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Abstract

A study is presented where satellite images (SeaWiFS), in situ measurements (tidal cycle and snapshot) and a 2D
hydrodynamic numerical model have been combined to calculate the long term SPM (Suspended Particulate Matter)
transport through the Dover Strait and in the southern North Sea. The total amount of SPM supplied to the North Sea
through the Dover Strait is estimated to be 31.74 x 10°t. The satellite images provide synoptic views of SPM concentration
distribution but do not take away the uncertainty of SPM transport calculation. This is due to the fact that SPM
concentration varies as a function of tide, wind, spring-neap tidal cycles and seasons, The short term variations (tidal,
spring-neap tidal cycle) have not been found in the satellite images, however seasonal variations are clearly visible.
Furthermore the SPM concentration in the satellite images is generally lower than in the in situ measurements. The
representativness of SPM concentration maps derived from satellites for calculating long term transports has therefore
been investigated by comparing the SPM concentration variability from the in situ measurements with those of the remote
sensing data. The most important constraints of satellite images are related to the fact that satellite data is evidence of clear
sky conditions, whereas in situ measurements from a vessel can be carried out also during rougher meteorological
conditions and that due to the too low time resolution of the satellite images the SPM concentration peaks are often
missed. It is underlined that SPM concentration measurements should be carried out during at least one tidal cycle in high
turbidity areas to obtain representative values of SPM concentration.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction ' scientific and applied studies. There is clear evidence
of long-term net inflow through the Dover Strait

The fine grained sediment dynamics in the and thus also of net suspended particulate matter
southern North Sea have been the subject of many (SPM) transport into the North Sea (Prandle et al.,

1993, 1996). Gerritsen et al. (2001) underline that

mpon ding author, Tel.: +3227732132; thls_ transpo'rt is thg main source of recent fine-
fax: + 3227706972 grained sediments in the North Sea. Extensive
E-mail address: m.{ettweis@mumm.ac.be (M. Fettweis). scientific literature on the residual SPM transport
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through the Dover Strait exists; the values vary
between [2.5-57.8] x 105t/yr (Eisma, 1981; van
Alphen, 1990; Lafite et al., 1993; Velegrakis et al.,
1897, McManus and Prandle, 1997). These big
differences reflect partially the high temporal and
spatial variability of the influx but have their
origin also in the way the SPM measurements have
been carried out, in the small number of SPM
concentration measurements on which the calcu-
lations were based as well as the differences in the
way the residual SPM transport was calculated.
Accurate knowledge of the SPM flux through the
Dover Strait is important in order to set up a
sediment budget, to identify the sources and sinks of
mud in the North Sea and to investigate the
influence of anthropogenic activities, such as dred-
ging and dumping on the local cohesive sediment
transport. '

The purpose of this paper is to present a study
where satellite images (SeaWiFS), in situ measure-
ments and a hydrodynamic numerical model have
been combined to calculate the long term averaged
SPM transport through the Dover Strait and in the
southern North Sea. The use of optical remote
sensing methods to produce SPM concentration
maps benefits from the satellite’s capabilities to view
a wide area and to provide synoptic views of SPM
concentration distribution. The disadvantages are
mainly that the data are limited to the surface layer,
that good data exist only during cloud-free daytime
and that the time resolution is low. For the Belgian
continental shelf about 60 (partially) cloud free
images per year are available. In order to cope
with the fact that only surface values are available,
the method presented by Van den Eynde et al.
(2006) has been applied in which in situ mea-
surements of SPM concentrations during a tidal
cycle and satellite images have been used to
calculate the depth averaged SPM concentration
distribution. The Jow time resolution prevents an
accurate computation of the sediment flux when
using:

t ph .
T=/ / u(z, He(z, Hdzds, : ()]
0 Jo

where T is the sediment flux per unit width, A is
the water depth, u(z,t) is the current velocity normal
to the section and c(z,f) the SPM concentra-
tion. Prandle et al. (1996) wrote that the SPM
dynamics in tidal waters are mainly determined
by water depth A, eddy diffusivity K. and settl-
ing velocity w and that the residual transport

closely approximates

T%j:lku(z,t)dzdz/;’/:c(z,t)dzdr, (@)

when K,>wh. In coastal waters, such as the
southern North Sea, with a water depth between
10-50m and a K, of 0.01 m?%/s the settling velocity
must be < 1mmy/s. This is a value in agreement with
measured settling velocities of flocs and aggregates
in estuaries and in the North Sea (van Leussen,
1994; Winterwerp, 1998; Mikkelsen and Pejrup,
2001). Both formulae have been used to calculate
the SPM transport,

The paper is structured as follows. In Section 2
the study area is described with special emphasis on
the Belgian coastal waters, followed by a presenta-
tion of the method used to obtain SPM concentra-
tion maps from satellite images and in situ
measurements and of the hydrodynamic numerical
model used to simulate the water flow in the area. In
Section 3 the sediment transport results based on

the hydrodynamic model and the satellite images

using Egs. (1) and (2) are presented. The question of
the representativness of SPM concentration maps
derived from satellites for calculating long term
averaged transport is discussed in Section 4 by
comparing the SPM concentration variability from
in situ measurements with remote sensing data.
Some general conclusions are offered in Section 5.

