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Abstract  37 

Optical data from a sun-synchronous satellite were used to investigate how large-38 

scale estuarine suspended particulate matter (SPM) concentrations were affected by tidal and 39 

bulk meteorological drivers, and how retrieved SPM is biased by tidal aliasing and sampling 40 

under clear sky conditions. Local absorption and scattering properties were used to derive 41 

surface SPM maps from 84 cloud-free ENVISAT MERIS FR reflectance images of the 42 

Westerschelde estuary (51° 30' N, 3° 30' E) for the period 2006-2008, and validated with in 43 

situ SPM at fixed stations (r=0.89 for geometric means). The distinctly different SPM maps 44 

were categorized for different tidal and seasonal conditions. Resulting composites reveal 45 

spatial patterns in SPM as a function of semi-diurnal tidal phase, fortnightly tidal phase, or 46 

season. For the estuary proper, tidal and seasonal effects on the variation of SPM are similar 47 

in magnitude. Observed controls for surface SPM are distance to shallow source area, tidal 48 

current velocity, and advection of North Sea and estuarine surface waters. Turbidity maxima 49 

appear only during favourable tidal and meteorological conditions. For the Westerschelde, the 50 

bias introduced by sun-synchronous sampling causes low water image acquisitions to 51 

uniquely coincide with spring tides, and high water images with neap tides. Cloud-free 52 

images were associated with low wind velocities. Simulations from a mud transport model 53 

confirmed the overestimation of geometric mean SPM from the tidal aliasing, and 54 

underestimation from fair weather. This resulted in a net relative error of -8% at the wave-55 

exposed mouth, but biases cancelled out in the upper estuary. We argue that local biases 56 

should be considered when interpreting water quality products for estuaries and coasts around 57 

the world.  58 

 59 

Keywords total suspended matter; ocean colour; sun-synchronous overpass; tidal aliasing; 60 

seasonality; optical properties; Western Scheldt  61 
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1. Introduction 63 

 64 

Estuaries are found along many of the world’s diverse coastlines and provide many 65 

ecosystem services, ranking at the top in total monetary value per hectare per year (Costanza 66 

et al., 1997). They support important ecosystem functions, such as biogeochemical cycling 67 

and movement of nutrients, maintenance of biodiversity and biological production, and 68 

mitigation of floods (Meire et al., 2005). Variation in transport of fine sediments is at the 69 

heart of many of these functions, being a driver for primary production through nutrient 70 

cycling, a pressure on ecosystem state through light attenuation (Cloern, 1996; Gattuso et al., 71 

1998), and a regulator of estuarine landscape and habitat development (Dyer, 1989; Van der 72 

Wal et al., 2010). Estuaries are complex environments in which dissolved and suspended 73 

particulate matter (SPM) discharged by rivers in upland basins are concentrated (Heip et al., 74 

1995) and mixed with marine water and other substances (Middelburg and Nieuwenhuize, 75 

1998). Suspended particulate matter (SPM) is here defined as all matter – organic and 76 

inorganic, including clay (< 2 µm), silt (2 - 63 µm), flocs, and occasionally sand – sampled in 77 

the top of the water column, which stays on a Whatman GF/F glass fibre filter with an 78 

approximate pore size of 0.7 µm (Eleveld et al., 2008).  79 

The concentration of suspended material at the top of the water column has been 80 

quantified using detailed optical airborne and satellite remote sensing (Robinson et al., 1998; 81 

Uncles et al., 2001) and optical modelling with spectral properties of estuarine SPM (Bale et 82 

al., 1994; Forget et al., 1999), although these optical properties may change over the estuary 83 

(Mobley et al., 2004; Gallegos et al., 2005; Bowers et al., 2009; Blondeau-Patissier et al., 84 

2009). The availability of dedicated ocean colour satellite sensors such as MERIS and 85 

MODIS, which are spectrally configured for the specific bio-optical properties of aquatic 86 

media has further stimulated the retrieval of suspended sediments in optically complex waters 87 

(i.e., waters that contain uncorrelated light absorbing substances) such as estuaries (Doerffer 88 

and Schiller, 2007; Nechad, 2010). Their extensive panoramas, which easily cover an entire 89 

estuary, and more frequent data acquisition revealed huge differences in retrieved SPM 90 
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concentrations from different images (Miller and McKee, 2004; D’Sa et al., 2007; Van der 91 

Wal et al., 2010). Their interpretation remains cumbersome until regularities, such as 92 

periodicities are recognised. The emergent SPM patterns in the top of the water column can 93 

be expected to be a response to astronomical tidal, and seasonal meteorological drivers (tides, 94 

and wind and discharge) that lie behind resuspension, and estuarine transport processes such 95 

as estuarine circulation, tidal straining and wind-induced variations in vertical mixing and 96 

horizontal advection (Burchard et al., 2008; Van der Wal et al., 2010).  97 

However, a number of biases likely occur in the estimation of SPM from satellite 98 

remote sensing. Firstly, the near-polar orbits of most satellites carrying dedicated ocean 99 

colour sensors such as MERIS are sun-synchronous. To systematically maximise solar 100 

elevation and mitigate sun-glint at image acquisition, overpasses are locked to the position of 101 

the sun, which also means that every orbit always crosses the equator at the same local solar 102 

time. Hence, the solar semi-diurnal S2 tidal phase will be the same every time the satellite 103 

revisits the same location on the sea surface. The principle, lunar, semi-diurnal M2 tides (low 104 

water, flood, high water and ebb) have a period of about 12 h and 25 min, which we often 105 

notice as semi-diurnal tides being a little later each next (solar) day. The phase difference 106 

between M2 and S2 also causes them to be in and out of phase every 14.8 days, creating 107 

spring (M2+S2) and neap (M2-S2) tides respectively (Sorensen, 2006). Consequently, the 108 

alignment of the sun and moon influences both phases and amplitudes of the tides at a certain 109 

location. Furthermore, the locking of overpass to the position of the sun combined with the 110 

regular phase difference between the S2 and M2 tides causes satellite sampling to alias tidal 111 

variations: different tidal signals become indistinguishable, or aliases of one another (Doxaran 112 

et al., 2009; Valente and Da Silva, 2009; Van der Wal et al., 2010). Secondly, the optical 113 

signal measured by the satellite sensor is influenced most by the top layer (El Serafy et al., 114 

2011). Concentrations near the bed – often a short-term SPM source – can be higher when the 115 

water column is not fully mixed (Pietrzak et al., 2011). Finally, bias may arise because of 116 

selective sampling by the satellite sensor for cloud-free, calm conditions, whereas cloud cover 117 

in temperate regions is usually higher during the passage of fronts and the winter storms that 118 
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resuspend SPM (Eleveld, 2012). Seasonality in cloudiness and rain likely also correlates with 119 

river discharge (Bouwer et al., 2006). Thus, resulting temporal snapshots of estuarine 120 

dynamics can also be expected to give biased responses to meteorological forcing.  121 

