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1. Introduction
The suspended particulate matter (SPM) concentrations in estuaries often show regions in which SPM ac-
cumulates, resulting in zones with locally elevated SPM concentrations. These regions are called estuarine 
turbidity maxima (ETM), of which both the magnitude and location can show a significant seasonality. 
Such seasonality was observed in, for example, the Scheldt estuary (Cox et al., 2019), the Chesapeake Bay 
(Stanford et al., 2001), the Weser (Kappenberg & Grabemann, 2001), and the Hudson River estuary (Ralston 
et al., 2012). This seasonality in ETM is driven by seasonality in factors affecting transport of SPM, such as 

Abstract Many estuaries exhibit seasonality in the estuary-scale distribution of suspended particulate 
matter (SPM). This SPM distribution depends on various factors, including freshwater discharge, salinity 
intrusion, erodibility, and the ability of cohesive SPM to flocculate into larger aggregates. Various 
authors indicate that biotic factors, such as the presence of algae and their excretion of sticky transparent 
exopolymer particles (TEP), affect the flocculation and erosion processes. Consequently, seasonality in 
these biotic factors may play a role in the observed seasonality in SPM. Whereas the impact of abiotic 
factors on seasonality in SPM is well studied, the relative contribution of biotically induced seasonality 
is largely unknown. In this study, we employ two approaches to assess the aggregated importance of 
biotically induced seasonality in flocculation and erosion on seasonality in SPM in the Scheldt estuary. In 
the first approach, we focus on seasonality of in situ observations in the Scheldt estuary of turbidity, floc 
size, Chlorophyll-a, and TEP, showing that the abiotic parameters show seasonality, while seasonality in 
TEP is ambiguous. The second approach concerns a reverse engineering method to calibrate biotically 
affected parameters of a coupled sediment transport-flocculation model to turbidity observations, allowing 
us to compare the modeled SPM concentrations to the observations. Driven by seasonality in freshwater 
discharge, the model captures the observed seasonality in SPM without requiring biotically induced 
seasonality in flocculation and erosion, which is supported by the absence of seasonality in TEP.

Plain Language Summary Estuaries often show regions in which the water is more turbid 
due to a local elevation of suspended sediment. This local elevation regularly displays seasonality, 
which is partially driven by seasonality in the erosion properties of the sediment bed and the ability 
of suspended sediment to flocculate into larger flocs. Two crucial factors impacting the erosion and 
flocculation processes are the presence of algae and the corresponding excreted sticky substances, which 
are reported to stabilize the sediment bed but can also glue the suspended sediment particles together. In 
the present study, we study the aggregated importance of such biotic factors to seasonality in suspended 
sediment concentrations, applied to the Scheldt estuary. We first focus on seasonality of field observations 
of suspended sediment concentration, floc size, algal abundance, and the sticky substances excreted by 
the algae, all showing seasonality except the sticky substances. Next, we use a model that simulates the 
erosion, flocculation, and accumulation of suspended sediment to quantify a potential seasonality in 
the impact of biotic factors on flocculation and erosion. Surprisingly, we do not require seasonality in 
the impact of biotic factors on flocculation and erosion to explain the observed seasonality in sediment 
dynamics, which is supported by the absence of seasonality in the sticky substances excreted by the algae.
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freshwater discharge (Allen et al., 1980; Uncles et al., 2006), salinity (MacCready & Geyer, 2010), erosion 
properties of the sediment bed (Stal, 2010), and settling velocity (Fettweis et al., 2014; Kranenburg, 1994; 
Verney et al., 2009; Winterwerp & van Kesteren, 2004). The latter two are related to both abiotic season-
al variations, such as variations in turbulence, salinity, and SPM (Dyer, 1989; Lai et al., 2018; van Leus-
sen, 1994) and biotic variations (Alldredge et al., 1993; Frostick & McCave, 1979; Passow et al., 2001).

Biotic seasonality may impact the erosion properties of the sediment bed in multiple ways. On the one hand, 
various authors found that algal activity, which typically peaks in spring and summer, often stabilizes the 
sediment bed (Frostick & McCave, 1979) and induces the formation of bedforms (Malarkey et al., 2015) 
by, for example, the excretion of extracellular polymeric substances (EPS), of which sticky transparent ex-
opolymer particles (TEP) are a particulate form (Passow,  2002), and which bind the sediment together 
(Stal, 2010). On the other hand, the subsequent grazing of the algae by bioturbatory macroheterotrophs may 
generate an increase in erodibility (Paterson & Black, 1999).

Beside erosion properties of the sediment bed, biotic factors may also impact flocculation, which is defined 
as the aggregation and break-up of cohesive SPM, resulting in seasonal variations of the settling velocity 
of SPM flocs. Biotic characteristics, such as organic content, directly influence the differential density and 
structure of flocs (Fall et al., 2021; Kranenburg, 1994; van Leussen, 1994). Furthermore, organic content 
impacts, for example, the floc strength and collision efficiency (Winterwerp & van Kesteren, 2004), averaged 
floc size (Mietta et al., 2009), and floc break-up (Alldredge et al., 1990). Finally, in situ observations show 
a correlation between Chlorophyll-a (Chl-a) and flocculation efficiency (Verney et al., 2009), and TEP and 
floc strength (Fettweis et al., 2014).

These biotic seasonal variations in the settling velocity and erosion properties of the sediment bed are hy-
pothesized to affect seasonality in ETM characteristics in estuaries. However, this hypothesis has not been 
systematically investigated. Therefore, in this contribution, we focus on quantifying the importance of 
such biotic seasonal variations to the seasonality in ETM, applied to the Scheldt estuary (Belgium and the 
Netherlands).

The Scheldt estuary is a particularly good example to study the influence of biotic seasonal variations on the 
seasonality in ETM for two reasons. First, the settling velocity and erosion properties have been found to be 
important to the ETM formation (Brouwer et al., 2018; Horemans et al., 2020) and the corresponding floc 
size dynamics have been related to biotic activity (M. S. Chen et al., 2005; P. H. Chen et al., 2018; Wartel & 
Francken, 1998). Second, a recent study by Cox et al. (2019) reported a change in the seasonal ETM patterns 
and suggested that a change in biotically induced flocculation dynamics may be responsible for this change.

