water
Article

Estuarine Turbidity Maxima and Variations of
Aggregate Parameters in the Cam-Nam Trieu Estuary,
North Vietnam, in Early Wet Season
Vu Duy Vinh 1, *
1
2
3
4

*

ID

, Sylvain Ouillon 2,3

ID

and Dinh Van Uu 4

Institute of Marine Environment and Resources, VAST, 246 Danang Street, Haiphong City 180000, Vietnam
UMR LEGOS, Université de Toulouse, IRD, CNES, CNRS, UPS, 14 avenue Edouard Belin,
31400 Toulouse, France; sylvain.ouillon@legos.obs-mip.fr
Department Water-Environment-Oceanography, University of Science and Technology of Hanoi,
18 Hoang Quoc Viet, Hanoi 100000, Vietnam
Hanoi-VNU University of Science, Vietnam National University, 334 Nguyen Trai, Hanoi 100000, Vietnam;
uudv@vnu.edu.vn
Correspondence: vinhvd@imer.ac.vn; Tel.: +84-912-799-629

Received: 28 November 2017; Accepted: 11 January 2018; Published: 13 January 2018

Abstract: This study aims at exploring the characteristic parameters of the Estuarine Turbidity
Maxima (ETM) and at investigating their tidal variations within the Cam-Nam Trieu estuary (North
Vietnam) during the early wet season. Six longitudinal river transects were performed at spring tide.
Two types of ETM were observed: an upper well mixed ETM with high Suspended Particulate Matter
(SPM) concentrations up to the surface at low salinity (0.11 to <1 psu), and a lower ETM confined in
a bottom layer over stratified waters at salinities between ~1 psu and 15 psu. Their length depended
on the longitudinal salinity gradient and was highest at low tide than at high tide. D50 of the flocs
varied between 35 and 90 µm, their excess of density between 60 and 300 kg m−3 and their settling
velocity ranged from 0.07 to 0.55 mm s−1 with values between 0.12 and 0.40 mm s−1 in the core of
ETMs. The average fractal dimension of flocs was estimated to vary between 1.93 (at high tide) to
2.04 (at low tide).
Keywords: estuarine turbidity maximum; flocculation; aggregation; excess of density; fractal
dimension; settling velocity; suspended sediment; Red River; Vietnam; Hai Phong

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 and difficult to predict [1,2].
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 Estuary, USA [3,4] to >200 g L−1 like
in the Severn Estuary, UK [5]. The settling of SPM in an ETM has been well documented in the Gironde
Estuary [6–8], the Hudson estuary [9–11], the Columbia River estuary [12], the Seine estuary [13],
the upper Chesapeake Bay [14,15], and the Humber Estuary [16], amongst others. For instance,
Olsen et al. [9] 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.
The convergence at the saltfront of landward sediment flux by the gravitational circulation and
seaward sediment flux by the river flow is considered as a fundamental mechanism contributing to
ETM formation [17–19]. In most estuaries, tidal resuspension has been recognized as a key factor
in maintaining high SPM concentration [13,20–22]. Tidal asymmetry also contributes to the ETM
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Figure 1.
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Located in the Red River system, the Cam and Bach Dang Rivers are strongly affected by its
hydrological regime. 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 . Water river discharge encompasses strong seasonal
variations, with 71–79% of annual total water discharge in the rainy season and only 9.4–18% during
the dry season [40].
The Cam-Nam Trieu estuary is affected by tides which are mainly diurnal [41]. Based on the tide
gauge measurements at Hon Dau station (1960–2011, Figure 1a), tidal amplitude is about 2.6–3.6 m in
spring tide and about 0.5–1.0 m in neap tide.
Sediment sampling revealed a high percentage clay to fine silts in the Cam River (around station
v41 on Figure 1) and a substrate more enriched in fine sand in the estuary (near v57 to v58) in 2008 [38].
3. Material and Methods
3.1. Field Data
A field survey was performed in the Cam-Nam Trieu estuary during spring tide from 10 May to
13 May 2015. Six along river transects from the upper estuary in the Cam River (position A, Figure 1a)
to the Nam Trieu mouth (position B, Figure 1a) or the reverse were performed with a total of 110 stations
(see one of the 6 transects on Figure 1b; a kml file is provided as Supplementary Material). At each
station, velocity profiles were measured with a 600 kHz acoustic Doppler current profiler (ADCP
RDI Workhorse in bottom tracking mode) configured for a 0.3 m bin size; depth profiles of water
temperature, salinity and turbidity were measured by a Compact-CTD (ASTD687, Alec Electronics Co.
(Nishinomiya, 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 transmissometry instrument with a 90% path reduction module (LISST-100X, Sequoia Scientific
Inc. (Bellevue, WA, USA); e.g., [42,43]). The LISST of type B provided the volumetric particulate
concentration 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 suspended particulate matter
concentration, water samples were also collected using a Niskin bottle at each station 1.5 m below the
surface. Turbidity of these samples were also measured onboard using a Hach 2100Q Turbidimeter.
The measurements did not show any influence of lateral inflow and outflow on turbidity along
the transects, except near the new artificial straight channel at the North of Cat Hai island (near point B,
Figure 1). This channel delivers clearer waters from the Halong Bay at some periods of the tidal cycle.
We thus skipped 4 stations in this area when turbidity was affected by clearer waters from the analysis
(v27 during Transect 2, v28 during transect 3, and v64-v65 during Transect 4, see Figure 1b).
Data at the hydrographic station of the Cam River (position C, Figure 1a), which were provided
by the National Hydro-Meteorological Service (NHMS), are also used in this study. They include water
river discharge (measured every hour) and SPM concentration (averaged values during flood tide
and ebb tide). At the Hon Dau station in Hon Dau Island (position D, Figure 1), 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 polycarbonate Nuclepore filters (porosity 0.45 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.
The same process was also applied at selected stations with GF/F filters (porosity 0.7 µm).
The sediment concentration after drying 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 we measured the particulate inorganic matter (PIM) concentration. The difference
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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.
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
the continuous spectrum of 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 measurements in the spectrum [42–52]. In this study, we 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 mean apparent diameter D50 [42–52]. 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 logarithmically spaced size bin [47]. 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 diameter of aggregates and j
is the dimensionless exponent, also referred to as the particle size distribution slope or the Junge
parameter [53,54]. j provides information on the relative concentration 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 [55] or the particulate backscattering coefficient [56,57].
For natural waters, j slopes generally vary from 3 to 5 with most values between 3.5 and 4 [58] and can
be up to 7 for submicron particles in the ocean [57].
Due to the skip of the first class (<1.48 µm) and the last class (>212 µm) of the particle sizes,
the remaining 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., [59]).
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. The Junge
parameter and aggregate settling velocity were also calculated for each of these 3 groups.
3.2.3. Excess of Density and Settling Velocity of Flocs
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 [60–62]. In this study, ws was calculated
from the Stokes formula [63]:
1
ws =
∆ρ gD2
(2)
18µ f
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 excess
of density of flocs ∆ρf was either calculated at the points where the weight and volume suspended
sediment concentrations have been measured, or estimated from the available data and the formulas
proposed by Kranenburg [64] and Maggi [65].
At the stations where SPM, SPMVC and ρ were measured, ∆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:
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Mp
SPM
=
SPMVC
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 concentration
(POM, determined as the difference between SPM and PIM), the density of the particulate component
of flocs ρp was calculated following:
ρp =

Mp
= ω ρ s + (1 − ω ) ρ o
Vp

(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 in [66]). Finally, at this station,
the measured excess of density was obtained by:
∆ρ f =



SPM
ρ
1−
SPMVC
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
Equation (2), provided ws values from measurements.
Where SPM was not measured but inferred from turbidity, ∆ρf was alternatively estimated using
the fractal description of flocs. Kranenburg [64] derived the excess floc density ∆ρf of a floc composed
of primary particles of diameter Dp and density ρp , with fractal dimension df :
∆ρ f = (ρ p − ρ)



Dp
D

 3− d f
(6)

Maggi [65] adapted this formula to the case of a floc composed of mineral and organic particles
with density ρs and ρ0 , respectively, as follows:
Dp
∆ρ f = [(ωρs + (1 − ω )ρ0 ) − ρ]
D


 3− d f
(7)

which finally gives:
ws =

3− d
1
(ω∆ρs + (1 − ω )∆ρ0 ) gD p f D d f −1
18µ

(8)