In this paper, we examine the relation of SPM with tidal and meteorological drivers 122 

using MERIS data of the Westerschelde (Western Scheldt), a shallow macrotidal estuary in 123 

the southwest of the Netherlands (Fig. 1), which has also been modelled with a 3D mud 124 

transport model by Van Kessel et al. (2011). We specifically address issues relevant for the 125 

further use of estuarine SPM patterns from sun-synchronous satellite sensors, such as: (1) 126 

which co-occurring phases or tidal processes are sampled or missed, and how does this affect 127 

satellite SPM concentrations, and (2) what is the bias in the SPM signal caused by sampling 128 

under clear sky conditions? 129 

For these purposes, we derived surface SPM maps, and investigated the spatial 130 

variation in SPM from satellite images and in situ data. Tidal variability is regularly cyclic 131 

and can be well-predicted. Meteorological variability is much less regular, but follows a 132 

seasonal cycle. We assessed the influence of tides, wind and river discharge in satellite SPM, 133 

by grouping the data collected under similar astronomical tidal or meteorological conditions. 134 

The impact of gradients in specific absorption and scattering characteristics was ascertained, 135 

providing an outlook for new algorithms that can handle such differences in absorption and 136 

scattering characteristics in the retrieval (Tilstone et al., 2012; Brando et al., 2012; Werdell et 137 

al., 2013). Finally, we used simulations from the mud transport model to support 138 

interpretation and quantify the biases in the satellite SPM signal due to tidal aliasing and due 139 

to cloud cover, respectively. 140 

 141 

2. System description 142 

 143 

For a range of estuaries worldwide, the Westerschelde has representative 144 

hydrodynamics, as its tidal amplitude (tidal prism of about 2 × 109 m3) and friction 145 

characteristics approach average values (Toffolon et al., 2006). It is a typical tide-dominated 146 
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coastal plain estuary which experiences a semi-diurnal tide; the mean tidal range increases 147 

from 3.8 m near the mouth to 5.0 m near the Dutch-Belgian border. Tidal discharge at the 148 

mouth is on average 50 × 103 m3 s-1 (Chen et al., 2005), whereas river discharge is relatively 149 

low, and varies from ca 20 m3 s-1 in summer to 180 m3 s-1 in winter (Baeyens et al., 1998). The 150 

Westerschelde is quite well-mixed up to ca 40 km from the mouth, and partially mixed 151 

beyond this zone (Baeyens, 1998). Upstream of the lower outer Westerschelde estuary, a 152 

brackish inner upper estuary forms part of the River Zeeschelde (Fig. 1). The main estuarine 153 

turbidity maximum (ETM) is situated in this Zeeschelde, 60 to 100 km from the mouth of the 154 

Westerschelde, depending on tidal conditions and river discharge (Fettweis et al., 1998). A 155 

major coastal turbidity maximum (TM) is found along the North Sea shore south of the 156 

Westerschelde near Zeebrugge (Fig. 1) where Channel waters and (Rhine, Meuse, 157 

Westerschelde) river waters meet (Lacroix et al., 2004; Baeye et al., 2011).  158 

 159 

PLEASE INSERT FIG. 1 160 

 161 

3. Materials and methods 162 

 163 

3.1. SPM from remote sensing 164 

Reflectance measurements from the top of the water column were obtained from 165 

remote sensing using time-series of MERIS data. MERIS is a multispectral sensor on board 166 

ESA's sun-synchronous (polar orbiting) Envisat satellite, and captures images in several 167 

narrow optical and near-infrared bands (Table 1) with a ground resolution of ca 300 m (Full 168 

Resolution). From the EOLI-SA image archive, we selected all images from the period 2006-169 

2008 that contained little or no cloud; these are 84 images, acquired between 9:58 and 10:58 170 

UTC. The obtained Level 2 (L2) data were already processed up to water-leaving reflectance 171 

with standard ESA atmospheric correction, MEGS 7.4/IPF 5.05 (Moore and Aiken, 2000). 172 
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These remote measurements of electromagnetic radiation can be used for retrieving 173 

concentrations of optically active substances such as SPM, once their absorption and 174 

scattering properties are known:  175 

 176 

 ( , , , , , )rs s vf a bρ θ θ φ λ=  (1) 177 

 178 

Remote sensing reflectance (ρrs) is a function (f) of a the total absorption and b total 179 

scattering, θs the solar zenith angle , θv viewing zenith angle, and φ  differential azimuth 180 

angles, and λ  wavelength. Total a and b of natural waters can be decomposed into the optical 181 

properties of pure water and its constituents by (Hoogeboom et al., 1998; Vos et al., 2003; 182 

Hommersom et al., 2010): 183 

 184 

 * * *
440w CHL SPM CDOMa a a CHL a SPM a g= + + +  (2) 185 

 186 

 
*
bSPM

w
bb b SPM

B
= +  (3) 187 

 188 

Total absorption a is the sum of aw the absorption by pure water, *
CHLa  the mass-189 

specific absorption of pigments times CHL, chlorophyll-a concentration, *
SPMa  the mass-190 

specific absorption of non-algal particle pigments times SPM concentration, and *
CDOMa  191 

specific coloured dissolved matter absorption normalised at 440 nm times absorption of 192 

CDOM at 440 nm. Similarly, total scattering b is the sum of scattering by water bw and 193 

particles, *
bSPMb  is specific particle backscattering and B backscattering ratio. Remote sensing 194 

reflectance, and all inherent optical properties (IOPs, the a’s and b’s) and specific inherent 195 

optical properties (sIOPs the a*s and b*s) are wavelength (λ) dependent. 196 
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For these waters with several optically active components, empirical concentration 197 

retrieval algorithms introduce inaccuracies for many wavelengths in the optical range. 198 

Algorithms based on near-infrared bands might suffer from adjacency effects (Santer and 199 

Schmechtig, 2000). Although various suitable MERIS coastal water algorithms are available 200 

(Moore et al., 1999; Doerffer and Schiller, 2007; Schroeder et al., 2007), HYDROPT (Van 201 

der Woerd and Pasterkamp, 2008) allowed input of optical properties of the Westerschelde. 202 

HYDROPT comprises a forward model that generates remote sensing reflectance (ρrs) as a 203 

function of the IOPs absorption (a) and scattering (b), and solar and viewing angles and is 204 

based on radiative transfer modelling with Hydrolight (Mobley and Sundman, 2001).  205 

HYDROPT was parameterized with mean sIOPs (i.e., absorption and scattering 206 

coefficients normalised to concentrations) taken from earlier cruises carried out in the 207 

Westerschelde (cruises Restwes1999 and Oroma2002) and adjacent North Sea (Belgica 2000)  208 

where radiance was measured in situ with a PR-650 field-spectroradiometer (Photo research, 209 

Chatsworth, CA, USA). Water samples were filtered to measure SPM concentrations; 210 

extraction in ethanol allowed determination of chlorophyll-a (and phaeopigments) 211 

concentrations. Spectra of absorption (a) and beam attenuation (c) were measured using a 212 

Philips PU8800 UV/VIS double-beam lab-spectrophotometer. The scattering coefficient (b) 213 

was estimated by subtraction of the absorption coefficients from the beam attenuation 214 

coefficient (Rijkeboer et al., 1998). We tested the quality of these IOPs by optical modelling 215 

and comparison with the concurrently collected spectra. The remaining 11 sIOP sets for the 216 

