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ABSTRACT

Assessing the spatio-temporal distribution of total suspended matter (TSM) concentrations is im-
portant for management of the North Sea. Especially, information on supply, transport, and deposi-
tion of TSM is required. TSM in the North Sea was studied with Sea-viewing Wide Field-of-view
Sensor (SeaWiFS) Level 1A Local Area Coverage (LAC) data. All SeaWiFS data covering the
southern North Sea for 2001 were acquired and processed using the SeaWiFS Data Analysis Sys-
tem (SeaDAS 4.0) with MUMM's turbid water extended atmospheric correction algorithm. Subse-
quently, the POWERS TSM algorithm was used to derive TSM concentration (in mg I'") from
SeaWiFS sub-surface irradiance reflectance, R(0-), in band 5. Seasonal variation in TSM concen-
tration was extracted from composites, and statistics on TSM concentrations were produced for
any location within the research area. Persistent high TSM concentrations were found near the
Flemish Banks and the German Bight, and in the Greater Thames Estuary and East-Anglian
Plume. Supply of TSM came from fluvial input, erosion of coastal areas and resuspension from
bottom sediments, and primary production. Combining TSM concentration with knowledge of the
general circulation in the North Sea yielded information on surficial (net) TSM transport. On the
other hand, currents and the position of fronts were also derived from patterns in TSM concentra-
tions. Settling and subsequent deposition of TSM occurred at times with low current velocity and
little wave action. An example of TSM settling after storm was also perceived. The results show
that SeaWiFS images are an excellent source for the monitoring of TSM concentrations in the
North Sea, and that information on supply, transport, and settling of TSM can be derived.

Keywords: Suspended Particulate Matter (SPM), seston, large-scale processes, Dutch coast,
East-Anglian Plume.

INTRODUCTION

Total Suspended Matter (TSM) can be defined as all matter that stays on a 0.4 to 0.5 ym pore size
filter (:f]'). Changes in TSM concentrations and TSM transport can have important consequences for
coastal zone management. Silt and clay (mud) can siltate on tidal flats and clog navigation chan-
nels and harbours, whereas sand can be an important resource for coastal defence. The quality
and quantity of TSM can have direct and indirect effects on environmentally sensitive areas by pol-
lutants attached to sediments, and by influencing the light conditions in the water, causing a de-
cline of filter feeding organisms, submerged aquatic vegetation and plankton, subsequently affect-
ing fish and bird populations (@. A typical TSM concentration for the North Sea of 5g m™ corre-
sponds with a euphotic layer, where photosynthesis occurs, of 18 m depth. Despite the importance
of TSM, and notwithstanding that it has been monitored through point sampling with buoys and
ships, there still remain major unknowns about TSM in the southern North Sea (Figure 1), because
these platforms cannot cover the entire southern North Sea.

Ocean colour satellite sensors collect data that do cover the entire southern North Sea and that
allow derivation of TSM concentrations from the optical properties of the sea. When light from the
sun illuminates the North Sea, it is subject to various optical interactions such as absorption and
scattering; the intensity of these interactions depends on the concentrations of substances in the
water. A net result from these optical interactions is that light radiates from the North Sea as water-
leaving radiance, L,,. SeaWiFS is a spectro-radiometer that measures radiance in specific bands of
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the light spectrum so that, after atmospheric correction, TSM concentrations can be derived. How-
ever, TSM as derived from satellites does not only comprise suspended sediment; it can also con-
tain dissolved organic matter (CDOM), and chlorophyll (CHL) from algae. In addition, remote sens-
ing only shows TSM concentrations over a certain near-surface layer of the North Sea. The depth
of this near-surface layer varies with the depth of the water column that still scatters light to the
sensor; thus the vertical diffuse attenuation coefficient of downward irradiance (Kd) has implica-
tions for remote sensing. About 90 % of the diffusely reflected light from a water body comes from
a near-surface layer of water depth 1/Kd, which equals 4 m for a TSM concentration of 5g m™ in
the North Sea.

