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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 o f SPM supplied to the North Sea 
through the Dover Strait is estimated to be 31.74 x 10s t. The satellite images provide synoptic views o f 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 o f 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 o f 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 o f the remote 
sensing data. The most important constraints o f 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. In tro d u c tio n

Tlie fine grained sedim ent dynam ics in the 
southern N orth  Sea h ave been the subject o f many
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scientific and applied studies. There is clear evidence 
o f  long-term net inflow through the Dover Strait 
and thus also o f  net suspended particulate matter 
(SPM ) transport into the N orth Sea (Prandle et aí., 
1993, 1996). Gerritsen et al. (2001) underline that 
this transport is the m ain source o f  recent fine­
grained sediments in the North Sea. Extensive 
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  IO6 t/yr (Eisma, 1981; van 
Alphen, 1990; Lafite et al., 1993; Velegrakis et al., 
1997; McManus and Prandle, 1997). These big 
differences reflect partially the high temporal and 
spatial variability o f  the influx but have their 
origin also in the way the SPM  measurements have 
been carried out, in the small number o f  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 o f  the SPM  flux through the 
D over Strait is important in order to set up a 
sediment budget, to identify the sources and sinks o f  
mud in the North Sea and to  investigate the 
influence o f anthropogenic activities, such as dred­
ging and dumping on the local cohesive sediment 
transport.

The purpose o f  this paper is to  present a study 
where satellite images (SeaW iFS), in situ measure­
m ents and a hydrodynamic numerical model have 
been combined to calculate the long term averaged 
SPM  transport through the D over Strait and in the 
southern North Sea. The use o f  optical remote 
sensing methods to produce SPM  concentration  
m aps benefits from the satellite’s capabilities to view 
a  wide area and to provide synoptic views o f  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 low time resolution prevents an 
accurate computation o f the sedim ent flux when 
using:

=  / ' / » ( ,  
J 0 Jo

t)c (z ,t)d zd t, (1)

where T  is the sediment flux per unit width, h 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 m ainly determined 
by water depth h, eddy diffusivity K .  and settl­
ing velocity IV and that the residual transport

closely approxim ates
I*fi rt rh

u { z , t ) d z d t  /  /  c { z , t ) d z d t ,  (2)
Jo Jo

when K z > w h .  In coastal waters, such as the
southern N orth  Sea, with a water depth between
10-50 m and  a K z o f  0.01 m 2/s the settling velocity 
m ust be <  1 m m /s. T his is a  value in agreement with 
measured settling velocities o f  floes and aggregates 
in estuaries and in  the N orth Sea (van Leussen, 
1994; W interwerp, 1998; M ikkelsen and Pejrup, 
2001). Both form ulae have been used to calculate 
the SPM  transport.

The paper is structured as follow s. In Section 2 
the study area is described with special emphasis on 
the Belgian coastal waters, follow ed by a presenta­
tion o f  the m ethod used to  obtain SPM  concentra­
tion m aps from  satellite images and in situ 
measurements and o f  the hydrodynam ic numerical 
m odel used to sim ulate the water flow in the area. In 
Section 3 the sedim ent transport results based on 
■the hydrodynam ic m odel and the satellite images 
using Eqs. (1) and (2) are presented. The question o f  
the representativness o f  SPM  concentration maps 
derived from  satellites for calculating long term 
averaged transport is discussed in Section 4 by 
com paring the SP M  concentration variability from  
in situ m easurem ents with remote sensing data. 
Som e general conclusions are offered in Section 5.

2. Methods

2.1. Study area

T he study area is the southern N orth  Sea and the 
D over Strait (F ig . 1) and specifically the Belgian 
coastal zone. T his area is especially o f  interest due 
to the occurrence o f  a high turbidity zone. It is 
characterised by depths between 5-35 m , a mean 
tidal range at Zeebrugge o f  4.3 m (2.8 m ) at spring 
(neap) tide and by m axim um  current velocities o f  
m ore than 1 m /s. T he winds are m ainly from the 
southwest and the highest waves occur during 
north-westerly w inds. The SPM concentration 
measurements indicate variation in the coastal zone 
between a m inim um  o f  2 0 -7 0  mg/1 and a maximum  
o f  100-1000 mg/1; low  values ( <  10 mg/1) have been 
measured in the offshore area. Based on numerical 
results Fettw eis and V an den Eynde (2003) conclude 
that the decreasing residual water transport vectors, 
the shallow ness o f  the area and the difference in 
m agnitude between neap and spring tidal currents
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and their effect on  the erosion and transport 
capacity are responsible fo r  the occurrence o f  the 
turbidity m axim um .