North Sea were averaged, and the 25 for the Westerschelde were averaged too. On average 217 

specific backscattering ( *
SPMb ) and absorption ( *

SPMa ) of SPM were higher in the 218 

Westerschelde, than in the adjacent North Sea, but sIOPs are variable in space and time 219 

(Astoreca et al., 2009; Astoreca et al., 2012; Tilstone et al., 2012). 220 

The inverse model estimates the concentrations of the constituents from remote 221 

sensing reflectance at several optical wavelength intervals using Levenberg-Marquard 222 

optimization. The optical model enables retrieval of SPM concentrations between 0.1 and 200 223 



M.A. Eleveld et al. / Remote Sensing of Environment 143 (2014) 204-215 

 9

g m-3. For this, MERIS bands 2 to 7 and 9 (Table 1) were used. Band 1 was discarded due to 224 

its sensitivity to errors in atmospheric correction and band 8 was excluded because of a 225 

possible contribution of fluorescence to the reflectance signal (Van der Wal et al., 2010), 226 

although sensitivity tests showed that in- or exclusion of the latter band only had minor 227 

impact on SPM retrieval.This is in line with with Gillerson et al. (2007), who showed that in 228 

our case, fluorescence is indeed effectively undetectable in the reflectance NIR peak. 229 

HYDROPT uses the difference in observed reflectance in consecutive bands in its spectral 230 

matching. Therefore it is less prone to failure when used with poor-quality (e.g., negative) 231 

input water reflectance (Stumpf and Werdell, 2010; Eleveld, 2012).  232 

All images were re-projected to the Dutch coordinate system (Rijksdriehoeksstelsel). 233 

Values of SPM were extracted from the images at the location of in situ stations and along the 234 

estuarine thalweg (Fig. 1). In this study, we used mainly SPM retrieved from Westerschelde 235 

sIOPs. Additional results from parameterisation with North Sea sIOPs were only used to 236 

study their effect on the retrieval of SPM along the thalweg. 237 

 238 

PLEASE INSERT TABLE 1 239 

 240 

3.2. In situ measurements of SPM 241 

An independent dataset (NIOZ database) contains SPM measured in situ in the period 242 

2006-2008 at the water surface at 13 stations in the lower estuary (Westerschelde) and upper 243 

estuary (Zeeschelde up to Antwerpen) (Fig. 1), with a frequency of ca 20 times per year (but 244 

not during storms). Most samplings were carried out in two days, the first day in the lower 245 

and middle estuary (from WS1 to WS7) and the second day in the upper estuary (WS8 to 246 

WS13), following an up-river ship trajectory. SPM was determined gravimetrically after 247 

filtration on pre-combusted (400 °C, 4 h) Whatman GF/F filters. The volume of filtered water 248 

depended on the concentration of suspended matter in the sample. The filters were rinsed 249 

three times with milli-Q water, and dried at 60 °C. 250 

 251 
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3.3. Comparison of remotely sensed SPM with in situ measurements of SPM 252 

To compare two independent distributions of in situ and remotely sensed data, we 253 

follow a well-accepted model (Campbell, 1995) for capturing bio-optical variability at a 254 

variety of spatial and temporal scales (IOCCG, 2006; Eleveld et al., 2008). Geometric mean 255 

SPM concentrations, i.e., averages of log-transformed values (we used log to base 10) were 256 

calculated at the NIOZ stations for all in situ data, in situ data within the time window of 257 

image acquisition (between 09:58 and 10:58 UTC), as well as for available satellite images 258 

(Eleveld et al., 2008). The time window corresponds with the range of acquisition times for 259 

the satellite data and, despite the different dates, a maximum time-difference of only one hour 260 

between satellite and in situ sampling can occur, which will be important in accounting for 261 

tidal aliasing. However, only 104 out of 517 in situ SPM measurements remained, and 262 

stations W5-W9 were not sampled, when only data collected between 09:58 and 10:58 UTC 263 

were considered.  264 

 265 

3.4. Tides, wind/wave conditions and river discharge 266 

The Dutch water monitoring programme (MWTL database, Rijkswaterstaat, 2013) 267 

contains fixed tidal stations in the thalweg of the Westerschelde estuary, including stations 268 

Vlissingen (VLI, local water depth ca 19 m), Terneuzen (TER, depth ca 33 m), Hansweert 269 

(HAN, depth ca 17 m) and Schaar van Ouden Doel (SCH) (Fig. 1). For each station, the tidal 270 

phase associated with time of image acquisition was calculated. For the semi-diurnal phase, 271 

predicted tidal harmonics at Oostende (MUMM, 2012) were used to forecast time after High 272 

Water at station VLI (time difference of 55 min with Oostende), TER (74 min), HAN (111 273 

min) and SCH (145 min). The spring-neap cycle of each of the satellite images, expressed as a 274 

factor ranging from 0 (neap tide) to 1 (spring tide), was calculated from the illuminated 275 

fraction of the moon (Van der Wal et al., 2010; United States Naval Observatory, 2013) and 276 

the age of the tide at VLI (spring tide occurs ca 2 days after new and full moons). Results 277 

were checked with observations of water height at the MWTL stations (Rijkswaterstaat, 278 

2013). Hourly tidal surface current velocities at stations VLI, TER, HAN and SCH for spring 279 
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and neap tide were obtained from the Dutch tidal currents atlas (Dienst der Hydrografie, 280 

2002). Hence, satellite derived SPM concentrations at the four MWTL stations could be 281 

analysed as a function of tidal phases and associated current velocities.  282 

Daily wind data were obtained from the meteorological station at Vlissingen (situated 283 

near VLI) (Royal Netherlands Meteorological Institute, 2013), and daily river discharge 284 

measurements of the Scheldt were obtained from station Schaar van Ouden Doel (SCH) 285 

(Rijkswaterstaat, 2013), all for 2006, 2007 and 2008. 286 

 287 

3.5. SPM against environmental conditions 288 

To assess longitudinal gradients, SPM derived from the satellite along the thalweg 289 

and in situ SPM at stations were averaged for four broad categories of tidal phases in the 290 

semi-diurnal tidal cycle, based on high water at station HAN, a representative mid-estuary 291 

station, and for four stages in the neap-spring cycle (Table 2). Such a combination of data 292 

collected at similar tidal stages stresses astronomical variability and suppresses (averages out) 293 

variability in meteorological drivers such as wind waves, and discharge. To capture these bulk 294 

meteorological conditions, geometric mean SPM was also compared among the 295 

meteorological seasons (Table 2). Also, the effect of optical properties was studied by 296 

comparing geometric mean SPM from both Westerschelde and North Sea parameterisations 297 

along the thalweg.  298 

Finally, composites of the satellite-derived log-transformed SPM maps were created 299 

to better reveal spatial patterns in SPM as a function of the semi-diurnal tidal phase, 300 

fortnightly tidal phase, and seasons (Table 2), respectively. Every pixel giving a valid SPM 301 

value for water was used, and because the original images contained little or no cloud 302 

(Section 3.1), pixel-based averages were generally based on the total number of images in 303 

each class. Note that mean of intertidal shallow areas is based on a limited number of 304 

samples.  305 

 306 

PLEASE INSERT TABLE 2 307 
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3.6. SPM from modelling 308 