This formula was used to estimate the settling velocity of flocs [64–67]. In this study, it was
applied with Dp = 4 µm (following Fettweis [68]: 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. [66] did, and df = 2 as
suggested by Winterwerp [60]. Averaged values of ω amongst our measurements in May 2015 were
considered for the applications (ω = 0.89 at flood tide, 0.85 at high and low tides, 0.91 at ebb tide).
A last point is studied regarding the settling velocity. From the settling velocity of one aggregate
given by the Stokes relationship, Winterwerp [60] proposed a correction taking into account the
turbulence generated by the flocs themselves in the water following:
wsc = ws

1

1 + 0.15Re0.68
p

(9)

where Rep = (ws D50 ρ)/µ. When Rep << 1, it comes wsc = ws . The correction factor was calculated for
the 23 values of ws so as to estimate its potential influence in the Cam-Nam Trieu estuary.
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Measured and modeled values of ws were compared using different statistics [69]: mean values
and standard deviations for a given dataset, and mean normalized bias (MNB) and the normalized
root mean square (rms) error, in percent, to compare variables obtained from a model and values
measured in situ. MNB is an indicator of systematic error while rms is an indicator of random
error. Slope, intercept and the coefficient of determination R2 were also calculated for the linear
regression of estimations from Equation (7) versus Equation (5) for ∆ρf , and between ws estimations
using Equation (8) or the Stokes formula combined with the measured ∆ρf . These statistics constitute
a numerical index of model performance which can be compared to those of other models.
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 energy consideration [70]. It is calculated from the data of ADCP and
CTD, following:
− g ∂ρ
∂z

(10)
Ri =
 2 
∂u 2
ρ ( ∂z ) + ∂v
∂z
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. [71] 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

Z 0
−H

gz(ρ − ρ)dz

(11)

where ρ is the depth-mean density.
4. Results
4.1. River Discharge, SPM and Turbidity
The instant discharge of the Cam River at station C varies with the river discharge and is strongly
impacted by the tidal oscillation. During the field survey (10–13 May 2015), the local and instant
discharge varied between −1210 and 1490 m3 s−1 (negative values corresponding to a flow going
upstream). The discharge often reached its maximum value 3–4 h before low tide and its minimum
2–3 h before high tide. The averaged values for each transect are given in Table 1. The values over
one full tidal cycle (from low tide to the next low tide) were calculated per day and gave, in average
over 3 days, 390 m3 s−1 . They slightly increased from 299 m3 s−1 on 10 May to 460 m3 s−1 on 13 May.
It must be noted that the average discharge at this station in May 2015 was 452 m3 s−1 .
The average SPM concentration over the whole water column at the Cam hydrographic station C
varied in the range 45–107 mg L−1 in ebb tide and 47.8–113.0 mg L−1 in flood tide. The suspended
sediment flux was estimated using these values and provided an average discharge during the 4 days
(10–13 May) of 25.4 × 103 tons day−1 . However, this value must be considered as a rough estimation
only since it was calculated with only one “typical” value of SPM at ebb and another “typical” value
during the flood tide, provided by the NHMS.
In the Cam-Nam Trieu estuary in May 2015, our measurements showed quasi-linear relationships
between measured turbidity and SPM concentrations (Turb = 1.264 SPM + 18.30, N = 23, R2 = 0.971;
or Turb = 1.392 SPM, N = 23, R2 = 0.957). Based on the relationship providing the best determination
coefficient, SPM concentrations (mg L−1 ) were determined from the measured turbidity (FTU) profiles.
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Table 1. Mean values of some parameters in the longitudinal transects.
Upstream in Cam
River (Station C)
Tidal Phase/Transect

Flood tide/transect 1
Low tide/transect 2
Flood tide/transect 3
Low tide/transect 4
High tide/transect 5
Ebb tide/transect 6

Q
(m3 s−1 )

SPM
(mg L−1 )

−235.2
1252.5
137.0
1210.0
−463.8
1096.0

56.3
*
113.0
*
*
107.0

Grain Size Group
Mean
Salinity
(psu)
0.18
0.30
0.92
0.22
6.76
4.15

Fine Flocs (1.48–17.7 µm)
D50
(µm)

Volume
(%)

ws
(mm s−1 )

8.30
8.37
7.94
8.39
8.25
8.58

22.28
18.91
28.30
20.22
27.86
25.79

0.031
0.035
0.026
0.037
0.020
0.024

Medium Flocs (17.77–92.6 µm)
J

D50
(µm)

Volume
(%)

ws
(mm s−1 )

3.23
3.23
3.40
3.20
3.11
3.08

44.77
47.88
42.93
47.00
41.03
42.37

35.16
37.53
35.99
37.63
35.72
38.77

0.174
0.206
0.143
0.221
0.094
0.113

Coarse Flocs (92.6–212 µm)

Full Range (1.48–212 µm)

J

D50
(µm)

Volume
(%)

ws
(mm s−1 )

J

D50
(µm)

ws
(mm s−1 )

J

3.48
3.35
3.7
3.42
3.82
3.73

131.84
130.96
129.99
131.67
134.29
131.38

41.56
43.56
35.71
42.16
36.43
35.44

0.522
0.580
0.436
0.642
0.296
0.345

3.84
3.96
4.04
4.00
3.59
3.87

64.48
72.24
51.43
69.37
51.07
52.83

0.253
0.316
0.172
0.333
0.116
0.141

3.37
3.36
3.55
3.37
3.37
3.38

* Only values at ebb and flood were provided by the NHMS at station C.
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The average SPM concentration over the whole water column at the Cam hydrographic station
C varied in the range 45–107 mg L−1 in ebb tide and 47.8–113.0 mg L−1 in flood tide. The suspended
sediment flux was estimated using these values and provided an average discharge during the 4 days
Water 2018,
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only since it was calculated with only one “typical” value of SPM at ebb and another “typical” value
during the flood tide, provided by the NHMS.
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Figure 2. ∆ρf and ws in the Cam-Nam-Trieu estuary in May 2015: (a) variation of ∆ρf and ws (based on
Figure
2. ∆ρf and ws in the Cam-Nam-Trieu estuary in May 2015: (a) variation of ∆ρf and ws (based
the measured ∆ρf) during the tide cycle; (b) ratio of ws (based on the fractal distribution of flocs,
on the measured ∆ρf ) during the tide cycle; (b) ratio of ws (based on the fractal distribution of flocs,
Equation (8)) and ws based on the measured ∆ρf (Equations (2) and (5)) as compared to ws based on
Equation (8)) and ws based on the measured ∆ρf (Equations (2) and (5)) as compared to ws based on the
the measured ∆ρf.
measured ∆ρf .

