Min Max Tidal phase 

Flood High Ebb Low Flood High Ebb Early 
ebb 

Late 
ebb 

Mean 
ebb 

SPM (mg L− 1) 20.0 257.5 82.37 37.8 42.3 160.8 25.7 128.5 49.5 50.7 73.0 28.7 384.4 64.5 205.9 135.2 
SPMVC (μl L− 1) 176.0 1007.0 316.5 196 187.0 587.0 152.2 709.4 204.2 217.7 296.4 181.9 1166.6 307.2 605.8 456.5 
D50 (μm) 31.0 81.0 45.9 39.9 37.9 56.0 27.4 71.2 45.9 38.8 39.1 17.6 77.0 46.3 21.7 43.1 
∆ρf (kg m− 3) 66.6 260.2 156.5 110.6 133.2 169.8 44.8 221.5 146.7 153.2 162.2 55.9 595.1 119.2 224.5 171.8 
ws (mm s− 1) 0.07 0.55 0.18 0.09 0.11 0.29 0.07 0.29 0.17 0.12 0.13 0.03 0.42 0.14 0.06 0.10 
df 1.93 2.07 2.02 1.97 1.98 2.04 1.92 2.06 2.01 1.99 2.00 1.91 2.09 1.98 1.96 1.97  

a 23 stations. 
b 43 stations. 
c 33 stations. 

Table 4 
Mean values and standard deviations of salinity and aggregates parameters at each season, calculated separately from all transects and from transects performed at 
high tide only. The values are averaged over the whole transects, from upstream to downstream and from surface to bottom.  

Season Early wet season Wet season Dry season 

Transects considered All transects High tide All transects High tide All transects High tide 

S (psu) 2.6 ± 4.2 6.6 ± 5.8 2.5 ± 3.1 2.7 ± 3.7 14.8 ± 7.2 20.0 ± 3.8 
D50 (μm) 59.6 ± 10.9 52.3 ± 6.1 49.6 ± 11.6 49.7 ± 11.7 51.3 ± 13.5 61.9 ± 11.6 
ws (mm s− 1) 0.21 ± 0.09 0.12 ± 0.01 0.11 ± 0.06 0.11 ± 0.05 0.13 ± 0.04 0.17 ± 0.03 
J 3.39 ± 0.11 3.37 ± 0.12 3.44 ± 0.19 3.44 ± 0.20 3.34 ± 0.27 3.13 ± 0.13  

Fig. 7. Sensitivity of D50 to SPM volume concentration for 99 samples, May 
2015, Sept 2015 and January 2016: (a) seasonal trends, (b) tidal trends. 
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Several reasons may explain the high difference between the average 
bulk ws along the transects at different seasons and tides, like different 
ranges of parameters. We should also consider that the ETM moved 
seasonally, and that from the river mouth to 18 km upstream we did not 
sample waters in the same portions of estuary from a season to another. 
In dry season, the sampling area corresponded with the ETM at late ebb 
only (Fig. 6), while it corresponded to the river plume (at higher salinity, 
in partially mixed waters, with higher D50 values) at early ebb (Fig. 5). 
We thus need to analyze the seasonal variations of the ETM: this is the 
purpose of next subsection. And we suggest a future peculiar study 
dedicated on the apparent lowest D50 and ws values in dry season at late 
ebb or around low tide, since this is the period of the tidal cycle and of 
the year where sedimentation in the estuary is assumed to be the 
highest, and thus the sediment balance is very sensitive to the combi
nation of seasonal and tidal variations of settling velocities. 

4.4. Seasonal variation of ETM patterns and characteristics 

The two parts of ETM – an upstream part in well mixed waters and a 
downstream one restricted to the bottom boundary layer – were 
observed at each season. However, they showed special patterns and 
seasonal characteristics. 

In the wet season, the lower ETM was much bigger than the upper 
ETM. The upper and lower ETMs seemed to be at longer distance from 
each other than in the early wet season. They look almost disconnected 
from each other. At high tide (Transect 5, Fig. 3 + Transect 1, not 
shown), the upper ETM developed at salinities in the range 0.1–4 psu, 
and the lower ETM at salinities 3–11 psu near the bottom, with an in
termediate zone of lower turbidity of ~4 km length. 

In the dry season, the limit of stratification was observed at Simpson 
values around 10. This appears to be the lower limit of the upper ETM. 
The upper ETM was much bigger than the lower ETM. The upper ETM 

developed at salinity up to 3–6 psu at surface, and the lower ETM up to 
12–15 psu near the bottom. 