2. Methods
2.1. Study area

The study area is the southern North Sea and the
Dover Strait (Fig. 1) and specifically the Belgian
coastal zone. This area is especially of interest due
to the occurrence of a high turbidity zone. It is
characterised by depths between 5-35m, a mean
tidal range at Zeebiugge of 4.3m (2.8 m) at spring
(neap) tide and by maximum current velocities of
more than 1m/s. The winds are mainly from the
southwest and the highest waves occur during
north-westerly winds, The SPM concentration
measurements indicate variation in the coastal zone
between a minimum of 20~-70 mg/l and a maximum
of 100-1000 mg/l; low values (< 10 mg/l) have been
measured in the offshore area. Based on numerical
results Fettweis and Van den Eynde (2003) conclude
that the decreasing residual water transport vectors,
the shallowness of the area and the difference in
magnitude between neap and spring tidal currents
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and their effect on the erosion and transport
capacity are responsible for the occurrence of the
turbidity maximum. :

2.2. SPM concentration maps derived from satellite
images

The SPM flux in the southern North Sea is
calculated using the depth averaged SPM concen-

M. Fettweis et al. | Continental Shelf Research 27 (2007) 1563-1583

tration maps derived from satellite images, which
are obtained in two steps. First the images from the
Sea-viewing Wide Field-of-view Sensor (SeaWiFS)
(http://oceancolor.gsfc.nasa.gov/SeaWiFS) aboard
the Orbview2 spacecraft have been processed.
SeaWiFS measures the reflected sunlight at the
Top Of Atmosphere (TOA) at 8 bands from the
visible to near infrared wavelengths centred at 412,
443, 490, 510, 555,7670, 765 and 865nm. The
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Fig. 1. (a) Map of the southern North Sea and the Dover Strait and (b) map of the Belgian coastal area (full line: 10 m, dash dot; 20 m,
dash: 30m MSL). The dots indicate the position of the tidal cycle measurement stations (Table 3). The x- and y-coordinates are in

longitude (°E) and latitude (°N).

subito e.V. licensed customer copy supplied and printed for Flanders Hydraulics Research (SLIOGX00288E)



M. Fettweis et al. [ Continental Shelf Research 27 (2007) 15681583 1571

SeaDAS 4.5 software (http://oceancolor.gsfc.nasa.
gov/seadas(), extended to turbid waters (Ruddick
et al., 2000) is used to process these TOA radiances
into atmospherically corrected 'reflectance by re-
moving atmosphere contributions (scattering and
absorption from air molecules, ozone and aerosols)
and sea-water interface effect and finally providing
the water-leaving reflectance spectrum denoted
hereafter by p,}=*#2-8650m where ; refers to the
" band of SeaWiFS. A bic-optical model, which
has been designed for Belgian coastal waters (see
Appendix A), is used to convert p,,S°"™ into SPM
concentration by:

_ 56.68p570

The next step in the processing was to multiply
the surface SPM concentration values by area-
specific correction factors in order to obtain vertical
averaged SPM concentrations, see Yan den Eynde
et al. (2006). These correction factors, which vary
during a tidal cycle, represent the ratio between
surface and depth-averaged SPM concentration and
were derived from in situ tidal SPM concentration
profiles taken on the Belgian continental shelf
(BCS). In the Belgian coastal areas the correction
factors were between 1.25 and 2.2, the maxima
occurring at about 1 h before high water and around
low water and are related to maximum/minimum
current velocity. In the offshore area, on the other
hand, the ratio between the depth-averaged and the

0.30

surface SPM concentration stays nearly constant
over the entire tidal cycle and is limited to values
below 1.1. The SPM concentration measure-
ments also indicate that the highest correction
factor corresponds generally well with the periods
of high surface SPM concentration (> 50mg/l).
Because we have no information outside the BCS
on timing of correction factors during a tidal
cycle, it was decided to neglect the relative timing
during a tidal cycle and to apply correction factors
as a function of SPM concentration solely. A
maximum correction factor of 2 was used for
high surface concentration (>50mg/l) and the
lowest for areas with low surface SPM concen-
tration (<20mg/l). For SPM concentrations in
between, a linear interpolation of the correction
factor was used. In Fig. 3 the SPM concentration
before and after correction along 51.3°N latitude is
shown,