2.2. S P M  concentration m aps derived fro m  satellite  
images

The SPM  flux in  the southern N orth Sea is 
calculated using the depth averaged SPM concen­

tration maps derived from satellite images, which 
are obtained in tw o steps. First the images from the 
Sea-viewing W ide Field-of-view  Sensor (SeaWiFS) 
(http://oceancolor.gsfc.nasa.gov/SeaW iFS) aboard 
the Orbview2 spacecraft have been processed. 
SeaW iFS measures the reflected sunlight at the 
T op O f Atmosphere (TO A ) at 8 bands from the 
visible to near infrared wavelengths centred at 412, 
443, 490, 510, 555, '670, 765 and 865 nm. The
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F ig . 1. (a ) M a p  o f  th e  so u th e rn  N o r th  S ea  a n d  th e  D o v er S tra it a n d  (b) m ap  o f  th e  Belgian co as ta l a r e a  (full line: 10 m , d ash  d o t: 20 m , 
d ash : 30 m  M S L ). T h e  d o ts  in d ic a te  th e  p o s itio n  o f  th e  tid a l cycle m easu rem en t s ta tio n s (T ab le 3). T h e  x- a n d  ^ -coo rd in a tes  are  in 
lo n g itu d e  (°E) a n d  la titu d e  (°N ).
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SeaD A S 4.5 software (http://oceancolor.gsfc.nasa. 
gov/seadas/), extended to turbid waters (Ruddick  
et al., 2000) is used to process these TO A radiances 
into atmospherically corrected reflectance by re­
m oving 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 J mAvl 86Snm, where i  refers to the
z'th band o f  SeaW iFS. A  bio-optical m odel, which  
has been designed for Belgian coastal waters (see
Appendix A), is used to convert p 
concentration by:

6 7 0  n m
w

c  =  4.29 +
56.68p 6J 0nm

0.187 • , n 6 7 0  n m  
rw

[mg/1]-

into SPM

(3)

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 Van 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

surface SPM  concentration stays nearly constant 
over the entire tidal cycle and is limited to values 
below  1.1. T h e SPM  concentration measure­
m ents also  indicate that the highest correction 
factor corresponds generally well with the periods 
o f  high surface SPM  concentration ( > 5 0  mg/1). 
Because w e have no  inform ation outside the BCS 
on timing o f  correction factors during a tidal 
cycle, it w as decided to  neglect the relative timing 
during a tidal cycle and to  apply correction factors 
as a function o f  SPM  concentration solely. A 
m axim um  correction factor o f  2  w as used for 
high surface concentration ( > 5 0  mg/1) and the 
low est for areas w ith  low  surface SPM  concen­
tration ( < 2 0  mg/1). For SPM  concentrations in 
between, a  linear interpolation o f  the correction 
factor was used. In Fig. 3 the SPM  concentration  
before and after correction along 5 l.3 °N  latitude is 
shown.

2.3. M easurem ents an d 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 m easured between March 
1999 and February 2005 using a  Sea-Bird SBE09 
SC T D  carousel sam pling system  (containing twelve 
101 N isk in  bottles), which was kept at least 4.5 m 
below the surface and about 3 m  above the bottom . 
Every 20 m in a N isk in  bottle w as closed, resulting in
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Fig. 2. M onth ly  averaged  residual d ischarge th ro u g h  th e  D o v er S tra it (1 9 97-2004) s im u la te d  b y  th e  2D  h y d ro d y n am ic  m odel o f  the 
no rthw est E u ropean  con tin en ta l shelf. P ositive  values a re  to w ard s th e  N o rth  Sea, n eg a tiv e  to w a rd s  th e  E n g lish  C h an n e l.
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F ig . 3. Y ea rly  a v e ra g e d  S P M  c o n c e n tra tio n  d e riv ed  fro m  362 
SeaW iFS sa te llite  p ic tu re s  o f  th e  so u th e rn  N o r th  S ea  along  
51.3°N  latitude . C o m p a riso n  b e tw e e n  su rfa c e  (w ith o u t co rrec­
tion) a n d  vertica l a v e ra g e d  S P M  c o n c e n tra tio n  (m ultip lied  w ith  a  
correction  fa c to r)  is sh ow n .

about 40 sam ples per tidal cycle. Every hour the 
carousel was taken on  board o f  the vessel and the 
water samples were filtered on board using pre­
weighted G F /C  filters, w hich were later dried and 
weighed to  obtain  SP M  concentration. In the 
framework o f M U M M ’s M onitoring Program  
snapshots o f  SPM  concentration were sampled at 
3 m  below surface. T he procedure o f  sampling is 
similar to that described above, except that they are 
n ot made throughout the tidal cycle.

2.4. H ydrodynam ic m odel description

The residual w ater transport and discharge has 
been modelled using the public dom ain 3D  hydro- 
dynamic C O H E R E N S m odel (Luyten et al., 1999). 
This model has been developed between 1990 and 
1998 in the fram ework o f  the E U -M A ST  projects 
PROFILE, N O M A D S  and C O H ER EN S. The 
hydrodynamic m odel solves the m om entum  equa­
tion, the continuity equation  and the equations o f  
temperature and salinity. The equations o f  momen­
tum and continuity are solved using the ‘mode- 
splitting’ technique. C O H E R E N S disposes o f  dif­
ferent turbulence schem es, including the tw o equa­
tion k —e turbulence m odel.