Assessing the relative importance of the abiotic and biotic factors that impact seasonality in SPM is chal-
lenging because of their strong interdependence. In addition, while reasonably accurate models exist to pa-
rameterize the effect of abiotic flocculation and erosion, explicit parameterizations of biotic effects relating, 
for example, Chl-a and TEP to flocculation and erodibility, rely on many assumptions (see Lai et al., 2018 
for a recent review). This makes it difficult to dynamically solve the impact of biota on the large-scale ETM 
dynamics through flocculation and erosion, using explicitly defined bio-physical-chemical interactions.

In view of this, we employ a reverse engineering approach, combined with a detailed analysis of observa-
tions to assess the influence of biotically induced seasonality in flocculation and erosion on the large-scale 
SPM dynamics. Concerning the observations, we quantitatively study the seasonality in observed turbidity 
(cf. SPM), floc size, Chl-a, and TEP. This provides information on the seasonality of SPM dynamics, floccula-
tion, and biota. Taking a reverse engineering model approach, following P. H. Chen et al. (2018), the model 
does not rely on explicit model parameterizations for biotic flocculation and erosion. Instead, the accumu-
lated biotic impact is accounted parametrically, using two empirical parameters; one in the flocculation 
model of Horemans et al. (2020) and one in the erosion model (Dijkstra et al., 2019; Kandiah, 1974; Parthe-
niades, 1965). Abiotic seasonal variations, including variations of the river discharge, salinity, and abiotic 
effects on flocculation and erosion are explicitly taken into account. The two biotically affected parameters 
are calibrated to long-term SPM observations of both summer and winter conditions in the Scheldt estuary. 
We hypothesize that, if a seasonality in biological factors were to have a significant impact on the large-scale 
SPM distribution, we would obtain a significantly different value of these biotically affected parameters to 
represent summer and winter conditions in the Scheldt estuary.
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2. Material and Methods
In this section, we first discuss some of the characteristics of the Scheldt estuary. Next, the measurement 
methods used to obtain the in situ observations are introduced and the model approach is presented.

2.1. Study Area

The Scheldt estuary is ∼160 km long, funnel-shaped estuary (see Figure 1). It flows through Belgium into 
the North Sea near Vlissingen (the Netherlands). Because of its relatively small freshwater discharge, the 
Scheldt estuary can be considered a tide-dominated and well-mixed estuary (Meire et al., 2005). The total 
time-averaged freshwater discharge Q over the years 2015–2018 equals 40 m3 s−1 and 174 m3 s−1 in summer 
(June–August) and winter (January–March), respectively (Waterinfo.be, 2019). The main tributaries of the 
Scheldt estuary are the Rupel and the Dender. The Upper Sea Scheldt boundary (i.e., the upstream bounda-
ry of the Scheldt estuary), the Rupel, and the Dender are responsible for 16.4%, 77.2%, and 6.4% of the total 
river discharge in summer and 35.4%, 53.1%, and 11.5% in winter, respectively.

The maintenance of the navigation channel to the port of Antwerp (first four red dots from the Dutch-Bel-
gian border in Figure 1) requires intensive dredging activities. To minimize the risk of flooding, the dredged 
material is dumped back into the Scheldt estuary, which comes with significantly higher SPM loads (106 ton 
year−1) than the fluvial input (Dijkstra et al., 2019). At the main dumping locations at 73 and 78 km from 
the mouth, the time-averaged dumped material between 2001 and 2015 corresponds to high SPM input of 
∼60 and 100 kg s−1, respectively. Consequently, these dumping activities impact the SPM concentration 
locally, which was confirmed by a multivariate regression analysis of SPM observations between 1996 and 
2016. This analysis showed that the SPM concentrations at the dumping sites are dominantly correlated to 
dumping activities (IMDC, 2016). The yearly fluvial input of SPM at the upstream boundary and tributaries 
is of the order of 104–105 ton year−1 and is assumed to scale linearly with the freshwater discharge (Dijkstra 
et al., 2019; Plancke et al., 2017).

2.2. In Situ Observations

The Belgian part of the Scheldt estuary has been monitored by the long-term OMES (Dutch: “Onderzoek 
Milieu Effecten Sigmaplan”) monitoring campaign (Maris & Meire, 2017). Within this campaign, various 
variables, including turbidity, SPM, salinity, primary particle size, floc size, Chl-a, and TEP concentration, 
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Figure 1. The Scheldt estuary and its two main tributaries (Rupel and Dender). The dots represent the locations where 
monthly and biweekly turbidity and floc size profiles were measured in the frame of the OMES (Dutch: “Onderzoek 
Milieu Effecten Sigmaplan”) environmental monitoring program. The transparent exopolymer particles (TEP) 
concentration was only measured at 11 instead of the 16 stations, depicted in red.
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have been measured biweekly or monthly and independently of the tidal phase and spring-neap tide at 16 
fixed stations (see Figure 1). In the following, we discuss the measurement methods to obtain the observa-
tions of the four variables we focus on: turbidity (Maris et al., 2021b), floc size (Maris et al., 2021a), Chl-a 
(Maris & Meire, 2021), and TEP (Vyverman et al., 2021).

Turbidity depth-profiles were measured over the years 2015–2018 using an Optical Backscatter point Sensor 
(OBS) of RBR type XR420 CTD+. To translate turbidity to SPM concentration, we simultaneously collected 
two SPM samples at approximately the water surface and half the water depth and applied a linear data fit 
(Horemans et al., 2020). The observations cover 18 and 14 campaigns in summer (June–August) and winter 
(January–March), respectively, resulting in 18 and 14 SPM profiles at each of the 16 locations.

From September 2017 until January 2019, floc size profiles were measured mainly in the upper half of the 
water column, simultaneously with the turbidity profiles. Floc size was measured using an optical laser 
diffraction instrument, a Sequoia Laser In Situ Scattering and Transmissometry (LISST) 200x instrument. 
The LISST 200x instrument measures the floc size volume distribution for 36, nonequidistant size classes 
with a floc size ranging between 1 and 500 μm. This particle size distribution was used to determine the 
geometric averaged floc size following the averaging-method of Sequoia Scientific (2019) to correct for the 
nonequidistant size classes. Because the estimated floc size is highly sensitive to the averaging method, we 
also use two additional averaging methods in Appendix A.