2.3. Measurements and instruments

The SPM concentration data, which are discussed
here, have been collected from the R/V Belgica as
snapshots or during tidal cycles. The tidal cycle
measurements have been measured between March
1999 and February 2005 using a Sea-Bird SBEQ9
SCTD carousel sampling system (containing twelve
101 Niskin bottles), which was kept at least 4.5m
below the surface and about 3 m above the bottom.
Every 20 min a Niskin bottle was closed, resulting in
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Fig. 2. Monthly averaged residual discharge through the Dover Strait (1997-2004) simulated by the 2D hydrodynamic model of the
northwest European continental shell. Positive values are towards the North Sea, negative towards the English Channel,
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Fig. 3. Yearly averaged SPM concentration derived from 362
SeaWiFS satellite pictures of the southern North Sea along
51.3°N latitude. Comparison between surface (without correc-
tion) and vertical averaged SPM concentration (multiplied with a
correction factor) is shown. ' '

about 40 samples per tidal cycle. Every hour the
carousel was taken on board of the vessel and the
water samples were filtered on board using pre-
weighted GF/C filters, which were later dried and
weighed to obtain SPM concentration. In the
framework of MUMM’s Monitoring Program
snapshots of SPM concentration were sampled at
3m below surface. The procedure of sampling is
similar to that described above, except that they are
not made throughout the tidal cycle.

2.4. Hydrodynamic model description

The residual water transport and discharge has
been modelled using the public domain 3D hydro-
dynamic COHERENS model (Luyten et al.,, 1999).
This model has been developed between 1990 and
1998 in the framework of the EU-MAST projects
PROFILE, NOMADS and COHERENS. The
hydrodynamic mode] solves the momentum equa-
tion, the continuity equation and the equations of
temperature and salinity. The equations of momen-
tum and continuity are solved using the ‘mode-
splitting’ -technique. COHERENS disposes of dif-
ferent turbulence schemes, including the two equa-
tion k—e turbulence model.

For the current application a 2D implementation
of the COHERENS model to the northwest
European continental shelf was used. The model
grid has a resolution of 5’ ( = 0.0833°) in longitude
and 2.5’ (0.0417°) in latitude (about 5 x Skm).

Meteorological surface forcing is from the forecasts
of the UK Meteorological Office at Bracknell. Four
semi-diurnal tidal components (M,, S5, N, K5) and
four diurnal tidal components (O, K;, P, Q) are
used to force the tidal elevation on the open
boundaries of the continental shelf model.

3. Results
3.1. Numerical simulation of residual discharge

The residual water transport u. per water depth
is calculated in every point of the grid using the
following expression:

wes =Y i | S @
=1

i=1

where u; is the current velocity, h; the water depth
and n the number of time steps considered for
averaging. The seasonally and yearly residual water
transport through the Dover Strait for the period
1997-2004 are presented in Table 1 and the monthly
residuals in Fig. 2. The yearly residual discharge
varies between 0.041 Sv in 2003 and 0.099 Sv in 2000
(average over the whole period is 0.07340.020 Sv).
The residual discharge is on average highest during
autumn (0.101Sv) and lowest during summer
(0.052 8v). Without meteorological influence the
difference between the seasons would be very small
(0.044-0.048 Sv) and the yearly residual discharge
would be limited to 0.046 Sv. The residual discharge
is determined during autumn to be about 62% by
meteorological influences, whereas during summer
the wind effects are limited to about 20%.

Table 1

Seasonally and yearly residual discharge (Sv) through the Dover
Strait towards the North Sea for the period 1997-2004 simulated
with the 2D hydrodynamic model of the northwest European
shell

Spring Summer Autumn  Winter Year
1997 0.040 0.050 0.136 0.079 0.076
1998 0.089 0.057 0.106 0.082 0.083
1999 0070  0.065 0.077 0.067 0.070
2000 0.074 0.065 0.227 0.029 0.099
2001 0.042  0.047 0.030 0,102 0.055
2002 0.069 0.038 0.146 0.130 0.096
2003 0.063 0.033 0.040 0.027 0.041
2004 0.069  0.059 0.049 0.064  0.060

1997-2004  0.065 0.052 0.101 0.073 0.073
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These values are of the same order of magnitude
as the values found in literature. Prandle (1993)
obtained discharge values of 0.036 Sv (only M, tidal
constituent), 0,045Sv (wind-forced residual) and
0.087 Sv (total) by analyzing 11 months of current
data measured with HF radar between June 1990
and March 1991. Salomon et al. (1993) have
calculated with a 2D tide-driven hydrodynamic
model (grid resolution 3 x 3km? a residual dis-
charge of 0.0374 Sv. With the measured wind at La
Hague, corrected by adding 1.8 m/s from the south
and averaged twice a week they simulated a yearly
discharge (period 1983-1991) through the Strait of
0.114+0.016Sv. Bailly du Bois et al. (1995)
estimated the water flux through the Dover Strait
as 0.097 Sv up to 0.195Sv for 1988, they based their
values on the dispersal of radio nuclides. By
combining HF-radar measurements with ADCP
current velocity profiles Prandle et al. (1996)
calculated a residual discharge of 0.094 Sv, 50% of
which is due to wind effects. Garreau (1997) has
simulated a residual discharge of 0.1058v using a
yearly averaged wind velocity and direction (6 m/s,
305°).
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3.2. SPM concentration in the southern North Sea