The settling velocity was evolving in the same way. Around the average value of 0.184 mm s −1,
we obtained the highest value at low tide (0.29 mm s−1), then 0.18 at flood tide, 0.09 at high tide and
0.11 at ebb. Similarly to ∆ρf, ws was varying between 0.291 mm s−1 at low tide and 0.092 mm s−1 at high
tide (Figure 2a), its value being 3.1 times higher at low tide than at high tide.
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4.2.2. Comparison between Measured and Modelled Values of ∆ρf and ws
If we consider in a first approach that the Kranenburg formulation (Equation (6)) can be applied
all along the tidal cycle with constant parameters (Dp = 4 µm and df = 2), we obtain in average over
23 stations (from high, low, ebb and flood tides), ∆ρf = 134 kg m−3 —to be compared with the measured
value of 149 kg m−3 from the field data. The mean normalized bias (MNB) is very small (+3.7%),
the standard deviation is 32% and the mean quadratic error is 45.6 kg m−3 .
Combining the resulting values of ∆ρf and the Stokes settling velocity formula, we obtained in
average ws = 0.184 mm s−1 from our measurements and ws = 0.151 mm s−1 from the Equation (8),
with the same MNB and standard deviation than ∆ρf , and with a mean quadratic error being worth
0.077 mm s−1 .
Globally, the variables are thus rather close by the two methods. The comparison between both
values for ∆ρf and ws are good. However, if we look in more detail the ratio ws -fractal/ws -measured
∆ρf versus ws -measured ∆ρf (Figure 2b), we observed that the fractal formula with constant parameters
all along the tidal cycle tends to overestimate the smallest ws and underestimate the highest.
If we compare separately the results for each phase of the tidal cycle, we observe that the
Equation (8) tends to underestimate ∆ρf and ws at low tide (MNB = −21.5%, N = 10), at flood tide
(MNB = −13.9%, N = 7) and to overestimate them at ebb tide (MNB = +19.6%, N = 2) and at high
tide (MNB = +37.9%, N = 4). As the individual particles should be the same at every tidal cycle
(Dp unchanged), this result may suggest that df is changing along the tidal cycle around the mean value
of 2. An estimation of df variations was performed so as to obtain the same ws values with Equation (8)
and with the combined Equations (2) and (5). It gave averaged df values of 2.017 at flood tide, 1.968 at
high tide, 1.984 at ebb tide and 2.038 at low tide.
4.3. ETM Characteristics at Different Tidal Stages
4.3.1. Transect 1–Flood Tide
The first transect was performed between stations v1 and v17 during flood tide (water elevation
= 1.3–2.5 m), 10 May 2015. The longitudinal profile of turbidity showed a pronounced ETM located
around v6-v7 stations (Figure 3a) with a maximum value above 250 FTU and another local maximum
between v1 and v2 with a local turbidity >300 FTU. Salinity increased from the upper estuary (<0.1 psu)
to the middle estuary (around 5 psu near bed at v1, Figure 3b and Table 2). This transect showed rather
homogenous salinity profiles in the upper estuary until between v5 and v6, and a strong stratification
downstream until v1.
The upper ETM (or upper part of the ETM) started at salinity ~0.13 psu between v8 and v7
and ends around v5 (~0.3 psu) (Figure 3b). Its length was around 3 km (Table 2). It developed over
well mixed waters. The lower ETM developed over stratified waters at salinity higher than around
0.5–0.6 psu and was restricted to the bottom boundary layer (<4 m from the bottom). The whole
upper ETM was sampled and measured, however, we likely measured and sampled only the upper
part of the lower ETM at salinities between 0.5–0.6 psu, up to ~5 psu. The lower ETM was truncated
by our measurements (region of salinity >5 psu was not sampled). While the longitudinal profile of
turbidity near the bottom clearly exhibited two zones of maximum, only one turbidity maximum can
be detected at the surface around station v5, in closer relation with the well mixed waters of the upper
ETM than with the stratified lower ETM (Figure 3a).
D50 values over the whole size range (1.48–212 µm) varied between <50 µm and 90 µm (Figure 3c).
Larger floc sizes (D50 > 70 µm) were observed near bottom between v13 and v17 and around v10 in the
upper estuary, and in the cores of the two ETMs (between v6-v8 in the upper ETM and around v1-v2
in the lower ETM) (Figure 3c). The depth-averaged D50 was 71.7 µm at v6 in the upper ETM (Table 2),
higher than the mean of whole transect (64.5 µm, Table 1). The same parameter was less than the
average (62.9 µm) in the lower ETM but high variations were observed along the depth profile in the
lower ETM, which much higher values near the bed in the core of the lower ETM than above. The D50
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of fine (8.3 µm), medium (46.5 µm) and coarse aggregates (132.7) in the upper ETM (v6) were similar or
higher than their average values along the whole transect (8.3 µm, 44.8 and 131.8 µm, respectively) or
than in the lower ETM (8.1 µm, 45.0 µm and 131.3 µm, respectively) (Tables 1 and 2). The smallest floc
sizes (D50 ≈ 50 µm) were observed between v2 and v5, presumably due to floc disruption resulting
from the shear at the salt wedge during flood tide.
Settling velocities of flocs ranged between 0.20 and 0.32 mm s−1 (Figure 3d), with an averaged
value of 0.253 mm s−1 (Table 1). They were high (0.28–0.30 mm s−1 ) in some places of the upper
estuary (v15 to v17, and v10), and at the edge of the lower ETM (v1-v2). Their highest values
(0.28–0.32 mm s−1 ) were observed near bed in the core upper ETM (v6-v7), where the biggest flocs were
observed. Aggregation process created bigger flocs and increased settling near the bed, thus enhancing
turbidity in the ETM.

Figure 3. 2D distributions of parameters along Transect 1 during flood tide (water elevation = 1.3–2.5 m,
10 May 2015). (a) Turbidity (FTU); (b) Salinity (psu); (c) D50 in the whole grain size range (1.48–212 µm);
(d) Settling velocity of flocs (mm s−1 ); (e) PSD slope.
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S (psu)

Station

Ri

Φ

J

Turb. (NTU)

S (psu)

Station

Φ

J

Full

Fine

Medium

ws

Coarse

L (km)

Ri

Fine

Medium

ws

Full

Coarse

D50 (µm)

Lower ETM

Turb. (NTU)

D50 (µm)

L (km)

Transect

Upper ETM

Table 2. Length and ranges of turbidity and salinity of the ETM parts, and characteristic parameters at selected stations in the Cam-Nam Trieu estuary, May 2015:
Richardson number, Simpson parameter, depth-averaged D50 , ws and J values (J was calculated over the whole size range 1.48–212 µm).

1 Flood
tide

3

100–250

0.13–0.35

v6

0.13

0.98

71.73

8.29

46.52

132.73

0.28

3.34

(1)

125–300

1–4

v1

-

57.12

62.86

8.13

44.99

131.27

0.26

3.51

2 Low
tide

4

200–300

0.15–0.25

v21

0.05

0.97

65.50

8.51

46.42

130.95

0.28

3.44

(5)

700–1000

0.4–1.2

v24

0.11

1.22

56.8

7.82

47.75

136.10

0.25

3.50

3 Flood
tide

4

120–450

0.1–0.15

v37

0.05

1.86

45.82

7.99

43.12

127.82

0.15

3.60

6

150–900

0.3–10

v30

0.28

86.99

50.87

8.37

42.10

130.33

0.17

3.55

4 Low
tide

4

120–250

0.1–0.12

v46

0.06

0.74

78.58

8.55

48.81

133.10

0.38

3.27

9

150–280

0.14–1.0

v62

0.19

3.06

64.20

7.95

46.93

133.53

0.31

3.55

5 High
tide

1

100–120

0.2–0.8

v72

0.20

2.05

54.20

7.70

42.97

133.74

0.12

3.55

1–1.5

100–250

6–12

v82

1.53

80.93

62.07

8.46

41.53

136.81

0.14

3.25

6 Ebb
tide

4

120–200

0.15–0.8

v104

0.23

1.63

57.10

8.50

44.57

131.52

0.16

3.40

2

100–200

4–10

v95

1.16

66.64

55.65

8.76

41.45

135.38

0.15

3.36
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Particles of fine (1.48–17.7 µm), medium (17.77–92.6 µm), and coarse sizes (92.6–212 µm) along
this transect occupied in average 22.3%, 35.2% and 41.5% of the volume concentration, respectively
(Table 1). The median diameter of the finest class varied few around 8.2–8.4 µm values with a trend to
a slight decrease along the transect. A higher value in the lower ETM was only visible at one station
(v1) and thus could not be considered as representative. D50 of medium aggregates in this transect
changed in the range 42–49 µm, with their highest values in the upper ETM (such as at v6, see Table 2).
The longitudinal variations of D50 amongst the bigger aggregates were rather low, with a possible
small increase around the upper ETM (D50 ≈ 132–134 µm).
Concerning the PSD, the number of particles per size class obtained with the LISST-100X showed
a “tail” for the smallest size classes for which the slope is different than for the biggest particles, at most
stations of all the transects. In the Cam–Nam Trieu estuary, these visible tails were observed for the
particle size <3.98 µm (Figure 4). Above 3.98 µm, a power law relationship was fully effective and the
logarithmic regression model fitted with the PSDs with R2 > 0.98. The values obtained over the full size
range (1.48–212 µm) was kept in Figure 3 and Tables for a better comparison with other sites. In the
first transect, the PSD slope showed slight variations within the estuary, around the averaged value of
3.37 (Table 1). j was seen to be lower where D50 was the highest, in the upper estuary, at the edge of
the upper ETM and in the lower ETM (3.34 in average at v1, see Table 2; locally <3.2, see Figure 3d).
Vertical distributions showed lower values of j near the bottom.

Figure 4. Examples of particle size spectra at the core of ETM in the transect 6, during ebb tide.
Upper ETM-v104: (a) particle volume concentration per µm; (b) particle number distribution (used to
estimate the Junge parameter J). Lower ETM-v95: (c) particle volume concentration; (d) particle number
distribution. The tail of PSD slopes is visible for particles <3.38 µm. Best-fit power law relationships
given in these figures were calculated for classes #2 to #31.

