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Research highlights

e Examination of SST and SPM images of the southern North Sea shows pronounced
mesoscale variability.

e The Rhine ROFI, East-Anglia Plume and a seasonal thermal front dominate SST and
SPM signals.

e Harmonic analysis highlights pronounced seasonal and spring—neap variability.

e Tides and waves control stratification and hence the visibility of near-surface SPM in the
images.
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Abstract

Thermal and optical remote sensing data were used to investigate the spatial and temporal distribution .of
sea surface temperature (SST) and of suspended particulate matter (SPM) in the southern North Sea.
Monthly SST composites showed pronounced seasonal warming of the southern North Sea and delineated
the English coastal and continental coastal waters. The East-Anglia Plume is the dominant feature of the
English coastal waters in the winter and autumn SPM composites, and the Rhine region of .freshwater
influence (ROFI), including the Flemish Banks, is the dominant feature of the continental .waters. These
mesoscale spatial structures are also influenced by the evolution of fronts, such as the .seasonal front
separating well-mixed water in the southern Bight, from the seasonally stratified central .North Sea
waters. A harmonic analysis of the SST and SPM images showed pronounced seasonal .variability, as
well as spring—neap variations in the level of tidal mixing in the East Anglia Plume, the .Rhine ROFI and
central North Sea. The harmonic analysis indicates the important role played by the .local meteorology
and tides in governing the SST and near-surface SPM concentrations in the southern .North Sea. In the
summer, thermal stratification affects the visibility of SPM to satellite sensors in the .waters to the north
of the Flamborough and Frisian Fronts. Haline stratification plays an important role .in the visibility of
SPM in the Rhine ROFI throughout the year. When stratified, both regions typically .exhibit low surface
SPM values. A numerical model study, together with the harmonic analysis, .highlights the importance of
tides and waves in controlling the stratification in the southern North Sea .and hence the visibility of
SPM.

Keywords: Remote sensing, NOAA AVHRR Sea surface temperature, SeaWiFS suspended particulate
matter, Shelf sea stratification, Wind and tidal mixing, Turbidity

1. Introduction

The southern North Sea (Fig. 1) is a dynamic region dominated by two large regions of
freshwater influence (ROFIs); the Rhine ROFI (Simpson et al., 1993; McCandliss et al., 2002; de Boer et
al., 2006) and the East Anglia Plume (McCave, 1987), as well as a seasonal tidal mixing front that
extends across the southern North Sea in the summer (Eisma and Kalf, 1987; Hill et al., 1993). Tidal,
meteorological and buoyancy driven residual currents result in a strong cyclonic circulation in the central
North Sea, which turns into an eastward flow at the location of the East Anglia Plume (Prandle, 1978;
Prandle et al., 1993). This flow is enhanced by a predominant northward flow through the Dover Straits
and southern Bight. As with the Rhine ROFI, the Tees, Humber and Wash act as classic river plumes.
Under the influence of the Coriolis force their fresher waters deflect to the right upon exiting their
respective river mouths. In contrast, the residual circulation causes the Thames outflow to deflect to the
left. It then becomes part of the offshore deflected buoyant coastal waters of the East Anglia Plume that
cross the southern North Sea at about 53° latitude (Holt and James, 1999). The East Anglia Plume is
known to be a zone of high turbidity, extending along the East Anglia coast, over the Norfolk Banks, and
across the southern Bight towards the German Bight (Dyer and Moffat, 1998). The Rhine ROFI also
controls the northwards transport of SPM in the southern North Sea (Dronkers et al., 1990; Visser et al.,
1991). Using the Simpson and Hunter (1974) parameter, Pingree and Griffiths (1978) predicted that the
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seasonal tidal mixing front should also form at the approximate location of the East Anglia Plume, at
Flamborough Head and the Frisian Front. It separates well-mixed water in the southern Bight, from the
seasonally stratified central North Sea waters. It controls not only the evolution of jet like along front
flows and primary productivity (Hill et al., 1993), but also the evolution of deep jets, associated with the
presence of the seasonal thermocline (Brown et al., 1999; Hill et al., 2008).

These ROFIs and fronts dominate the southern North Sea, influencing the transport of freshwater,
sediment, biota and pollutants. Hence it is important to understand the factors influencing the spatial and
temporal variability of these mesoscale structures. Advanced very high resolution radiometer (AVHRR)
and other SST sensors, as well as ocean colour sensors (SeaWiFS, MODIS and MERIS), offer the
potential to observe the physical oceanographic characteristics of shelf seas such as this. The aim of this
paper is to explain the intra-annual variability in remotely sensed sea surface temperature (SST) and
suspended particulate matter (SPM) patterns in the southern North Sea observed in one example year,
1998. As part of this, we consider the forcing mechanisms and oceanographic characteristics of this
region, and the assumptions and limitations associated with SST and SPM remote sensing (RS) products.

The methods are described in Section 2. Every AVHRR SST and SeaWiFS SPM image available
for 1998 was examined. We build upon previous studies in which SST images were used to assess the
offshore extent of the Rhine ROFI (de Kok et al., 2001; Arentz, 2005; de Boer et al., 2009) and extend
their methods to the southern North Sea. We use the algorithms developed by van der Woerd and
Pasterkamp (2004) and Eleveld et al. (2004, 2006, 2008) to calculate near-surface SPM concentrations for
these optically complex southern North Sea waters (referred to as Case 2 waters by Morel and Prieur,
1977). In order to characterise the intra-annual temporal and spatial variability, an analysis of
meteorological and run-off data, together with both a harmonic analysis of the remote sensing data and
numerical simulations of tides and waves, has been carried out. These ancillary data are used to help
interpret the SST and SPM satellite images. Sections 3.1 and 3.2 present the monthly evolution of the
spatial distributions of both SST and SPM. Here, we also consider the role of buoyancy forcing, which
stratifies the water column versus tides, winds and waves, which mix the water column. Sections 3.3 and
3.4 present the results of the harmonic analyses and quantify the seasonal and spring—neap variability. In
Section 3.5 we consider the role of stratification on the distribution of SST and SPM, and its role on the
visibility of SPM at the surface. Finally conclusions are presented in Section 4.