Simultaneously with the turbidity and floc size profiles, bucket samples at the water surface were taken to 
estimate the Chl-a and TEP concentration. The TEP measurements only started in 2018. We estimated the 
Chl-a concentration, following the spectrophotometric method described in Rice et al. (2017) that corrects 
for turbidity, chlorophyll b, chlorophyll c, and pheophytin pigments. We used 50 ml water samples, a 1 cm 
pathway cuvette, and a Shimadzu UV-1700 spectrophotometer. The detection threshold of the method is 
∼10 μg l−1. When Chl-a values are below this threshold value, they are put to 10 μg l−1. The total number of 
observed Chl-a concentrations per stations equals 24 in summer and ranges from 11 upto 13 in winter, de-
pending on the station. TEP concentrations were estimated according to the colorimetric method described 
in Claquin et al. (2008), adapted from the original method described in Passow and Alldredge (1995). TEP 
concentrations were only measured once a month at 11 stations (see Figure 1, red dots), resulting in 66 
estimates in both summer and winter.

2.3. Model and Model Experiments

iFlow model: The model used is the process-based, width-averaged, idealized model called iFlow that solves 
for water motion and SPM trapping in tide-dominated estuaries using the width-averaged shallow water 
and SPM mass balance equations in equilibrium condition (Dijkstra et al., 2017), including the effects of 
flocculation (Horemans et al., 2020; Winterwerp, 2002). The width and bathymetry of the estuary are ap-
proximated by smooth profiles, focusing on the estuary-scale hydro- and SPM dynamics only. The model 
resolves the tidal and subtidal water motion and SPM concentration using a scaling and perturbation ap-
proach. This approach drastically reduces computation time, allowing us to carry out an extensive sensitivi-
ty analysis. Moreover, it simplifies the interpretation of the results as it allows us to study physical processes 
separately.

The water motion is forced at the mouth by a tidal signal and at the Upper Sea Scheldt boundary and two 
main tributaries by a constant water inflow that depends on the season. SPM dynamics are forced by a con-
stant concentration of SPM at the mouth and an inflow of SPM at the Upper Sea Scheldt boundary, which 
is obtained from observations and equals the product of the subtidal SPM concentration and freshwater 
discharge. Although clearly detectable in the SPM observations at the dumping locations, we do not include 
dumping of dredge material because it acts locally on a much smaller time-scale (∼hours) and does not 
show seasonality. Therefore, it is out of the scope of this study, which focuses on large-scale SPM dynamics 
on the seasonal scale. Moreover, we are interested in biotically affected, and not anthropogenically induced, 
erosion and flocculation. The longitudinal salinity profile is prescribed as a depth- and tide-independent 
sigmoid profile (Warner et al., 2005) that depends on the season (see Appendix B). This assumption is rea-
sonable as the Scheldt is a well-mixed estuary in all seasons. Erosion of SPM is assumed to scale with the 
magnitude of the bed shear stress. The biotic impact on erosion is implicitly included in the corresponding 

HOREMANS ET AL.

10.1029/2020JC016805

4 of 20



Journal of Geophysical Research: Oceans

scaling factor called the erosion parameter M. This parameter is an intrinsic property of the sediment bed, 
including biotic effects, and determines the erosion flux E for a fixed bed shear stress τb and erodibility f:

 ( )bE M f a (1)

where a is the availability of easily erodible fine sediment and M is the erosion parameter.

The flocculation model describes the spatial and temporal evolution of the settling velocity of a single class 
of flocs. The effects of abiotic conditions (e.g., salinity, SPM concentration, and turbulence) are contained 
explicitly, whereas biotic effects (such as that of TEP) are implicitly included in the flocculation model. The 
parameter controlling the importance of biotic effects is denoted by λ, and is defined as the ratio of the min-
imal floc aggregation min

Ak  and floc break-up parameter kB. These two parameters characterize the floccula-
tion properties given a fixed SPM concentration, salinity S, and shear rate G. For the model implementation 
of the shear rate G in summer and winter, we refer the reader to Appendix C. A careful scaling and per-
turbation analysis shows that λ impacts the settling velocity ws (upto first order) (Horemans et al., 2020) as
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in which we assumed a fractal dimension nf = 2 (see Appendix D for nf ≠ 2), spherical flocs, and that the floc 
Reynolds Number Ref = wsDf/ν ≪ 1, where ν is the kinematic viscosity of water, and in which ws,min is the 
settling velocity of the primary particles, μ is the dynamic viscosity of water, fs is the shape factor of the flocs, 
ρs is the density of the primary particles, ρw is the density of water, g is the gravitational acceleration, c is the 
SPM concentration, and f sal(S) describes salinity driven flocculation by increasing the colloid stability for 
increasing salinity (Edzwald et al., 1974; Horemans et al., 2020). The impact of salinity driven flocculation 
is relatively low, which agrees with Einstein and Krone (1962), who showed that system-wide variations in 
salinity have only a minor influence on the bond strength. Salinity may also impact flocculation indirectly 
through, for example, its impact on TEP production (Alldredge et al., 1993; Bar-Zeev et al., 2015). This biotic 
impact is parametrically included in λ.

Reverse engineering model approach: To detect a biotically induced seasonality that impacts the seasonality 
in estuary-scale SPM dynamics, we follow P. H. Chen et al. (2018) by applying a reverse engineering model 
approach. This means that the biotically induced parameters λ and M are calibrated to observed SPM con-
centrations in summer and winter and that we statistically evaluate if the calibrated λ and M are the same 
in both seasons. We vary λ and M within a realistic range of values. The range in λ is 36–121 × 10−6 s−1/2 m2 
and in M is 0.1–6 × 10−3 s m−1, which is based on scaling (Horemans et al., 2020) and observations (Zhu 
et al., 2017), respectively.

As a first step in the reverse engineering approach, we average the SPM concentration observations of the 
various measuring campaigns at each depth. We assume that this averaged value approximates the resid-
ual SPM concentration similar to Dijkstra et al. (2019), Cox et al. (2019), and Horemans et al. (2020). This 
assumption is reasonable when the number of estimates is sufficiently large (≳ 10), so by averaging the 
periodic temporal variability of the SPM concentration vanishes (Horemans et al., 2020). Here, we assume 
that the campaigns are homogeneously distributed within the spring-neap cycle and tidal phase, which was 
shown to be valid for the SPM sampling within the OMES framework between 1995 and 2015 (after 2015, 
the setup of the campaigns has not changed) (Vandenbruwaene et al., 2016). Moreover, we assume that each 
year between 2015 and 2018 corresponds to a similar SPM distribution on the estuary scale. To comply with 
the latter requirement, we leave out the year 2016 because of its exceptionally high amount of rainfall. Next, 
to compare the modeled residual SPM concentration to the time-averaged observed SPM concentration, 
we interpolate the time-averaged SPM observations to a grid with 16 cells in the along-channel direction 
(corresponding to the observation stations) and 50 cells in the vertical direction (independent of the water 
depth). The average SPM concentration in each cell is thus based on the average of 18 and 14 observations in 
summer and winter, respectively. In the remainder of this study, we do not consider the SPM concentration 
in the vertical cells closest to the sediment bed and water surface, as there are insufficient measurements 
there (due to distortions caused by air bubbles and high turbidity at the water surface and sediment bed, re-
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spectively). As a second step, we quantify the accuracy of the modeled SPM concentration compared to the 
observations using a cost function that is based on a statistical two-tailed t-test. The cost function varies be-
tween 0 (perfect match between modeled SPM concentration and observations) and 1 (complete mismatch 
between modeled SPM concentration and observations). We refer the reader to Horemans et al. (2020) for a 
detailed description of the cost function. We exclude the SPM observations at the dumping locations (total 
of two stations) because here we expect high variability in SPM due to anthropogenic dumping of sediment, 
which is out of the scope of this study and not included in the model (see Section 2.3).