The seasonal and tidal variations of turbidity within the full ETM 
seem clear and consistent with all transects. In early wet and wet season, 
the highest turbidity values are located over large areas in the lower part 
of ETM (up to 1000 NTU at low tide and up to 300 NTU at high tide). 
They are restrited to a bottom layer no more than half the height of the 
water column. In the upper ETM, the maximum turbidity is 250–300 
NTU at low tide and around 120 NTU at high tide near the bottom. 
Similar distributions were observed in early wet and wet season, with 
slightly lower values in wet season than in early wet season. In the dry 
season, the turbidity distribution is much different, with higher turbidity 
in the upper part of ETM than in the lower part. Unfortunatelly, we did 
not investigate the ETM at high tide (likely developing more upstream 
than 18 km from the river mouth). However, at late ebb tide, near low 
tide, we observed two times the same structure with a huge upper ETM 
(turbidity ranging from 500 NTU near the bottom to 300–400 NTU at the 
surface) and a smaller and shorter lower ETM with maximum turbidity 
of 350 NTU (near the bottom). Local pockets of high turbidity were also 
observed downstream of the lower part of ETM, being mainly restricted 
to the bottom layer in these highly stratified waters (e.g. from stations 
v412 to v414, Fig. 5). 

An additional seasonal variation seems very clear and consistent 
from our observations. In early wet and wet season, the upper ETM and 
lower ETM have either similar lengths (4–5 km) or a longer lower ETM 
(> 6 km, in early wet season). They are generally spaced by a distance 
from 1 to 4 km. In dry season, the configuration is very different with a 
much longer upper ETM (>7 km) and no distance between the two parts 
of the ETM (see Fig. 6: an upper ETM from upstream down to station 
v427, which correspond to the maximum of turbidity at surface + a 
lower ETM between stations v427 and v424 or v423). 

Fig. 8. Covariation of measured values of bulk excess of density ∆ρf and SPM 
for 99 samples, May 2015, Sept 2015 and January 2016 Fig. 9. Covariation of measured values of bulk excess of density ∆ρf and D50 for 

99 samples, May 2015, Sept 2015 and January 2016. 
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We tried to characterize the boundaries of the upper and lower parts 
of the ETM from their Simpson parameter and depth-averaged salinity. 
The upper limit of upper ETMs are characterized by both low salinity 
(mostly in the range 0.09–0.12 psu) with a median value of 0.105 psu, 
and low Φ values (in the range 0.2–1.2), with a median value of 0.65 
(Fig. 13a). These ranges and median were calculated only in early wet 
and wet season because the further upstream stations in dry season (at 
salinity values of 0.3 and 0.6 psu) were downstream of the upper limit of 
upper ETMs. Fig. 13b shows that the lower limit of the upper ETM in 
salinity is varying with the season (median values of 7.30 psu in dry 
season, 1.77 psu in early wet season and 1.27 in wet season), but that the 
median values of Φ calculated per season are very close (7.0 in early wet 
season, 8.0 in wet season and 9.4 in dry season). The slightly higher 
value of Φ in dry season may be associated to the higher turbidity values 
at this season. To summarize, the upper limit of the upper ETM seems to 
be driven by salinity, around 0.1 psu, (at Φ-values = 0.65 +/− 0.5) and 
the lower limit may be driven by the stratification at Simpson parameter 
around 8 in the range 7–10, at salinity less than 8–10 psu in dry season 
and 2–3 psu in wet season. 

The lower ETM is more difficult to characterize, since we generally 
measured only one part of it. The maximum of salinity seemed to be 
around 15 psu from the whole data set. Most of our transects show a 
salinity range between 5 and 15 but we also observed lower ETM parts 
(i.e. restricted to the bottom) at lower salinity values (see Table 2). 
Simpson values were higher than in the upper ETM, most of the time 
higher than 10. 

While the upper ETM (which developed over one vertical water 
column from S––0.1 psu until Φ ~ 8) was clearly separated from the 
lower ETM in wet season (e.g. Fig. 4), in dry season it was sticking the 
lower ETM, which developed only near the bottom (Transect 2, Fig. 6 +
Transect 4, not shown). The same structure was observed two times in 
dry season (Transects 2 and 4). One hypothesis to explain the difference 
between their seasonal distributions is that the longitudinal salinity 
gradients are much smaller in wet season and thus enable the ETMs to 
develop over greater length. 

At upper ETMs, Ri showed seasonal variations between 0.10 in 
average in wet season and 0.02 in average in dry season, with inter
mediate values in the early wet season (0.07). The same trend was 
observed in the lower ETM, with average Ri values between 2.5 in wet 
season and 0.36 in dry season. We can infer that (1) the density strati
fication is more stable in the lower ETM than in the upper ETM, and (2) 
that the density stratification is more stable in wet season than in dry 
season. However, we must emphasize that the tidal variations of Ri are 
much higher than their seasonal variations. 