The Simpson parameter Φ was calculated at each station. Its value was <1 from upstream until
station v6 (included, with Φ = 0.98), since the water column was rather homogeneous in density.
Its value was >1 at stations v2 and v1 in the lower ETM, with a value = 2.6 at v2 and 57.1 at v1 (Table 2).
The average Ri in the upper estuary (between v17 and v7) was 0.26, indicating stable conditions.
Meanwhile, averaged Ri in the lower part of the estuary (v6 to v1, where the ETM was located) was
0.13 (Table 2).
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4.3.2. Transect 2–Low Tide
The transect 2 was measured at low tide (water elevation below 0.7 m), 11 May 2015.
The longitudinal profile was interpolated from measurements at stations v18 to v26. An upper
ETM can be seen from v18-v19 (salinity ~0.15 psu) up to v22 (salinity~0.20–0.25 psu) in well mixed
waters with maximum turbidity >350 FTU (Figure 5a,b); it was visible from the bottom to the surface.
A lower ETM with much higher turbidity values (up to more than 1000 FTU) developed from v23-v24
to v26 at salinity between 0.4 psu and ~1.2 psu (Table 2), where the flow from well mixed changed
to become stratified (Figure 5a,b); this lower ETM was restricted to the bottom boundary layer at
heights <4 m from the bottom. V24 was located at a distance about 10 km from the station A in the
river (Figure 1). Like during the transect 1, the transition between the upper and lower ETMs was not
abrupt, we can only observe a transitional area with a local turbidity which is slightly lower between
both ETMs. Each measured ETM was around 4–5 km in length.

Figure 5. 2D distributions of parameters along Transect 2 during low tide (water elevation = 0.6–0.7 m,
11 May 2015). (a) Turbidity (FTU); (b) Salinity (psu); (c) D50 in the whole grain size range (1.48–212 µm);
(d) Settling velocity of flocs (mm s−1 ); (e) PSD slope.
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Floc sizes profile distribution showed a trend of D50 to decrease from the upper estuary to its
lower part with typical change from 65–75 µm to 55–65 µm (Figure 5c). The largest flocs were measured
near bed between v21 and v22 (D50 up to 85 µm), and were associated with locally reduced turbidity
under 4 m below the surface. Meanwhile, floc sizes in the core of the lower ETM (v24 to v26) were
smaller (D50 = 55–75 µm). D50 showed its smallest values in the upper ETM (65.5 µm, less than the
average over the whole transect 2: 72.2 µm, Table 1) and in the lower ETM (56.8 µm, Table 2). In the
upper ETM, D50 of the fine aggregates (8.5 µm, Table 2) was higher than the average over the whole
transect (8.4) or the lower ETM (7.8), but D50 of the medium and coarse aggregates (46.4 µm and
130.9 µm, respectively) were slightly less than their average values over the whole transect (47.9 µm
and 131.0 µm) and in the lower ETM (47.7 µm and 136.1 µm) (Tables 1 and 2). This may indicate that
D50 increased upstream for the finest aggregates in the upper ETM, then downstream for the coarser
particles in the lower ETM.
Settling velocity of flocs ranged from 0.22 to 0.37 mm s−1 (Figure 5d). The average of the whole
transect was 0.316 mm s−1 (Table 2). The highest values were observed in the upper estuary (v18-v19:
0.30–0.34 mm s−1 ), in the core of the upper ETM (v21-v23: 0.30–0.37 mm s−1 ), and at the upper edge
of the lower ETM (v24: up to 0.30 mm s−1 ). The settling flocs in other regions varied from 0.22 to
0.28 mm s−1 . The settling velocity of flocs varied between 0.28 and 0.36 mm s−1 in the upper ETM
(Figure 5d) and was slightly higher than in the lower ETM (Figure 5d).
The floc sizes ratios showed that fine, medium and coarse aggregates occupied in average 18.9%,
37.5% and 43.6% of the volume concentration, respectively (Table 1). As compared to the flood tide
of transect 1, they likely show a transfer from fine to medium and from medium to coarse particles,
between flood tide and low tide.
The longitudinal distribution of the finest aggregates showed mostly a trend to decreasing from
the upper (D50 = 9.1 µm) to the lower part of the estuary (D50 = 8.5 µm). Their median diameter
was seen to be the smallest in the core of the lower ETM (around v24, in the range 7.8–8.1 µm from
near bed to the surface). Bigger floc size (D50 ~8.7–9.1 µm) was observed at the edge of the lower
ETM, around v23. The medium aggregates size showed high variations along transect and increased
between the upper and the lower ETM. Their highest value (~52 µm) was located around station v22
at the lower edge of the upper ETM, and under 3 m from surface. From each side of this maximum,
the median size of medium aggregates fell down to 46 µm. The coarser aggregates were the biggest in
the core of the lower ETM (around v24), with D50 being worth 130–133 µm near bed and 134–136 µm
below the surface. Opposite vertical variations were observed in the core of the lower ETM (v24) with
the fine and medium aggregates whose size was higher near bed. This showed a transfer to coarser
aggregates around v24 which settle faster and which likely explain the presence of very high turbidity
in the bottom boundary layer of the lower ETM. The median diameter of the coarser aggregates was
also seen bigger in the upper ETM (from v19 to v22) than upstream and downstream (i.e., between
both ETMs). D50 of the finest and medium aggregates clearly decreased in the upper edge of the upper
ETM, where D50 of the coarser particles increased. D50 of the medium particles increased in the core of
the upper ETM.
The PSD slope, j, slightly increased from upstream (~3.2) downwards, until 3.4–3.5 around the
lower ETM. j was higher in the upper ETM (3.54) and in the lower ETM (3.43, Table 2) than its average
value (3.36) along the transect (Table 1).
PSD slopes were lower (<3.2) in region with higher settling velocity (>0.32 mm s−1 , e.g., v22 or
between v18 and v19), and higher (>3.4) in region with settling velocity of floc less than 0.28 mm s−1
(Figure 5d,e).
The Simpson parameter Φ value was <1 from upstream up to v22 then increased with the
stratification in salinity (until Φ = 4.68 at v26). Its value was 0.97 in the upper ETM (at v21) and 1.22 in
the lower ETM at v24 (Table 2).
The average Richardson gradient number was small upstream (0.05 at v18 and v19) then slightly
increased downwards to 0.07 in the upper ETM (between v20 and v24) and 0.11 in the lower ETM area
(between v24 to v26) (Table 2).
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4.3.3. Transect 3–Flood Tide
The third transect includes data of stations v29 to v41, measured during flood tide (water elevation
= 1.3–2.4 m), 11 May 2015. The salinity strongly changed along this transect at flood tide from less than
0.11 psu in the upper estuary to 12 psu in the lower estuary (Figure 6b). The measurements showed two
ETMs (Figure 6). A smaller and upper ETM was observed between v38 (salinity ≈ 0.11–0.12 psu) and
v35 (salinity ≈ 0.15 psu) with a maximum turbidity above 450 FTU and a length of 3 km. It developed
from the bottom until around 2/3 of the water column, over well mixed waters (Figure 6a). A lower
ETM started around v34 (salinity ≈ 0.25 psu) and ended at v29 (salinity ≈ 10–12 psu), its length being
about 6 km (Table 2). Turbidity in the lower ETM increased from 150 FTU (at v34) until 900 FTU
(at v29) near the bottom. The lower ETM developed mainly at 2–4 m above the bed over stratified
waters and turbidity was seen to highly increase for salinity >1 psu, until 10–12 psu (Figure 6b).