Finally, uncertainty in the SPM observations results in uncertainty in the optimal (cf. lowest cost function 
value) (λ, M) pairs. To quantify this uncertainty, we assume that the average SPM concentration in sum-
mer and winter is normally distributed with mean value equal to the mean of the OMES observations and 
standard deviation equal to the standard deviation in the OMES observations divided by the square root of 
the number of observations (i.e., 18 and 14 in summer and winter, respectively). To equate this to a proba-
bility distribution for the optimal (λ, M) pair, we randomly sample 500 averaged SPM concentrations from 
this normal distribution. Because the SPM concentrations in the vertical direction are not independent, we 
require that the relative deviation from the mean is equal at every depth at a given station, thus keeping 
the shape of the vertical time-averaged SPM profile fixed. Next, we calibrate λ and M for each sample. The 
resulting calibration is used to compute the standard deviation σλ,M of the 500 (λ, M) pairs for summer and 
winter. Note we do not assume that λ and M are necessarily normally distributed. Finally, to quantitatively 
compare the optimal (λ, M) pairs in summer and winter conditions, we use this standard deviation σλ,M 
to compute the difference of the optimal λ and M values in summer and winter conditions, relative to the 
corresponding standard deviation:


 

 

   

 
 

 

summer winter summer winter

summer 2 winter 2 summer 2 winter 2

| | | |Δ , Δ .
( ) ( ) ( ) ( )

M
M M

M M
 (3)

If Δλ,M < 1, the average difference between summer and winter is less than one standard deviation and we 
will conclude that the difference of λ or M in winter and summer conditions is within the uncertainty of the 
SPM observations. The model parameter values for both the summer and winter conditions in the Scheldt 
estuary are given in Table 1. These values are either based on observations or calibration. Previous work 
indicated that the average summer discharge is representative, while the representative winter discharge is 
slightly above the average of 174 m3 s−1 to correct for the large variability in discharges during winter (Hore-
mans et al., 2020). The parameters corresponding to the depth- and tide-independent salinity profile (i.e., 
xc and xL) were fitted to salinity observations (see Appendix B). The system-averaged primary particle size 
Dp was estimated using observations (see Appendix E). If not mentioned explicitly, other parameter values 
used are presented in Horemans et al. (2020). For completeness, we repeated these parameter values in the 
supporting information attached to this study.

To test the robustness of the model, we apply a sensitivity analysis of two crucial parameters which are as-
sumed to be fixed in the model: the primary particle size Dp and fractal dimension nf. To apply a sensitivity 
analysis to the latter parameter, we have generalized the results presented in Horemans et al. (2020) for nf 
≠ 2 (see Appendix D). Based on the experiments presented in Appendix E and the literature (Winterwerp & 
van Kesteren, 2004), we vary Dp and nf between 4–25 μm and 1.7–3, respectively.

3. Results
In this section, we first show the seasonality of the in situ observations of SPM, floc size, Chl-a, and TEP 
concentrations in the Scheldt estuary. Next, we show the results of our model experiments, focusing on the 
seasonality in biotically affected calibration parameters λ and M and modeled SPM concentration. Finally, 
we present the sensitivity analysis of the modeled SPM concentration to Dp and nf.
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3.1. Seasonality in the In Situ Observations

3.1.1. Seasonality in SPM

Figure 2 shows the observed time-averaged SPM concentration in summer and winter. Both in summer 
and winter, the concentrations range upto ∼300 mg l−1 and typically increase with depth. In summer (see 
Figure 2a), two ETM are observed, located near 80 km (depicted by ) and 120 km (depicted by ). The 
ETM have a length of ∼10 and 30 km, respectively. The ETM near 80 km is potentially due to anthropogenic 
dumping activities in this region (depicted by the vertical dashed lines), as mentioned above. In winter (see 
Figure 2b), the ETM at 80 km is also present, while the ETM near 120 km moves downstream, and shows 
significantly lower SPM concentrations (depicted by ). Moreover, we detect an additional ETM near 
60 km (depicted by ). We thus conclude that the SPM distribution in the Scheldt estuary shows strong 
seasonality, which complies with the results of Cox et al. (2019) and has been observed in many other estu-
aries (see Burchard et al., 2018 for a recent review).

3.1.2. Seasonality in Floc Size

Figure 3 shows the observed depth- and time-averaged floc size measured in summer and winter 2018. 
The error bars depict the standard error of the depth-averages corresponding to the various campaigns. In 
summer, we have an approximately constant depth-averaged floc size in the longitudinal direction. The floc 
sizes are in the order of 100 μm. In winter, the floc sizes decrease in the Upper Sea Scheldt beyond 120 km 
and are statistically smaller compared to the floc sizes in summer (one-tailed t-test, p-value < 10−4). The 
averaged floc sizes in the Upper Sea Scheldt beyond 120 km are 115 and 77 μm in summer and winter, re-

HOREMANS ET AL.