To help with the interpretation, we used output from an independent 3D mud 309 

transport model for the Westerschelde for 2006. The model is based on an advection–310 

diffusion solver implemented in DELFT3D-WAQ, and uses output at 30 min intervals for 3D 311 

velocity fields and water levels from a decoupled hydrodynamic model set up in 312 

TRIWAQ/SIMONA (Van Kessel et al., 2011). 313 

The model was also used to test for biases in sampling. We considered half hourly 314 

model output at MWTL stations for all conditions to be an unbiased reference. Filtered output 315 

for zero octant cloud cover at Vlissingen (Royal Netherlands Meteorological Institute, 2013) 316 

was considered a proxy for clear skies, filtered output from 10:00 – 11:00 UTC a proxy for 317 

the tidally aliased conditions at overpass, and zero cloud cover at overpass a proxy for 318 

satellite observations.  319 

 320 

4. Results and interpretation 321 

 322 

4.1. Comparison of SPM from remote sensing and in situ measurements 323 

At the NIOZ stations, geometric mean satellite SPM correlated significantly with 324 

independent geometric mean in situ SPM (r=0.89, n=13, p<<0.01, y= 1.48x - 0.78 for the 325 

arbitrary choice of log in situ SPM as x and log remote sensing SPM as y, Fig. 2). Both 326 

increased with distance from the mouth. Satellite SPM is underestimated at the most seaward 327 

stations (notably W1 and W2). We used a lognormal distribution because SPM is positively 328 

skewed and has a lognormal distribution, but the linear inter-comparison is also highly 329 

significant (r=0.82, n=13, p<<0.01, y= 1.03x + 1.23), and all results are within the 100% error 330 

bounds.  331 

When tidal aliasing is taken into account by using only in situ data collected between 332 

9:58 and 10:58 UTC, the Pearson correlation remains significant (r=0.87, n=7, p=0.01, y= 333 

1.21x - 0.49), although fewer stations with in situ data remain. Underestimation of SPM from 334 
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remote sensing at the mouth and overestimation up-river will be examined further in section 335 

4.4.  336 

 337 

PLEASE INSERT FIG. 2 338 

 339 

4.2. Satellite SPM at specific tidal phases and associated current velocities 340 

To quantify astronomic impact, satellite derived SPM concentrations extracted at four 341 

MWTL stations for all 84 images are shown as a function of tidal components (Fig. 3a-d). 342 

Highest SPM concentrations (largest dots) occur at 6 to 4 h before HW (-6 to -4 h), -1 h, and 343 

from 4.5 to 6 h after HW (+4.5 to +6 h). All individual phases of the semi-diurnal tide (which 344 

is on the x-axis), and neap-spring phases (on the y-axis) were sampled, but the combinations 345 

of semi-diurnal and neap-spring tides are fixed at overpass. The overall sinusoidal patterns in 346 

Fig. 3a-d demonstrate the co-occurrence of semi-diurnal and neap-spring phases, or tidal 347 

aliasing at the satellite’s sun-synchronous overpasses.  348 

For all stations, surface tidal current velocities are highest at -1 h, and +4 to +6 h, and 349 

lowest at slack -5 h and +1 h (Fig. 3e-h). Station VLI – with high current velocities before 350 

HW – is flood-dominant, whereas SCH has slightly higher ebb-currents. The exchange of 351 

larger water volumes causes higher current velocities at spring than at neap; tidal aliasing 352 

controls which currents within these envelopes can actually be sampled (Fig. 3e-h). 353 

Hence, high SPM in Fig. 3a-d may be explained by sediment transport from tidal flats 354 

during shallow water conditions (-6 to -4 h), high tidal current velocities and mixing (-1 h), or 355 

a combination of the two (+4.5 to +6 h). The results also imply that tidal stage and currents 356 

that are favourable for high SPM are overrepresented in the satellite observations. After all, 357 

combinations of LW and spring (which implies a small distance to the sediment bed and 358 

strong currents), or HW at weak neap currents are sampled by the satellite.  359 

 360 

361 
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4.3. Modelled SPM and hydrodynamics 362 

Model results provide further insight into the mechanisms causing high SPM 363 

concentrations (Fig. 4). Two concentration peaks occur per tide: one just before high water 364 

and one at low water. The modelled SPM peak at low water is highest. This is because of a 365 

decreasing concentration gradient from east (Antwerpen) to west (VLI), which implies 366 

transport of waters with a relatively high SPM at ebb. In addition, mud is resuspended and 367 

transported with the remaining water flowing of the tidal flats. This is in line with the 368 

relatively high satellite SPM values before LW (Fig. 3a-d). Fig. 4 also illustrates that 369 

modelled SPM concentration peaks at the surface lag behind modelled peaks in ebb and flood 370 

currents and shear stress at the bottom, because it takes time for SPM to mix up from deeper 371 

areas. 372 

 373 

PLEASE INSERT FIGS 3 AND 4 374 

 375 

4.4. Longitudinal gradients in SPM and environmental conditions 376 

Geometric mean satellite derived SPM increases along the thalweg from Vlissingen 377 

to Antwerpen (Fig. 2 and 5). Further up-river (> 85 km from VLI), the river becomes too 378 

narrow for retrieval of concentrations from MERIS FR data. Satellite derived SPM is highest 379 

during shallow water conditions at low water and during ebb tide, followed by flood, and 380 

lowest at high water (Fig. 5a). Likewise, SPM is highest when huge water volumes are 381 

exchanged, at mean to spring and spring, followed by neap to mean, and lowest for neap 382 

when currents are weak (Fig. 5b). The same class sequencing was found for similarly 383 

classified in situ SPM (Fig. 5a and b). Note that satellite-derived concentrations at LW and 384 

HW (Fig. 5a), resemble those at spring and neap (Fig. 5b) respectively, due to tidal aliasing. 385 

Tidally classified SPM values range between 1.58 times larger and smaller than geometric 386 

mean, (this is 100.2 in Fig. 5a, b), and this factor does not change with distance. 387 

Seasonal averages show high SPM in the inner estuary in spring (55- 85 km from 388 

VLI, Fig. 5c). Probably,  the estuarine turbidity maximum (ETM) is captured as it moves 389 
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seaward and appears in our transect  after high river discharge (Rijkswaterstaat, 2013; Section 390 

2). High concentrations in the outer estuary (< 40 km from VLI) result from resuspension by 391 

winter storms with a long fetch (Fig. 5c). Hence, the seasonal approach likely captures 392 

residence and net settling times. Note that daily wind velocity is, on average, slightly higher 393 

during in situ campaigns (5.5 m s-1) than at image acquisition (4.8 m s-1) (t-test, t=2.01, 394 

df=125, p<0.05). This may partly explain why satellite SPM is lower than in situ SPM at the 395 

mouth (<12 km from VLI) (Fig. 5d; Fig. 2). 396 

In addition, comparison of geometric mean SPM derived with sIOPs of North Sea and 397 

Westerschelde water (Fig. 5d) confirms that at the mouth, SPM concentrations are higher and 398 

better predicted when the retrieval algorithm was parameterised with optical properties of 399 

North Sea water. In contrast, from ca 35 km up-estuary, predictions based on North Sea sIOPs 400 

are lower than those from Westerschelde sIOPs, and often lower than in situ SPM.  401 

