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The long term mean global circu1ation pattern in the North Sea is estimated
with three nested two-dimensional vertically integrated tidal hydrodynamic
models with increasing spatial detail. The residual flow field is derived by
averaging over the tidal cycle. This flow field has been used to determine the
transport patterns of influxes in the North Sea and to estimate the "age" of
the influxes in the North Sea under average conditions.
These ages may amount up to a year and over. This suggests that for substances
a long term global concentration pattern exist around which the individual
situations are grouped according to the actual wind and tides. The long term
global,salinity pattern determined this way bears a good resemblance with in
ventories of measured data for the North Sea as a whole. Although this model
setup is not suited for a description of the near field outflow phenomena of
Rhine water in the North Sea, the concentrations somewhat further from the
outflow are reproduced reasonably, especially where they form the southern
boundary condition of the German Bight.
A comparison of the mean winter and summer salinity concentration in front of
the Dutch coast does not show great differences. This is probably due to the
fact that the lower summer mean inflow for the river Rhine compensates the
slower circulation pattern in the North Sea. For nitrogen the effect of sea
sonal variation in loads and non-conservative behavior is assessed. For cadmi
um a waste-Ioad scenario is evaluated.

This study demonstrates the potentials of long term global waterquality model
ling and indicates the type of data needed for verification of these models
especially if seasomil fluctuations and nort conservative behavior are in
volved.
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Introduction

The North Sea is surrounded by highly urbanized arid industrialized countr1es.
As re5ult it is intensively used for a manifold of purposes such as fishery,
shipping, recreation, nature conservancy, mining and dumping activities. Fur
thermore the North Sea receives inputs of contamimirits fromvarious sources.
This combination constitutes a stress on the North Sea, the effect of which is
observed by many scientists as concentration levels of substances and behavior
of the ecosystem.

The inputs of wasteloads are among the few manageable parameters of the North
Sea ecosystem. So it is of uomost importance to determine the relation between
the inputs and concentration levelsand effects to direct the qualitymanage
ment of the North Sea (Rijkswaterstaat, 1985). Mathematical modelling tech
niques contribute to the insight into this relation. They also enable an as
sessment of the effects of sanitation strategies •

In this study the main attention is given to the model instruments for the
derivation of global long term concentration patterns of substances and sea
sonal characteristics. The availability of consistent sets of data for larger
parts of the area and for different seasons are of crucial importance for the
identification of microbiological and chemical processes, as weIl as for their
calibration and verification.

The use of hydrodynamic information is limited to the tidally averaged residu
al flow field, to produce an estimate of the long term global dispersion pat
terns of influxes. This study shows the results that can be obtained already
with such relativiüy simple assumptions. A step towards representation of a
specific sequence of global' concentration'patterns,may consist of the incorpo
ration of the variability of winds and influxes. For the nutrient cycles and
primary production, however; the effect of proce5ses i5 estimated to be at
least as important as the time dependencies of flow;

Hydrodynamic circulation

The transport pattern of pollutants in theNorth Sea is largely determined by
the global movement of water bodies in the area. To assess this movement, a
set of three hydrodynamic models has been used, all departing from the depth
averaged shallow water equations, using an implicit alternating direction
scheme (Stelling 1984).

The area covered by the models i5 depicted in figure 1. The largest modei cov
ers the whole of the continental shelf around England in order to minimize
wind effects on the boundary conditions. It received boundary conditions from
the model of the Atlantic Ocean of lOS at Bidston.It,is only used as a gener
ator of time dependent boundary conditions for the two inner models (Verboom
et al 1986).

The,second model covers ,the North Seawith,a grid ,of computational elements of
8 kID x 8 kID and is called the "overall model" in this contribution. The third
model covers the southern part of the North Sea with much more detail and i5
called the "detail" model in this contribution. The cOlnputatiönal elements
have a size of 3200 m x 3200 m~ .
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The tidal flow has been determinedaceording to eycl!eal tidal boundary condi
tions~ wind forees, bottom roughness and eoriolis forees. The models were ae
eurately ealibrated for tidal veloeities and water levels (Voogt, 1984).