10.1029/2020JC016805

7 of 20

Variable Definition Value

Hydrodynamics Qsummer total river discharge in summer (calibrated) 40 m3 s−1

Qwinter total river discharge in winter (calibrated) 233 m3 s−1

Sediment cupper Sea Scheldt subtidal SPM concentration at the Upper Sea Scheldt boundary (source) 0.035 kg m−3

Msummer erosion parameter in summer (calibrated) 2.7 × 10−3 s m−1

Mwinter erosion parameter in winter (calibrated) 3.0 × 10−3 s m−1

Turbulence σρ Prandtl Schmidt number 0.5

0fs bed roughness coefficient (calibrated) 4.22 mm s−1

Flocculation min.
Ak nondimensional minimal aggregation coefficient 0.29

fs shape factor π/6

nf fractal dimension of flocs 2

Dp diameter primary mud particles (source) 14 × 10−6 m

ρs density of SPM primary particles 2,650 kg m−3

ρw reference density of water 1,000 kg m−3

λsummer ratio of minimal aggregation and floc break-up parameter in summer (calibrated) 72.5 × 10−6 s−1/2 m2

λwinter ratio of minimal aggregation and floc break-up parameter in winter (calibrated) 65.9 × 10−6 s−1/2 m2

Salinity ssea salinity boundary condition at the mouth 28.9 psu
sal, summer
cx calibration parameter in postulated tanh salinity distribution in summer 51.9 km

sal, summer
Lx calibration parameter in postulated tanh salinity distribution in summer 31.2 km

sal, winter
cx calibration parameter in postulated tanh salinity distribution in winter 38.3 km

sal, winter
Lx calibration parameter in postulated tanh salinity distribution in winter 24.8 km

Table 1 
Parameter List Used in Our Model Study in the Scheldt Estuary in Summer and Winter Conditions
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spectively. We thus conclude that, on the estuary scale (we observe a local anomaly near 60 km and 80 km), 
the floc sizes only show seasonality in the upstream part of the Scheldt estuary (>120 km). This is also valid 
using other averaging methods (see Appendix A).

3.1.3. Seasonality in Chl-a and TEP

The measured time-averages of the observations of Chl-a and TEP concentrations in summer and winter 
are shown in Figure 4. The error bars represent the standard error of the mean corresponding to the con-
centrations of the various campaigns. The Chl-a observations (see Figure 4a) show a strong seasonality in 
the Upper Sea Scheldt (>100 km), where the Chl-a concentration in summer is an order of magnitude larger 
than in winter. In contrast, although the TEP observations (see Figure 4b) show local seasonality at 58, 121, 
and 138 km, they do not show a significant system-wide seasonality in the Upper Sea Scheldt (one-tailed 
t-test, p-value > 0.38). The error bars corresponding to the TEP measurements are relatively large, especially 
in the Lower Sea Scheldt (<100 km). This is due to the relatively small number of estimates and the large 
temporal variability in TEP, a variability also observed in other estuarine and marine systems, such as the 
Neuse River Estuary (Wetz et al., 2009), the Pearl River estuary (Sun et al., 2012), and the Chesapeake bay 
(Malpezzi et al., 2013). What is most important within the scope of this study is that the Chl-a observations 

show seasonality whereas the TEP observations do not.

We conclude that we observe a clear seasonality in SPM and floc size dy-
namics beyond 120 km whereas some biotic properties show seasonality, 
and others do not; the contrast between the strong seasonality in Chl-a 
and the absence of seasonality in TEP on the estuary scale, both biotic 
factors reported to (indirectly) influence SPM dynamics, makes it difficult 
to use these observations as indicators for biotically induced seasonality 
in SPM. Therefore, the observations are complemented with model ex-
periments which are shown in the following section.

3.2. Seasonality in the Model Experiments

3.2.1. Model Parameters λ and M

Minimizing the cost function separately for summer and winter results in 
an optimal parameter set λ = 72.5 × 10−6 s−1/2 m2, M = 2.7 × 10−3 s m−1 
in summer (cost value equals 0.22) and λ  =  65.9  ×  10−6  s−1/2  m2, 
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Figure 2. Measured long-term time-averaged suspended particulate matter (SPM) concentration (mg l−1) over the 
years 2015–2018 in (a) summer, showing two estuarine turbidity maxima (ETM) at locations  and , and (b) 
winter showing three ETM at locations , , and . The vertical dashed lines depict the dumping locations.

Figure 3. Measured time- and depth-averaged floc size in summer (red) 
and winter (blue). The error bars depict the standard error of the estimates 
corresponding to the various campaigns.
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M = 3.0 × 10−3 s m−1 in winter (cost value equals 0.17). These optimal (λ, M) pairs thus show a weak (∼10%) 
seasonality in both λ and M.

To explore the sensitivity of the model results to variations of the calibration parameters λ and M, Figure 5 
shows the cost function as a function of λ (horizontal axis) and M (vertical axis), with the value of the cost 
function indicated by color. Optimal values are indicated by . The dark blue colors indicate the range of 
(λ, M) pairs with a good performance: the white dashed contours depict the cost function values which are 
25% larger than the optimal cost function value. In summer (see Figure 5a), this contour covers a range 
with λ close to 70 × 10−6 s−1/2 m2 and 2 × 10−3 < M < 5 × 10−3 s m−1. So, the optimal λ value is found in a 
relatively narrow parameter range and is quite insensitive to the value of M. In winter (see Figure 5b), the 
range of optimal values is around λ ≈ 60 × 10−6 s−1/2 m2 and M > 2 × 10−3 s m−1. Note our winter result 
slightly differs from the winter result presented in Horemans et al. (2020) because we added fluvial inflow 
of SPM at the Upper Sea Scheldt boundary (see Table 1), used a Prandtl Schmidt number of 0.5 instead of 
1, and excluded the observations at the dumping locations in our calibration. We also included turbidity 
observations of 2018 in our calibration.

HOREMANS ET AL.

10.1029/2020JC016805

9 of 20

Figure 4. (a) Measured time-averaged Chlorophyll-a (Chl-a) concentration in summer and winter over the years 
2015–2018 and (b) corresponding measured transparent exopolymer particles (TEP) concentration of 2018. The error 
bars depict the standard error of the estimates corresponding to the various campaigns.