2. Methods
2.1. SST processing details

Processed SST data from the polar orbiting NOAA advanced very high resolution radiometer
(AVHRR) satellites were obtained from the Royal Dutch Meteorological Institute (KNMI), who operate a
high resolution picture transmission (HRPT) receiving station and provided 1.1 km local area coverage
(LAC) resolution. The data were supplied as readily processed Level 2 (L2) data (Roozekrans and
Prangsma, 1992). The SST L2 data were binned on a rectangular polar stereographic projection. After
stereographic projection the data were manually geo-referenced (shifted) using distinctive Ground
Control Points on the Dutch coastline. The vegetation index image (using channels 1 and 2) was used for
this, as in this image the coastline is the most visible. After this manual correction the accuracy is ~1-2
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km. However, due to the fact that the data were not geo-referenced until after projection, the images are
slightly distorted and cannot always be shifted to fit the whole coastline. Images on which the Dutch
coastline was not visible at all could not be geo-referenced and were discarded by KNMI. The SST data
set therefore show a strong bias towards unclouded pixels in the Rhine ROFI region (Fig. 2). Cloud
identification masks were also created using visible and infrared channels with a series of spectral
gradient, difference and threshold tests (Saunders and Kriebe, 1988) Sometimes, as a side-effect, the
strong gradients present on the margins of a stratified plume subject to solar heating were flagged off as
clouds.

2.2. SPM processing details

The SeaWiFS sensor registers radiance in the optical and near infrared wavelengths. The
SeaWiFS data have been recorded at 1.1 km LAC resolution by the NERC satellite receiving station at
Dundee University, UK. SeaWiFS data (Raw level 1A HRPT data) were obtained from NASA. Following
van der Woerd and Pasterkamp (2004), the 1998 data were atmospherically corrected with SeaDAS 4.0
(see NASA http://oceancolor.gsfs.nasa.gov/seadas) using the algorithms developed by MUMM for turbid
Case 2 waters (Ruddick et al., 2000). Although this algorithm requires manual calibration per image per
small region (order 200 km), it was decided to apply default coefficients throughout the year (a=1.72,
y=1.0, £€78=1.05). Although we were aware that it might cause small inaccuracies, while a has a rather
constant default value, the slope of the aerosol dominated part of the reflectance, ¢78 can vary between
0.96 and 1.15 (Eleveld practical experience; Ruddick et al., 2000). The resulting variability in radiance
(nLw555) has been quantified in Table 1 of Ruddick et al. (2000). However, in practise it is only likely to
become important in clear waters with a hazy atmosphere. Subsequent propagation to variability in SPM
(Eleveld et al., 2008) will be averaged out in the monthly averages that are presented here (Pasterkamp et
al., 2003). SPM concentration was determined from the POWERS algorithm (Pasterkamp et al., 2005;
Eleveld et al., 2004, 2006, 2008), using RO- obtained from nLw as described in Morel and Gentili (1996)
with QO set to m. Next the SeaWiFS data were cropped and gridded to exactly the same rectangular polar
stereographic grid as the SST data, allowing for pixel by pixel comparison. Further details on RS data
levels, data acquisition and data processing can be found in Arentz (2005).

2.3. Spatial and temporal availability of satellite data

Both SST and SPM images provide a spatial resolution of approximately 1 km?. The maximum
data availability of a NOAA satellite is 2 images per day. During most of 1998 two satellites were in
operation (NOAA12 and 14), in August a third joined (NOAA15). This gives a temporal resolution of up
to 6 images per day. The maximum data availability of SeaWiFS is 1-2 images per day. Due to cloud
cover not all satellite passes yield usable images, hence only 167 SST images and 163 SPM images with a
cloud-free Dutch coastal zone were obtained. The clustering of the images in time is evident in Fig. 2 as
well as the spatial distribution of the number of available images used to make the annual SST and SPM
composites. It should be noted that the winter SPM composites are based on only a few images (Fig. 2).
Due to the extensive cloud cover in this season only a partial composite is available for November and no
composite is available for December 1998. Fig. 2 also shows that the annual mean SST is warmer in the
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southern North Sea than the deeper northern regions. The highest SPM levels were found near the
Humber estuary and in the Greater Thames Estuary at the head of the East Anglia Plume and near the
shallow Flemish Banks. The annual standard deviation is highest within the region of the Flemish Banks,
the Rhine ROFI and the East Anglia Plume and Frisian Front.

The Internal Rossby Radius of Deformation (Rol) is taken as the division between baroclinic
mesoscale and sub-mesoscale spatial scales and is typically of the order 10 km in the study area. The
availability of data at 1-2 images per day, together with the 1 km? spatial resolution of SST and ocean
colour satellite data, allows us to investigate the mesoscale oceanographic structures associated with these
ROFIs and fronts in the southern North Sea, including the temporal and spatial scales associated with
baroclinic instability.

2.4. Meteorological data

The meteorological data consist of wind from K13 and irradiance data from Den Helder, and river
discharge data from the Rhine-Meuse system. K13 is a station centrally located within the southern North
Sea. A comparison was carried out between K13 and a number of Dutch stations (not shown here) and
very good agreement was found between the wind speed and direction at the stations. The temperature,
discharge and solar radiation data were made available on internet by the Dutch ministry of public works
(Rijkswaterstaat, the Netherlands), the wind data by the Royal Dutch Met Office (KNMI).

2.5. Tide and wave simulations

The flow modelling system Delft3D-FLOW (Stelling and Van Kester, 1994) and wave modelling
system SWAN (Booij et al., 1999) were setup to simulate tides and waves in the southern and central
North Sea. The domain is presented in Fig. 1. Barotropic simulations were carried out with 10 sigma
layers in the vertical. The models have a grid size of about 2 km in the continental coastal zone from
Belgium to the German Bight. Towards the open boundaries, across the central North Sea, from the tip of
Denmark to Scotland, the resolution decreases to about 25 km. A detailed description of the flow model
setup and its validation can be found in Gerritsen et al. (2000, 2001) and Roelvink et al. (2001).