The depth-average size of aggregates at ETMs varied with seasons 
(see Table 2). In the wet and dry seasons, average D50 values in the upper 
ETM were similar (41.6 μm in the wet season, and 42.8 μm in the dry 
season) and smaller than in the lower ETM (52.3 μm in the wet season 
and 46.8 μm in the dry season). In the early wet season, both values were 
higher (63.8 μm in upper ETMs and 61.4 μm in lower ETMs). 

The depth-average settling velocity of aggregates was shown to 
decrease from early wet season (0.23 mm s− 1 in average for both ETMs) 
to wet season (average 0.15 mm s− 1), then to dry season (average 0.11 
mm s− 1) (Table 2). In the core of ETMs, averaged settling velocities of 
aggregates were slightly lower in the upper ETMs than in the lower 
ETMs (0.14 mm s− 1 compared to 0.17 mm s− 1 in the wet season, 0.10 
mm s− 1 compared to 0.11 mm s− 1 in the dry season, Table 2). Reverse 
variations were observed for the average PSD slopes in the cores of 
ETMs, with lower values in early wet season (3.45 in average) than in 
wet season (3.47), and a higher value in dry season (3.63). J values were 
also higher in upper ETMs than in the lower ETMs (3.47 compared to 
3.30 in the wet season, 3.63 compared to 3.59 in the dry season, 
Table 2). We can note that the difference between values in both parts of 
the ETM is maximum in the wet season. 

Fig. 10. Example of average Particle Size Distribution (PSD) at high tides at 
selected stations and different seasons: (a) volumetric distribution along the 32 
size classes; (b) log-log representation used to calculate the Junge parameter. 

Fig. 11. Comparison between ws estimates based on a fractal distribution of 
flocs under the assumption Dp = 4 mm and df = 2 (eq. 8) and ws derived from 
the measured ∆ρf (eq. 2 and 5), for 99 samples. 
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Fig. 12. Sensitivity of ws to D50 for 99 samples, May 2015, Sept 2015 and 
January 2016: (a) seasonal trends, (b) tidal trends. 

Fig. 13. Simpson parameter and depth-averaged salinity values at stations 
assumed to be at or near the boundaries of upper ETMs, and their median 
values: (a) at its upper limit, (b) at its lower limit. 
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5. Discussion 

5.1. Seasonal variations of the river discharge at the hydrographic station 

The hourly measurements of water flow at the hydrographic Cua 
Cam station confirmed that the river discharge was increasing from the 
dry to the wet season, and that the daily volume of inflow Q− was 
decreasing with increasing river discharge (from − 31.6 × 106 m3 day− 1 

on 11–12 January 2016 to − 2.8 × 106 m3 day− 1 on 23–25 September 
2015) (Table 1). However, we were surprised to measure the same 
outflow Q+ (~57.3 × 106 m3 day− 1) for two distinct river flows Q (297 
and 459 m3 s− 1) and with the same tidal range (spring tide, i.e. ~2.4 m 
amplitude) (Table 1). It shows that, for a particular outflow Q+, the 
decrease of inflow Q− = Q − Q+ counterbalanced exactly the increase of 
river discharge. This process being far from the core of the present paper, 
it will be described and explain in detail in a future paper. 

Water river and sediment supplies from the Red River to the sea have 
changed after Hoa Binh Dam impoundment (Vinh et al., 2014), resulting 
in a strong decrease of extreme river flow in the wet season, a higher 
water discharge in the dry season and a strong decrease in SPM con
centration. However, in the RRD estuary and coastal area, the SPM 
concentration also depends on tidal oscillation (Lefebvre et al., 2012; 
Vinh and Uu, 2013) and ETM propagation upstream. The ETM moves 
further upstream in dry season. That may explain why a higher SPM 
concentration at Cua Cam Station was measured in the dry season than 
in the wet season, in agreement with the SPM concentration averaged 
over all samples during each field campaign (124.9 mg L− 1 in the dry 
season vs. 59.4 mg L− 1 in the wet season). The same seasonal variation 
during spring tides was measured in the Van Uc estuary (whose mouth is 
~15 km from Cam-Nam Trieu mouth), with 3–4 times higher SPM 
values in dry season than in wet season (Piton et al., 2020b). However, 
we learned in the Van Uc estuary than the reverse occurs at neap tides, 
with much higher SPM values in the wet season than in the dry season. It 
is therefore difficult to conclude that the observed variations of con
centrations during the 3 campaigns of 2015–2016 were typical and 
could be generalized to other tidal stages than spring tides. 

5.2. Seasonal patterns of ETM 

Considering the double structure of the ETM and their respective 
limits in terms of salinity and stratification (see § 4.4), we can summa
rize their configuration in the Cam-Nam Trieu estuary in the dry and wet 
season in Fig. 14. The upper ETM was much bigger and with much 
higher turbidity values in dry season than in the wet season. The lower 
ETM showed higher turbidity than the upper ETM in the wet season. 