Figure 5. Cost function values for various λ and M calibrated to the observed residual SPM data set in (a) summer 
and (b) winter. The optimal calibration parameter set corresponds to  λ = 72.5 × 10−6 s−1/2 m2, M = 2.7 × 10−3 s 
m−1 in summer and  λ = 65.9 × 10−6 s−1/2 m2, M = 3 × 10−3 s m−1 in winter. The white dashed contours depict the 
cost function values which are 25% larger than the optimal cost function value. The red dots depict the probability 
density of the 500 (λ, M) pairs given the uncertainty in the residual SPM data set to which the model is calibrated. 
Bigger dots signify a higher probability density, while smaller dots signify a lower probability density. We choose two 
additional (λ, M) pairs, depicted by  and , to study the impact of the choice in (λ, M) located in the zone of high 
probability density on the corresponding model output. The corresponding λ and M values are λ = 72.5 × 10−6 s−1/2 m2, 
M = 2.7 × 10−3 s m−1 (i.e., optimal summer conditions) and λ = 45.3 × 10−6 s−1/2 m2, M = 1.1 × 10−3 s m−1, respectively.
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The red dots in Figure 5 depict the probability density of (λ, M) given the uncertainty in the residual SPM 
data set to which the model is calibrated. Bigger dots signify a higher probability density, while smaller dots 
signify a lower probability density. We use these distributions of (λ, M) in summer and winter to quantita-
tively compare the optimal (λ, M) pairs using Equation 3 and detect a potential seasonality given the uncer-
tainty in the residual SPM observations. The standard deviation of the λ and M distributions in the summer 
and winter conditions are 

 summer 612.9 10  s−1/2 m2, 
 winter 610.5 10  s−1/2 m2,   summer 30.9 10M  s 

m−1, and   winter 31.4 10M  s m−1. Consequently, the relative difference of the optimum values in summer 
and winter Δ (see Equation 3) for λ and M are Δλ = 0.4 and ΔM = 0.18, respectively. We thus conclude that 
we do not detect seasonality in λ and M given the uncertainty of the residual SPM observations.

3.2.2. Seasonality in Modeled SPM Concentration

To further investigate the optimal calibration values of λ and M, we analyze the corresponding modeled 
SPM distribution for the optimal (λ, M) pair (see  in Figure 5) for both summer and winter conditions. 
Given the estuary scale of the model and measurement uncertainty (cf. dark blue regions and distribution 
of (λ, M) pairs in Figure 5), we also show the SPM distribution corresponding to two additional (λ, M) pairs 
(see  and  in Figure 5b). We require that these two pairs result in an acceptable model performance 
and are within the zone of high probability density in winter (red dots in Figure 5b). We choose the first pair 
to be equal to the optimal (λ, M) pair in summer and the second pair to be located in the second zone of (λ, 
M) pairs in winter where we detect a high probability density (depicted by the red dots in Figure 5b). The 
corresponding λ and M values are λ = 72.5 × 10−6 s−1/2 m2, M = 2.7 × 10−3 s m−1 and λ = 45.3 × 10−6 s−1/2 m2, 
M = 1.1 × 10−3 s m−1, respectively. The corresponding cost function values equal 0.26 and 0.30, respectively.

Figure 6 shows the modeled SPM concentration in summer and winter using these values of λ and M and 
the corresponding observations. We present the model result and observations in summer in Figures 6a 
and 6b, respectively. Figure 6a shows two modeled ETM at the correct locations, that is, a weak ETM at the 
dumping location near 80 km and an ETM at 120 km (depicted by  and , respectively). The length 
of the ETM covers ∼10 and 30 km, respectively. Both model results and observations show concentrations 
upto ∼300 mg l−1. The model seems to overestimate the vertical gradient in SPM.

In winter, the model also captures the locations of the ETM for the optimal (λ, M) pair . The model result 
(see Figure 6c) and observations (see Figure 6d) both show an ETM near 80 km, ∼10 km long (depicted by ).  
The ETM in the model result potentially merged into the ETM caused by dumping activities, which are 
not considered in the model setup. The model also correctly captures the accumulation of SPM at 100 km 
(depicted by ) and 60 km (depicted by ). The concentrations are in the order of 100–300 mg l−1. What 
is most important within the scope of this paper is that the ETM near 120 km in summer shifts downstream 
to 100 km and an additional ETM near 60 km arises in winter. In other words, the model captures this sea-
sonality in the ETM.

Figures 6e and 6f show the modeled SPM concentration corresponding to the two alternative (λ, M) pairs 
(see  and  in Figure 5b). Compared to our previous result (see Figure 6c), no major change in case of 
parameter values associated with  are observed (see Figure 6e). We observe a slight decrease in the SPM 
concentration, especially near the sediment bed, but the locations of the ETM are unchanged. The modeled 
SPM concentration corresponding to pair  (see Figure 6f) is different when compared to the optimal 
SPM concentration (see Figure 6c): the ETM near 60 km (depicted by ) vanished, the ETM near 80 and 
100 km are still present (depicted by  and , respectively). Although the cost function showed thatis 
a reasonable calibration, visual inspection favors  and . Acceptin  gas a good fit further supports 
our conclusions that we can explain the observed seasonality in the estuary scale SPM distribution without 
requiring seasonality in biologically induced flocculation and erosion parameters. The seasonality in SPM 
can be captured by only accounting for seasonality in freshwater discharge and turbulence.

3.3. Sensitivity Analysis of the Modeled SPM Concentration to Dp and nf

Figure 7 shows the sensitivity of the depth-averaged SPM concentration to Dp and nf. The results of the 
SPM concentration in summer and winter are neither quantitatively nor qualitatively changed significantly 
when varying Dp (see Figures 7a and 7b) and nf (see Figures 7c and 7d). To conclude, our sensitivity analysis 
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Figure 6. (a) Model output of the suspended particulate matter (SPM) concentration in summer. The optimal 
calibration parameters are  λ = 72.5 × 10−6 s−1/2 m2 and M = 3 × 10−3 s m−1. The vertical dashed lines depict the 
dumping locations, the symbols , , and  the locations of the observed estuarine turbidity maxima (ETM). 
(b) The long-term time-averaged SPM concentration observations (mg l−1) in summer. (c) Model output of the SPM 
concentration in winter. The optimal calibration parameters are  λ = 65.9 × 10−6 s−1/2 m2 and M = 3.0 × 10−3 s m−1. 
(d) The long-term time-averaged SPM concentration observations (mg l−1) in winter. (e–f) Model output of the SPM 
concentration in winter with  λ = 72.5 × 10−6 s−1/2 m2, M = 2.7 × 10−3 s m−1 and  λ = 45.3 × 10−6 s−1/2 m2, 
M = 1.1 × 10−3 s m−1, respectively.
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of the modeled SPM concentration to Dp and nf shows that our results and conclusions do not changes when 
choosing different parameter values.

4. Discussion
4.1. Model Performance and Reverse Engineering Approach

In this study, we aim to answer the question whether biotically induced seasonality has a dominant impact 
on the observed seasonality in SPM on the estuary scale in the Scheldt estuary. We take estuary scale to 
mean the location and approximate SPM concentration of the ETM, which are captured in our model. On 
this scale, seasonal differences in parameters representing biotic effects are not necessary. To be specific, any 
seasonal differences in optimal calibration of (λ, M) is within the uncertainty in the observations. Further-
more, choosing between optimally calibrated (λ, M) for summer and winter or equal (λ, M) in summer and 

winter only has an 2(10 )  effect on the cost function representing goodness-of-fit. Moreover, by lumping 
all biotic effects of different nature and scale in only two parameters, our conclusions are only valid for the 
aggregated biotic effects on the large scale. This may still imply that the effect of individual biotic processes 
approximately cancels out against each other or are of significant importance locally, for example, in shal-
low areas.