F or the current application a 2D  implementation  
o f  the C O H E R E N S m odel to  the northwest 
European continental sh elf was used. The model 
grid has a resolution o f  S' ( =  0.0833°) in longitude 
and 2.5' (0.0417°) in latitude (about 5 x 5 k m ).

M eteorological surface forcing is from  the forecasts 
o f  the U K  M eteorological Office at Bracknell. Four 
semi-diurnal tidal com ponents (M2; S2, N 2, K 2) and 
four diurnal tidal com ponents (Ob K ,, P b Q ,) are 
used to force the tidal elevation on the open 
boundaries o f  the continental shelf m odel.

3 . Results

3.1. Numerical simulation o f  residual discharge

The residual water transport uies per water depth 
is calculated in every po in t o f  the grid using the 
following expression:

Wres =  Y 2  U¡h¡ /  h¡> (4)
(=1 /  (=1

where u¡ is the current velocity, hi the water depth 
and n the number o f  tim e steps considered for 
averaging. The seasonally and yearly residual water 
transport through the D over 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 w hole  period is 0 .073± 0 .020  Sv). 
T he residual discharge is on  average highest during 
autumn (0.101 Sv) and low est during summer 
(0.052 Sv). W ithout m eteorological influence the 
difference between the seasons would be very small 
(0.044-0.048 Sv) and the yearly residual discharge 
w ould be limited to 0.046 Sv. The residual discharge 
is determined during autum n to be about 62% by 
meteorological influences, whereas during summer 
the wind effects are lim ited to about 20%.

T ab le  1
S easonally  and  y early  resid u a l d ischarge  (Sv) th ro u g h  the D over 
S tra it  to w ard s th e  N o r th  S ea  fo r  th e  p e rio d  1997-2004 sim ulated  
w ith  the  2 D  hydro d y n am ic  m o d e l o f  th e  n o rth w est E u ropean  
sh e lf

Spring S um m er A utum n W in ter Y ear

1997 0.040 0.050 0.136 0.079 0.076
1998 0.089 0.057 0.106 0.082 0.083
1999 0.070 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 o f  the same order o f  magnitude 
as the values found in literature. Prandle (1993) 
obtained discharge values o f  0.036 Sv (only M 2 tidal 
constituent), 0.045 Sv (wind-forced residual) and 
0.087 Sv (total) by analyzing 11 months o f current 
data measured with HF radar between June 1990 
and March 1991. Salom on et al. (1993) have 
calculated with a 2D  tide-driven hydrodynamic 
m odel (grid resolution 3 x 3  km 2) a residual dis­
charge o f  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 o f
0 .114 ± 0 .0 1 6 S v . Bailly du Bois et al. (1995) 
estimated the water flux through the Dover Strait 
as 0.097 Sv up to 0.195 Sv for 1988, they based their 
values on the dispersal o f radio nuclides. By 
combining HF-radar measurements with A D C P  
current velocity profiles Prandle et al. (1996) 
calculated a residual discharge o f  0.094 Sv, 50% o f  
which is due to  wind effects. Garreau (1997) has 
simulated a residual discharge o f  0.105 Sv using a 
yearly averaged wind velocity and direction (6 m/s, 
305°).

a

3.2. S P M  concentration in the southern North Sea

In total 362  SeaW iFS images were collected from  
September 1997 to  April 2004. A m ong these images, 
172 scenes are entirely cloud-free. M ost o f  the 362 
images have been affected by less than 30% o f  
clouds w hich were flagged during the processing o f  
SPM  concentration m aps. The im ages have been 
grouped per season and have been processed to 
obtain vertically averaged SPM  concentration, 37% 
o f  the im ages are from  spring, 27%  from summer, 
13% from  autum n and 23% from  winter. A  map o f  
the seasonal surface and vertically averaged SPM  
concentration is given in Figs. 4 and 5 respectively, 
The m axim um  surface SPM  concentrations in the 
southern N o rth  Sea are situated between 75 and 
100 mg/1 during autum n and winter and 25-50 mg/1 
during spring and summer. The highest values are 
found in the B elgian-D utch  coastal zone and in the 
m outh o f  th e  Tham es estuary. In the D over Strait 
the m axim a are lim ited to about 15 mg/1 (summer) 
up to 50 mg/1 (winter). The m eteorological data 
from the U K M O  together w ith information on  
cloud cover from the satellite imagery have been