The double structure of the ETM is perfectly consistent with the 
description of the Gironde estuary by Gibbs et al. (1989): coagulation 
induced by salinity at low S values (from around 0.1 psu to 1 psu – the 
“coagulation zone”, salinity controlled) with a progressive increase in 
floc diameter and volume concentration occurs in quite homogeneous 
waters, forming the upstream part of the ETM; and flocculation is 
induced by hydrodynamic processes near the null point, the conver
gence of seaward and landward flows of water (at S values around 4–5 
psu in the Gironde), where some stratification develops. Flocs settle in 
the 5–18 psu and move landward near the bottom towards the null point 

Fig. 14. Seasonal patterns of the ETM in the Cam-Nam Trieu estuary at spring tides (a) in early wet or wet season in May-Sept. 2015 and (b) in dry season, January 
2016. Isohaline lines are given in blue (with salinity in psu) and turbidity patterns are showed in brown with darker colour for higher turbidity values. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 5 
Variations of transect-averaged aggregate parameters in the Cam-Nam Trieu 
estuary at tidal scale and at seasonal scale during spring tides. + indicates the 
highest values, − the lowest ones, and some intermediate values (generally 
noted =) are mentioned as closest to the highest values (=+) or to the lowest 
ones (=− ).  

Aggregate 
parameters 

Tidal variations Seasonal variations 

Flood High Ebb Low Early 
wet 

Wet Dry 

SPM, SPMVC values =− − =+ + − = +

SPM, SPMVC ranges = − = + = − +

D50 =+ − =− + = − +

∆ρf = − = + − = +

ws =+ − =− + =− − +

df =+ − =− + = + −

J     =+ + −
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area, developing the downstream part of the ETM (see Gibbs et al., 1989, 
their Fig. 11). 

The tidal and seasonal migrations of ETMs towards downstream/ 
upstream locations were already described in the literature (e.g. Allen 
and Castaing, 1973; Schoellhamer, 2001; Rao et al., 2011). The seasonal 
motion of the ETM can be further commented. By comparing two 
campaigns carried out in this estuary, Lefebvre et al. (2012) showed that 
in the rainy season, the particles brought by the floods are mainly 
deposited in the coastal zone and at sea, and that some of them return to 
be deposited in the estuary in the dry season, with a deposition rate in 
the estuary that is three times higher in the dry season than in the rainy 
season. The present study shows that the ETM (and therefore the pref
erential areas of deposition) are located in the dry season around the 
Haiphong harbor at low tide (Fig. 6), when particles settle. Sedimenta
tion is thus the highest in the harbor area at the period of the year when 
its rate is maximum (Lefebvre et al., 2012). In the present configuration 
(and with the present water regulation), Haiphong harbor is the area 
with the highest turbidity and sediment deposition rate, consistently 
with the location of mud dredging activities. It is likely that before flows 
were regulated by dams, the ETM in low flow season (with lower 
discharge) was located further upstream in the estuary, and therefore 
the deposition that occurred did not affect siltation and navigability at 
the harbor as much. This could explain the recent increase in both 
harbor siltation and dredging activities to maintain the navigability of 
the main channel (Duy Vinh et al., 2018). 

5.3. Variability of aggregate characteristics 

The variability of aggregate parameters is known to be high at tidal 
scale in mesotidal environments, especially at low flow periods, as 
detailed by Piton et al. (2020b) in the neighboring estuary of the Van Uc 
River, or as outlined in § 4.3. The present subsection aims at summari
zing their variability at tidal and seasonal scales (Table 5) and discussing 
it with regard to the literature. 

The tidal variations of the aggregate parameters (SPM, D50, ∆ρf, ws, 
df) showed to be consistent, with their highest values at low tide, their 
lowest values at high tide and intermediate values at flood and ebb. A 
more detailed analysis of our data set showed that for some parameters 
(D50, ws, df), the “intermediate” values were slightly higher at flood than 
the ebb (Table 5), and the reverse was observed for SPM. Regarding the 
seasonal variations, the dry season is clearly characterized by extreme 
values, the highest ones for SPM, D50, ∆ρf and ws, and the smallest ones 
for df and J (Table 5). SPM and ∆ρf showed their lowest averaged values 
in early wet season, while D50 and ws showed their lowest ones in wet 
season. df and J were maximum in the wet season. 

5.3.1. SPM 
The tidal variation of SPM (the highest at low tide, the lowest at high 

tide, with intermediate values slightly higher at ebb than flood) and its 
seasonal variation (the highest in the dry season, the lowest in the wet 
season) measured in the Cam-Nam Trieu estuary are consistent with the 
measurements by Piton et al. (2020b) in the nearby Van Uc estuary. 
Their regular sampling during 24 h-cycles in spring and neap tides at 
fixed stations, in dry and wet seasons, gives a refined analysis, and 
especially additional information on the spring-neap tide variability. 