4.2. Biotic Seasonality in Floc Size in the Scheldt Estuary

Various studies on the seasonality in floc size dynamics in the Scheldt estuary have been reported in the 
literature. These studies have linked these dynamics to the presence of biota but reading different conclu-
sions. We explain the seasonality in floc size by seasonality in freshwater discharge and corresponding SPM 
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Figure 7. Sensitivity of the depth-averaged suspended particulate matter (SPM) concentration to the primary particle 
size Dp in (a) summer and (b) winter, and to the fractal dimension nf in (c) summer and (d) winter.
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concentrations: a larger discharge results in flushing of the SPM concentrations and a larger shear rate lo-
cally at the upstream boundary (see Equation C1 and Figure C1). A decrease in SPM concentration and an 
increase in shear rate results in a decrease in floc size. Hence, it is worth discussing this.

Wartel and Francken (1998) measured in situ floc size between 40 and 100 km using a Benthos plankton 
camera, which measures in situ flocs ranging in size from 30 to 1,625  μm (the LISST 200x instrument 
we used measures floc sizes ranging from 1 to 500 μm). They found slightly lower averaged floc sizes of 
∼70 μm, but did not measure a longitudinal trend in floc size between 60 and 100 km. Their averaged floc 
size of ∼90 μm at 110 km in winter and the absence of a significant seasonality (autumn vs. spring) of the 
floc size at 100 km compare well to our observations. They attributed this slightly larger floc size at 110 km 
to an increase in organic content and the presence of micro-organism, which excrete EPS (of which TEP is 
a subgroup).

In contrast, M. S. Chen et al. (2005) measured floc size locally at both a freshwater and brackish tidal flat 
in the Scheldt estuary. They used the so called “pipette-method” to determine floc sizes. Eisma et al. (1991) 
showed that observations using this method did not correlate to observations carried out using the in situ 
Benthos plankton camera. At the freshwater tidal flat (at ∼100  km), the mean floc size increased from 
∼40 μm in winter upto 80 μm in spring. In the brackish tidal flat (at approximately 20 km), it increased from 
∼30 μm in winter upto 90 μm in summer. Interestingly, the measured floc sizes in M. S. Chen et al. (2005) are 
significantly smaller in winter compared to our observations and the ones of Wartel and Francken (1998). 
M. S. Chen et al. (2005) also found a significant seasonality in floc size, which they linked to the presence 
of biota (i.e., organic content).

More recently, P. H. Chen et al. (2018) measured in situ floc sizes, again not in the estuary as a whole, but 
locally in the coastal region at the mouth (i.e., southern North Sea). By using a reverse engineering model 
approach, they found a significant seasonality in floc strength, which was inversely related to floc break-up. 
More specifically, they showed that by decreasing the floc strength in winter (February and March) from 
3 10−11 N to 1 10−11 N, their model simulations of floc size significantly improved when compared to the 
in situ observations. They attributed this seasonality in floc strength to biological effects (i.e., seasonality 
in TEP), which we did not observe in the Scheldt estuary as a whole (see Figure 4b). To conclude, floc size 
observations in the Scheldt estuary show different trends in the literature. These differences may be attrib-
uted to the usage of different methodologies (e.g., pipette method, in situ Benthos plankton camera) and the 
highly dependency on the system of interest (e.g., main channel, tidal flat, coastal region). Our observations 
comply with the main trends found by Wartel and Francken (1998), who also used an in situ method to 
measure floc size in the main channel.

5. Conclusions
In this study, we studied the importance of biotically induced seasonality in flocculation and erosion to 
seasonality in ETM formation applied to the Scheldt estuary. We presented in situ observations of SPM, 
floc size, Chl-a, and TEP. The SPM and floc size observations show seasonality. Chl-a and TEP observations 
show no correlation: Chl-a observations show a significant seasonality, whereas we do not detect season-
ality in TEP on the estuary-scale. These unrelated results make it difficult to use observations of Chl-a 
and TEP alone as indicators for a potential seasonal impact of biota on the seasonality in ETM formation. 
Therefore, we combined the observations with a reverse engineering model approach to assess the aggre-
gated impact of biotically induced seasonality in flocculation and erosion on the seasonality in large-scale 
ETM formation. In the model, this aggregated biotic impact through flocculation and erosion is implicitly 
parameterized by the ratio of the minimal floc aggregation and floc break-up parameter λ and the erosion 
parameter M.

Our model results suggest a weak (∼10%) seasonality in both λ and M, which is within the uncertainty of 
the SPM observations. Hence, to explain the observed seasonality in large-scale ETM formation, our results 
suggest that seasonality in λ and M is not required on the estuary scale. We capture the seasonality in SPM 
mainly by seasonality in freshwater discharge and resulting seasonality in SPM concentration and shear 
rate.
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Appendix A: Floc Size Using Various Averaging Methods
To show that the estimated floc size is highly sensitive to the averaging method, we use two additional aver-
aging methods: (1) the same averaging method as proposed by Sequoia Scientific (2019) but weighting the 
midpoint instead of the class number and (2) the median floc size by mass instead of volume. The difference 
between weighting by mass instead of volume depends on the structure of the flocs. Using our reference floc 
model assumption (fractal dimension is 2), averaging by mass is equivalent to averaging by area (Bowers 
et al., 2017). So, we divided the volume concentration of each size class by the corresponding midpoint.

Figure A1 shows the observed depth- and time-averaged floc size measured in summer and winter 2018 
using the averaging method proposed by Sequoia Scientific (2019) (circles), weighting the midpoint instead 
of the size class number (triangles), and the time- and depth-averaged median floc size by mass (rectangles). 
The error bars depict the standard error of the depth averages corresponding to the various campaigns. Us-
ing other averaging methods may increase (weighting the midpoint by volume) or decrease (weighting by 
mass) the overall floc size. However, in all three averaging methods we observe seasonality in the upstream 
region of the Scheldt estuary. We thus conclude that, on the estuary scale (we observe a local anomaly near 
60 and 80 km, depending on the averaging method), the floc sizes only show seasonality in the upstream 
part of the Scheldt estuary (>120 km).