One of the most successful ways to exploit remote sensing data sets is to construct compilations
and atlantes (B). Material prepared for an atlas of TSM concentrations covering the southern North
Sea over one year, 2001, for Dutch coastal managers formed the basis for the current study (4)
This paper aims at elaborating on the information on TSM in the southern North Sea that was de-
rived from this data set. Specific research objectives were to investigate whether the satellite data
can shed more light on the supply, transport and settling of TSM in the southern North Sea, and
whether ocean colour observations can supply additional information about its circulation in the
southern North Sea. Knowledge of these parameters is not only of scientific interest, but also, as
previously mentioned, relevant to the management of the North Sea.
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Figure 1: Research area shown on a bathymetric backdrop map {5).
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METHODS

Sensors consisting of spectro-radiometers suitable for determining ocean colour measure radiance
at sensor, L, resulting in Level 1A data. The collected data are sent to ground stations. In this
study Sea-viewing Wide Field-of-view (SeaWiFS) data from the Dundee ground station were used.
Subsequent processing of these data in IVM's processing chain (Figure 2) is elaborated in this sec-
tion.

First the Level 1A High Resolution Picture Transmission (HRPT) data were obtained free of charge
from NASA by File Transfer Protocol (FTP). The files contained radiance counts for the eight
SeaWiFS bands, additional calibration and navigation data, instrument and spacecraft telemetry,
and ancillary data on wind, surface pressure, humidity, and ozone. Then the data sets having the
southern North Sea in a central position on the images were selected based on filtering on file-
names, which carry information about the time of overpass.
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Figure 2: IVM's processing chain.

Subsequently this data set was pre-processed. Radiance at sensor, L, is a measurement of light
from the water and from the atmosphere. The atmosphere over coastal regions differs from the
ocean atmosphere, and the amount of TSM in coastal waters differs from the amount in the ocean.
Therefore, an extension to the standard SeaWiFS Data Analysis System (SeaDAS) atmospheric
correction method had to be used to get values for the calibration parameters aerosol reflectance
ratio MUMM-epsilon (g), and water reflectance ration MUMM-alpha. The MUMM atmospheric cor-
rection algorithm for turbid waters (:(_3_-) uses aerosol radiance in two SeaWiFS bands within the
near-infrared reach, band 7 (745-785 nm) and band 8 (845-885 nm). Scatter plots of band 7:8
Rayleigh-corrected reflectances representing the ratio of aerosol path reflectance gave values for
the calibration parameters on an image-by-image basis. Points with low reflectance on the scatter
plot are dominated by aerosol path reflectance. These points were used to determine MUMM-
epsilon for each image in the data set. MUMM-alpha, water-leaving reflectance of very turbid wa-
ter, was taken default as 1.72.
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Using these parameters, subsequent processing in SeaDAS generates atmospherically corrected
Level 2 data, subsurface irradiance reflectance R(0-) of the southern North Sea. From this inter-
mediate product, water quality parameters can be derived.

In this case the IVM-POWERS TSM algorithm was used. This algorithm (7;8) was based on the
Gordon model (%_)') and calibrated with Specific Inherent Optical Properties (SIOPs) of the North Sea
(10). The Gordon model is a bio-optical model that describes the relationship between the amount
of upwelling light just below the water surface, here expressed as subsurface irradiance reflec-
tance (R(0-)), and the optical properties of water and its constituents TSM, CHL, and CDOM
through SIOPs, which are related to absorption (a) and backscatter (by).

R(O™)=f- b
a+by

(The coefficient f can vary due to solar angle, scattering at a certain angle relative to total scatter-
ing (scattering phase function), and viewing geometry (9))

Elaboration of the bio-optical modelling

The Gordon (1975) reflectance model (9) predicts subsurface irradiance reflectance as a function of the inherent opti-
cal properties (IOPs) absorption (a) and backscatter (by). Absorption and backscatter of natural water are expressed
in terms of the constituents of the water as follows:

a=a,+a CHL+a TSM +agy,,,CDOM
b, = b, + b, 15, TSM

Absorption and backscattering are linear functions of the concentrations of the constituents, which allows defining
Specific Inherent Optical Properties (SIOP).