b
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Fig , 4, Seasonal averages o f  S P M  su rface  co n cen tra tio n  in th e  so u th e rn  N o r th  S e a  d eriv ed  f ro m  362  S eaW iF S  im ages ( 1997-2004). 
T h e  .V- and ^ -coord in a tes  are in  lo n g itu d e  (°E) and  la titu d e  (°N ), respectively: (a ) sp ring ; (b) su m m e r; (c ) a u tu m n ; a n d  (d) w in ter situation.
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O osiflnde O ostíhde
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F ig . 5. S easonal av e rag es  o f  vertica lly  co rrec ted  S P M  co n cen tra tio n  (vertically  averaged) in  th e  so u th e rn  N o rth  Sea derived fro m  362 
S eaW iF S  im ages (1997-2004). T h e  x- a n d  ^ -co o rd in a tes  a r e  in  lo n g itu d e  (°E) a n d  la titu d e  (°N ). respectively: (a) sp ring ; (b ) sum m er; (c) 
a u tu m n ; a n d  (d) w in te r  s itu a tio n ,

used to calculate the m ean wind speed at station 330 
during cloudy and cloud-free sky conditions in the 
satellite pictures. N o  clouds are present in the pixel 
in 83% o f  the im ages w ith the other 17% being  
cloudy. The mean w ind speed during cloud-free 
conditions was 3 .7 m /s  (maximum 11.3 m/s), which  
is a little lower than the 4,8 m /s mean wind speed 
during clouded conditions.

The SPM  concentration has been measured 
during 38 tidal cycles between March 1999 and 
February 2005 from  th e R/V Belgica, see Table 2. 
14% o f  the m easurem ents were made during spring, 
23% during summer, 26%  during autumn and 37% 
during winter. T he m ean wind speed during all 
measurements w as 6.7 m /s. The results presented in 
Fig. 6 show the m ean SPM  concentration distribu­
tion  in the different stations.

The SPM  concentration has also been measured 
in the framework o f  M U M M ’s M onitoring Pro­
gram; these data are snapshots o f  SPM  concen­
tration at 3 m  below  surface and have thus not 
been measured throughout the tidal cycle. The data 
have been extracted from  the BM DC database

(http://www.m um m .ac.be/datacentre) for the period 
1987-2004 and in the stations where at least 10 
sam ples 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. S P M  transport in th e  sou thern  N o r th  Sea

The net sediment flux has been calculated through 
the D over Strait (51.0°N) and through a cross 
section at 51.9°N  using Eqs. (1) and (2). Eq. (1) has 
been applied in tw o ways. First the 362 SPM  
concentration fields derived from satellite pictures 
have been multiplied by the velocity field at that 
same m om ent and summed (method 1); second the 
velocity fields at every m odel time step (10 min) have 
been multiplied with the linearly interpolated SPM  
concentration at that time and also summed 
(m ethod 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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T ab le  2
M easurem ents o f  S P M  concentration  in th e  Belgian co as ta l a re a  d u rin g  38 tid a l cycles (F ig . 1)

L o cation cm p. Season W ind

(m /s)

T ide SP M  c o n c e n tra tio n  (mg/1) 

M a x  M in A v g S td v  (% )

B&W  O ostende 99/07 W in 3.84 N T 137.9 16.7 46.1 62
- 02/27 A ut 4.86 M T 55.4 16.1 29.7 35
»* 03/04 W in 2.36 ST 988.7 67.2 281.1 80
II 04/16 Sum 10.48 N T 63.9 13.5 32.3 43
W enduine 01/06 W in 6.66 M T 299.8 55.6 140.4 51
M OW 1 01/06 W in 3.16 M T 303.7 27.2 120.8 61
i* 02/27 A ut 7.22 N T 115.6 30.1 53.4 39
>i 03/04 W in 9.13 ST 657.5 40.0 213.0 79
»» 03/22 Sum 6.04 M T 105.3 17.9 47.9 45
>» 04/24 A ut 5.91 ST 289.7 35.0 119.9 72
»» 04/25 A u t 5.50 N T 176.5 28.4 89.4 55
i» 05/02 W in 3.69 M T 559.3 30.2 163.9 74
i* 05/07 S pr 5.89 N T 121.6 31.3 61.8 43
»» 05/15 Sum 1.27 M T 440.5 10.1 104.2 86
B&W  ZeebO 00/08 Spr 4.27 S T 552.2 42.4 214.2 79

00/14 S pr 9.56 N T 182.5 16.5 75.7 62
00/26 A ut 12.67 M T 287.2 48.5 115.2 54

B ol K nokke 00/31 A ut 10.31 M T 32.5 11.8 17.5 26
11 02/01 W in 9.31 M T 296.2 27.9 96.8 55
if 02/01 W in 15.41 S T 308.4 128.2 203.2 38
f* 02/06 W in 2.81 M T 96.4 21.9 49.9 38
if 02/14 Sum 9.03 S T 47.1 7.1 22.1 50
R aan 01/01 W in 7.70 M T 212.8 35.5 104.2 45