5.3.2. D50 and J 
In this study, median aggregate sizes were calculated at 310 stations 

from in situ data of 15 transects. The depth-averaged D50 values over the 
whole size range of the LISST (1.48–212 μm) were higher in the dry 
season than in the wet or early wet season. This seasonal variation of D50 

is consistent with the previous study in the Cam-Bach Dang estuary by 
Lefebvre et al. (2012), who showed that aggregates transfer from the 
coarser size classes (macroflocs, coarse microflocs) to finer ones in the 
wet season due to high turbulent energy (corresponding to low Kolmo
gorov microscales). The present results are in agreement with these 
previous ones, with a higher proportion of fine aggregates in the wet 
season than in the dry season (~35% vs. ~30%, respectively, at high 
tide) and a higher proportion of coarse aggregates in the dry season than 
in the wet season (33% vs. 27–28%, respectively, at high tide). Besides 
turbulence constraints, bigger aggregates in the dry season may also be 
linked to the abundance of transparent exopolymer particles (TEP), 
which promote sediment aggregation (van der Lee, 2000; Verney et al., 
2009; Markussen and Andersen, 2013; Lee et al., 2017; Fettweis and Lee, 
2017). The enhanced transfer from finer aggregates to coarser ones in 
the dry season is responsible for the reduction of J, the slope of the 
particle size distribution, at this period, already shown in this estuary 
(Mari et al., 2012). 

In addition, the present study evidenced a consistent difference 
amongst surveys between averaged parameters in upper and lower parts 
of ETM, with higher D50 and lower J values in the lower ETM than in the 
upper ETM, in wet and dry seasons. Finally, if the maximum D50 in the 
lower ETM is observed at its center, it seems that it is observed in the 
upper ETM rather at its upstream and downstream boundaries, which 
reinforces the idea that distinct processes are responsible for their 
respective formation. 

Piton et al. (2020b) give more detailed information in the tidal 
variability of D50 in the nearby Van Uc estuary. The maximum of SPM 
and D50 that was broadly observed in the present study was shown to be 
fully consistent with the Van Uc upper estuary in wet and dry seasons, 
but Piton et al. (2020b) also showed that the maximum of SPM and D50 
did not occur at the same time in dry season (at higher salinity), D50 
being then maximum at high tide or at ebb. The tidal variations of D50 
may thus be different in upstream and downstream parts of the estuary. 

5.3.3. Excess of density 
During the three field surveys, the bulk excess of density of flocs 

varied in the range 44.8–595.1 kg m− 3. The average value of ∆ρf 
increased from early wet season (133.2 kg m− 3, during ebb stage, 
sampled at each season), to wet season (162.2 kg m− 3) and dry season 
(178.8 kg m− 3) (Tables 3, 5). These results are highly consistent with 
reported values of excess density in estuaries and coastal zones (Win
terwerp, 2001; Fettweis, 2008; Guo et al., 2017). ∆ρf was seen to in
crease with increasing SPM (Fig. 8) and to decrease with increasing D50 
(Fig. 9). 

The slope of the ∆ρf - SPM relationship in log-log presentation is 0.30 
in average, and varies from 0.12 at low tide to 0.82 at high tide. The 
increase of ∆ρf with increasing SPM has been observed by many authors, 
in natural environments like in laboratory experiments (Mhashhash 
et al., 2018). The slope seems to be lower in average in the Cam-Nam 
Trieu estuary than in other estuaries, most of them being located in 
temperate climate, with slopes between 0.61 (Humber) and 2.6 (Elbe) 
(van Leussen, 1994). However, we have to notice that, along a river like 
the Ems, van Leussen (2011) shown that the lowest slope was measured 
in the turbidity maximum. 

A “theoretical” decrease of the bulk excess of density with D50 may 
be assessed from the fractal distribution of aggregates (eq. 6 and 7): 
since ρp varies little with the season (because ω varied few, between 0.85 
and 0.92), the “theoretical” ∆ρf should vary proportionally to Ddf− 3, with 
df values around 2.0, i.e. almost proportionally to D− 1. In fact, the slope 
of the ∆ρf - D50 relationship in log-log, based on in situ measurements of 
excess of density and median diameter, is in average − 0.445 in this 
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study, close to the value (− 0.42) found by Mikkelsen and Pejrup (2001) 
in coastal waters of Danemark using the same PSD device. This value is 
less than other slopes revealed in Cheseapeake Bay (− 0.97; Gibbs, 1985) 
or in the Tamar estuary (between − 0.76 and − 1.92, Al Ani et al., 1991; 
− 1.084, Fennessy et al., 1994; − 0.99, Manning and Dyer, 1999), 
measured with other particle size meters and over different size ranges. 
From our measurements, the slope is very sensitive to the tidal stage, 
from the lowest value at low tide (− 0.164) to the highest one at high tide 
(− 1.199). Varying slopes during the tidal cycle were already reported in 
the literature, with higher slope at flood than at ebb (Schwartz et al., 
2017). Although the average slope of the ∆ρf - D50 relationship derived 
from in situ measurements is not close to − 1, we anyway checked a good 
qualitative agreement between its value and the variability of df, with 
higher slopes at high tide (when df is lower) that at low tide (Fig. 9b). 