SIOP = IOP/ C,
Cis is the in situ measured concentration of the respective constituent. This normalization of in situ measured IOPs al-
lows to estimate the IOP at any concentration from an optical model (Com) through:

IOP =SIOPC,,

This can be elaborated to:

by, b, 15, TSM

R(07)=f. o
a, +b,, +ag, CHL+ (a5, +b, 16,)TSM + agy,,,CDOM

This set of equations provides the explicit relationship between the SIOP, the concentrations of the water constituents,
and R(0-), on which the IVM-POWERS TSM algorithm was based (7).

Initially, the algorithm was parameterised with various sets of in situ measurements of Specific In-
herent Optical Properties (SIOPs), and calibrated with TSM concentrations from the PMNS data
set (11). The final, IVM-POWERS TSM algorithm was parameterised with the Belgica SIOP set
(10). Band 5 (555 nm) had been chosen because of its maximal sensitivity for TSM, and minimal
sensitivity to other water constituents such as concentrations of chlorophyll (CHL) and Coloured
Dissolved Organic Matter (CDOM), and inaccuracies in atmospheric correction. Sensitivity analysis
was performed on all factors that were assumed constant, f, and the IOPs, CHL and CDOM (7,8).

Recently the IVM POWERS TSM algorithm has been validated with a time series of in situ meas-
urements TSM for three sampling stations just off the Dutch coast, at Noordwk 10, 20 and 70 (8).
Kolmogorov-Smirnov tests on the distributions of TSM values showed the values from in situ and
remote sensing data sets to be consistent with a single distribution function for Noordwk 70, while
the distribution functions of the in situ and remote sensing samples differ for Noordwk 10 and 20.

In addition to the resulting data on TSM concentrations, TSM quick-looks were generated, and the
percentage of cloud cover over the southern North Sea was provided for each image. The TSM
data were re-projected to a rectangular co-ordinate system. The entire data set covering the re-
search area in 2001 was processed with this method. This resulted in 491 TSM products: more
than one image a day on average.
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Based on this georeferenced TSM data set, a further analysis has been performed. Individual im-
ages are hardly ever 100 % cloud-free for the entire southern North Sea, which is one of the rea-
sons that composites of images were made. In addition, these bimonthly composites mediate the
effect of imagery being acquired during different tidal stages. Statistical analysis in Matlab provided
mean, standard deviation, median, and number of samples per grid cell. The average number of
sampled images per pixel is 107. Some of the data have also been exported as tables with comma
separated values to enable combination with other GIS data sets.

In ArcView 3.3 with the Spatial Analyst extension, these values were imported as Event themes
into a View with Universal Transverse Mercator (UTM) WGS 84 projection. The points were inter-
polated to grids using the Nearest Neighbour algorithm so that the closest point determined the
value of the cell.

In the resulting maps, the estimated overall accuracy of the values for TSM concentrations off the
Dutch and Belgian coast is about 3 — 5 g m™ on an average.

RESULTS

The North Sea is characterised by persistent high TSM concentrations near the Flemish Banks and
the German Bight, near the Humber Estuary, and in the Greater Thames Estuary at the head of the
East Anglian Plume (Figure 3a). These high concentrations occur in different water types mainly
comprising of Continental coastal water, and Scottish and English coastal water, respectively. The
sea bottom occurs at depths varying from 0 to 30 m below Mean Sea Level (MSL). Persistent low
sediment concentrations (Figure 3b) occur North of Dogger Bank where Northern North Sea water
and Atlantic Ocean water are present, and the sea bottom is found at depths between 50 and
100m below MSL. Despite the low concentrations, there could still be a considerable amount of
suspended matter present in the water integrated over the depth of the total water column. Along
the Dutch coast, TSM is concentrated by residual currents in a 6 km wide band just off the coast
(12), whereas relatively clear fresh water is found at the surface at about 30 to 50 km off the coast.