In total 362 SeaWiFS images were collected from
September 1997 to April 2004. Among these images,
172 scenes are entirely cloud-free. Most of the 362
images have been affected by less than 30% of
clouds which were flagged during the processing of
SPM concentration maps. The images have been
grouped per season and have been processed to
obtain vertically averaged SPM concentration, 37%
of the images are from spring, 27% from summer,
13% from autumn and 23% from winter. A map of
the seasonal surface and vertically averaged SPM
concentration is given in Figs. 4 and 5 respectively.
The maximum surface SPM concentrations in the
southern North Sea are situated between 75 and
100mg/1 during autumn and winter and 25-50 mg/l
during spring and summer. The highest values are
found in the Belgian-Dutch coastal zone and in the
mouth of the Thames estuary. In the Dover Strait
the maxima are limited to about 15mg/] (summer)
up to 50mg/l (winter). The meteorological data
from the UKMO together with information on
cloud cover from the satellite imagery have been

05 10 15 20 25 30 35 40

Fig. 4. Seasonal averages of SPM surface concentration in the southern North Sea derived [rom 362 SeaWiFS images (1997-2004).
The x- and p-coordinates are in longitude (°E) and latitude (°N), respectively: (a) spring; {b) summer; (¢) autumn; and (d) winter situation.

subito e.V. licensed customer copy supplied and printed for Flanders Hydraulics Research (SLIDEX00288E)



1574 M. Fettweis et al. | Continental Shelf Research 27 (2007) 1568—1583

Oost8nde

Belgium 7

§1.0

Balgium 1

-

0.5 1.0 1.5 20 25 3.0 35 4.0

0.5 10 15 2.0 25 3.0 3.5 4.0

Fig. 5. Seasonal averages of vertically corrected SPM concentration (vertically averaged) in the southern North Sea derived [rom 362
SeaWiFS images (1997-2004). The x- and y-coordinates are in longitude (°E) and latitude (°N), respectively: (a) spring; (b) summer; (c)

autumn; and (d) winter situation.

used to calculate the mean wind speed at station 330
during cloudy and cloud-free sky conditions in the
satellite pictures. No clouds are present in the pixel
in 83% of the images with the other 17% being
cloudy. The mean wind speed during cloud-free
conditions was 3.7 m/s (maximum 11.3m/s), which
is a little lower than the 4.8m/s mean wind speed
during clouded conditions.

The SPM concentration has been measured
during 38 tidal cycles between March 1999 and
February 2005 from the R/V Belgica, see Table 2.
14% of the measurements were made during spring,
23% during summer, 26% during autumn and 37%
during winter. The mean wind speed during all
measurements was 6.7m/s. The results presented in
Fig. 6 show the mean SPM concentration distribu-
tion in the different stations.

The SPM concentration has also been measured
in the framework of MUMM’s Monitoring Pro-
gram; these data are snapshots of SPM concen-
tration at 3m below surface and have thus not
been measured throughout the tidal cycle. The data
have been extracted from the BMDC database

(http://www.mumm.ac.be/datacentre) for the period
1987-2004 and in the stations where at least 10
samples exist. In total 719 samples are available
from which 35% during spring, 4% during summer,
34% during autumn and 27% during winter. In
Fig. 7 the mean SPM concentration distribution is
shown.

3.3. SPM transport in the southern North Sea

The net sediment flux has been calculated through
the Dover Strait (51.0°N) and through a cross
section at 51.9°N using Egs. (1) and (2). Eq. (1) has
been applied in two ways. First the 362 SPM
concentration fields derived from satellite pictures
have been multiplied by the velocity field at that
same moment and summed (method 1); second the
velocity fields at every model time step (10 min) have
been multiplied with the linearly interpolated SPM
concentration at that time and also summed
(method 2). For Eq. (2) the seasonally averaged
velocity fields and SPM concentration maps have
been used (method 3). The results, which are
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Table 2
Measurements of SPM concentration in the Belgian coastal area during 38 tidal cycles (Fig. 1)
Location cmp. Season Wind Tide SPM concentration (mg/l)