S cheur E 01/17 Sum 3.53 M T 59.1 12.0 28.6 48

S cheur W 01/29 A ut 9.06 ST 117.6 35.2 70.2 38
” 02/06 W in 6.92 ST 69.1 14.3 31.1 38
K w intebank 03/15 S pr 3.52 M T 7.6 2.7 4.5 26
” 03/17 Sum 5.78 N T 8.6 3.8 5.4 17
” 03/25 A u t 11.18 ST 63.0 8.3 26.6 44
” 04/04 W in 6.10 N T 28.2 10.9 15.4 25'

04/05 W in 8.08 ST 108.2 20.6 41.3 38
»» 05/15 S pr 2.87 M T 17.4 2.6 6.2 51

H inderbanken 04/25 A ut 1.71 N T 7.2 2.1 3.4 31

330 99/17 Sum 4.60 ST 25.1 4.4 7.4 46
A k k aert 02/14 Sum 5.79 ST 11.6 5.1 7.9 22
B& W  SÍ 00/19 Sum 12.76 N T 15.5 5.9 9.1 22
>• 05/07 Spr 8.19 M T 92.0 19.0 43.9 50

W estpit 01/17 Sum 5.55 M T 20,7 6.6 9,9 28

T h e  w ater sam ples have been tak en  a t ab o u t 3 m above th e  bo ttom . (C m p  = cam paign  n u m b e r, s p r  =  sp rin g , sum  =  sum m er.
a u t  =  au tu m n , win =  w inter, S T  =  sp rin g  tide, w ind =  m ean  w ind  speed d u r in g  the m easu rem en ts , M T  =  m e a n  tid e , N T  =  n eap  tide, 
m ax  (m in) =  m axim um  (m inim um ) SP M  concen tration  d u rin g  th e  tidal cycle, avg  =  tid a lly  averag ed  S P M  c o n c e n tra tio n , stdv  =  relative 
s ta n d a rd  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 N orth 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 m ethod 2  and 3 in T able 3. The value o f  
the SPM  transport is dependant on the method. 
U sing m ethod 2  (Eq. (1) and interpolation) the 
highest SPM  transport occurs during autumn and
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leebrugi

'Oostende

51.70

51.60

F ig . 6 . M e a n  S P M  c o n c e n tra t io n  in  th e  tid a l cycle s ta tio n s 
d u r in g  th e  p e rio d  1999-2005. T h e  sam p les h a v e  been  ta k e n  at 
a b o u t 3 m  fro m  th e  b o tto m . T h e  x -  a n d  ^ -c o o rd in a te s  a r e  in 
lo n g itu d e  (°E ) a n d  la t i tu d e  (°N ), respectively.

F ig . 7. M e an  o f  S P M  c o n c e n tra t io n s  f ro m  ‘sn a p sh o t’ sam ples 
co llected  in  M U M M ’s m o n ito r in g  s ta tio n s  d u r in g  th e  period  
1987-2004. O n ly  s ta tio n s  w ith  a t  le a s t 10 sam ples h av e  been 
selected. T h e  sam p les h a v e  b een  ta k e n  a t  3  m  b elow  th e  surface. 
T h e  x-  a n d  y -co o rd in a tes  a re  in  lo n g itu d e  (°E ) a n d  la titu d e  (°N ), 
respectively.

the low est during sum m er (D over Strait) and spring 
(51.9°N). U sing m ethod 3 (Eq. (2)) the highest SPM  
transport is calculated during autumn and the 
low est during spring (D over Strait) and summer 
(51.9°N ), the seasonal transports are shown in 
Fig. 9. The SPM  transport per year through the 
D over Strait am ounts to  31.74 x  IO6 1 (method 3); 
from which about 40%  flow s through the English 
and 60% through the French part o f  the Strait. The

results are about 60% smaller when m ethod 2 is 
applied (22.26 x  IO6 t/yr). It can be seen that the 
SPM  transport values are o f  the same order o f  
m agnitude as m ost o f  the recently published 
ones: [22-30] x  IO6t/yr (Eisma and Irion, 1988), 
1 7 x l 0 6 t/yr (Van Alphen, 1990). 19.2 x  IO6t/yr 
(Lafite et al., 1993) and [21.6+2.1] x  IO6t/yr (Vele- 
grakis et al., 1997). M cM anus and Prandle (1997) 
used numerical model results and in situ measure­
m ent data o f  SPM  concentration to obtain a yearly 
averaged value o f  44.4 x  i 06 t/yr. Sediment accu­
m ulation 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 
D over Strait o f  at least 46 x  IO6 t/yr.