5.3.4. Fractal dimension 
Smaller df values correspond to enhanced fragmentation and the 

formation of strenghter and smaller flocs (Kranenburg, 1994; Hill et al., 
1998; Mikkelsen and Pejrup, 2000), with higher excess of density 
(Bowers et al., 2017). The seasonal variations of the flocs fractal 
dimension df in the Cam-Nam Trieu estuary, which is the highest in wet 
season, 2.0, and the lowest in dry season, 1.97, at ebb stage (Tables 2, 5) 
may be considered in parallel to the average volume concentration of 
fine aggregates during the transects which increased from the early wet 
season (23.9%) to the wet season (34.42%), and to the dry season 
(37.4%). The range of these values of df is consistent with earlier works 
(Winterwerp, 1998; Fettweis, 2008; Maggi, 2009; Verney et al., 2009; 
Guo et al., 2017) which showed that the flocs fractal dimension ranged 
from 1.4 to 2.7. 

5.3.5. Settling velocity 
The bulk settling velocity of aggregates calculated at 99 stations from 

measurements showed ws varying in the range 0.03–0.55 mm s− 1, which 
is consistent with values obtained in other similar environments 
(Voulgaris and Meyers, 2004; Xia et al., 2004; Verney et al., 2009; Guo 
et al., 2017). Its seasonally averaged values over all transects, at high 
tide, varied from the lowest in wet season (0.11 mm s− 1, see Tables 4 and 
5) to the highest in dry season (0.17 mm s− 1), with an intermediate value 
in early wet season (0.12 mm s− 1), in the same way than floc size. The 
literature showed that estuarine floc size depends at least on two main 
factors: turbulent mixing (e.g. Dyer, 1989; Eisma et al., 1997; Winter
werp, 1998; McAnally and Mehta, 2001; Fettweis et al., 2006; Manning 
and Schoellhamer, 2013), and the presence of TEPs (e.g. Logan et al., 
1995; Passow et al., 2001; Mari et al., 2017). As it has been demon
strated by McCave (1984), Lefebvre et al. (2012) checked in this estuary 
that turbulence determine the maximum floc size at a given tidal stage. 
Mari et al. (2012) also showed that the sticking properties of TEPs in the 
Cam-Nam Trieu estuary suddenly increased from salinity 10 to 15 psu, 
stimulating an “aggregation web” (or a front of aggregation), likely 
related to microbial processes. Under the influence of TEPs, small mud 
flocs may aggregate into larger ones (Pejrup and Mikkelsen, 2010; 
Andersen and Pejrup, 2011). However, as already noticed about df 
variations and as seen on Fig. 12, ws does not depend only on flocs size, 
and but also on other factors affecting aggregation, including: miner
alogy (Winterwerp and van Kesteren, 2004); electrolytic levels which 
tend to be altered through salinity in an estuary (Krone, 1963), which 
can in turn affect the zeta-potential of clay particles (Chassagne et al., 
2009); suspended sediment concentration (Burban et al., 1989; Win
terwerp, 2006; Fettweis et al., 2014; Maerz et al., 2016); organic content 
(Kranck, 1984). In this study, although good correlations were obtained 
between ws and SPM at some seasons, no global trend was observed. 

In addition, the present study clearly evidenced a consistent differ
ence between averaged parameters in upper and lower parts of ETM, 
with higher ws values in the lower ETM than in the upper ETM, in wet 
and dry seasons. 

5.4. On the processes governing the ETM patterns, its dynamics and the 
variability of the aggregate parameters 

The material transported in rivers has a continuum in size from the 
soluble fraction (< 1 nm) to the particulate fraction (> 0.2 μm) via 
colloids (1 nm – 1 μm). The particulate fraction is itself made up of 
aggregates of mineral particles – rock fragments – and organic matter 
secreted by bacteria or resulting from the decomposition of plants, the 
organic matter serving as glue (Droppo, 2001). A distinction is generally 
made between microflocs (< 100 μm), strongly bound mineral particles 
glued together by organic matter, and macroflocs (> 100 μm), loose. In 
an estuary, the complex dynamics (gravity circulation, tidal asymmetry, 
seasonality of freshwater inputs) and the distribution of the associated 
salinity are constantly reflected in this matter, which therefore un
dergoes high variations on several time scales: interannual/climatic, 
seasonal, neap-spring tide cycle, tide cycle. An estuary is thus in constant 
dynamic equilibrium. 