(m/s) Max Min Avg Stdv (%)
B&W Oostende 99/07 Win 1.84 NT 137.9 16.7 46.1 62
7 02/27 Aut 4.86 MT 55.4 16.1 29.7 35
" 03/04 Win 2.36 ST 988.7 67.2 281.1 80
h 04/16 Sum 1048 NT 63.9 13.5 32.3 43
‘Wenduine 01/06 Win 6.66 MT 299.8 55.6 140.4 51
MOW1 01/06 Win 3.16 MT 303.7 27.2 120.8 61
" 02/27 Aut 122 NT 115.6 30.1 53.4 39
» 03/04 Win 9.13 ST 657.5 40.0 213.0 79
" 03/22 Sum 6.04 MT 105.3 17.9 47.9 45
5 04/24 Aut 591 ST 289.7 35.0 119.9 72
” 04/25 Aut 5.50 NT 176.5 28.4 89.4 55
" 05/02 Win 3.69 MT 559.3 30.2 163.9 74
w 05/07 Spr 5.89 NT 121.6 31.3 61.8 43
L 05/15 Sum 1.27 MT 440.5 10.1 104.2 86
B&W ZeebO 00/08 Spr 427 ST 552.2 42.4 214.2 79
” 00/14 Spr 9.56 NT 182.5 16.5 75.7 62
L 00/26 Aut 12.67 -MT 287.2 48.5 115.2 54
Bol Knokke 00/31 Aul 10.31 MT 325 11.8 17.5 26
" 02/01 Win 8.31 MT 296.2 27.9 86.8 55
" 02/01 Win 15.41 ST 308.4 128.2 203.2 38
Ly - 02/06 Win 2.81 MT 96.4 21.9 49.9 38
» 02/14 Sum 9,03 ST 47.1 7.1 22,1 50
Raan 01/01 Win 1.70 MT 212.8 35.5 104.2 45
Scheur E 0117 Sum 3.53 MT 59.1 12.0 28.6 48
Scheur W 01/29 Aut 9.06 ST 117.6 35.2 70.2 38
” 02/06 Win 6.92 ST 69.1 14.3 31.1 38
Kwintebank 03/15 Spr 3.52 MT 7.6 23 4.5 26
2 03/17 Sum 5.78 NT 8.6 3.8 5.4 17
” 03/25 Aut 1118 ST 63.0 8.3 26.6 44
” 04/04 Win 6.10 NT 28.2 10.9 15.4 25
z 04/05 Win 8.08 ST 108.2 20.6 41.3 38
i 05/15 Spr 2.87 MT 174 2.6 6.2 51
Hinderbanken 04/25 Aut 171 NT 1.2 2:1 34 31
330 99/17 Sum 4.60 ST 25.1 4.4 74 46
Akkaert 02/14 Sum 5.79 ST 1.6 5.1 1.9 22
B&W S1 00/19 Sum 12.76 NT 15.5 5.9 9.1 22
2 05/07 Spr 8.19 MT 92.0 19.0 41.9 50
Westpit 01/17 Sum 5.55 MT 20.7 6.6 9.9 28

The water samples have been taken al about 3m above the bottom. (Cmp = campaign number, spr = spring, sum = summer,
aut = autumn, win = winter, ST = spring tide, wind = mean wind speed during the measurements, MT = mean tide, NT = neap tide,
max (min) = maximum (minimum) SPM concentration during the tidal cycle, avg = tidally averaged SPM concentration, stdv = relative

stundard deviation).

presented in Fig. 8 show clearly that differences
exist between the methods. The two figures (Fig. 8b
and c) are qualitatively similar in that SPM enters
the southern North Sea through the Dover Strait
where it bifurcates along the English and continen-
tal coastal zone and flows towards the north. Using
solely the 362 satellite pictures and the correspond-
ing velocity fields (Fig. 8a) gives a transport

direction, which does not correspond with the
typical long term residual circulation.

The residual SPM transport through the Dover
Strait and through a cross section at 51.9°N are
given for method 2 and 3 in Table 3. The value of
the SPM transport is dependant on the method.
Using method 2 (Eq. (1) and interpolation) the
highest SPM transport occurs during autumn and
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Fig. 6, Mean SPM concentration in the tidal cycle stations
during the period 1999-2005. The samples have been taken at
about 3m [rom the bottom. The x- and y-coordinates are in
longitude (°E) and latitude (°N), respectively.
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Fig. 7. Mean of SPM concentrations from ‘snapshot’ samples
collected in MUMM’s monitoring stations during the period
1987-2004. Only stations with at least 10 samples have been
selected, The samples have been taken at 3m below the surface.
The x- and y-coordinates are in longitude (°E) and latitude (°N),
respectively.

the lowest during summer (Dover Strait) and spring
(51.9°N). Using method 3 (Eq. (2)) the highest SPM
transport is calculated during autumn and the
lowest during spring (Dover Strait) and summer
(51.9°N), the seasonal transports are shown in
Fig. 9. The SPM transport per year through the
Dover Strait amounts to 31.74 x 10°t (method 3);
from which about 40% flows through the English
and 60% through the French part of the Strait. The

results are about 60% smaller when method 2 is
applied (22.26 x 10%t/yr). It can be seen that the
SPM transport values are of the same order of
magnitude as most of the recently published
ones: [22-30] x 10%t/yr (Eisma and Irion, 1988),
17x 10t/yr (Van Alphen, 1990). 19.2 x 10%t/yr
(Lafite et al., 1993) and [21.642.1] x 105t/yr (Vele-
grakis et al., 1997). McManus and Prandle (1997)
used numerical model results and in situ measure-
ment data of SPM concentration to obtain a yearly
averaged value of 44.4 x'10°t/yr. Sediment accu-
mulation measurements in the Kattegat and the
Skagerrak resulted in a four times higher accumula-
tion rate than previously accepted (de Haas, 1997).
This could imply a SPM transport through the
Dover Strait of at least 46 x 10%t/yr.