First a tidal simulation was run as a reference case. For this simulation February 1, 1998, was
chosen, as it was approximately halfway between spring and neap tides. The maximum bed shear stresses
were computed during one semi-diurnal tidal cycle. This simulation was used as the reference case with
which to calculate h/u® contours due to the tides, where h is the depth and u is the amplitude of the tidal
velocity. Then the barotropic tidal setup was run, but this time it employed a two-way coupling with an
hourly wave simulation, using SWAN. Two wave scenarios were considered using typical wind speeds
and directions (Holt and James, 1999; Fettweis and Van den Eynde, 2003). The model was run with
constant 10 m s* winds from the SW and NW; the corresponding maximum wave induced bed stresses
were calculated following Swart (1974).

The deposition and erosion of sediment is related to a critical value of the bed shear stress. Mud is
deposited when the critical bed shear stress is below 0.1-0.2 N m and it is typically eroded if it is above
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0.4-0.5 N m2. Holt and James (1999) used a value of te=0.41 N m?, where 1er is the critical stress for
resuspension. In their Fig. 1, they plotted contours of te,=50% showing the fraction of the spring—neap
tide cycle during which the bed stress, t, based only on the tidal currents is above the critical value, Tero,
for resuspension, T > te0. They found this characterised the regions where the tides alone were effective in
resuspending bed material. Here we plot contours of bed shear stress. The tidal model results were also
used to calculate the position of the lines that delineate the seasonal stratification according to the
Simpson—Hunter criterion using the same definition as Pingree and Griffiths (1978), where the velocity
amplitude u was determined by applying the Fourier analysis for the M2 component that was performed
during the simulation using information from all time steps.

2.6. Harmonic analysis

A harmonic analysis (e.g. von Storch and Zwiers, 1999) of the SST and SPM remote sensing
images was carried out for each pixel separately from a set of remote sensing images. The following
equation was used when performing the analysis:

YD = A ) + S A Y)cos(@t + g% ) + £(x y.) )

i=1

where y(x,y,t) represents either the SST or the SPM images, t is time, x and y are the spatial co-ordinates
of each pixel in a Cartesian co-ordinate system, Ao(X,y) represents the mean value at each pixel and Ai(x,y)
represents the amplitude of harmonic signals where i=1 the seasonal (annual) cycle, i=2 the spring— neap
cycle (the fortnightly variability) and w is the frequency and gi(x,y) is the phase in radians and &(x,y,t) is
the error after the least squares fit. The harmonic analysis was carried out on all the images. A harmonic
analysis was carried out for all 1998 SST (>160) and SPM (>160) images. The bathymetry contours and
the location of the calculated h/u® contours were plotted in all figures and compared to the seasonal
thermal front as described in Pingree and Griffiths (1978).

3. Results and discussion
3.1. Monthly sea surface temperature variability

Fig. 3 illustrates the seasonal cycle of warming and cooling in the southern North Sea. The bands
of colder coastal waters in the winter, and the warmer coastal waters in the summer, are well defined
features of the SST imagery, as well as the in situ data (Fig. 4a). They delineate the English and
Continental coastal waters from the warmer winter and cooler summer Channel waters. The Rhine ROFI
and East Anglia Plume are pronounced features of the images. The three hydrographic regions correspond
with the description in Otto et al. (1990), although they are not water masses; SST quickly responds to
changes in meteorological forcing. The seasonal warming and cooling of the southern North Sea observed
in Fig. 3 compares well with the increasing and decreasing solar irradiation throughout the year (Fig. 4c).
The seasonal cycle of irradiation is well defined, with minima in January and December and a maximum
in the summer. The temperatures at 1 m below the surface follow the changes in solar irradiation. Note
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also the big peak from early to mid-May, with the largest values centred at May 12-14, as well as the
rapid increase in surface temperature from mid-April to mid-May.

Fig. 5 shows that the winds were predominantly from the SW and between 10 and 20 m st in the
winter months. Fig. 6a shows the maximum bed shear stresses simulated for one semi-diurnal tidal cycle.
It reflects the propagation of the semi-diurnal tidal wave around the southern North Sea and indicates
regions where there is likely to be higher mixing. On this date the tide is approximately mid-way between
neap and spring tides. Hence there will be a spring—neap modulation of the magnitude of the bed stresses
about these values. Fig. 6b shows the corresponding maximum wave stresses modelled using a constant
10 m s wind from the SW. The wave induced bed stresses add a time variable shear stress component to
the tidal distribution and are of a comparable magnitude to the tidal stresses. Both the tide and waves will
mix the water column in the southern North Sea.

The locations of the East Anglia Plume and English coastal waters are most discernible in the
winter and autumn months of 1998, from January to March 1998 and again from September onwards
(Fig. 3). In the winter and autumn the Rhine ROFI exhibits a clear upstream bulge as well as a
downstream plume. The bulge region extends from the mouth of the Rotterdam Waterway southwards
along the Belgium coast and includes the Flemish Banks. The downstream part of the ROFI extends from
the mouth, northwards to the Wadden Sea and beyond. The transition from a cold to warm Rhine ROFI
takes place in March and from a warm to cold plume takes place in September. This is also observed in
the annual SST data presented in Fig. 4a for stations along the Dutch coast. The Rhine River discharge is
highly variable with the largest discharges in the winter and autumn, reaching a minimum in the summer
months. November was marked by an exceptional peak of 7164 m® s on the 6th, which only diminished
to 3000 m® s after the 21st (Fig. 4b). In the southern ROFI region, near the Flemish Banks, the SST
images (Fig. 3) also indicate the presence of warmer/colder river waters to the south of the Rotterdam
Waterway. In accordance with the findings of Lacroix et al. (2004) the warmer/colder Rhine ROFI waters
recorded off the Belgium coast likely correspond to well-mixed waters at this upstream location of the
Rhine ROFI. They showed that most of the fresher water in the Belgium coastal zone originates from the
Rhine outflow and that the water column at this upstream location is always well-mixed; stratification of
the order 0.2 PSU and 1 °C is only occasionally observed under calm summer conditions, note the large
tidal stresses at this location in Fig. 6a. Visser et al. (1994) and Simpson et al. (1993) found that under
typical discharge conditions and spring tides the downstream region of the Rhine ROFI is mixed over the
vertical, whereas on neap tides it is stratified.