4 . D iscussion

4.1. S P M  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 o f  SPM in 
the southern N orth  Sea is the Dover Strait and no 
significant deposition areas o f  mud exist in the 
Southern Bight (Eisma, 1981). Important local 
sources o f  SPM  are the rivers (Thames, Rhine- 
M euse, Scheldt), seafloor and coastal erosion and 
primary production. Accurate values however do  
n ot exist; the Tham es supplies about 0.7 x  IO6 t/yr 
(D yer and M offat, 1998), the Rhine about
1.7 x  IO6t/yr (Eisma, 1981) and erosion o f  the 
H olocene mud layers in front o f  the Belgian coast 
is estim ated as 0 -2 .4  x  IO6 t/yr (Bastin, 1974) or 
about 3 x  IO6t/yr (Fettweis and Van den Eynde, 
2003). The total input o f  SPM from these sources is 
thus situated between 2.4 x  IO6 and 5.4 x  IO6 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 
38.31 x  IO6t/yr for m ethod 2 and 9 .0 8 x l0 6t/yr 
for m ethod 3. The latter is closer to the sum o f  the 
local SPM  sources, which indicates that method 3 
is— with the available data— the m ost accurate one.

4.2. Variability o f  S P M  concentration

The satellite images provide synoptic views o f  
SPM  concentration distribution but do not take 
away the uncertainty o f  SPM transport calculation,

51.70

51.60

51.50

51.40

51.30

51.20

51.10
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F ig . 8. Y early averaged SPM  tra n s p o r t  p e r  u n it w idth (g/m s) in  th e  so u th e rn  N o r th  S ea , th e  a n d  ^ -c o o rd in a te s  a re  in  lo n g itu d e  (°E) and  
la titu d e  (°N), respectively. T he SP M  tra n sp o r t  has been calcu lated  using : (a ) E q . (1) a n d  only 362  velocity  a n d  S P M  co n cen tra tio n  fields 
(m eth o d  1); (b ) Eq. (1) and  the velocity  fields a t every tim e step  o f  th e  m odel w ith  th e  in te rp o la te d  S P M  fields (m e th o d  2); a n d  (c) E q. (2). 
(m eth o d  3). T h e  S P M  co ncen tra tion  f ro m  the  satellite p ic tu res h a s  been  co rre c ted  vertica lly  to  o b ta in  d ep th -av e rag ed  values.

T ab le  3
R esidual SP M  tran sp o rt (IO6 to n /sea so n  o r  year) th ro u g h  the  D o v e r  S tra it a n d  th ro u g h  a  c ro ss se c tio n  a t  51 .9°N  fo r  th e  period  Jan u ary  
1997— D ecem ber 2003 (positive is to w ard s  th e  no rth ) fo r  m eth o d s 2 a n d  3

Spring S um m er A u tu m n W in te r Y ear

M e th o d  2 D over S tra it 3.36 2.50 9.18 7.22 22.26
51.9-N 7.32 7.83 23.55 21.87 60.57
D over S tra it— 51.9°N -3 .9 6 - 5 .3 3 - 1 4 .3 7 -1 4 .6 5 -3 8 .3 1

M eth o d  3 D o v er S tra it 3.00 4.19 14.02 10.53 31.74
51.9"N 6.30 4.45 14,80 15.57 41.12
D over S tra it— 51.9"N -3 .0 0 - 0 .2 6 - 0 .7 8 - 5 .0 4 -9 .0 8

T h e  SPM  concen tra tions have b een  vertica lly  corrected to  o b ta in  d e p th  av e rag ed  c o n cen tra tio n s . 'D o v e r  S tra it— 51 .9 aN ' is th e  difference 
betw een inflow and  outflow  a t b o th  sec tion , positive m eans a  h ig h e r SPM  flux  in to  th e  so u th e rn  N o r th  S ea  th a n  o u t  o f  it.

i.e. the accuracy o f  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 o f  tide, wind, 
spring-neap tidal cycles and— because winds (storm 
surges) are not equally distributed during a year— 
also depends on the seasonal tim e scale (Jones et al., 
1994; Fettweis' et a l., 2005, 2006). T he short term
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F ig . 9. S e a so n a l av e rag ed  S P M  tr a n s p o r t  p e r  u n i t  w id th  (g /m s) in  th e  sou th e rn  N o r th  S ea , th e  x- a n d  ^ -c o o rd in a te s  a r e  in long itude (°E) 
a n d  la t i tu d e  (°N ), respectively . T h e  S P M  tra n s p o r t  h a s  been  ca lcu la ted  using m e th o d  3 (E q . (2)). T h e  S P M  co n cen tra tio n  Trom the satellite 
p ic tu res h a s  b een  co rre c ted  v e rtica lly  to  o b ta in  d e p th  averag ed  values: (a) sp ring ; (b ) su m m er; (c) a u tu m n ; a n d  (d ) w in 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 im ages have been taken during cloud- 
free conditions and low  m ean w ind speeds (about
3.7 m /s) and are correlated with good  weather 
conditions; increased SPM  concentration due to 
higher wave erosion is seldom  to  be expected in 
these images.