Figure 6. 2D distributions of parameters along Transect 3 during flood tide (water elevation = 1.3–2.4 m,
11 May 2015). (a) Turbidity (FTU); (b) Salinity (psu); (c) D50 in the whole grain size range (1.48–212 µm);
(d) Settling velocity of flocs (mm s−1 ); (e) PSD slope.
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D50 varied between 40 and 70 µm, with an average value of 51.4 µm (Figure 6c, Table 1). Its highest
values (>60 µm) were observed near the bed, upstream (v38-v40), between the two ETMs (v34-v35)
and in the lower ETM (between v29 and v31) (Figure 6c). Its depth-averaged values were smaller in
the upper ETM (45.8 µm) and in the lower ETM (50.9 µm, Table 2) than the average value over the
full transect.
The settling velocities of flocs were relatively small with values in the range 0.14–0.26 mm s−1
(Figure 6d). Their spatial variations followed the one of D50 (Figure 6c). Its depth-average value in
the upper ETM (0.15 mm s−1 at v37, Table 2) and in the lower ETM (0.17 mm s−1 at v30) were less
than the average over the whole transect (0.172 mm s−1 , Table 1). In the core of the upper ETM (v37),
flocs settling velocities were 0.14–0.18 mm s−1 , and slightly higher in the core of the lower ETM (v30).
The fine, medium and coarse particles occupied 28.3%, 36.0% and 35.7% of the particle volume
concentration, respectively (Table 1), with more fine particles and less coarse particles that during
the transect 1, also performed during the flood tide. Amongst the six transects, this one showed the
highest percentage of fine flocs and the second lowest percentage of coarse flocs (Table 1). D50 of the
finer particles was higher in the upper ETM (8.0 µm at v37, Table 2) and in the lower ETM (8.4 µm)
than in average (7.9, Table 1). D50 of the medium floc size was seen to locally increase at the edges of
the lower ETM. The highest D50 for the coarser aggregates (131–135 µm) were observed at v31, in the
core of the lower ETM. These values may result from a transfer of small and medium aggregates to
bigger particles from downstream to upstream (v29 to v31), which settled and formed the core of the
lower ETM.
The average j value was 3.55 (Table 1), with local values higher in the upper ETM (3.74 at v37,
Table 2) and smaller in the lower ETM (3.48 at v30). Its highest values were seen in the core of upper
ETM and at the edge of the lower ETM (v32, Figure 6e).
The Simpson parameter Φ value was <1 from upstream up to v33 except at v37 (1.86) in the upper
ETM. Then its value increased with the stratification in salinity: Φ = 1.83 at v32 at the edge of the lower
ETM, 29 at v31 and 87 at v30 in the lower ETM (Table 2).
The average Richardson gradient number increased seaward: 0.01 in the upper estuary (between
v41 and v38), 0.05 between v38 and v34 around the upper ETM, and 0.28 in the lower ETM (Table 2).
4.3.4. Transect 4–Low Tide
The transect 4 was performed during low tide (water elevation = 0.7–0.8 m, 12 May 2015),
from station v42 to v63 (Figure 7). Salinity on the longitudinal profile showed homogeneous
depth-profiles in the upper estuary (from v42 to v53) until 0.14 psu. Salinity increased to 0.8 psu in the
lower ETM and was highly stratified from v59 downwards (Figure 7b). The measurements showed
two zones of maximum turbidity within the 15-km long turbid estuarine zone which extended from
v45 (salinity ≈ 0.11 psu) to v63 where salinity >0.8 psu. An upper ETM (6-km in length) was observed
from the bottom to the surface in the well mixed waters with salinity between 0.11 and 0.14 psu (v53),
while a lower and stratified ETM developed at higher salinity (Figure 7a,b). The upper boundary of the
lower ETM is difficult to determine precisely but it is clear that the maximum of turbidity (>300 FTU)
was measured around stations v62-v63 near the bottom at salinity ranging between 0.8 and 1 psu.
The lower ETM likely developed further downstream at higher salinity but this region was not
investigated during the survey.
D50 of the full range of floc grain sizes was similar than in the transect 2 also at low tide,
much higher than those at flood tides (transects 1 & 3), with an averaged value of 69.4 µm (Table 1).
D50 was much higher in the upper ETM (78.6 µm at v46, Table 2) than in the lower ETM (64.2 µm).
D50 was the highest (>75 µm) near the bed in the upper ETM (v46) and between the cores of the two
ETMs at salinity 0.16–0.18 psu (v54-v56). It decreased further downstream in the region of salinity
0.20–0.40 psu (between v57-v59, Figure 7c).
Settling velocities varied accordingly, in the range 0.2–0.4 mm s−1 , with its highest values where
D50 was the biggest in the core of the upper ETM (around v46, 0.3–0.4 mm s−1 ) and between the two
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ETMs (around v55) (Figure 7d). Its lowest values were observed just downstream (0.2–0.28 mm s−1
at v57-v58).

Figure 7. 2D distributions of parameters along Transect 4 during low tide (water elevation = 0.7–0.8 m,
12 May 2015). (a) Turbidity (FTU); (b) Salinity (psu); (c) D50 in the whole grain size range (1.48–212 µm);
(d) Settling velocity of flocs (mm s−1 ); (e) PSD slope.

The fine, medium and coarse particles occupied 20.2%, 37.6% and 42.2% of the volume concentration,
respectively (Table 1), in very close proportion to transect 2 also performed at low tide. It clearly
shows that the percentage of the smallest particles is at minimum and the one of the coarse particles is
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maximum during low tide. The distribution of the fine floc size along transect showed D50 decreasing
from the upper part of the estuary (8.9 µm) to the river mouth (8.1 µm), with higher values in the
upper ETM (8.7–8.9 µm, v46) than in the core of the lower ETM (8.1–8.5 µm). The fine aggregates were
the smallest (D50 < 8.1 µm) in the surface layer above the lower ETM. D50 of the medium aggregates
were higher in the salinity range 0.10–0.18 psu in the upper ETM and adjacent mixed waters, and in the
lower ETM at salinity >0.35 psu. D50 of the coarse aggregates showed 3 zones of higher values along
the transect: near bed in the upper ETM (v46), between the two ETMs (v54-v56), and at the upper edge
of the lower ETM (v59), where the D50 values calculated over the full size range was also the highest
(Figure 7c). The resulting variations are consistent with those one observed during transect 2 with
bigger fine aggregates in the upper ETM, bigger medium aggregates at salinity around 0.18 psu and
bigger coarse aggregates at the upper edge of the lower ETM.
D50 of fine (8.5 µm), medium (48.8 µm) and coarse aggregates (133.1 µm) in the upper ETM were
higher than their average values over the whole transect (8.4 µm, 47.0 µm and 131.7 µm, respectively,
see Table 1). Otherwise, we observed D50 values less than the average for the finer and medium flocs
(7.9 µm and 46.9 µm) and higher than the average for the coarse aggregates (to 133.5 µm) in the lower
ETM (Table 2). As a result, the settling velocity of flocs was higher in the upper ETM (0.38 mm s−1 )
than in the lower ETM (0.31 mm s−1 , Table 1) and in average over the whole transect (0.33 mm s−1 ,
Table 1) (Figure 7d).
The PSD slope in this transect was 3.37 in average (Table 1) and was smaller in the upper ETM
(3.27 at v46, Table 2) than in the lower ETM (3.55 at v62). The PSD slope was generally less near
the bottom (~3.2–3.3) than below the surface (~3.3–3.5), and in the upper estuary (~3.2–3.3) than
further downstream (~3.5–3.6). These results also confirmed again the close co-evolution of ws and j
(Figure 7d,e).
The Simpson parameter Φ was <1 everywhere except at v62 (3.06) and v63 (1.79). Its value was
0.74 at v46 in the upper ETM (Table 2). Ri increased downwards, from 0.04 in the upper estuary
(between v42 and v53) to 0.06 between v53 and v59, until 0.19 in the core of the lower ETM (Table 2).
4.3.5. Transect 5–High Tide
The transect 5 was performed from stations v66 to v89 during high tide (water elevation = 2.5–2.7 m,
12 May 2015). The salinity range measured in the estuary was much larger than during flood or low
tides, up to 24 psu. Salinity profile at high tide showed 3 parts: homogeneous waters at salinity
<0.2 psu in the upper estuary (between v66 to v71), a transition zone around v72 and v73, then a strong
stratification in the lower estuary at salinity >2 psu (between v73 to v89, Figure 8b). Two main turbid
structures can be observed in the estuary with distinct characteristics from the previous configurations
(Figure 8a). An upper ETM 4-km in length was observed in well mixed waters from salinity 0.11 psu
(v66) up to ~1 psu (v72-v73) (Figure 8b). A lower ETM 6-km long was observed in the bottom layer of
stratified waters at salinity between around 5 psu (v75) and 15 psu (v83). Their turbidity maxima were
lower than during low tide and flood tide, of the order 130 FTU in the upper ETM and locally 300 FTU
in the lower ETM (Figure 8a). The lower ETM was restricted to a 2-m high boundary layer, turbidity in
the surface layer being <50 FTU.
D50 calculated over the full size range varied largely from less than 40 to 80 µm, the average
values being 51.1 µm (Table 1, Figure 8c). D50 values decreased near the bed from the upper estuary
(D50 > 60 µm) to the lower estuary (D50 < 50 µm), with higher values in the ETM (60–80 µm at v72,
v76-v77, v81-v82). However, its values were lower in the upper ETM (54.2 µm at v72) than in the lower
ETM (62.1 µm at v82, Table 2). The measurements also showed that D50 in the 5-m thick surface layer
was generally less than 50 µm (Figure 8c).
The settling velocities of flocs at high tide were small and varied in a large range, between 0.10
and 0.16 mm s−1 (Figure 8d), in close relationship with D50 variations. Their highest values were
observed in the upper ETM (at v68 and v72) and at the two edges of the lower ETL (0.12–0.14 mm s−1
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around v76-v77 and 0.12–0.16 mm s−1 around v81-v82). The settling velocity of flocs were lower
(<0.12 mm s−1 ) further downstream.