The East Anglia Plume is evident as the northern boundary of the warmer Channel waters in
winter (Fig. 3). In the summer, SST does not appear to delineate the East Anglia Plume as clearly. In
contrast to the Rhine ROFI, the waters of the East Anglia Plume are known to be well-mixed. This is
because the buoyancy inputs from the river discharges are much less than those of the Rhine and the tidal
stresses are much larger along the British coast (Fig. 6a). However, there is some evidence from Baars et
al. (2003) that the East Anglia Plume becomes weakly stratified in the summer. This is likely associated
with the decreasing wind and wave stresses in the summer (Figs. 5 and 6b), as well as tidal and wind
driven straining.

The Simpson—Hunter parameter indicates that most of the southern North Sea (S=1) should be
well-mixed by the tide (Fig. 6). It is evident that the buoyancy inputs from the Rhine (Fig. 4b) are great
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enough to cause stratification (albeit modulated by the tides) throughout the year along the Dutch coast.
Wind (Fig. 5) and waves (Fig. 6b) will also make a significant contribution to mixing of the Rhine ROFI
in winter. Large regions of the southern North Sea have warmed by the summer months, particularly June
and July, making it more difficult to distinguish the ROFIs and fronts in the monthly composites.

3.2. Monthly suspended particulate matter variability

Fig. 7 illustrates a distinct seasonal cycle of SPM with increased surface concentrations of SPM
in the autumn and winter, and diminished values in the late spring and summer. The winter months are
characterised by high SPM concentrations along the Belgium, Dutch, German and UK coasts, particularly
at the locations of the Rhine ROFI, and the East Anglia Plume. In these regions SPM is mixed throughout
the entire water column. The seasonal changes in near-surface SPM concentration are in agreement with
previous studies, using cruise data (Eisma, 1981, 1993; Eisma and Kalf, 1987; North Sea Task Force,
1993; Dyer and Moffat, 1998), surface reflectance (Holligan et al., 1989; van Raaphorst et al., 1998), in
situ optical techniques (Postma, 1961; Otto, 1966, 1967; Visser, 1970) and SPM Atlases (Pasterkamp and
van Drunen, 2002; Pasterkamp et al., 2003). The latter authors found the highest concentrations in
January and February of 2000 and 2001, whereas in Fig. 7, the East Anglia Plume is most pronounced in
March 1998. In the late spring and summer SPM drops to minimal values. This appears to coincide with
the decreased storm activity, lower winds and waves and hence less resuspension from the seabed (Figs. 5
and 6b). It also coincides with increased summer stratification.

Fig. 6a indicates where tidal deposition and resuspension of fine grained sediments
(predominantly mud and silt) might occur. If one compares Figs. 7 and 6a, the regions where the tidal
shear stresses alone are large enough to resuspend mud are evident. These regions, to the south of the
Ter=2.0 N m2 contour, are consistent with the location of the Holt and James (1999) te,=50% contour.
They are all located in the southern North Sea (and English Channel) and extend northwards along the
Lincolnshire and East Anglia coasts. These are also the regions where the tides are more likely to keep the
water column well-mixed throughout the year. High surface SPM to the south of te=2.0 N m? is visible
in the shallow regions (order 15-25 m), near the Flemish Banks and near the mouth of the Thames, the
Wash and offshore from Holderness. In these regions any deposited material will quickly resuspend. This
suggests that there must be a local transitory source of mud present at the bed in the shallower regions,
mostly kaolinitic clay minerals in the East Anglia Plume (Eisma, 1981; Irion and Z" ollmer, 1998). In
regions where teo=0.5 N m2 significant resuspension by tides alone is unlikely. In Fig. 7 low surface
SPM concentrations tend to be recorded in these regions. The wave induced bed stresses add a time
variable shear stress component to the mean tidal distribution (Fig. 6b). Fig. 8a shows a significant
increase in the bed stresses due to waves, along the Dutch coast, near the mouth of the Thames and near
the Dogger Bank. However, both the Dogger Bank and the region defined as Channel waters by Otto et
al. (1990) are low in surface SPM, the former region is a relatively uniform sandy area and coarser
materials also populate the Channel bed (Lafite et al., 2000). Even if the bed stresses are great enough to
resuspend bed material there has to be a supply of fine sediment (mud/silt) available at the bed for
resuspension, if it is to be recorded by surface sensors.

A turbidity maximum is evident near the shallow Flemish Banks in all of the images. It is most
pronounced in winter and shows a significant reduction in the summer. This suggests that tides keep the

8



J.D. Pietrzak et al. / Continental Shelf Research 31 (2011) 594-610

water column well-mixed and keep SPM in suspension even in summer, but that the combined tide and
wave stresses (Fig. 8a) are responsible for the higher SPM values in the winter. The turbidity maximum is
thought to be related to a local eddy in the residual recirculation (Nihoul and Hecq, 1984; van Alphen,
1990), or to convergence associated with decreasing residual currents and import of SPM through the
Strait of Dover (Fettweis and Van den Eynde, 2003). A local SPM minimum, about 30 km off the Dutch
coast, is also recorded in the winter images, in agreement with Visser et al. (1991) and Suijlen and Duin
(2001, 2002).

The regions with tero between 0.5 and 2.0 N m2 will likely be subject to wind and wave driven
resuspension. If one compares Figs. 6 and 8a it is evident that the tex=2.0 N m contour is now located
farther offshore and extends across the southern North Sea from the Norfolk Banks to the Frisian Front.
This is at the approximate location of the offshore extension of the East Anglia Plume at ~54°N between
3 and 5°E. As the wave stresses increase in winter (Figs. 5 and 6b) bed material is more likely to be
resuspended in these months and there is a source of fine sediment at the bed (Fig. 8b). Here the
combined Tero lies between 1.0 and 2.0 N m? indicating that resuspension by wind and wave driven
stresses may be responsible for the visibility of the plume at this offshore location. The regions north and
south of the East Anglia Plume do not show resuspension during storms (Fig. 7). This is most likely
because there is no source of mud at the bed in the shallower waters to the south, whereas to the north of
the plume it is deeper and the combined tero <0.5 N m2. The Oyster Grounds (Fig. 8b) are known to be a
major region for the deposition of fine sediment (Eisma and Kalf, 1987).