The collection of TSM data was studied in order to shed light on the supply, transport, and deposi-
tion of TSM in the southern North Sea, and to obtain additional information about its circulation in
the southern North Sea.
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Figure 3: Characterisation of TSM concentrations in the southern North Sea (based on 491 TSM
maps for 2001). a: Persistent high TSM concentrations. Relative number of TSM maps with TSM
concentrations over 15 g m™. White areas are always = 15 g m”, black areas are never = 15 g m”.
b: Persistent low sediment concentrations. Relative number of TSM maps with TSM <5 g m™.
White areas are always < 5 g m™, black areas are never<5g m™.



EARSeL eProceedings 3, 2/2004 171

Supply

Supply of TSM came from fluvial input (Figure 4), erosion of coastal areas and resuspension of
bottom sediments (Figure 5), and primary production (Figure 6).

A local TSM plume can be perceived on the image of 2 April (Figure 4a). This plume is related to
high discharge at Hook of Holland and the Haringvliet sluices (Figure 4c). A plume like this is
prominent on the remote sensing images, because these images show concentrations in the sur-
face layer. Fresh river water has a lower density than salt water so that the plume spreads mainly
over the surface, and because the images were acquired during and shortly after high discharge at
two coastal stations (Figure 4c), the finer sediment has not settled yet. By 3 April the TSM concen-
tration at the surface had diminished considerably (Figure 4b). The difference between the two im-
ages may have been emphasised by the tidal conditions; at 2 April the tide was outgoing, whereas
it was high tide at 3 April. The plume was not visible anymore on subsequent images.
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Figure 4: Supply of TSM from fluvial input. a: A local TSM plume on 2 April 2001. b: The plume is
disappearing on 3 April 2001. (See Figure 5 for legend.) c: High discharge at Hook of Holland and

the Haringvlietsluizen, at the mouth of the channel and the estuary, respectively (13).

A map showing means (averages) that were calculated from unclouded pixels of 81 individual im-
ages (Figure 5) illustrates sediment supply through resuspension of bottom sediments, and erosion
of coastal zones. Our results show that after relatively low values of sediment concentration in
summer, sediment concentrations in the surface layer increased in the September-October period.
In this period, the weather becomes more unsettled (wind speed and direction are given in Fig-
ure 5), so that water layers get well mixed (also in depth), and clay and silt get re-suspended. This
remobilises material that was deposited on the seafloor in summer. The wind, which forces water
masses in certain directions and causes waves to stir up bottom sediments, came mostly from a
southwesterly and northwesterly direction. Especially in October, hard and stormy winds from the
southwest and northwest occurred. Currents coming from these directions are strengthened.
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Figure 5: High TSM concentrations by resuspension. Bimonthly mean of TSM concentrations in
September and October 2001. (Means were calculated from unclouded pixels of 81 individual im-
ages.) The legend, daily wind speed, and hourly relative frequency of wind direction in a wind rose
are given on the right hand side. In the wind rose, blue indicates the total relative frequency,
whereas red shows the relative frequency of wind speed over 10 m s at ‘K13’, a measurement
station that is situated about 100 km west of Texel (14).

The naissance and growth of algae in a process also called primary production, is yet another
source of TSM. Although TSM in the North Sea mainly consists of mineral particles (clay, silt and
possibly some sand), locally reflectances from algae dominate when an explosive growth of algae
occurs under favourable circumstances, notably when there are enough light and nutrients avail-
able and the temperature of the water suffices (15). From 5 until 28 August, an individual patch
with high reflectances occurred just off the Holland coast. The sequence of images in Figure 6
shows a) the genesis of the patch on 5 August, b) the development on 11 August and, c) the de-
cline on 28 August. A closer differentiation of TSM into mineral and organic particles with a four-
band algorithm (116) confirmed that this was an algal bloom (Figure 6d).