Figure 8. 2D distributions of parameters along Transect 5 during high tide (water elevation = 2.5–2.7 m,
12 May 2015). (a) Turbidity (FTU); (b) Salinity (psu); (c) D50 in the whole grain size range (1.48–212 µm);
(d) Settling velocity of flocs (mm s−1 ); (e) PSD slope.

The fine, medium and coarse particles occupied 27.9%, 35.7% and 36.4% of the volume
concentration, respectively (Table 1). It corresponds to the highest proportion in small aggregates
amongst the six transects. The biggest aggregates in the small fraction were observed in the lower
ETM (D50 up to 8.9 µm), while they were <8 µm in the upper estuary (Table 2). D50 of the medium size
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flocs were higher in both ETMs (D50 ~42 µm) than elsewhere (41 µm in average, Table 1). The bigger
aggregates of the coarse fraction (D50 > 137 µm) were observed over the highly stratified station v81 at
salinity ranging from 7 to 14 psu in the lower ETM (Figure 8b). Another local maximum (>134 µm)
was observed in the upper ETM.
D50 of fine (7.7 µm) and coarse aggregates (133.7 µm) in the upper ETM were less than their
average values over the whole transect (8.2 µm and 134.3 µm, respectively, Table 1) and in the lower
ETM (8.5 µm and 136.8 µm, respectively, Table 2). Otherwise, D50 of medium size aggregates in the
upper ETM (43.0 µm) was higher than in the lower ETM (41.5 µm) and in average (41.0 µm, Table 2).
As a result, the settling velocities of flocs were smaller in the upper ETM (0.12 mm s−1 at v72) than in
the lower ETM (0.14 mm s−1 at v82, Table 2). Both values were higher than their average along the
whole transect (0.116 mm s−1 , Table 1).
The PSD slope was 3.37 in average (Table 1, Figure 8e). It decreased from the upper estuary
(3.4–3.5) to downstream (3.2–3.3), differently than at flood and low tides. J was higher in the upper
ETM (3.55 at v72) than in the lower ETM (3.25 at v82, Table 2).
This high stratification at high tide induced very high values of Φ downstream. While Φ remained
<1 from v66 to v71 (thus including a part of the upper ETM), it highly increased to 2.05 at v72, 4.79 at v73
and between 12 and 90 downstream. Its typical values were amongst the highest within the 6 transects
in both ETMs (Table 2).
The average Ri increased from 0.04 in the upper estuary (between v66 and v71) to 0.2 in the upper
ETM (v72), then to 1.53 at the lower edge of the lower ETM (v82) and to 1.86 downstream, between
v84 and v89 (Table 2). The lower estuary was thus highly stable.
4.3.6. Transect 6–Ebb Tide
The transect 6 was performed from station v90 to v109 during ebb tide (water elevation = 1.5–2.4 m,
13 May 2015). The distribution of salinity was similar than transect 5 but the upper estuary extended
further seaward: homogeneous salinity was observed in the upper estuary (S < 0.15 psu between
v105 and v109), then a transition zone was seen for salinity between 0.15 and 1 psu (between v105
and v102) and a strong stratification was measured in the lower estuary (2–18 psu between v102 to
v90, Figure 9b). The transect 6 clearly showed two ETMs along the estuary. A 2-km long upper ETM
developed over well mixed waters between salinity 0.12 psu at v105 and 0.8 psu at v103 and can be
detected at the surface (Figure 9a,b). A shorter (1.5-km long) and lower ETM developed over stratified
waters in the bottom boundary layer at salinity between 8 and 15 psu. Although the core of both
ETMs (turbidity >200 FTU) had almost the same size, the edge of the upper ETM was larger than the
edge of the lower ETM. Turbidity in the surface layer above the lower ETM was around 50 FTU or
less (Figure 9a). The configuration was similar to the one during high tide (transect 5) but with much
shorter extent at ebb tide than at high tide.
D50 values varied between 40 and 80 µm. High values were measured near the bed in the core of
the upper ETM (>64 µm, v103-v105) and in the core of the lower ETM (up to 80 µm at v95). Small values
were observed in the surface layer of the transition zone and of the stratified region (D50 < 50 µm
below the surface from v102 to v93, Figure 9c). Contrary to the transect 5, the depth-averaged values
of D50 were lower in the upper ETM (57.1 µm, Table 2) and in the lower ETM (55.6 µm) than their
average value over the whole transect (52.8 µm, Table 1).
The settling velocities of flocs varied between 0.10 and 0.21 mm s−1 , with higher values near the
bed, this being reinforced in the two ETMs (Figure 9d). The lowest settling velocities (<0.15 mm s−1 )
were observed in the surface layer of the transition and stratified waters. Like for D50 , the depth-profile
of ws showed high variations due to irregular aggregation in this area.
The fine, medium and coarse particles occupied 25.8%, 38.8% and 35.4% of the volume
concentration of suspended particles, respectively (Table 1). This corresponds to the maximum
of medium aggregates and to the minimum of coarse aggregates amongst the 6 transects (Table 1).
The highest D50 of the fine fraction was observed in the core of the lower and stratified ETM at ~15 psu
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salinity (up to 9 µm at v94-v95), and at salinity 2–3 psu around station v101 over the whole water
column. D50 of the medium fraction varied between 40 and 47 µm, the highest values being observed
in the upper ETM around 0.15 psu waters and the smallest at salinities between 3 and 15 psu (from
v93 to v99). D50 of the coarser aggregates was the highest (D50 = 133–136 µm) at the edges of the lower
ETM (around v94 and v96), and much lower in the upper ETM. In summary, the lower ETM was
characterized by bigger fine and coarse aggregates, while larger medium aggregates were observed in
the upper ETM (Table 2).