 402 

PLEASE INSERT FIG. 5 403 

 404 

4.5. SPM composites 405 

SPM composites quantify near-surface spatial heterogeneity at estuarine scale for 406 

different tidal stages. At low water (Fig. 6a), the geometric mean composite displays high 407 

SPM (> 30 mg l-1), because of the shallow water column. The impact of currents is secondary, 408 

as this composite comprises a mixture of surface water flows: incoming North Sea waters 409 

(between -6 and -4.5 h before HW HAN) with weak currents at LW slack (-5 h), and stronger 410 

outgoing currents of Westerschelde waters (between +4.5 and +6 h, see Table 2, Fig. 3g). 411 

During flood (Fig. 6b), the channels are accentuated, because incoming North Sea waters are 412 

generally lower in SPM than ambient concentrations in the Westerschelde estuary proper. 413 

Remember also that the composites were based on SPM concentrations derived with 414 

Westerschelde sIOPs that underestimate North Sea SPM (Fig. 5d). The HW composite (Fig. 415 

6c) also features low surface SPM concentrations (< 30 mg l-1), that stretch from the mouth to 416 

ca 45 km up the estuary. This composite quantifies the dual response of SPM to strong, 417 
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landward directed surface currents (at -1 h +HW HAN), and weak seaward currents (at HW 418 

slack, +1 h +HW HAN, Fig.3). During ebb tide (Fig. 6d), seaward directed surface currents 419 

entrain and advect high SPM concentrations (> 30 mg l-1), which obscures the distinction 420 

between channels and flats in the composite. Composites of the fortnightly cycle confirm 421 

concentration ranges from the thalweg (Supplementary Fig. S1 versus Fig. 5b); due to tidal 422 

aliasing, patterns at neap strongly resemble the associated HW composite, while those at 423 

spring tide resemble the LW composite.  424 

In all tidal composites except HW and (coinciding) neap, two turbidity maxima can 425 

be discerned, one ETM at the lower reaches of the Zeeschelde (River), and one TM near 426 

Zeebrugge (in a shallow, 2 to 5 m deep part of the North Sea). Surface concentrations in these 427 

turbidity maxima do differ per composite; hence they are influenced by tide. Their location 428 

suggests influence of river discharge and wind (fetch), respectively. Indeed, the winter and 429 

spring season composites (Fig. 7) show high SPM in the Zeeschelde (river) from SCH to 430 

Antwerpen. Peak discharge (> 200 m s-1 at SCH) occurs in the winter months and in March 431 

when more cloud-free satellite data were available. The seasonal composites also show high 432 

SPM concentrations (> 75 g m-3) near Zeebrugge (North Sea) in winter when wind speeds 433 

greater than 10 m s-1 occurs most frequently (Royal Netherlands Meteorological Institute, 434 

2013).  435 

Fig. 6 and 7 present surface SPM values within similar ranges, which suggests that 436 

within the estuary proper, the impact of meteorological drivers is similar to that of tidal 437 

drivers. Winter notably presented higher values offshore, which are likely caused by wave 438 

resuspension.  439 

 440 

PLEASE INSERT FIGS 6 AND 7 441 

 442 

4.6. Quantification of biases in the satellite SPM signal 443 

A statistical analysis on daily observations of cloud cover and wind at Vlissingen (1 444 

Jan. 2006 – 31 Dec. 2008) confirmed that mean daily wind velocity is significantly higher on 445 
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days with (1-8 Octants) than on days without cloud cover (0 Octants) (one-way ANOVA with 446 

posthoc HSD test for unequal sample sizes, F1,1089=33.928, n=1091, p<0.0001). Wind velocity 447 

was on average 6.3 m s-1 on cloudy days versus 4.5 m s-1 on clear days. In addition, mean 448 

daily wind velocity increased significantly with Octants cloud cover (linear regression, 449 

R2=0.11, F1,1089=132.853, n=1091, p<0.0001). We used the independent 3D mud transport 450 

model for the Westerschelde for 2006 to quantify this and other effects of biased sampling on 451 

SPM. Compared with the average of all half-hourly SPM model output for 2006 (i.e. the 452 

unbiased SPM reference), average modelled SPM for clear sky conditions only was lower 453 

(with a relative error of between -7.86 and -2.03 % for geometric mean) throughout the 454 

estuary and particularly at the mouth (Table 3), indicating that fair weather sampling 455 

underestimates the detected SPM concentration.  456 

We observed that polar-orbiting satellites sample all individual stages of the main 457 

(semi-diurnal and fortnightly) harmonic components, but not all combinations of the two due 458 

to tidal aliasing (Fig. 3), and observed that this causes a bias: tidal stage and currents that are 459 

favourable for high SPM, combinations of LW and spring or HW at weak neap currents are 460 

overrepresented in the satellite observations (Section 4.2). Indeed, selected model output 461 

between 10:00 – 11:00 UTC (i.e., tidally aliased conditions at overpass), also gave slightly 462 

higher SPM concentrations than the reference (relative error 0.04 to 2.91 %). Thus, we 463 

quantified the tidal bias inherent to an optically sound set-up; having a satellite in sun-464 

synchronous orbit. 465 

A combination of the two criteria, which likely represents actual image acquisition 466 

conditions, resulted in an underestimation of the SPM concentrations relative to unbiased 467 

conditions (relative error -8.07 to -0.38 %). Again, underestimation was largest at the mouth 468 

of the estuary, and smallest in the upper estuary. Hence, the underestimation due to clear 469 

weather conditions is stronger than the overestimation due to tidal aliasing in the 470 

Westerschelde, particularly for the wind exposed and flood-dominant station VLI (Table 3). 471 

 472 

PLEASE INSERT TABLE 3 473 
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5. Discussion and conclusion 474 

 475 

5.1. Exposed mechanisms 476 

Ocean colour remote sensing data captured SPM concentrations for the full extent of 477 

the outer estuary and part of the inner estuary, and is the only observation technique that can 478 

generate empirical evidence for regularities in SPM concentrations from bulk tidal, and bulk 479 

meteorological drivers with such coverage (Shi et al., 2011; Eleveld, 2012). Our tidal 480 

composites gave a 2D overview of tidal advection of North Sea and estuarine surface waters 481 

(Fig. 6b and d), and showed the impact of (vertical) mixing in the spring-neap composites 482 

(Supplementary Fig. S1). The seasonal composites gave high concentrations in the upper 483 

estuary from 40 km (HAN) landward in spring, and from 40 km seaward in winter. 484 

The two turbidity maxima in these two regions, one in the upper estuary and one 485 

offshore express the resultant of coupled current, stratification and turbulence interactions at 486 

the surface (Burchard et al., 2008; Pietrzak et al., 2011). They were only visible during 487 

favourable tidal conditions, and high discharge or wind, respectively. Similarly to Doxaran et 488 

al. (2009) for the Gironde, we find high concentrations at spring tide, because the exchange of 489 

large water volumes inevitably leads to both more horizontal advection and better vertical 490 

mixing to surface, and in winter and spring when peak discharges occur (Fig. 7). For the outer 491 

estuary, the link with instantaneous discharge is weak, probably because Westerschelde river 492 

runoff is low compared with the volume of the estuary, which results in a stable – both in time 493 

and space – and very gradual salinity gradient, and a residence time of about 75 days for the 494 

entire estuary (Muylaert and Sabbe, 1999). Visibility of the TM near Zeebrugge over the 495 