Higher SPM concentrations are recorded in the shallow waters near the mouth of the Thames, the
East-Anglia and Lincolnshire coasts, and within the East Anglia Plume from January to April and
September to October 1998 (Fig. 7), in agreement with Pleskachevsky et al. (2005). The majority of the
SPM transport occurs in winter when the erosion of the cliffs along the English coasts is the greatest. The
SPM maximum, within the East Anglia Plume, coincides with the location of the cyclonic wind driven
residual circulation that is known to be most pronounced during periods of SW winds (Fig. 5). Holt and
James (1999) show that sediment eroded at Holderness in October is advected southwards to the Norfolk
coast by mid-November, and forms a welldefined offshore sediment plume by mid-February/March.
Their simulations, as well as North Sea Project data, also found the most intense plume in March 1989
and that deposition typically occurs along the 40 m depth contour. The area with the greatest percent (40—
50%) of mud deposits in Fig. 8b lies along the 40 m contour and coincides with the offshore location of
the East Anglia Plume. Time series of SPM (Holt and James, 1999) show that SPM is only measured in
the water column in a discrete series of events associated with increased wind activity. They showed that
the sudden increase of SPM throughout the entire water column was consistent with well-mixed
conditions and resuspension of bed material. They also found that once resuspended, SPM remains in
suspension in the water column for about seven days, and that during summer virtually all SPM settles
out. The bed composition will therefore most likely mimic the type of sediment in the water column. In
the summer, the bed can contain fine grained sediment smaller than 70 um dispersed in the sand (Eisma,
1981), but it is not resuspended due to the absence of sufficient wave action (Fig. 6b). The locations
where the maximum tidal stresses are below 2 N m are likely to experience periods of erosion during
stormy conditions, followed by deposition during periods of calm weather.
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3.3. Harmonics in the 1998 SST and SPM data

Figs. 9 and 10 show the spatial variation of the amplitude of the seasonal cycle and spring—neap
cycle, respectively, for (a) SST and (b) SPM in 1998. The largest amplitude variations in the seasonal
temperature cycle occur in the shallow regions (Fig. 9a). The corresponding phase results (not shown)
show an increasing phase delay with depth, with maximum seasonal temperatures occurring 1 month later
in the deeper waters than in shallow waters. This is in agreement with the variability observed in the
monthly remote sensing (Fig. 3) and station data (Fig. 4). There is also a distinct spatial distribution in the
SPM; the largest amplitude variations are at the location of the East Anglia Plume and in the region of the
continental coastal waters, in agreement with Fig. 7. The large amplitude variations in SPM occur at the
same location as the large seasonal temperature variations, giving a qualitative correlation between SST
and SPM in the shallow regions of the English coastal waters and the continental coastal waters. The
shallow waters and large tidal and wave driven shear stresses (Fig. 6) allow a rapid response to surface
heating and cooling; they also allow the waters to become well-mixed and for sediment to be resuspended
throughout the water column.

In addition, a band with large variations in the amplitude of the seasonal SPM harmonic is found
to the east of the Norfolk Banks in depths of about 20-30 m. This band stretches across the southern
North Sea towards the German coast. Its location correlates with the region affected by the large tidal
stresses, and increased wave induced stresses in the winter (Fig. 8a). Additionally, the East Anglia Plume
is located at about the same place as the seasonal maximum in the amplitude of the offshore temperature
in Fig. 9a, with the maximum in SST slightly more to the north. Fig. 9a shows seasonal maximum
amplitudes of 5 °C, whereas the waters over the Norfolk Banks and the Channel waters have seasonal
amplitudes of 4 °C.

The monthly means (Fig. 3) indicate that this is the northern limit of the warmer Channel waters
in winter. During 1998 the winter images clearly delineate the colder turbid English coastal and
Continental river waters from the warmer Channel waters (Figs. 3 and 7). The three hydrographic regions
come close together just north of Texel, at the western edge of the Wadden Sea. Here the Channel waters
narrow into the long Frisian Front filament separating the colder, more turbid continental coastal waters
from the colder, more turbid East Anglia Plume to the north of it. This filament is most clearly visible in
January as a narrow band of water with higher temperature and lower turbidity that extends north-
eastward.

A distinct spring—neap variation in the amplitude of both SST and SPM (Fig. 10) indicates that
they respond to the variation in tidal forcing through the spring—neap cycle and hence to the amount of
energy available for mixing and for bed-resuspension (Fig. 6). The spring—neap SPM signal is similar to
the seasonal signal, with the largest variations in the shallow coastal waters and offshore at the location of
the East Anglia Plume. However, the variability in the amplitude of the spring—neap SST signal is
completely different; the largest amplitude in the signal is found in the central North Sea waters, north of
the approximate location of the seasonal tidal mixing front, the h/u® contours in Fig. 10. Moreover there is
a distinct band of maximum SST amplitude variation in the Flemish coastal waters, near the Thames
mouth and in the downstream region of the Rhine ROFI, while a region exhibiting only small amplitude
variations during the spring— neap tidal cycle is found near the mouth of the Rhine ROFI. The bulge
region in the immediate vicinity of the mouth tends to remain stratified even on spring tides (de Nijs et
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al., 2011) and there is no significant spring—neap modulation. The Flemish coastal waters and the waters
near the mouth of the Thames are known to be well-mixed. The spring—neap SST signal at these locations
indicates that variation in the level of tidal energy available for mixing impacts the SST and therefore the
whole water column. While both regions are well-mixed vertically, they exhibit along and cross-plume
density variations and hence are subject to tidal straining (Simpson et al., 1993). It appears that this is the
mechanism responsible for the visibility of these regions in the spring—neap SST harmonic. In contrast,
the downstream region of the Rhine ROFI typically switches from a well-mixed state on springs to
stratified on neaps (Souza and Simpson, 1997). The amplitude in the spring—neap signal observed here
defines the offshore extent of the Rhine ROFI.