Figure 9. 2D distributions of parameters along Transect 6 during ebb tide (water elevation = 1.5–2.4 m,
13 May 2015). (a) Turbidity (FTU); (b) Salinity (psu); (c) D50 in the whole grain size range (1.48–212 µm);
(d) Settling velocity of flocs (mm s−1 ); (e) PSD slope.
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The settling velocities of flocs were slightly higher in the upper ETM (0.16 mm s−1 ) than in the
lower ETM (0.15 mm s−1 , Table 2) (Figure 9d). They were slightly higher in both ETMs than the
average of whole transect (0.141 mm s−1 , Table 1).
The PSD slope was 3.38 in average (Table 1) and was globally decreasing from upstream (3.3–3.4
in the upper estuary) to downstream (3.1–3.2 at the river mouth), indicating the increasing proportion
of coarser particles seaward (Figure 9e). It was thus higher in the upper ETM (3.40 at v104, Table 2)
than in the lower ETM (3.36 at v95). Again, the PSD slope patterns showed a close relationship with
the settling velocity of flocs (Figure 9d,e).
While the Simpson parameter Φ remained <1 until v105 (at the edge of the upper ETM), its value
increased to around 1.6 in the upper ETM (Table 2) and had values >6 at v101 downwards. Its value
was around 70 in the lower ETM (Table 2).
The average gradient Richardson number increased from 0.02 in the upper estuary (between v105
and v109) to 0.23 in the upper ETM (between v102 and v105, Table 2), 1.16 in the lower ETM (at v95,
Table 2) and 1.34 downstream (between v102 to v 90).
5. Discussion and Conclusions
5.1. Q, Qs and SPM in Early Flood Season
The river discharge measured at the Cam hydrologic station (390 m3 s−1 in average from 10 to
13 May 2015) was typical of intermediate discharge between values measured in the Cam River in
dry season (181 m3 s−1 ) and in wet season (806 m3 s−1 ) in 2008 and 2009 [38]. It corresponded to
a period of increasing rain over the water basin and we noted a short flood during the three days of
measurements, while Q changed from 299 m3 s−1 on 10 May to 460 m3 s−1 on 13 May 2015.
The solid discharge estimated from the data at the hydrologic station (Qs = 25.4 × 103 t day−1 )
seems high as compared to the measured values in 2008–2009 (1.2 × 103 t day−1 in dry season and
18.3 × 103 t day−1 in wet season). However, this estimate must be considered with caution since the
hydrologic service provided only one “typical value” of SPM concentration for ebb tide and one for
flood tide per day, contrary to the data measured by Lefebvre et al. [38] at least every 3 h.
Lastly, we may note that the linear relationship obtained between turbidity and SPM concentrations
in the Cam-Nam Trieu estuary in May 2015 (Turb = 1.39 SPM) is very close to the one obtained in dry
season in March 2009 in the Cam River estuary (Turb = 1.43 SPM) [38].
5.2. General Patterns of ETMs
During each of 6 longitudinal transects operated in early wet season in the Cam-Nam Trieu
estuary, we observed and measured two kinds of Estuarine Turbidity Maxima: an upper ETM was
observed in well mixed waters all over the water column (and may thus be visible on ocean color
satellite data), while a lower (or downstream) ETM developed only in the bottom boundary layer
(Figure 10). The upper ETM started at salinity around 0.11 psu and ended at salinity lower than 0.5 or
1 psu, while the lower ETM ranges for higher salinity values until around 15 psu. A similar structure
was repeated 6 times during the 3-days of field survey. The lower limit of the upper ETM and the upper
limit of the lower ETM seemed to depend on the stratification of waters and on corresponding values
of salinity which are changing during the tidal cycle. The local increase of D50 observed along each
transect at salinity values between 0.11 and 0.2 psu in the upper ETM may indicate that flocculation
starts at these low salinity values.
We measured a 8-km course of both ETMs between high tide and low tide (see on the kml file v66
at high tide and v19 at low tide for the upper ETM, v75 at high tide and v23 at low tide for the lower
ETM). At some stations, our small flat-bottom boat had to escape the main deep channel for shallower
waters because of a cargo’s journey. The consistent travel of ETMs moving upstream at high tide and
downstream at low tide supports the idea that the local influence of the water depth was not sufficient
to generate extra turbidity maximum areas along several consecutive stations.
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We measured a 8-km course of both ETMs between high tide and low tide (see on the kml file
Multiple ETMs have been recognized in some estuaries. Roberts and Pierce [72] found two ETMs
v66 at high tide and v19 at low tide for the upper ETM, v75 at high tide and v23 at low tide for the
in the upper Patuxent estuary, one corresponding to the salt front and the other to a downstream
lower ETM). At some stations, our small flat-bottom boat had to escape the main deep channel for
constriction in the estuary channel. In the Tay estuary, multiple turbidity maxima were reported by
shallower waters because of a cargo’s journey. The consistent travel of ETMs moving upstream at
Buller [73] and Dobereiner and McManus [74]. Jay and Musiak [12] reported that 3 simultaneous ETMs
high tide and downstream at low tide supports the idea that the local influence of the water depth
were observed in the Columbia River estuary, two landward ones located near the upstream limit of
was not sufficient to generate extra turbidity maximum areas along several consecutive stations.
salt intrusion and a more seaward one. A double ETM was also reported in the Gironde estuary [7,75].
Multiple ETMs have been recognized in some estuaries. Roberts and Pierce [72] found two ETMs
In this study, at low tide and during flood tide, the upper ETM was observed at salinities between
in the upper Patuxent estuary, one corresponding to the salt front and the other to a downstream
0.12 psu and less than 0.3 psu (from 0.10–0.15 until 0.12–0.3 psu), while it was observed between 0.11
constriction in the estuary channel. In the Tay estuary, multiple turbidity maxima were reported by
or 0.12 and 1 psu at ebb tide or high tide. Its main characteristics were to be well mixed (Φ was about
Buller [73] and Dobereiner and McManus [74]. Jay and Musiak [12] reported that 3 simultaneous
0.74–2.05 and Ri in the range 0.05–0.23, Table 1). This upper ETM may be attributed to flocculation of
chemical origin, due to the present ions even at low salinity (here around 0.11–0.12 psu). Many ETMs
have been reported at the freshwater-saltwater interface, such as in the Tamar estuary [76].
The lower ETM in the Cam-Nam Trieu estuary developed in much varying salinity ranges,
starting at 0.25, 0.35, 0.4 or 0.5 psu until around 1 psu or more during low tide and flood tide, while it
was observed at salinities between 5 and 15 psu at high tide and between 8 and 15 psu during ebb
tide. In fact, the lower ETM developed when the stratification became strong enough (Φ was about
1.22–86.99 and Ri varied in the range 0.11–1.53, Table 1).
The formation of an ETM in the lower estuary (at high salinity) was reported in some previous
studies. ETMs in Lorient and Vilaine Bays developed at salinities about 18 psu and 25–30 psu,
respectively [77]. In the Weser Estuary an ETM was observed at 6 psu [76]. The salinity stratification
was a main factor contributor to ETMs in lower estuary part. This has been confirmed and addressed by
numerous studies (e.g., [12,78–81]). Geyer [26] demonstrated its existence right after the water column
becomes stratified. As a result, turbulent mixing is substantially suppressed. Since the sediment is
kept in suspension by an approximate balance between gravitational sinking and turbulent mixing,
a reduction of vertical mixing will then result in suspended sediment being kept near the bottom.
In some cases, suppression of turbulence by salinity stratification increases settling and trapping of
fine sediment and may be a more effective trapping mechanism than gravitational circulation [26,82].
Conceptual models of the pathways of fine sediment were proposed by Wolanski et al. [83] for
the Mekong River estuary in dry and in wet season. They differ from a season to another since the
Mekong estuary is much more mixed in low-flow season. During the high-flow season a salt wedge
showed fresh water with salinity almost 0 at the surface flowing over waters with salinity >15 psu
along a distance of around 10 km. In this configuration, the Mekong ETM near the bottom is rather
short between 0 and 15 psu (<2 km) since the transition between these salinity values is done over
a very short distance. In low-flow season, salinity of partially well-mixed waters varied from 0 to 20
along around 30 km, the ETM being concentrated in the bottom layer at salinity between 0 and 15 psu.
Its length may be 10 times more (~20 km) and the ETM was located further upstream than in the
high-flow season. The conceptual model we can derive from the present study for the lower ETM is
consistent with the configuration proposed by Wolanski et al. [83].
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A configuration with two ETMs, one surface ETM and one bottom ETM at higher salinities was
already described in the San Francisco Bay [79] and in the York River estuary [80]. From 48 surveys
spanning a 4-year period, Schoellhamer [79] reported that a surface ETM was always located in the
salinity range of 0–2 psu in the northern San Francisco Bay and that a bottom ETM was sometimes
located in the salinity range 10–25 psu. In the York River Estuary, Lin and Kuo [80] reported that
an ETM is usually located near the head of salt intrusion, well mixed, and another ETM is located in the
more stratified waters of the lower estuary, with typical SPM concentrations only high in near bottom.
Lastly, we can check that the two parts of the ETM were connected at low tide and extended
over a much longer distance than during the high tide: the partial length was 10 and 16 km during
transects 2 and 4, respectively, since measurements stopped downstream at salinity around 1 psu,
while the full length of the ETM at high tide was 8 km during transect 5. This trend of shorter length
at high tide is consistent with the analysis of the Charente ETM by Toublanc et al. [19]. It is likely
explained by the salinity distribution. We noticed that the length of the ETMs was strongly dependent
on the
longitudinal
ETMs)
Water
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5.3. D50 and Excess of Density of Flocs
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From our measurements, the median diameter of flocs was the lowest at ebb tide (average D50 =
37.9 μm) and high tide (average D50 = 39.9 μm), intermediate at flood tide (averaged D50 = 45.9 μm),
and it was the highest at low tide (averaged D50 = 56.0 μm).
Concerning the fractionation of flocs, we note that the variations of D50 restricted to the fine,
medium or coarse size ranges do not strictly follow the variation of the D50 obtained for the whole
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From our measurements, the median diameter of flocs was the lowest at ebb tide (average
D50 = 37.9 µm) and high tide (average D50 = 39.9 µm), intermediate at flood tide (averaged
D50 = 45.9 µm), and it was the highest at low tide (averaged D50 = 56.0 µm).
Concerning the fractionation of flocs, we note that the variations of D50 restricted to the fine,
medium or coarse size ranges do not strictly follow the variation of the D50 obtained for the whole
pool of suspended particles. For example, at high tide, D50 of full range (1.48–212 µm) was the smallest
while D50 of coarse flocs (92.6–212 µm) was the highest (Table 1). At low tide, D50 over the whole range
was the highest but the average D50 of coarse flocs (92.6–212 µm) was the smallest (Table 1).
We also noticed that the smallest floc sizes were observed at the surface between the upper and
lower ETMs. They may result from the settling of flocs in both ETMs. Generally, we also observed in
the same area amongst the highest floc sizes near the bed, which may indicate that this transition zone
is favorable to deposition.
5.4. Fractal Dimension
Measurements over 23 samples provided values of excess of density for flocs in the range
60–260 kg m−3 . Estimates provided by a combination of the Stokes formula and of works by
Kranenburg [64] and Maggi [65] which involve the fractal dimension of flocs provided a very good
agreement with measurements with df = 2. The adjustment value by value of ∆ρf to the measured excess
of density enabled to derive the fractal dimension for each sample. We obtained df values between 1.93
at high tide and 2.04 at low tide. Smaller df values correspond to lower density flocs, that are therefore
more subject to breakup: fragmentation is enhanced and smaller flocs are formed. In contrast, larger df
values yield denser flocs, more resistant to breakup. Winterwerp [60] reported that the typical value of
df varies from about 1.4 for fragile flocs to about 2.2 for strong estuarine flocs (with a best fit = 2.0 over
the whole pool of flocs) as in the Ems and Tamar estuaries. Tambo and Watanabe [87] reported values
for mud flocs between 2.0 and 2.25. Fettweis [68] reported that the floc fractal dimension calculated
from in situ measurements varied typically from 1.6 to 2.3 and that uncertainties remain on its accuracy.
In wet season in the Yangtze Estuary, Guo et al. [84] reported df values varying between 1.5 and 2.1
(around a best fit = 1.8). Based on measurements in the Seine estuary, Verney et al. [89] reported df
values between 1.62 and 1.82, with a mean of 1.75. From observations of particle cross-sectional area
and mass performed along the south and west coasts of Great Britain, Bowers et al. [90] showed that df
varied in the range 1.9–2.7. All these published results comfort us on the range of df values estimated
in this study.
The tidal variation of df values tends to indicate that flocs in the Cam-Nam Trieu estuary were the
strongest at low tide (with df = 2.04) and the more fragile at high tide (with df = 1.93).
5.5. Settling Velocity of Flocs
The settling velocity of flocs (ws ) is the most sensitive parameter to estimate sediment
accumulation. ws may be reduced by the hindering of other flocs [16,61,62,91] at high concentration
(much more than the maximum concentration measured here). The permeability of highly porous
aggregates significantly affects their settling velocity [92–94]. In this study, estimates of floc settling
velocities during the survey varied between 0.07 and 0.55 mm s−1 . They were estimated to vary
between 0.12 and 0.40 mm s−1 in the core of the ETMs. Their values were the highest in ETMs at
low tide (0.28–0.40 mm s−1 , transects 2 and 4), high in ETMs during flood tide (0.15–0.26 mm s−1 ,
transects 1 and 3), low in ETMs at ebb tide (0.15–0.17 mm s−1 ) and they were the lowest at high tide
(0.12–0.14 mm s−1 ) (Table 1). These results are similar to values reported in the literature. In a tidal
creek that drained a salt marsh, Voulgaris and Meyers [45] recorded mean floc sizes of 25–75 µm,
SPM concentrations less than 80 mg L−1 and settling velocities between 0.02 and 0.20 mm s−1 . In the
Pearl River Estuary (China), with SPM concentrations typically less than 100 mg L−1 , median floc
sizes varied between 10 and 96 µm and settling velocities between 0.01 and 0.20 mm s−1 , with values
increasing with increasing floc size [95]. In the Seine estuary (with SPM in the range 10–200 mg L−1 ),
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Verney et al. [89] estimated the settling velocities of flocs in the range 0.07–0.50 mm s−1 . In the Yangtze
Estuary (with SPM ranging from 100 to 7000 mg L−1 ) in the wet season, settling velocities of flocs
were estimated between 0.04 and 0.60 mm s−1 [84]. The range of our estimates in the Cam-Nam Trieu
estuary (0.07–0.55 mm s−1 ) is thus consistent with values obtained in other similar environments.
In complement, the percentages of fine, medium and coarse aggregates showed to be consistent with
this temporal evolution of ws since we measured the highest proportion of coarse particles at low tide,
with the highest ws (see transects 2 and 4, Table 1) and the highest proportion of fine aggregates at
high tide, with the smallest ws (see transect 5, Table 1).
ws values showed to be highly correlated with SPM (R2 = 0.58, Figure 12a) and D50 (R2 = 0.68,
Figure 12b), through power law relationships. The values of SPM and ws were the smallest at high
tide and ebb tide (<60 mg L−1 and <0.13 mm s−1 ), intermediate at flood tide (60–110 mg L−1 and
0.12–0.31 mm s−1 ), and spread over a larger range at low tide (85–230 mg L−1 and 0.10–0.46 mm s−1 )
(Figures 2a and 12a). D50 values were lower at high tide and ebb tide (35–45 µm) than at flood tide
(40–62 µm), and the range was enlarged at low tide (30–85 µm) (Figure 12). Higher values of D50
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average (between 0.002 and 0.044). In consequence, the correction on ws by Winterwerp’s formula
and filtration), so as to estimate its potential influence. Over 23 samples, we obtained Rep = 0.012 in
(Equation (9)) provided ws values in average 0.64% lower than the original ws. This correction can
average (between 0.002 and 0.044). In consequence, the correction on ws by Winterwerp’s formula
thus be neglected in our study.