4. Discussion
4.1. SPM transport

The transport through the Dover Strait and the
51.9°N section have to be more or less in
equilibrium, because the major source of SPM in
the southern North Sea is the Dover Strait and no
significant deposition areas of mud exist in the
Southern Bight (Eisma, 1981). Important local
sources of SPM are the rivers (Thames, Rhine-
Meuse, Scheldt), seafloor and coastal erosion and
primary production. Accurate values however do
not exist; the Thames supplies about 0.7 x 10%t/yr
(Dyer and Moffat, 1998), the Rhine about
1.7x 10%t/yr (Eisma, 1981) and erosion of the
Holocene mud layers in front of the Belgian coast
is estimated as 0-2.4 x 10%t/yr (Bastin, 1974) or
about 3 x 105t/yr (Fettweis and Van den Eynde,
2003). The total input of SPM from these sources is
thus situated between 2.4 x 10° and 5.4 x 10°t/yr.
The SPM input is probably higher because primary
production, seafloor erosion outside the Belgian
coastal area and coastal erosion are not included.
The difference between inflow and outflow is
38.31x loﬁtjyr for method 2 and 9.08 x 10°t/yr
for method 3. The latter is closer to the sum of the
local SPM sources, which indicates that method 3
is—with the available data—the most accurate one.

4.2. Variability of SPM concentration
The satellite images provide synoptic views of

SPM concentration distribution but do not take
away the uncertainty of SPM transport calculation,
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Fig. 8. Yearly averaged SPM transport per unit width (g/ms) in the southern North Sea, the x- and y-coordinates are in longitude (°E) and
latitude (°N), respectively. The SPM transport has been calculated using: (2) Eq. (1) and only 362 velocity and SPM concentration fields
(method 1); (b) Eq. (1) and the velocity fields at every time step of the model with the interpolated SPM fields (method 2); and (c) Eq. (2).
(method 3). The SPM concentration (rom the satellite pictures has been corrected vertically to obtain depth-averaged values.

Table 3

Residual SPM transport (10°ton/season or year) through the Dover Strait and through a cross section at 51.9°N for the period January
1997—December 2003 (positive is towards the north) [or methods 2 and 3

Spring Summer Autumn Winter Year
Method 2 Dover Strait 1.36 2.50 9.18 7.22 22.26
51.9°N 7.32 7.83 23.55 21.87 60.57
Dover Strait—51.9°N -3.96 -5.33 —14.37 ~14.65 —38.31
Method 3 Dover Strait 3.00 4.19 14.02 10.53 31.74
51.9°N 6.30 4.45 14.80 15.57 41.12
Dover Strait—51.9°N  =3.00 =0.26 =0.78. —5.04 —5.08

The SPM concentrations have been vertically corrected to obtain depth averaged concentrations. ‘Dover Strait—351.9°N’ is the dillerence
between inflow and outflow at both section, positive means a higher SPM flux into the southern North Sea than out of it.

i.e. the accuracy of SPM concentration in a cross
section. This is due to the fact that (1) not enough
long term SPM concentration measurements are
available to correct the satellite images and to derive
the long term residual SPM transport and (2) SPM

concentration varies as a function of tide, wind,
spring-neap tidal cycles and-—because winds (storm
surges) are not equally distributed during a year—
also depends on the seasonal time scale (Jones et al.,
1994; Fettweis et al., 2005, 2006). The short term
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Fig. 9. Seasonal averaged SPM transport per unit width (g/ms) in the southern North Sea, the x- and y-coordinates are in longitude (°E)
and latitude (°N), respectively. The SPM transport has been calculated using method 3 (Eq. (2)). The SPM concentration [rom the satellite
pictures has been corrected vertically to obtain depth averaged values: (2) spring; (b) summer; (c) autumn; and (d) win_ter situation.

variations (tidal, spring-neap tidal cycle) have not
been found back in the satellite images, however
seasonal variations are clearly visible (Figs. 4 and 5).
The satellite images have been taken during cloud-
free conditions and low mean wind speeds (about
3.7m/s) and are correlated with good weather
conditions; increased SPM concentration due to
higher wave erosion is seldom to be expected in
these images. _
The representativness of SPM concentration
maps derived from satellites for calculating long
term averaged transports has been investigated by
comparing the SPM concentration variability from
in situ measurements with those of remote sensing
data. In Fig. 10 the relative variability in the in situ
measurements and in the satellite data is shown as a
function of the seasonally averaged SPM concen-
tration. The figure (Fig. 10a) shows that the relative
variability in the tidal cycle measurements (standard
deviation of SPM concentration during a tidal cycle