3.4. The East Anglia Plume and Rhine ROFI

The East Anglia Plume was named, after the distinct zone of high turbidity across the southern
North Sea, as highlighted by the pronounced SPM maximum in the annual harmonic in Fig. 9b. The
region of the East Anglia Plume from the English coast, to the south of the seasonal pycnocline, is always
well-mixed. Therefore the demarcation of the East Anglia Plume by the SST harmonic (Fig. 9a) indicates
the offshore extent of the freshwater plume too. The East Anglia Plume appears to be defined by both a
buoyant plume, as well as a sediment plume, in agreement with recent cruise data (Baars et al., 2003).
The buoyant plume lies somewhat to the north of the sediment plume, in agreement with their salinity and
turbidity data. They found the buoyant plume is normally situated to the north of the silt plume due to the
dominant SW winds. However, they found their relative positions could change, and that due to NW
winds the freshwater plume could be located to the south of the silt plume. In the summer months the
offshore location of the East Anglia Plume coincides with that of the more prominent Frisian Front.

Whenever the monthly composites record a high SPM value within the East Anglia Plume, they
also record high values within the Rhine ROFI (including the Flemish Banks) and vice versa (Fig. 7). The
greater wind speeds during this time of year and greater percentage of winds from the SW (Fig. 5) appear
to coincide with the increased resuspension of sediment in these regions in the winter months. This is in
agreement with Suijlen and Duin (2001, 2002) who used 20 years of surface SPM samples to compose
maps of average SPM in the northern Rhine ROFI. A separate map based only on the data recorded after
storms shows a sudden increase of SPM over the entire coastal zone. This can only be explained by local
resuspension of sediment and not by advection from the sources in the southern ROFI, such as the
Flemish Banks. It should be noted that during storms the Rhine ROFI is known to be well-mixed
(Simpson et al., 1993).

Low SPM values coincide with decreased wind and wave activity (Figs. 5 and 6) and decreased
erosion and/or resuspension events allowing SPM to settle, in agreement with the mud deposits in Fig. 8b.
Souza et al. (2007) found that an increase in net deposition appears to correlate with decreased wind
stress, and the decreased storm activity in the region of the seasonal thermal front. The results presented
in Fig. 7 are also consistent with the results of Fettweis and Van den Eynde (2003) recorded in Belgium
coastal waters. They found SPM concentrations to be 1.2 times higher in winter and 0.8 times lower in
summer than in spring and autumn. The fact that the Rhine ROFI behaves in a similar manner to the East
Anglia Plume leads one to suspect that there is a similar process governing the visibility of the winter
SPM high and the summer SPM low. The waters near the Flemish Banks are also known to be well-
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mixed throughout the year (Lee, 1980; Ruddick et al., 2000; Lacroix et al., 2004) and consequently SPM
can be recorded by surface sensors.

The upstream (well-mixed) bulge region of the Rhine ROFI, near Zeebrugge, acts as a marine
source of SPM for the downstream coastal current, whereas the Rhine River acts as a fluvial supply of
sediment. The subsequent transport of SPM within the downstream part of the Rhine ROFI appears to
depend on the state of the downstream plume. If it is a well mixed plume, then a band of SPM stretches
from the Flemish Banks, over 100 km northwards, towards the Wadden Sea. In this case, the width of this
band of SPM should be the same width as that recorded by the SST images. In contrast if the plume is
stratified, the surface waters of the Rhine ROFI will contain almost no SPM, as it remains trapped
beneath the pycnocline. This has indeed been observed by Joordens et al. (2001). In cross shore transects
they show that matter tends to stay trapped below the pycnocline in the Rhine ROFI. However, this will
apply, except for a narrow near shore band where upwelling of SPM can occur due to tidal straining (de
Boer et al., 2009), and in the shallow near shore environment (< 7 m) where spring tides can enhance
erosion and keep SPM in suspension.

It is interesting that the amplitudes of the spring—neap harmonic of SST (Fig. 10a) and SPM (Fig.
10b) show just this pattern of SST and SPM. That is, a broad area delineated by a large amplitude
response in SST, but a narrow coastal region delineated by a larger amplitude SPM response. However,
note that the offshore position of the ROFI appears to be delineated by the somewhat larger amplitude of
the SPM response recorded along the edge of the ROFI, along the 20 m depth contour. This coincides
with the approximate offshore location of the ROFI as defined by Fig. 10b. Hence the spring—neap
variabilities of SST and SPM appear to allow us to delineate the approximate location of the Rhine ROFI.
SST also defines a broad offshore plume, the cold plume of water visible in the winter months, and the
warm plume visible in particular in May, in Fig. 3. Furthermore, this suggests that the downstream region
of the Rhine ROFI is typically stratified during 1998, both in the winter months with large river
discharges and in May with large heat fluxes. The annual harmonic of SST and SPM (Fig. 9) also appears
to define the mean position of the Rhine ROFI.

A visual analysis of all of the individual images did not show any signs of significant baroclinic
instability in 1998. The only instability-like features were observed along the Rhine ROFI in February
1998 (Arentz, 2005). However, they are most likely due to pulsed river discharge as discussed by de
Ruijter et al. (1992). Friction (Fig. 8c) and the spring—neap (Fig. 10a) switching of the stratification likely
preclude the development of baroclinic instabilities.

3.5. Effect of stratification on the visibility of SPM to ocean colour sensors

One of the main limitations with using remote sensing images arises because stratification affects
surface optical properties. Indeed, both theoretical studies (Geyer, 1993) and a recent analysis of SPM
data collected in the Rotterdam Waterway (de Nijs et al., 2010) showed that stratification leads to the shut
down of turbulence at the pycnocline, causing any surface SPM in the waters above the pycnocline to
settle out. Consequently, stratification has a large impact on our ability to measure SPM concentrations
with surface sensors. One will only record a surface SPM signature, if the water column is well-mixed.
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Moreover, if the water column is stratified, a low surface SPM concentration does not allow one to
conclude that there is no sub-surface transport of SPM (Eleveld et al., 2008).