Flemish banks requires tidal or wind mixing in this area of the Rhine region of fresh water 496 

influence (ROFI, Simpson et al., 1993). Otherwise, when stratified, surface SPM 497 

concentrations are low despite high sub-surface concentrations near Zeebrugge (Eleveld et al., 498 

2008; Pietrzak et al., 2011).  499 

The large fetch enables wind-waves to resuspend sediments near Zeebrugge and most 500 

of the outer estuary (Van der Wal et al., 2008; Callaghan et al., 2010; Eleveld, 2012), and thus 501 
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it is revealed as high surface SPM in winter, and hardly visible during the calm summer 502 

season (Fig. 7c). Our results indicate that wave energy becomes negligible compared with 503 

tidal energy upstream of 40 km (Fig. 5c) where local wind-waves are fetch-limited. Some 504 

stratification and flocculation may occur, as 40 – 60 km is also the maximum distance for 505 

salinity intrusion during high river runoff (Verlaan et al., 1998; Chen et al., 2005). Observed 506 

controls for surface SPM concentrations from the satellite dataset are: (1) horizontal and 507 

vertical distance to shallow source areas, observed as tidal stages (Fig. 3a-d, and Fig. 6 and 7, 508 

and Supplementary material S1), (2) high tidal current velocity (compare Fig. 3a-d and 3e-h) 509 

and wind (Fig. 5c and 7), and (3) advection of North Sea surface waters during flood and 510 

estuarine surface waters during ebb tide (Fig. 6d and 6b, respectively).  511 

 512 

5.2. Universality of biases 513 

For the Westerschelde estuary, SPM from optical observations at satellite overpass 514 

tends to be low, because cloud-free images are usually associated with calm conditions. On 515 

the other hand, high SPM results from combinations of LW and spring (viz. small distance to 516 

the bed and extreme flow conditions). Hence we found increased SPM, even though aliasing 517 

also implies that the effect of antagonistic mixing and stratification processes is sampled: 518 

Simpson et al. (1990) showed that the water column is well-mixed during spring tide, flood or 519 

high water, whereas it is periodically stratified at neap, ebb or low water. Our independent 520 

model simulation demonstrated that the underestimation due to fair weather was stronger than 521 

the overestimation due to tidal aliasing, for the wind-exposed and flood-dominant station at 522 

the mouth (a -8% net relative error results). Such a bias, which has not been quantified before, 523 

needs to be considered in the interpretation of water quality products from remote sensing, for 524 

example when causal links with climate indices and teleconnections are sought (Fettweis et 525 

al., 2012).  526 

How generic are these biases? As the tidal amplitude and phase depend on the earth-527 

moon-sun geometry, as well as on distance from amphidromic points and bottom friction, 528 

there is always a relationship between tidal constituents, e.g., semi-diurnal phase and 529 
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fortnightly phase, or diurnal and tropically driven neap-spring cycles (Kvale, 2006) for a 530 

specific time. This association varies in space: it differs both among and within estuaries. 531 

Some coupling of harmonics is generic, but implications for SPM are location specific, 532 

because each coastal stretch or estuary has different bottom friction/topography and distance 533 

from amphidromic points. Some estuaries are also less tide dominated (Dalrymple et al., 534 

1992; Toffolon et al., 2006), causing the numerical impact of the astronomical bias on SPM to 535 

decrease. We found location-dependent impact of the selective sampling for cloud-free 536 

conditions within the estuary, as low SPM at the wind wave dominated mouth (Table 3). An 537 

underestimation of SPM due to a fair weather sampling bias is likely generic in regions where 538 

weather changes are largely associated with the passage of fronts, but the biases may differ 539 

for other atmospheric and ocean circulation conditions. To elucidate this, the global latitudinal 540 

and seasonal effects of local cloud cover on the proportion of missing satellite observations 541 

(Cole et al., 2012) should be linked with global circulation patterns.  542 

 543 

5.3. Methodological implications 544 

Relatively small case-2 waters pose particular challenges for robust retrieval of 545 

satellite SPM. The HYDROPT processing has been performed on pixels that had been 546 

classified as water, not land or cloud in the standard MERIS L2 processing (Santer et al., 547 

1997; Moore and Aiken, 2000). Fig. 6 and 7 clearly illustrate that the satellite captures the 548 

main spatio-temporal variability for the overall estuary. This is also true for individual 549 

images, and is also confirmed by model results (see also Fig. 10 of Van der Wal et al., 2010). 550 

Most of the analyses (Fig. 2-5) were performed (at stations) along the deep thalweg (Fig. 1). 551 

At some locations where the thalweg approaches the coastline (W6, W12 and W13, see Fig. 552 

1) we may occasionally suffer from inaccuracies for the first pixel (geometric inaccuracies 553 

which could cause a shift of one pixel, and perhaps mixels or adjacency effects, see Fig. 3 of 554 

El Serafy et al., 2011). Most stations though, are several pixels away from the coastline. 555 

Emerged tidal flats are classified as land, and the sensor does not measure bottom reflectance 556 
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for submerged flats in these extremely turbid waters (Hommersom et al., 2010). These are all 557 

issues that are under study in the MERIS reprocessing. 558 

The general performance of HYDROPT for these waters could also be assessed by 559 

inspecting the additionally retrieved  CHL and CDOM concentrations (Van der Woerd and 560 

Pasterkamp, 2008; Tilstone et al., 2012). For the Westerschelde, the number of valid retrievals 561 

for CHL and CDOM is somewhat less than for SPM, but performance is good. Both in situ 562 

(NIOZ database) and remotely sensed (HYDROPT) CHL are generally 3-10 μg/l. In situ and 563 

remote sensing CHL data both capture similar timing and high concentrations of the spring 564 

bloom, which was also perceived just offshore for 2003 by Van der Woerd et al. (2011). We 565 

do not have sufficient in situ data to check the CDOM retrieval, but the retrieved g440 values 566 

range from 0.2 m-1 (at VLI) to >2 m-1 (85 km from VLI) as we would expect for the 567 

Westerschelde (Astoreca et al., 2009).  568 

Results from re-parameterisation with North Sea sIOPs (Fig. 5d) showed the 569 

quantitative implications that different optical properties have on the retrieval of SPM 570 

gradients in the Westerschelde estuary. We suggest to classify sIOPs by tide, and by water 571 

type (based on CTD measurements), before applying adaptive inverse modelling (Brando et 572 

al., 2012; Tilstone et al., 2012) to improve physical understanding of the retrieval. 573 