Figure 8a is an image of 11 April. The pattern at the tail of the East-Anglian Plume is striking. This
map can be compared with maps of residual currents in winter (Figure 8b) and summer (Figure
8c), in which the current has been corrected for tidal movements. They show several known cur-
rents and their boundaries, and fronts. The end of the plume seems to be confined between Scot-
tish and English coastal water, Channel water, Central North Sea water, and Continental coastal
water, but demonstrates the absence of a well-developed Frisian Front on 11 April. The latter is
illustrated by the fact that the spiral at the end of the plume freely develops in north-easterly direc-
tion, instead of being redirected in an easterly direction.
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Figure 6: Supply of TSM through primary production in an algal bloom in 2001. The sequence of
images show a: the genesis at 5 August, b: the development at 11 August and c: the decline at 28
August of an algal bloom just off the Holland coast. (See Figure 5 for legend.) d: green indicates
algae, yellow indicates mineral material.
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Deposition

Settling and subsequent deposition of TSM occurred during periods of low current velocity and little
wave action (Figure 9). An example of settling after storm was also perceived (Figure 10a,b).

Bimonthly mean TSM concentrations in the period March-April are lower than in January-February.
The average difference per pixel is 1.8 g m™. The difference (Figure 9) results from the settling or
net deposition of TSM. Additional explanations for the decrease of TSM particles in the near-
surface layer could be abating supply and possibly some transport (out of the research area). The
mean wind speed was lower in March-April than in January-February causing less resuspension in
the former period. The relative importance of these factors should be further investigated, e.g.,
through validation with a numerical model of currents and suspended matter transport.
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Figure 9: Difference in TSM concentrations (in g m™) indicating net deposition. Bimonthly mean of
January-February 2001 (a period with turbid water) minus the bimonthly mean of March-April 2001
(a period of low turbidity).
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A (north)westerly storm, wind force 9 with strong gusts of wind occurred along the Dutch coast on
28 December. The storm was caused by a depression that moved in southeasterly direction over
the North Sea and subsequently turned to the southern Baltic Sea (17). It is impossible to have a
survey vessel at sea under those conditions. The satellite image (Figure 10a), however, does give
information about TSM during storm. High concentrations of TSM occur over the entire surface of
Dover Strait. High concentrations of larger sand particles can get into suspension during storms,
but this material will settle soon when wind abates (1). On the image taken three days after the
storm (Figure 10b) with northeasterly wind force 4, high TSM concentrations occur again in two
separate zones, one along the English coast and Frisian Front and another along the French, Bel-
gian and Dutch coast, separated by a zone of low concentrations at Dover Strait. The average dif-
ference in TSM concentration during and after storm is 10.7 g m™ per pixel.

CONCLUSIONS
Concentrations

The results show that SeaWiFS images are an excellent source for monitoring TSM concentrations
in the North Sea. Persistent high TSM concentrations at the surface (Figure 3a) are found in places
where a lot of sediment is also available from both older geological deposits and recent supply,
e.g., near estuaries, and at the Flemish Banks and the German Bight. These high concentrations
occur in different coastal water types with sea bottom depths varying from 0 to 30 m below Mean
Sea Level (MSL) so that resuspension of bottom sediments is still possible. Persistent low sedi-
ment concentrations at the surface (Figure 3b) occur in northern North Sea water and Atlantic
Ocean water, where the sea bottom is at depths between 50 and 100 m below MSL. Despite the
low concentrations, a considerable amount of suspended matter could still be present when the
concentration is integrated over the full length of the water column.