Numerical studies (Holt and James, 1999; Souza et al., 2007) have demonstrated that the seasonal
thermal structure in the North Sea has a marked effect on the seasonal cycle of SPM. Souza et al. (2007)
showed that when well-mixed, the bottom and surface boundary layers merge and there is enough
turbulence to keep the SPM in suspension. Notably, when the water column is stratified the reduction in
turbulence near the pycnocline causes a separation of the two boundary layers. Consequently while
turbulent Kinetic energy supplied by the tides can cause the resuspension of SPM, it is trapped in the
bottom boundary layer. Due to the pycnocline, higher values of SPM are therefore concentrated near the
bed. The tides can then resuspend sediment and distribute it throughout the lower layer of the water
column, while above the pycnocline there is almost no SPM. A similar process occurs in the Rhine ROFI
when it is stratified (Joordens et al., 2001; Wild-Allen et al., 2002). Their in situ observations showed that
SPM can be resuspended by the tides, but that it is trapped below the pycnocline. They found that there
can be a substantial sub-surface transport of SPM when the Rhine ROFI is stratified. Consequently it will
not be visible at the sea surface.

The visibility of SPM to surface sensors in the southern North Sea is summarised in Fig. 11. The
East Anglia Plume exhibits high surface SPM signals over a wide region during the well-mixed winter
period (the bottom left and centre panels), when both sediment availability and resuspension events are
prevalent. However, during the stratified summer season the central North Sea shows a low SPM
signature over a narrow region (the top right panels). The low SPM values are due to limited resuspension
events, in combination with the smaller sediment availability. The narrow surface signature is due to the
trapping of SPM below the summer pycnocline (upper left panels). This is in agreement with Souza et
al.’s (2007) summer picture of decreased surface SPM due to increased stratification, as well as a
decrease in the supply of SPM in the summer months in the East Anglia Plume, caused by the decrease in
erosion of the Holderness cliffs.

In the Rhine ROFI similar states can be distinguished, albeit with a different time scale. The
Rhine ROFI is well-mixed during periods with high-mixing such as spring tides and storms (the upper
right panel). During these periods high SPM values can be observed over the full width of the ROFI. The
Rhine ROFI exhibits haline stratification during neap tides with low energy winds. During these periods
SPM is trapped below the pycnocline, therefore SPM is not visible in the surface layer (middle right
panel), as supported by de Nijs et al. (2010, 2011). An exception to this stratified case occurs for high
river discharge events with high SPM loads shown in the lower right panel. During the winter the central
North Sea is well-mixed such that no SPM can be hidden below the pycnocline. In addition, high SPM
fluxes occur due to the high supply of sediment from East Anglia and the increased resuspension due to
wind and waves.

Moreover, this schematic highlights the conditions under which one has to be cautious in
interpreting sub-surface fluxes from surface data. We find that SPM derived from satellite data can be
used to infer SPM concentrations and transport in the East Anglia Plume and Flemish Banks region
because the water column is typically well-mixed. However, more information is required in a region like
the Rhine ROFI which changes between a well-mixed and stratified state. Hence it is important to have an
idea about the state of the plume and the mixing time scales, when trying to infer SPM fluxes from remote
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sensing data. In some cases SST images can provide that information, for example, the spring-neap
harmonics delineate the Rhine ROFI.

4. Conclusions

In summary, SST and SPM remote sensing images can successfully be used to investigate the
intra-annual mesoscale dynamics of the southern North Sea. The monthly composites of SST and SPM
delineate the East-Anglia Plume and Rhine ROFI and indicate that intra-annual variability is primarily
linked to changing meteorological inputs, in particular, to increasing wind forcing and decreasing surface
heating in winter and decreasing wind forcing and increasing surface heating in the summer. In addition
rivers supply significant inputs of buoyancy to both coastal boundary layers, which are not in-phase with
the solar inputs. Moreover, the harmonic analysis shows the important role played by the tides in the
dynamics of the southern North Sea. It also allows us to detect the seasonal front separating well-mixed
water in the southern Bight, from the seasonally stratified central North Sea waters. Importantly, the
waters of the southern North Sea quickly respond to local meteorological forcing and tidal mixing, in a
classic heating-mixing competition near the seasonal front, and a classic freshwater-mixing competition
within the ROFIs. Our analysis supports the first order paradigm of Simpson and Hunter (1974) that the
water column structure is based on local vertical exchange processes. In the southern North Sea buoyancy
inputs from heat and freshwater compete with tidal, wind, wave mixing to establish stratification. Tide,
wind and wave mixing also compete with settling and deposition to establish the resulting distribution of
fine sediments over the water column. Consequently, vertical mixing also governs the SPM patterns, both
directly in terms of the bed shear stresses, and indirectly by modulating the stratification that affects the
visibility of SPM in ocean colour imagery.