Appendix B: Salinity Profile
Following Warner et al. (2005), we fit the salinity data measured in summer and winter in the Scheldt estu-
ary to the following postulated salinity distribution:
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with ssea the salinity boundary condition at the mouth and Sal.
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Lx  further undefined calibration pa-
rameters. Figure B1 shows the salinity data and corresponding data fit in summer and winter. Table 1 lists 
the corresponding parameter values.

Appendix C: Shear Rate in the Flocculation Model
Following Pejrup and Mikkelsen (2010), the shear rate G reads
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Figure A1. Measured time- and depth-averaged floc size in summer (red) and winter (blue) using the averaging 
method proposed by Sequoia Scientific (2019) (circles), weighting the midpoint instead of the size class number 
(triangles), and the time- and depth-averaged median floc size by mass (rectangles). The error bars depict the standard 
error of the estimates corresponding to the various campaigns.
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in which x is the coordinate in the longitudinal direction, κ′ is the Von Karman constant, ν is the kinematic 
viscosity of water, H is the water depth, 1 1 /z z H  is the relative water depth, and u*  is the subtidal fric-
tion velocity. To ensure that the model captures the impact of seasonality in river discharge on G, we define 
the subtidal friction velocity following Horemans et al. (2020) as

u x
z x

s

u x z u x z

f

* ( )

ln
( )

( , ) ( , ) , 


1

0

0
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where z1 is the distance in the logarithmic layer above the bed, 0fs  the bed roughness coefficient, u0 the 
leading-order, longitudinal flow velocity, which consist of an M2 tidal signal (Chernetsky et al., 2010; Dijk-
stra et al., 2017), and uriv. the (subtidal) longitudinal, river-induced flow velocity. Consequently, an increase 
in freshwater discharge (cf. uriv.) results in an increase in shear rate G. Following Horemans et al. (2020), 
we approximate G by its value at z1 = H/2 and use this value 1( , 1 / 2)G x z  as a proxy for the whole water 
column, which is acceptable because vertical variations in G are relatively small in the logarithmic layer 
(typically < 10% in our case study). Moreover, we neglect tidal variation in G which is, within the scope of 
this paper, acceptable because the seasonality in tidal variability in our case study is small; the main dif-
ference in longitudinal water velocity between summer and winter is the riverine influence, locally at the 
upstream boundary, which is thus captured by the model. Figure C1 shows the shear rate in both summer 
and winter conditions.

The increase of freshwater discharge in winter increases the shear rate locally at the upstream boundary. 
Further downstream, between 100 and 140 km, it decreases the shear rate slightly because of a decrease of 
the tidal energy in this region.

Appendix D: Perturbation Approach for nf ≠ 2
We extend the flocculation model for general nf. This requires a reanalysis of the results presented in Hore-
mans et al. (2020). However, the same semi-analytical perturbation approach can be applied. At leading 
order (1) , a careful analysis shows that only the second term in the result of the leading order settling 
velocity 0

sw  presented in Horemans et al. (2020) changes:
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Figure B1. Measured salinity corresponding to our case study in the Scheldt estuary and corresponding data fit using 
Equation B1 in summer and winter.
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and where      ( ) / (18 )s w A s s Bgk f Gk , with kA′ being the aggregation parameter, and c0 is the lead-
ing order SPM concentration. For nf = 2, the second term in Equation D1 is a constant value, being the 
settling velocity of the primary particles (Horemans et al., 2020). For nf ≠ 2, this second term is a function of 

both time and space. Consequently, at first order ( )   (with ϵ being the small perturbation parameter), the 
result becomes more complex but can still be easily solved to the first order settling velocity 1
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Figure C1. Modeled shear rate in summer and winter. The increase of freshwater discharge in winter increases the 
shear rate locally at the upstream boundary. Further downstream between 100 and 140 km, it decreases the shear rate 
slightly due to a decrease of tidal energy in this region.
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Appendix E: Primary Particle Size and Density
Within the OMES campaign, we took 1 l samples from a bucket sample conducted at the water surface to 
estimate primary particle size (Maris et al., 2021). Samples were collected once a month at each station, 
which resulted in three samples per station for both summer and winter. At 58 km, we exceptionally have 
only two samples per season.

Primary particle size distribution was measured using a Mastersizer2000. The detection range of the Mas-
tersizer2000 is 0.02–2,000 μm. After shaking the 1 l samples intensively, the samples were decanted in the 
dispersion unit of the Mastersizer2000 until the obscuration reached a value of ∼10%. We used the default 
absorption and refractive index (i.e., 0.1 and 1.52, respectively) and standard Lorenz-Mie method for spher-
ical particles. The sampled were stirred and pumped with a frequency of 750 and 2,000 rpm, respectively, 
using tap water as a dispersant. Using this primary particle size distribution, we calculate the primary parti-
cle size corresponding to summer and winter using two averaging procedures. Figure E1 shows the primary 
particle size using a standard geometric average method often referred to as D[1, 0]. The corresponding 
system averaged value is 14.2 and 14.9 μm in summer and winter, respectively. The error bars represent the 
(Gaussian) standard error. Based on these estimates, we chose a primary particle size of 14 μm in our model.

The organic fractions of SPM, which have a density of ∼1,000 kg m−3, can reach upto 30% in Scheldt estuary 
(Maris & Meire, 2017), and thus the organic fraction may have a relative impact via primary particle density 
(i.e., 2,650 kg m−3) according to Fall et al. (2021) of

   
  

0.3 1000 0.7 2650Δ 1 20%
2650s (E1)

This sensitivity was tested, and for such a decrease in ρs, we found a slight land-inward shift of the ETM in 
both summer and winter. We also observed this land-inward shift for decreasing λ (see Figure 6). This is to 
be expected because a decrease in ρs is equivalent to a decrease in λ, which follows from the factor (ρs − ρw)/
ρs in Equation 2.
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Figure E1. Primary particle size measured in summer and winter within the OMES (Dutch: “Onderzoek Milieu 
Effecten Sigmaplan”) monitoring campaign.
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Data Availability Statement
The turbidity, floc size, primary particle size, Chl-a, and TEP data set can be accessed through https://doi.
org/10.14284/450, https://doi.org/10.14284/451, https://doi.org/10.14284/452, https://doi.org/10.14284/449, 
and https://doi.org/10.14284/453, respectively. The iFlow version 2.9 code with the flocculation extension 
and an input file example are available through https://doi.org/10.5281/zenodo.4560637.
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