Our results also demonstrate the benefits of the classification method used to separate 574 

tidal from meteorological dynamics. Mechanisms likely causing the main observed 575 

differences between the classes could be revealed (sections 4.5 and 5.1) because the 576 

geometric means carry tidal and seasonal information, respectively. Apparently, these broad 577 

groups contain sufficient images per class, and allow for the time that it takes for semi-diurnal 578 

tides to propagate through the estuary (cf. Section 3.4) and lags between surface flow, bottom 579 

shear and SPM expression at surface (Section 4.3, Fig. 4). However, the fast flood and slow 580 

ebb currents ended up in the same class (i.e., HW, Section 4.5). An alternative method for 581 

larger datasets could be to carefully expand the number of classes, investigate tidal classes for 582 

specific seasons to capture seasonal changes in sIOPs, or to subject the SPM maps to a 583 

harmonic analysis (Pietrzak et al., 2011). Although we typically had a limited number of 584 
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cloud-free winter images (Table2; Pietrzak et al., 2011), the distribution of the images over 585 

the tidal phases is quite similar so one can safely compare between phases (Supplementary 586 

Material S2).  587 

MERIS on the ENVISAT platform, the Moderate Resolution Imaging 588 

Spectroradiometer (MODIS) on the Aqua and Terra satellites, and the Ocean Land Colour 589 

Instrument (OLCI) onboard the planned Sentinel 3 mission are all on sun-synchronous low 590 

earth orbit (LEO) platforms. Derived SPM maps are being interpreted by many scientists 591 

(Knaeps et al., 2012; Vantrepotte et al., 2013), and if these are  used in (spatio-)temporal 592 

interpolations (Nechad et al., 2011) the previously mentioned biases (Section 5.2) have to be 593 

taken into account, e.g. by using a process-based model to interpolate between missing values 594 

(El Serafy et al., 2011). Alternatively, instruments on geostationary satellites, such as the 595 

Spinning Enhanced Visible and Infrared Imager (SEVIRI onboard METEOSAT, Neukermans 596 

et al., 2009) or the high resolution Geostationary Ocean Colour Imager (GOCI onboard 597 

COMS, Choi et al., 2012) can now provide images every 15 min or hour during daytime 598 

(adequate solar zenith angles), respectively. These satellites rotate around the same axis as the 599 

earth and at exactly the same speed, keeping them pointed permanently at the same point on 600 

earth (IOCCG, 2012). Their very high temporal coverage enables to better resolve the 601 

independent semi-diurnal and neap-spring dynamics in SPM. 602 

 603 

5.4. Conclusion: tidal and seasonal biases and effects 604 

In this paper, we elucidate the problems and we demonstrate technical solutions that 605 

aim to advance the use of remotely sensed data for investigating dynamic coastal 606 

environments. We demonstrated that astronomical, meteorological and biogeochemical (water 607 

constituents) biases in the extremely variable concentrations of water quality parameters from 608 

sun-synchronous satellite remote sensing can be substantial, and also vary both in time and 609 

space, thus posing a challenge for quantifying estuarine SPM from (sun-synchronous) satellite 610 

remote sensing. Based on meaningful composites that link several individual drivers to SPM 611 

response and average out variability by other drivers, we conclude that tide, and locally fresh 612 
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water discharge and wind explain most of the variation in observed surface SPM 613 

concentrations for the Westerschelde, and that the extent and magnitude of astronomic and 614 

seasonal effects on the variation of SPM is similar in the estuary proper (Fig. 6 and 7). With 615 

surface SPM and its controls, we capture many of the environmental drivers for primary 616 

production in these light limited ecosystems. Hence, we can safely state that the emergent 617 

SPM signal in the satellite data provides synoptic information that will further our 618 

understanding of the dynamics of estuarine systems.  619 
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Table 1  885 
Band settings for the MERIS L2 reflectances. 886 
 887 
Table 2  888 
Classification of MERIS images according to semi-diurnal and fortnightly tidal phases, and 889 
seasons as a bulk proxy for wind and river discharge. 890 
 891 
Table 3  892 
Model simulated geometric mean (and mean) SPM for all conditions in 2006 as a proxy for an 893 
unbiased reference set, and model output filtered for clear skies at station VLI, overpass 894 
conditions (10:00-11:00 UTC), and both. The latter is a proxy for remotely sensed data. 895 
Relative error is the difference between scenario and unbiased reference, relative to the 896 
unbiased reference (in percentage). 897 
 898 
Fig. 1. Location of the lower estuary (Westerschelde, the Netherlands) and upper estuary (part 899 
of the Zeeschelde, Belgium) with distance (in km) from the mouth at Vlissingen. Darker tones 900 
in the Westerschelde show deeper areas, a dotted line indicates the thalweg. Used in situ 901 
monitoring stations from the MWTL database are indicated as triangles: VLI = Vlissingen, 902 
TER = Terneuzen, HOE = Hoedekenskerke, HAN = Hansweert, SCH = Schaar van Ouden 903 
Doel. In situ SPM monitoring stations from the NIOZ database (13 in total) are indicated as 904 
circles. 905 
 906 
Fig. 2. Geometric mean of all independent NIOZ in situ measurements of SPM (mg l-1) versus 907 
SPM derived from remote sensing (mg l-1) and the Pearson correlation. y= 1.48x - 0.78 for the 908 
arbitrary choice of SPMis as x and SPMrs as y. Root mean square difference (RMSD) 909 
following Mélin et al. (2007). 910 
 911 
Fig. 3. (a-d) SPM from remote sensing data against semi-diurnal and spring-neap tidal phases 912 
for the four main MWTL monitoring stations VLI, TER, HAN and SCH. On the x-axis phase 913 
of semi-diurnal tide, in hours before (-) and after (+) HW at the monitoring station, and y-axis 914 
shows spring-neap tidal phases, expressed as a factor ranging from 0 (neap tide) to 1 (spring 915 
tide). Note that the sun-synchronous satellite samples co-occurrence of low water and spring 916 
(x=-5, y=1), and high water and neap (x=1, y=0), at these Westerschelde monitoring stations. 917 
Numbers show scaling of the SPM bubbles (in mg l-1). (e-f) Average neap and spring surface 918 
current velocity (in m s-1) at these stations as extracted from the Dutch tidal current atlas. 919 
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Tidal current conditions that can be sampled by the overpassing satellite are indicated in as 920 
black lines. 921 
 922 
Fig. 4. Modelled water depth (m, left axis), SPM at the surface (mg l-1, right axis), horizontal 923 
flow velocity at the bottom layer (m s-1, right axis) and bottom shear stress (N m-2, right axis). 924 
All variables are model results for station TER on 28 and 29 April 2006 (spring tide). 925 
 926 
Fig. 5. Geometric mean SPM from in situ stations (symbols) and remote sensing data (lines) 927 
along the estuarine thalweg for (a) different semi-diurnal stages, (b) spring and neap 928 
conditions, (c) seasons, and (d) geometric mean SPM resulting from North Sea and 929 
Westerschelde parameterisation of the retrieval algorithm. 930 
 931 
Fig. 6. Composites showing geometric mean SPM for semi-diurnal tides (a) LW, (b) Flood, 932 
(c) HW, and (d) Ebb. 933 
 934 
Fig. 7. Seasonal composites showing geometric mean SPM for (a) Winter, (b) Spring, (c) 935 
Summer, and (d) Autumn. 936 
 937 
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Table 1  

Band settings for the MERIS L2 reflectances. 