We conclude that SST and SPM are two complimentary data sets; they respond to the two distinct
states of the Rhine ROFI and East Anglia Plume, a well-mixed and a stratified state, in entirely different
ways. Moreover, stratification controls the surface visibility of SPM in coastal seas. The Rhine ROFI can
switch between stratified and well-mixed states on a typical neap-spring tidal cycle, whereas the
downstream region of the East Anglia Plume switches on a seasonal basis. In the Rhine ROFI it is the
freshwater inputs and hence the salinity that controls the state of the plume. To the north of the
Flamborough and Frisian Fronts, it is the thermal stratification that controls the seasonal vertical
stratification. This shows the paramount importance of temporal and spatial variations in tidal and wind
mixing in competition with heat and freshwater inputs in controlling the intricate surface signatures of
SST and SPM in a shallow shelf sea, as summarised in Fig. 12.
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Fig. 1. The bathymetry of the central and southern North Sea and the English Channel. The area to the south of
Dogger Bank is referred to here as the southern North Sea. The location of the meteorological and oceanographic
stations is shown. The Rhine ROFI is formed by the discharge of water from the Rhine—Meuse—Scheldt River
system through the Rotterdam Waterway, Haringvliet Sluices and Western Scheldt.
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Fig. 2. The left-hand side shows the temporal distribution of the SST and SPM images (the lower and upper + signs,
respectively) and their relationship to the spring—neap tidal cycle (the blue curve, a peak corresponds to spring and a
trough to neap tide). The middle panel shows the number of images available per month. The right-hand side panel
shows distribution of the annual mean (top), standard deviation (middle) and total number of unclouded pixels
(bottom) for 1998. The insets are the colour bars. The white areas in the colour bars are the histograms of the pixels
values, where the x-axis corresponds to the pixels value (SST or SPM) and the y-axis corresponds to the relative
frequency distribution of the pixel values.
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Fig. 3. Plan views of the monthly mean values of SST. The insets are the colour bars, note that they differ per
month. The white areas in the colour bars are the histograms of the pixels values, where the x-axis corresponds to
the SST pixel value and the y-axis corresponds to the relative frequency distribution of the pixel values. The distinct
seasonal cycle is evident, with a band of colder waters being visible in the continental and English coastal waters
during the winter months and warmer coastal waters in the summer.
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Fig. 4. The oceanographic and meteorological conditions during 1998. (a) (Top panel) The temperature recorded at 1
m below the surface at a number of stations. The dots show the available values recorded by the NOAA satellite
images at the same locations. (b) (Centre panel) The river discharge during 1998. The Rhine—Meuse discharge is
regulated. If the discharge is less than 1700 m? s then all of the discharge is through the Rotterdam Waterway. If
greater than 1700 m® s then the Haringvliet sluices are opened at LW. Between 1700 and 3900 m?® s the fresh
water discharge in the Rotterdam Waterway is regulated to be 1500 m® s*X. The mean annual river discharge during
1998 was 1750 m® s%. (c) (Bottom panel) The seasonal cycle of irradiation. Source: Rijkswaterstaat (a,b) and KNMI (c)
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Fig. 5. Wind roses showing the distribution of the monthly wind speeds and directions. The wind data were recorded
at 10 m height at the station "Meetpost Noordwijk”. The magnitude is the greatest in the winter months. While SW
winds dominate the annual wind record, there is considerable variability in the winds. Source: KNMI
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Fig. 6. Maximum bed shear stresses [Pa] computed during one semi-diurnal tidal cycle on February 1, 1998 from (a)
a simulation with a 10-layer barotropic tidal model set-up of Delft3D-FLOW and (b) a run that employed a two-way
coupling with an hourly SWAN wave simulation with a constant SW wind of 10 m s. The white contours depict
values of the Simpson—Hunter criterion h/u® using the same definition of the stratification parameter S as in Pingree
and Griffiths (1978): S=logio(n/Cqu®10%)) where Cq is 0.0025 and the factor 10* is included to convert cfs units. The
thin, medium and thick lines depict values of S=1, 1.5 and 2, respectively. S=1 indicates areas that are well-mixed,
S=1.5 indicates transitional areas and S=2 seasonally stratified regions.
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Fig. 7. Plan views of the monthly averages of near-surface SPM. The insets are the colour bars, note that they are
identical for all months. The white areas in the colour bars are the histograms of the pixels values, where the x-axis
corresponds to the SPM pixel value and the y-axis corresponds to the relative frequency distribution of the pixel
values. Note the large values of SPM during the winter in the Belgium, Dutch, German and UK coastal waters,
particularly at the locations of the Rhine ROFI, the East Anglia Plume and Frisian Front. Minimal SPM values are
observed along the Dutch coastal zone from April to August. Towards the end of the summer almost all surface
SPM in the Dutch coastal zone has vanished.
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Fig. 8. (a) Maximum bed shear stresses [Pa] computed during one semi-diurnal tidal cycle on February 1, 1998 from
the combined tide and wave stresses for a constant SW wind of 10 m s*. The white contours depict values of the
Simpson—Hunter criterion. The thin, medium and thick lines depict values of S=1, 1.5 and 2, respectively. S=1
indicates areas that are well-mixed, S=1.5 indicates transitional areas and S=2 seasonally stratified regions and (b)
the distribution of mud in the upper sediment layer of the bed from box cores taken in the Dutch sector of the
southern North Sea. The data were provided courtesy of The Geological Survey of the Netherlands (TNO). The
black lines indicate bathymetric contours. The thin dashed, thin and thick lines indicate depths of 25, 30 and 35 m,
respectively.
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Fig. 9. The spatial distribution of the amplitude of the annual harmonic fitted with Eq. (1) for Al (x,y) of (a) SST
and (b) SPM using the 1998 data. The white contours depict values of the Simpson—Hunter criterion. The thin,
medium and thick lines depict values of S=1, 1.5 and 2, respectively. S=1 indicates areas that are well-mixed. The
black lines indicate bathymetric contours. The thin dashed, thin and thick lines indicate depths of 25, 30 and 35 m,
respectively.

27



J.D. Pietrzak et al. / Continental Shelf Research 31 (2011) 594-610

a 1998 springneap cycle T = 14.7653 days [amplitude]
> BETG P2 A |l e T e y 343
°N : ."' . v-..‘ " )-\&

55

54

amplitude

53

53 I il
RRCE 02 7
s
52 k- 0.1  —
5
2
4 & 0 4
51 - - : :
0 1 2 3 4 5 6 TE
b 1998 springneap cycle T=14.7653 days [amplitude]
°N
55
54
54 |
SPMigm™]
53 amplitude
53 | -
3
52 |
2
52 | 1 g
H
[
o .
51 I
0 1 2 3 < 5 6 7oE

Fig. 10. The spatial distribution of the amplitude of the spring—neap harmonic fitted with Eq. 1 for A2 (x,y) of a)
SST and b) SPM using the 1998 data.
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Fig. 11. Schematic showing the visibility of SPM at the surface of the southern North Sea in relation to stratification,
redrawn after Simpson et al. (1993) to include the distribution of SPM. On the left, the stratified and well-mixed
states of the Rhine ROFI are shown, as well as the region of the seasonal thermocline. On the right, the
corresponding SPM distributions are sketched. See Section 3.5 for details.
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Fig. 12. Schematic summarising the heating-mixing and freshwater-mixing competition in the southern North Sea
and the resulting distribution of SPM over the water column and at the bed, after Simpson (1998).
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