The change in size distribution (and settling velocity) of particles in 
the estuary as well as the increase in the particle load in the ETM can be 
explained by physical processes related to estuarine circulation or tidal 
pumping, physico-chemical processes linked to the colloid flocculation/ 
deflocculation, bio-aggregation (the “aggregation web”), and their 
combination. Two major mechanisms are involved in sediment trapping 
at different locations of estuaries (Dyer, 1995; Burchard et al., 2018): in 
the salt wedge (and stratified waters) when estuarine circulation pre
vails, and upstream of the salinity front in the case of tidal pumping. The 
balance between these two main processes seems related to the 
magnitude of tidal range compared to the fresh water flow. For example, 
Allen et al. (1980) discussed the possibility that pure tidal processes (and 
especially tidal asymmetry) could trap sediment in the “freshwater” 
zone of the Gironde and the Aulne estuaries, and be dominant in low 
flow season, when the estuarine circulation is weaker. 

Flocculation induced at very low salinities is another process that has 
been suggested for ETM formation (Postma, 1967; Gibbs et al., 1989). 
The turbidity that appears at very low salinities (from 0.1 psu to 1–3 psu) 
can be explained by the agglomeration of colloids, and Eisma (1986) 
detailed the importance of the reactivity of organic matter. Tidal 
pumping and chemical mechanisms probably coexist and add up to form 
the upstream part of the ETM and determine the characteristics of its 
aggregates. 

Similarly, considering bio-aggregation at 10–15 psu associated with 
TEPs and microbial activities (Mari et al., 2012, 2017), gravitational 
circulation and biochemical mechanisms probably coexist and add to 
form the downstream part of the ETM and to determine its aggregate 
characteristics. 

A double structure of ETM has already been observed in the Gironde 
estuary (Eisma, 1986; Gibbs et al., 1989) with a small turbidity peak at 
low salinity (less than 1 psu) and another one at around 3–8 psu (in May 
1983), both with a local increase of microflocs and a decrease in fine 
aggregates (< 4 μm) (Eisma, 1986, his Fig. 5). Between these two peaks, 
at low salinity (~1–3 psu), Eisma observed a region of low turbidity and 
mainly fine aggregates with lower settling velocities, as also observed by 
Puels and Kuehl (1986) in the Elbe estuary. The first peak can be 
attributed to the salt flocculation: at low but increasing salinity (< 1 psu) 
the positively charged ions likely compensate for the repulsive force at 
the surface of the suspended particles that become attached. Migniot 
(1968) observed that the floc settling velocities gradually increase to 
reach their maximum value from ~2 psu. The decrease in settling ve
locity at ~1–3 psu may be attributed to a de-flocculation accompanied 
by a locally high concentration in carbohydrates (mucopolysaccharides 
or dissolved sugars mobilized from the microflocs), enhanced in winter, 
when biological activity is low (Eisma, 1986). 

An additional remark can be made. Allen et al. (1980) mentioned 
that “the tidal trapping zone is generally further upstream than the 
density circulation node at the head of the salt intrusion”. The upstream 
boundary of the ETM appears remarkably stable, all year round, at 0.1 
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psu (see Fig. 13a), and no transect showed the occurrence of any ETM in 
the freshwater. The explanation given by Allen et al. (1980) for the 
higher upwelling of particles in dry periods due to a greater influence of 
tidal processes is fully consistent with our observations. The present 
study shows that most of the particles are trapped in the downstream 
part during high flow periods when estuarine circulation is maximal, 
and that most of them are trapped in the upstream part during low flow 
periods, when estuarine circulation decreases and therefore the influ
ence of tidal pumping is enhanced. 

All these observations, reinforced by the literature, support the hy
pothesis that the two parts of the ETM can be attributed to two main 
mechanisms: the estuarine circulation for the downstream part, and the 
tidal effect for the upstream part. All year round, the amplitudes of the 
river flow and the spring tide combine in the Cam-Nam Trieu estuary 
without either process becoming negligible. Depending on the estuary, 
one process may be more dominant than the other. While tidal processes 
dominate in macrotidal estuaries (e.g. Mitchell, 2013) and estuarine 
circulation in microtidal estuaries (e.g. Kranck, 1981; Patchineelam and 
Kjerfve, 2004), mesotidal estuaries offer the possibility of a super
position of two mechanisms that create a local increase in turbidity at 
two distinct locations: an upstream maximum at very low salinities, and 
a downstream maximum in the salt wedge. The position of the ETM and 
the comparison of turbidity in its two parts on either side of the salt 
wedge can be a good indicator of the balance between the two main 
mechanisms responsible of its formation. 