divided by tidally averaged SPM concentration)
increases with increasing SPM concentration. This
means that in the coastal turbidity maximum zone
the SPM concentration variations are high during a
tidal cycle, whereas outside or at the edge of the
turbidity maximum, where the SPM concentrations
are low, the tidal variability is also low. The
‘snapshot” SPM concentration measured in
MUMM'’s monitoring stations (Fig. 10b) is gener-
ally lower and the variability higher when compared
with the tidal cycle measurements. Fig. 10c shows
the variability in the pixels of the satellite images
situated in the Belgian coastal area as a function of
the seasonally averaged SPM concentration The
figure indicates that (1) the SPM concentrations are
generally lower from satellite data than from in situ
tidal cycle measurements, (2) the relative variability
decreases for lower and higher SPM concentrations
and has a maximum at about 20 mg/l during spring
and summer and at about 40 mg/l during autumn
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Fig. 10. (a) Relative variability in the tidal cycle stations during the period 1999-2005 as a function of tidal averages of SPM
concentration. The samples have been taken at about-3m (rom the bottom. (b) Relative variability in MUMM's monitoring stations
during the period 1987-2004 as a function of seasonal averaged SPM concentration. Only stations with at least 10 samples have been
selected. The samples have been taken at 3 m below the surface. () Relative variability in the pixels of the 362 SeaWiFS$ surface SPM
concentration maps (1997-2004) situated in the Belgian—Dutch coastal zone (51.1°N-51.5°N and 2.7°E~3.5°E) as a function of seasonal
averaged SPM concentration. The trendline in (b) and (c) is [rom in situ tidal measurements.

and winter, (3) the relative variability is of the same
order of magnitude in most pixels as in the in situ
tidal measurements (20-80%) except during spring
and summer when relative variability’s of up to
140% have been calculated and (4) that the very
high variability at low concentrations is also found
back in the in situ ‘snapshot’ measurements from
MUMM’s monitoring stations.

The maximum SPM concentration extracted
from the satellite images is about 75-100mg/l
(surface) and 150-200 mg/! (depth averaged correc-
tion), whereas the maximum from the in situ
‘snapshot’ measurements is 680mg/l (3m below
surface) and from the tidal cycle measurements
nearly 1000mg/l (3m above bottom). Satellite

images and the in situ measurements from
MUMM’s monitoring stations are both snapshots
of the SPM concentration during a tidal cycle and
have been sampled at the surface or near the surface
(3m below). The decreasing variability in satellite
images and in the ‘snapshot’ in situ measurements
with increasing SPM concentration could be ex-
plained if most of the SPM in the Belgian coastal
zone during a tidal cycle would occur in the bottom
layer of the water column and would thus be
invisible for satellites or near surface sampling.
Tidal measurements however indicate that strong
vertical gradients and high SPM concentrations
only occur during about 1/3 of the tidal cycle
(2h per ebb and flood) and that during the rest of
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the cycle the measured SPM stratification and
concentration is much lower (Van den Eynde
et al., 2006). The low variability at higher concen-
tration is therefore probably an artefact of tpe fact
that the algorithm for processing the satellite .lmages
is underestimating the SPM concentration at
higher values. The very high variability at low
concentrations could thus be due to short-ln-rcd
events, such as storms or high river runoff, which
may increases locally the SPM concentration
significantly and which may move the turbidity
maximum zone more towards the coast or.more
offshore, as found in the salinity variations 1n the
coastal area (Lacroix et al., 2004). During winter
and autumn, the SPM concentration is already high
and these events -are therefore statistically less
significant. .
The relative variability of SPM concentration in
the southern North Sea derived from satellite
images is presented in Fig. 11. The SPM variability
in the southern North Sea generally increases from.
the coast towards offshore and then decreases until

eis et al. | Continental Shelf Research 27 (2007) 15681583

about the central part of the southern North Sea,
where a minimum is reached. The high relative
variability band along but off the coast reflects the
edge of the coastal turbidity maximum, which is not
constant. In the Belgian—Dutch coastal waters the
SPM concentration remains high during all the
year; the extension of the coastal turbidity max-
imum is however changing with the seasons, it is
furthest off shore during winter and nearest during
summer.

Measurements in the Dover Strait, where the
SPM concentration is generally low (<I10mg/l),
have indicated that the vertical gradient is negligible
most of the time (Van Alphen, 1990). The tidal cycle
measurements in the Belgian coastal zone show that
the vertical SPM concentration variation is low in
low SPM concentration areas, therefore satellite
images may give a good estimate of the total SPM
concentration. In areas with higher turbidity the
vertical variation during a tidal cycle is important
and corrections have to be applied to obtain depth
averaged values.
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Fig. 11. Relative variability of the seasonal surface SPM concentratio
coordinates are in longitude (°E) and latitude (°N). (a) spring

0.5 1.0 1.5 20 25 3.0 3.5.