For our study, the estimated overall accuracy of the values for TSM concentrations off the Dutch
and Belgian coast is about 3 — 5 g m™ on an average. Because of spatial dependencies, the accu-
racy of the relative differences between the pixels is higher, so that patterns can be mapped accu-
rately. The mapped difference in bimonthly mean TSM concentrations (Figure 9) seems also rele-
vant, since a very similar pattern was found for the year 2000 (with an average difference per pixel
of 3.8 g m™®). The TSM algorithm was calibrated with field measurements off the Dutch and Belgian
coast (10). These field measurements did not cover the full spatial variability in SIOPs of the North
Sea. Therefore, the accuracy of values at other locations, such as those occurring off the English
coast will be less, amongst others because TSM has a different mineral composition (19) and,
therefore, different optical properties. Validation with in situ measurements (see also the Methods
section and Van der Woerd & Pasterkamp (8)) remains a challenge, because in situ data sets also
have their inaccuracies. For example, Konig et al. (18) give means with standard deviations of
0.54+0.17 mg I'" (total over 8.5, 17.0 and 24.7 m depth), and 2.0+1.3, 2.1+1.4, and 2.4+1.6 mg I”
(at 6.0, 15.0 and 23.5 m depth) for in situ TSM measurements below Research Platform Nordsee
in October and November, respectively. Althuis et al. (11) found in situ TSM concentrations in the
North Sea to range from 0.5 to 74 mg I with standard deviations of error varying between 0.1 and
6 in several campaigns over a year. Van Raaphorst et al. (19) used in situ data having means with
standard deviations of 7.1£16.4, 7.4+16.1, and 14.0+24.3 mg I for September, and 22.5+25.2,
24.6222.9 and 22.5+30.4 mg I"' for January. For this case, the accuracy of individual values from
our TSM maps derived from remote sensing data compare favourably to those of the in situ meas-
urements.

Large-scale processes

The results also show that information about large-scale processes, such as supply (Figures 4-6),
transport (Figures 7,8), and deposition (Figures 9,10) can be derived by interpretation of the TSM
maps. The interpretation of the TSM maps was compared to similar interpretations based on TSM
from in situ measurements (1,2,17,18,20). To a large extent we come to comparable conclusions,
but information from remote sensing data has also given some new insights. In our studies (4,8)
we found, for example, that the form and impact of the East Anglian plume (Figure 7) differ from
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estimations (interpolations) from in situ measurements (2,24). This was particularly clear for the
area north of the westernmost Dutch Wadden Islands. Over here, the tail of the East Anglian plume
is located closer to the shore (Figure 7) than found from interpolation of the in situ measurements.
This could be due to problems with the interpolation of the in situ measurements, which might be
solved with a geo-statistical technique that uses remote sensing data to improve the interpolation
of in situ measurements (23). In our study, remote sensing imagery has also shown that "deposi-
tion areas" (17,18) can also be suppliers of sediment for further transport depending on the
weather conditions and the season (compare Figures 9,5). Van Raaphorst et al. (23) also observed
this for the East Anglian plume North of the Dutch Wadden islands. Therefore, SeaWiFS images
have proven to be also a useful source of information on sediment dynamics when TSM concentra-
tion patterns are related to large-scale processes.

Budgets

One step further is to derive budgets, and fluxes of sediment transport (in tons yr™) for the North
Sea. When using in situ data (17-20), however, this step is associated with large uncertainties and
a considerable error margin. Eisma (17) mentions the uncertainties in amounts of sediment sup-
plied by seafloor erosion and in sedimentation rates. Dyer & Moffat (20) mention an error of 50 %
in their assessment of suspended matter transport in the East Anglian plume. In this light, the po-
tential of the TSM information derived from remote sensing data with its strength in both 2D spatial
and temporal coverage (in our study: an average sampling of 107 data sets per pixel over a total of
491 TSM data sets for 2001) is worth further exploration also for the derivation of budgets and as-
sessment of sediment fluxes.

Moreover, remote sensing provides already information about volumes, as concentrations are de-
rived from the near-surface “layer” (as explained in the Introduction). Concentrations in the near-
surface layer are, in principle, not representative for the total water column, and especially not in
case of stratification. For the southern North Sea, however, an assumption of vertical homogeneity
in the water column can be made for the southern waters that occur in a region of thorough mixing.
In those cases, concentrations in the near-surface layer could also be used as a first estimate for
the derivation of budgets and assessment of sediment fluxes over the total water column. Based
on the present study, further use of SeaWiFS data in combination with models (data assimilation)
for such investigations seems promising.
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