T he representativness o f  SPM  concentration  
m aps derived from  satellites for calculating long  
term averaged transports has been investigated by 
com paring the SPM  concentration variability from  
in situ m easurem ents w ith  those o f  rem ote sensing 
data. In  Fig. 10 the relative variability in the in situ 
m easurem ents and in the satellite data is shown as a 
function o f  the seasonally averaged SPM  concen­
tration. T he figure (Fig. 10a) shows that the relative 
variability in the tidal cycle measurements (standard 
deviation o f  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 o f  the 
turbidity maximum, where the SPM  concentrations 
are low, the tidal variability is also low. The 
‘snapshot’ SPM  concentration measured in 
M U M M ’s m onitoring 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 o f  the satellite images 
situated in the Belgian coastal area as a function o f  
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/1 during spring 
and summer and at about 40 mg/1 during autumn
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Fig . 10. (a) R elative variability  in th e  tid a l cycle s ta tio n s  d u r in g  th e  p e rio d  1999-2005 a s  a  fu n c tio n  o f  tid a l averages o f  SPM  
c o n c e n tra tio n . The sam ples have been  ta k e n  a t  a b o u t -3 m  from  th e  b o tto m , (b ) R e la tiv e  v a r ia b ility  in  M U M M ’s m o n ito rin g  sta tions 
d u r in g  the period  1987-2004 a s  a  function  o f  seasonal averaged  S P M  co n c e n tra tio n . O n ly  s ta tio n s  w ith  a t  leas t 10 sam ples have been 
selected . T he sam ples have been ta k e n  a t  3 m  b elow  th e  surface, (c) R e la tive  v a riab ility  in  th e  p ixels o f  th e  362 S eaW iF S  surface S P M  
c o n c e n tra tio n  m aps (1997-2004) s itu a ted  in th e  B e lg ian -D u tch  coasta l zo n e  (5 1 .1 °N -5 1 .5 °N  a n d  2 .7 °E -3 .5 °E ) a s  a  fun c tio n  o f  seasonal 
av e rag ed  SP M  concen tration . T h e  tren d lin e  in (b ) and  (c) is from  in s itu  tidal m easu rem en ts .

and winter, (3) the relative variability is o f  the same 
order o f  magnitude in m ost pixels as in the in situ 
tidal measurements (20-80% ) except during spring 
and summer when relative variability’s o f  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  
M U M M ’s monitoring stations.

The maximum SPM concentration extracted 
from  the satellite images is about 75-100 mg/1 
(surface) and 150-200 mg/1 (depth averaged correc­
tion), whereas the maximum from the in situ 
‘snapshot’ measurements is 680 mg/1 (3 m below  
surface) and from the tidal cycle measurements 
nearly 1000mg/l (3 m above bottom). Satellite

im ages and the in situ measurements from  
M U M M ’s m onitoring stations are both snapshots 
o f  the SPM  concentration during a tidal cycle and 
have been sampled at the surface or near the surface 
(3 m below). The decreasing variability in satellite 
im ages and in the ‘snapshot’ in situ measurements 
with increasing SPM  concentration could be ex­
plained if m ost o f  the SPM  in the Belgian coastal 
zone during a tidal cycle would occur in the bottom  
layer o f  the water colum n and would thus be 
invisible fo r  satellites or near surface sampling. 
Tidal m easurem ents however indicate that strong 
vertical gradients and high SPM concentrations 
only occur during about 1/3 o f  the tidal cycle 
(2h  per ebb and flood) and that during the rest of

subito  e.V. licensed custom er copy supplied and printed for F landers Hydraulics R e search  (SLI06X00288E)



1580 M. Fettw eis e t  a l. /  C o n tin e n ta l  S h e l f  R esearch 2 7  (2007) 1568-1583

the cycle the measured SPM stratification  and 
concentration is much lower (Van den  E y n  e 
et al., 2006). The low variability at h igh er co n cen ­
tration is therefore probably an artefact o f  th e  fact 
that the algorithm for processing the sa te llite  im ages 
is underestimating the SPM con cen tra tion  at 
higher values. The very high variability at low  
concentrations could thus be due to  short-lived  
events, such as storms or high river ru n o ff, w hich  
m ay increases locally the SPM con cen tration  
significantly and which may m ove th e  turbidity  
maximum zone more towards the co a st o r  m ore  
offshore, as found in the salinity variations in  the 
coastal area (Lacroix et al., 2004). D u r in g  winter 
and autumn, the SPM concentration is a lread y  high  
and these events are therefore sta tistica lly  less 
significant.

The relative variability o f SPM co n cen tra tio n  in 
the southern N orth Sea derived from  satellite  
images is  presented in Fig. 11. The SP M  variability  
in the southern N orth Sea generally increases from  
the coast towards offshore and then decreases until

about the central part o f  the southern N orth Sea, 
where a minimum is reached. T he high relative 
variability band along but o ff  the coast reflects the 
edge o f  the coastal turbidity m axim um , which is not 
constant. In the B elgian-D utch coastal waters the 
SPM  concentration remains high during all the 
year; the extension o f  the coastal turbidity max­
im um  is however changing with the seasons, it is 
furthest o ff  shore during winter and nearest during 
summer.