0.5 1.0 15 20 25 3.0 35 40

n maps derived [rom 362 satellite images (see Fig. 4), the x- and p-
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5. Conclusions

Three methods have been presented where
satellite images, in situ measurements and hydro-
dynamic model results have been combined to
calculate the long term SPM flux in the southern
North Sea. The results indicate a flux through the

Dover Strait of 22.26 x 10%0r 31.74 x 10%t/yr; both

fluxes have been calculated using the vertically
corrected SPM concentrations. The latter SPM flux,
which is calculated by multiplying the seasonally
residual discharge with the seasonally averaged
SPM concentration, is believed to be the most
accurate one with the given data, because the inflow
of SPM through the Dover Strait towards the North
Sea is better conserved in the outflow through a
section at 51.9°N,

The too low value of SPM concentration in the
satellite imagery can be explained by:

(1) The fact that the procedure for processing the
satellite images has been set up and validated for
SPM concentration between 10 and 80 mg/l. For
extremely turbid (SPM concentration >80 mg/l)
and clear waters (SPM concentration < 10 mg/l)
the algorithm has not been validated and gives
probably less accurate results (Nechad et al,
2003).

(2) Most satellite pictures are acquired in good
weather conditions, whereas in situ measure-
ments from a vessel can be carried out also
during rougher meteorological conditions. In
order to include all weather condition, long term
measurements from stand alone frames have to
be carried out.

(3) Due to the too low time resolution of the
satellite images and snapshot in situ measure-

ments, peaks of SPM concentration are often.

missed. It is therefore important to measure
during at least one tidal cycle in the high
turbidity area to obtain representative values
of SPM concentration.

Satellite images are a major source of SPM
concentration data and are the only way to obtain
a spatial distribution for large areas, but they
underestimate the SPM concentration. In order to
calculate more accurately the total sediment flux
further in situ measurements andfor numerical
model results are needed to obtain vertical profiles
of SPM concentration and to improve the algorithm
for processing and correcting the satellite images.
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Appendix A. Bio-optical model to derive SPM
concentration

A.l. Method

The objective is to express SPM concentration in
terms of the water-leaving reflectance. In the red
and near infra red (NIR) spectral range, back-
scattering from pure water, coloured dissolved
matter and yellow substance are negligible com-
pared to the high backscattering of suspended
sediments, hence SPM concentration, denoted by
¢, is linearly related to the backscattering by(4), ata
given wavelength, A in the red and NIR by:

by = cb},, (A1)

where b, is the specific backscatter coefficient (the
J-symbol is dropped for brevity). The reflectance
just below the water surface, R_, is function of the
backscattering b, and absorption a of light in the
water (Gordon et al., 1998):

1 |
g +fz( bo )} (A2)

Ko g a+ by a+by

"The coefficients /; = 0.095 and /, =0.079 are
derived from radiative transfer simulations and Q-
factor is the ratio of the upwelling radiance in
the viewing direction to the upwelling irradiance.
The subsurface irradiance reflectance is related to
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the water-leaving reflectance by the relationship
(Mobley, 1994):

twaalasw R

ppy=T" an — (A.S)

1—rR’

where 1,,._,, is the bidirectional radiance transmit-
tance from water to air, 7,.,, the irradiance
transmittance from air to water; typical values for
these factors, for the sun at the zenith are:
tpa =098, t,,, = 0.96. n, = 1.34 is the real part
of the refractive index of water and r = 0.48 is the
water—air reflectance for totally diffuse irradiance.
Therefore Eq. (A.3) becomes

Y
Pw=""0"T—rR_"

Eqgs. (A.1), (A.2) and (A.4) are combined to give

(A4)

Pw
C=0— A.
Y= Pw . ( 5)
with o = a/(bss (1—rQly)) and y = 0.52nl,/(1—rQl).
Replacing Q by the average value Q= 3.7sr for
turbid waters (Gons, 1999) gives y = 0.187.

A.2. Data sets

Measurements of water-leaving reflectance p,,
were carried out from 2001 to 2003 using a system
of three Trios spectro-radiometers with 2.5nm
resolution covering the spectral bandwidth
[350-950nm] and following the protocol described
by Park et al. (2003). SPM concentrations were
recorded at the same locations with a GF/F filter
using the gravimetric method (see Section 2.3), for
water samples taken between 0.5 and 3m depth.

Amongst the collected measurements, 41 data sets
of pw" and SPM concentrations were selected on the
basis of the similarity spectrum criteria (Ruddick
et al., 2006) and were convoluted with the SeaWiFS
response function. Nonlinear regression analysis
was applied to each band i with the following
equation:

i

i ‘xrpw
c= b + e (A6)
where o and f’ are the parameters to be calibrated
for each band; ' accounts for SPM concentration
and reflectance measurement errors. The best curve
fitting data with Eq. (A.6) was found for band
670 nm, which is given by Eq. (3).
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