(Equation (9)) provided ws values in average 0.64% lower than the original ws . This correction can thus
be neglected
in our
study.
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The role of salinity gradients is to maintain the turbidity maximum in the estuary [13]. As tidal
asymmetry was already shown to infer a net flux of suspended matter landward by tidal pumping
[38], this mechanism is present in the Cam‐Nam Trieu estuary and may explain the formation of the
lower ETM. However, as stratification is also settling and increasing downwards around the lower
ETM, the gravitational circulation may also participate to this ETM formation. This latter process is
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The second mechanism relates to the non-linear interactions between the tide and the channel
morphology. Distortion causes flows to be shorter and more energetic during flood tide than during
ebb tide [21]. This tidal asymmetry causes a net transport of sediment oriented landward until a null
point where the seaward flow has a transport competency similar to that of the flooding tide [96].
The role of salinity gradients is to maintain the turbidity maximum in the estuary [13]. As tidal
asymmetry was already shown to infer a net flux of suspended matter landward by tidal pumping [38],
this mechanism is present in the Cam-Nam Trieu estuary and may explain the formation of the
lower ETM. However, as stratification is also settling and increasing downwards around the lower
ETM, the gravitational circulation may also participate to this ETM formation. This latter process is
hypothesized to be of second order in the Cam-Nam Trieu estuary since the concentrations of SPM are
rather low as compared to many other estuaries where SPM concentration can be higher than 1 g L−1 .
In some estuaries, the two processes can be alternatively at the origin of the ETM at different tidal
periods. In the Seine River estuary for example, Brenon and Le Hir [13] showed that the gravitational
circulation was the cause of ETM in neap tide while the tidal asymmetry explained the existence of the
ETM in spring tide. Both processes were also shown to participate coincidently to the ETM formation
in a micro-tidal estuary of Australia [97]. Here, we wonder if the two processes may participate to
form the lower ETM which evidenced sometimes 2 zones of turbidity maxima in the salt wedge.
A third process may be considered as well in the ETM building in the Cam-Nam Trieu estuary.
The lower ETM was observed in the region of high salinity range (between ~1 and 15 psu). Eisma [98]
indicated that salt-induced salinity flocculation is complete at 8 psu or less. Additional processes may
explain flocculation at higher salinity values, like the influence of Exopolymer Substances. Indeed, their
stickiness is the highest between 10 and 15 psu [39] and they were shown to contribute to bio-induced
flocculation in this estuary. The formation and location of the lower ETM may thus result from different
complementary contributions.
Several hypotheses may be drawn regarding the formation of the upper ETM. It may be formed by
the flocculation of fine particles starting at low salinity values (around 0.11 psu), by the sudden increase
of available ions. The upper ETM may also correspond to the transport of suspended matter eroded
in the lower ETM by the tidal asymmetry, between the density node and the tidal node (as shown
by [21], their Figure 13). As suggested by several authors [13,22,99], the tidal asymmetry was certainly
essential to support the existence of an ETM while the density gradients likely act on its stability and
shape, and against the exit of sediments offshore. This may explain the shape of the full ETM with
two distinct part: one over the mixed and slightly salted waters, and another over the partially mixed
waters at low salinity (up to 15 psu). Numerical simulations of the sediment transport within this
estuary may help us to check which processes are acting and are mainly responsible of the observed
turbidity patterns, like other authors did (e.g., [13]). The role of bottom topography (which may
enhance salinity stratification and gravitational circulation like in the San Francisco bay, see [79]) may
also be investigated using a numerical model.
Open questions still remain on the origin(s) of the ETM in the Cam-Nam Trieu estuary. The analysis
of field measurements performed in the same estuary at other seasons will enable to further analysis
the seasonal variability of the Turbidity Maximum areas in future papers, and to compare its dynamics
with the one of other ETMs like Sottolichio and Castaing [7], Jalon-Rojas et al. [99] and Uncles et al. [100]
did, for example.
Supplementary Materials: The following are available online at www.mdpi.com/2073-4441/10/1/68/s1.
Figure S1: supplementary.v1.kml.
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