Measurements in the D over Strait, where the 
SPM  concentration is generally low  ( < 1 0  mg/1), 
have indicated that the vertical gradient is negligible 
m ost o f  the time (Van Alphen, 1990). T he tidal cycle 
measurements in the Belgian coastal zone show that 
th e  vertical SPM concentration variation is low  in 
lo w  SPM concentration areas, therefore satellite 
im ages may give a good estimate o f  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. R e la tiv e  variab ility  o f  th e  seasonal su r fa c e  S P M  c o im e n tm t;™  . . , ,  „  .. .
c o o rd in a te s  are  in  long itude (°E) and la titude  ( ÜN )  ( a )  s p r i n t  su m , f  „  2 x ‘mageS (see F lg ' 4)‘ th e x ‘ and >"> w  s p r in g ,  (b) su m m e r , (c) au tu m n  a n d  (d) w in ter s itua tion .
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5. Conclusions Acknowledgements

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 
N orth Sea. The results indicate a flux through the 
D over Strait o f 22.26 x  IO6 or 31.74 x IO6 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  
o f  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 o f  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/1. For 
extremely turbid (SPM concentration > 8 0  mg/1) 
and clear waters (SPM concentration <  10 mg/1) 
the algorithm has not been validated and gives 
probably less accurate results (Nechad et al., 
2003).

(2) M ost 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 o f  the 
satellite images and snapshot in situ measure­
ments, peaks o f  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 
o f  SPM concentration.

Satellite images are a major source o f  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 and/or numerical 
model results are needed to obtain vertical profiles 
o f  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.I. M ethod

The objective is to express SPM  concentration in 
terms o f  the water-leaving reflectance. In the red 
and near infra red (M R ) spectral range, back- 
scattering from  pure water, coloured dissolved  
matter and yellow  substance are negligible com ­
pared to the high backscattering o f  suspended  
sediments, hence SPM  concentration, denoted by 
c, is linearly related to  the backscattering bb(X), at a 
given wavelength, X in the red and N IR  by:

bb =  cb%, (A. l )

where bh " is the specific backscatter coefficient (the 
2-symbol is dropped for brevity). The reflectance 
just below the water surface, JL, is function o f the 
backscattering bb and absorption a  o f  light in the 
water (G ordon et al., 1998):

R -  =  Q
bb

a  +  b[
+  h

bb
a  +  bb

(A .2)

The coefficients l\ =  0.095 and /2 =  0.079 are 
derived from radiative transfer simulations and Q- 
factor is the ratio o f  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 
(M obley, 1994):

R
Pw U Q n l  1 - r R j

(A.3)

where is the bidirectional radiance transmit­
tance from water to  air, t0_ w the irradiance 
transmittance from  air to  water; typical values for 
these factors, for the sun at the zenith are: 
tw^ a =  0.98, =  0.96. nw =  1.34 is the real part
o f  the refractive index o f  w ater and r =  0.48 is the 
water-air reflectance fo r  totally diffuse irradiance. 
Therefore Eq. (A .3) becom es

0.52 . . . .
’’•  =  n - Q \ ^ R . -  (A '4)

Eqs. (A .l) , (A .2) and (A .4) are com bined to give

c =  (A.5)
y - P w

with a =  al(bbs { \ —rQ li))  and y  =  0.527r/1/ ( l —rß/,)- 
Replacing Q  by the average value Q =  3.1st for 
turbid waters (G ous, 1999) gives y  =  0.187.

A.2. D a ta  sets

M easurements o f  w ater-leaving reflectance p w 
were carried out from  2001 to  2003 using a system  
o f  three Trios spectro-radiom eters with 2.5 nm 
resolution covering the spectral bandwidth 
[350-950 nm] and fo llow in g  the protocol described 
by Park et al. (2003). SPM  concentrations were 
recorded at the sam e locations w ith a G F /F  filter 
using the gravimetric m ethod  (see Section 2.3), for 
water samples taken betw een 0.5 and 3 m  depth.

Amongst the collected m easurem ents, 41 data sets 
o f  pwx and SPM  concentrations were selected on  the 
basis o f  the similarity spectrum  criteria (Ruddick 
et ah, 2006) and were convolu ted  with the SeaWiFS 
response function. N on lin ear regression analysis 
was applied to each band  i  w ith the following  
equation:

c =  ß? + « y »
0 .1 8 7 - p i /

(A.6)

where a! and ß‘ are th e  param eters to  be calibrated 
for each band; ß ‘ accounts fo r  SPM  concentration 
and reflectance m easurem ent errors. The best curve 
fitting data with Eq. (A .6 ) w as found for band 
670 nm , which is given b y  E q. (3).
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