 

MERIS  
band number 

Centre wavelength  
(Spectral bandwidth) in nm 

1 412.7 (9.9) 
2 442.6 (9.9) 
3 489.9 (10.0) 
4 509.8 (10.0) 
5 559.7 (10.0) 
6 619.6 (10.0) 
7 664.6 (10.0) 
8 680.8 (7.5) 
9 708.3 (10) 
 

 

Table 2  

Classification of MERIS images according to semi-diurnal and fortnightly tidal phases, and seasons as 

bulk proxy for wind and river discharge. 

Category Criteria Images 
Semidiurnal phase Time (h +HW HAN)  
LW -6.1 to -4.5, 4.5 to 6.1 29
Flood (incoming) -4.5 to -1.5 19 
HW -1.5 to +1.5 19
Ebb (outgoing) +1.5 to +4.5 17 
Neap-spring stage Spring tide fraction  
Neap 0 to 0.25 13 
Neap to mean 0.25 to 0.5 19
Mean to spring 0.5 to 0.75 18 
Spring 0.75 to 1 34 
Season Month  
Winter Dec., Jan., Feb. (DJF) 6 
Spring Mar., Apr., May. (MAM) 28
Summer Jun., Jul., Aug. (JJA) 31 
Autumn Sep., Oct., Nov. (SON) 19
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Table 3  

Model simulated geometric mean (and mean) SPM for all conditions in 2006 as a proxy for an 

unbiased reference set, and model output filtered for clear skies at station VLI, overpass conditions 

(10:00-11:00 UTC), and both. The latter is a proxy for remotely sensed data. Relative error is the 

difference between scenario and unbiased reference, relative to the unbiased reference (in percentage). 

 

Scenarios VLI TER HOE HAN SCH

Unbiased reference 1.33 (28.0) 1.29 (22.2) 1.27 (21.5) 1.25 (20.6) 1.45 (31.3)

No clouds  1.23 (21.8) 1.24 (19.5) 1.22 (19.2) 1.19 (18.1) 1.42 (29.1)

  Rel. error  -7.86 (-22.3) -4.24 (-12.0) -3.93 (-10.9) -4.37 (-11.9) -2.03 (-6.8)

Overpass  1.33 (26.5) 1.32 (23.5) 1.28 (22.3) 1.28 (22.3) 1.48 (33.8)

  Rel. error 0.04 (-5.6) 1.92 (6.0) 0.87 (3.5) 2.91 (8.4) 2.16 (8.1)

No clouds at overpass 1.22 (20.4) 1.27 (21.5) 1.23 (20.7) 1.23 (20.8) 1.44 (32.0)

  Rel. error  -8.07 (-27.3) -2.13 (-3.0) -2.62 (-3.7) -0.88 (1.3) -0.38 (2.4)
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Fig. 1. Location of the lower estuary (Westerschelde, the Netherlands) and upper estuary 

(part of the Zeeschelde, Belgium) with distance (in km) from the mouth at Vlissingen. Darker 

tones in the Westerschelde show deeper areas, a dotted line indicates the thalweg. Used in 

situ monitoring stations from the MWTL database are indicated as triangles: VLI = 

Vlissingen, TER = Terneuzen, HOE = Hoedekenskerke, HAN = Hansweert, SCH = Schaar 

van Ouden Doel. In situ SPM monitoring stations from the NIOZ database (13 in total) are 

indicated as circles. 

 

 

 
 

Fig. 2. Geometric mean of all independent NIOZ in situ measurements of SPM (mg l-1) versus SPM 

derived from remote sensing (mg l-1) and the Pearson correlation. y= 1.48x - 0.78 for the arbitrary 

choice of SPMis as x and SPMrs as y. Root mean square difference (RMSD) following Mélin et al. 

(2007). 
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Fig. 3. (a-d) SPM from remote sensing data against semi-diurnal and spring-neap tidal phases 

for the four main MWTL monitoring stations VLI, TER, HAN and SCH. On the x-axis phase 

of semi-diurnal tide, in hours before (-) and after (+) HW at the monitoring station, and y-axis 
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shows spring-neap tidal phases, expressed as a factor ranging from 0 (neap tide) to 1 (spring 

tide). Note that the sun-synchronous satellite samples co-occurrence of low water and spring 

(e.g. x=-5, y=1), and high water and neap (x=1, y=0), at these Westerschelde monitoring 

stations. Numbers show scaling of the SPM bubbles (in mg l-1). (e-f) Average neap and 

spring surface current velocity (in m s-1) at these stations as extracted from the Dutch tidal 

current atlas. Tidal current conditions that can be sampled by the overpassing satellite are 

indicated as black lines. 
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Fig. 4. Modelled water depth (m, left axis), SPM at the surface (mg l-1, right axis), horizontal 

flow velocity at the bottom layer (m s-1, right axis) and bottom shear stress (N m-2, right axis). 

All variables are model results for station TER on 28 and 29 April 2006 (spring tide). 
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Fig. 5. Geometric mean SPM from in situ stations (symbols) and remote sensing data (lines) along the 

estuarine thalweg for (a) different semi-diurnal stages, (b) spring and neap conditions, (c) seasons, and 

(d) geometric mean SPM resulting from North Sea and Westerschelde parameterisation of the retrieval 

algorithm.
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Fig. 6. Composites showing geometric mean SPM for semi-diurnal tides (a) LW, (b) Flood, 

(c) HW, and (d) Ebb.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Seasonal composites showing geometric mean SPM for (a) Winter, (b) Spring, (c) 

Summer, and (d) Autumn 
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Electronic supplementary material 
 
Estuarine suspended particulate matter concentrations from sun-synchronous satellite 
remote sensing: Tidal and meteorological effects and biases 
 
Marieke A. Eleveld, Daphne van der Wal, Thijs van Kessel  
 
 

Supplementary information detailing the number of images in a cross table (Table S1). Some seasons 

are better sampled than others, but for every season the distribution of the number of images over the 

tidal phases is quite similar so that one can safely compare between tidal phases. 

 

Table S1. The contingency tables resulting from the cross tabulations of semi-diurnal tide, and neap-

spring tide, for every season.  

 

  Winter Spring Summer Autumn Total 

Nr of images 

per semi-

diurnal tide 

for every 

season 

LW 3 10 10 6 29 

Flood  2 5 9 3 19 

HW 1 5 7 6 19 

Ebb 0 8 5 4 17 

Total 6 28 31 19 84 

Nr of images 

per neap-

spring tide  

for every 

season 

Neap 1 5 3 4 13 

Neap to mean 1 5 7 6 19 

Mean to spring 1 8 6 3 18 

Spring 3 10 15 6 34 

Total 6 28 31 19 84 
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Supplementary information showing neap-spring composites (Fig. S1). Due to tidal aliasing, 

patterns at neap strongly resemble the associated HW composite, while those at spring tide 

resemble the LW composite. These semi-diurnal composites are presented in Fig. 6 in our 

article. 

a) 

 

 

 

 

 

 

b) 
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Fig. S1. Neap-spring composites of geometric men SPM for (a) Neap, (b) Neap to mean, (c) Mean to 

spring, and (d) Spring.  
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Our KMZ file of the flood composite (Fig 6b) on a Google Earth background. 
 

 
Attribution © Google, Google Earth. Data providers: Data SIO NOAA, U.S. Navy, NGA, 
GEBCO, © 2013 Google, © 2009 GeoBasis-DE/BKG, Image Landsat 
 