The effect of tidal pumping is indeed obvious when it brings particles 
upstream of the density circulation node, which may be the case in 
macrotidal estuaries. In mesotidal estuaries, it is possible to imagine 
that, when tidal pumping is limited and the tidal trapping zone is located 
downstream of the density circulation node, the resuspended marine 
particles transported towards the salt wedge by the tidal asymmetry are 
added to the particles settling in the river. A numerical model will allow 
in such a configuration to quantify the effect of the density circulation 
independently of the tide, the separate effects of each main tidal wave 
and its asymmetry on particle transport (e.g. Chernetsky et al., 2010), as 
well as their combination, in the formation of ETM. 

Finally, the maximum D50 in the core of the lower ETM is consistent 
with the observation made by Kranck (1981) in the Miramichi micro
tidal estuary. To explain the coarsest bottom grain size we measured 
near the river mouth and the largest D50 systematically measured in the 
lower ETM, we can recall that the transport mechanism associated with 
estuarine circulation forms an efficient sorting (Postma, 1967; Schubel, 
1968). Particles are transported seawards in the upper layer, fall and are 
carried landward in the salt wedge, with the coarser particles depositing 
in the middle to lower reaches of the estuary, downstream of the ETM. 

6. Conclusion 

The physico-chemical parameters along the mesotidal Cam-Nam 
Trieu estuary showed that an area of maximum turbidity developed 
around the salt wedge. The structure observed repeatedly on this estuary 
highlights the separation of two distinct zones of high turbidity sepa
rated by a zone of lower turbidity. The upstream part developed at very 
low salinity (from 0.1 psu) in well mixed waters, at Simpson parameter 
Φ between ~0.65 and 6–10; we called it the upper part of the ETM in this 
paper. A second maximum was observed in the salt wedge (i.e. in the 
lower layer of stratified waters), at Φ Simpson parameters >10 and 
salinity up to ~12–15 psu; we called it the downstream part of the ETM. 
Between these two parts, an area of locally decreasing turbidity was 
observed several times, and this area seemed to be longer in the wet 
season. Based on the literature, the downstream part is a result of 
gravitational circulation and the upstream part is associated with tidal 
asymmetry. These physical processes are most likely superimposed by 

chemical processes (colloid aggregation) in the upstream ETM and 
biochemical processes (TEPs-related) in the downstream ETM that 
modulate the parameters of the aggregates. The result is a double 
structure of the ETM, which may be observed in other estuaries, espe
cially in mesotidal ones. 

A seasonal variation of these ETMs and of their related parameters 
was inferred from the three surveys. In descending order, stronger ETMs 
occur in dry season than in early wet season and wet season. Their 
location changed seasonally, moving upstream in the dry season and 
downstream in the wet season. Only the upper ETM was observed in the 
riverine part of the estuary (until the river mouth) in wet season, the 
lower ETM, if any, moved off the river mouth in the bay. Turbidity was 
higher in the upper ETM in the dry season and higher in the lower ETM 
in the wet season. The flocs fractal dimensions had a small seasonal 
variation, with its highest values in wet season and its smallest ones in 
the dry season. Floc size, excess of density and settling velocity were the 
highest during dry season. All the observations analyzed in this paper 
were performed during spring tides. A complementary study on the 
nearby Van Uc estuary gives additional information on the variability 
during the daily tidal cycle at high frequency and during the lunar tidal 
cycle (neap-spring tides) (Piton et al., 2020b). 

A consequence of this double structure of ETM in the Cam-Nam Trieu 
estuary is that we should be aware of it when observing the turbidity 
structures using remote sensing: only the upper part of the ETM, which 
develops until the surface, will be observable from satellite imagery. The 
lower part of the ETM, below the turbid surface layer of several meter 
deep, cannot be observed by passive sensors (see, e.g., Ouillon, 2003). 

The analysis of phenomena observed in estuaries is all the more 
complex as the scientific communities of physicists, specialists in par
ticle dynamics, chemists and microbiologists have approaches, tools and 
even study variables that differ and complement each other (Ouillon, 
2018). In order to make progress in the development of broader concepts 
encompassing physics, chemistry and microbiology, the skills of these 
disciplines must be encouraged to come together in joint campaigns and 
intensify their exchanges so that we can be more precise about the key 
processes along the estuary at different periods. For example, it would be 
particularly relevant to better know the quantity of particulate matter 
created in the estuary by the aggregation of colloids, and under what 
conditions (salinity, turbulence, abundance of organic matter, etc.). It is 
possible to make progress in the understanding of physico-chemical 
processes using numerical models, in predictor-corrector mode or 
using data assimilation techniques, but it is felt that a model will never 
be sufficient to represent everything, in a tropical mesotidal estuary such 
as the Cam-Nam Trieu, if it does not also integrate the microbial loop 
and the polymers, including dissolved sugars. 
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Appendix 1

Fig. A1. Best correlated linear relationships between Turbidity (in FTU) and SPM concentrations (in mg L− 1) during the three surveys: (A) without passing through 
the y-intercept, (B) passing through the y-intercept. 
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