The tidal flows as determined by the models were averaged over the tidal ey
eIe, to obtain a residual flow pattern. For this study over ten fourier eoef
fieients of the waterlevels of an average tidal eyele have been used as bound
ary eondition.

The wind direetions and v~locities observed hourly during a 30 .Year period at
the light vessels Noordhinder an Texel have been analyzed to obtain a wind di
reetion'and veloeity eorresponding with the average windstress during this ~e~

riod (Visser, 1987). This resulting veloeity of 4~5 m/s from the South West
has been applied for the whole model. Figure 2 shows the frequeney of the wind
direetions and the veloeity froin these direetions averaged on a wind stress
basis for both the winter and summer period. It turns out that the average di
rection does not differ much only velocities are lower in sUmmer as an aver
age •

. , ···a .. . '. . .' .. '
Infigu~e 3 the s~reamlines.of this resid~l flow pattern as detegmined with
the overall model are given with a 25.000 m /sec interval. Figure 3 shows the
sensitivity of this pattern if a wind of 3.5 m/s from the NW would prevai1~
The direction field of the residual flow as determined with the detail model
isgiven in figure 4. .
Both figures show a counter clockwise eireulation pattern around a stagnant
zone nearDoggersbank. Similar patterns were already suggested in 1922
(Böhnecke, 1922), (see also Eisma, 1986).

Transport of substanees

To assess the transport of substanees in the North Sea, a tr~nsport model is
used, based on the vertically averaged adveetion diffusion equation~ The same
gdd spaeing is applied as for the eorresponding hydrodynainieal models. The
equation is solved with an implicit ceritral differenee seheine which has no nu
merical diffusion up to the seeond order. Flgures 5 and 6 show the model area
and the main river inputs as distinguished in the model~

The steady residual transport velocity field~ ealeulated by the hydrodynamical
models; i5 used as advective term in the transport model~ A mixing term ae
counts for the combiried effects of the varying wind stress fields, the averag
ing" over the tidal eyele and over the vertiealand for turbulent diffusion.
This dispersion eoeffieient has beenealibrated roughly to repr~duee the glob
al satinity patterns as given by leES Ci962) (figure 7). An uniform value of
150 m /s for the overall model arid 120 m /s for the detail model provided ac
eeptable results (figure 8) •.

In the detail model a mueh larger dispersion eoeffieient is used in the out
flow regionsof the Rhine and the Seheldt to representthe southwardspreading
of river water against the.meari flow direetion. This phenomena is observed in
the meari-summer and mean-winter salinity patterns (see figure 9). The data in
front of the Dutch coast origiriate from the bi-weekly sampling campaign of the
Duteh Rijkswaterstaat at 76 loeations during the years 1975-1983. For seasonal
interpretation, they have been averaged over the 7 month of april-october to
obtain a long term summer mean arid over november-march to obtain a long term
winter mean (Rijkswaterstaat '75-'83)~



- 4 -

A comparison of the model results with the measurements show a reasonable
agreement with only minor differences between the summer and winter means.

With this model, the transport of the continuous inflow of river water from
the different sources is determined, together with the "age" of the river wa
ter.

The "age" of the river water is defined with the help of the model solution of
the first order decay equation.

C = C • exp (- kt)

•
giving

1
t =

K

C
log (~)

C
t

•

with C and Ct representing the concentration at time = 0 and t respectively,
K is aOsmall decay coefficient and t is time.

In figures 10 and 11 the percentage of the water colUmn originating from the
Thames and the Rhine are depicted together with the "age" of the water. They
illustrate the fact that water from the English coast crOSSeS the North Sea,
whereas the Rhine water remains concentrated in the eastern coastal areas.
Both figures also il1ustrate. the travel time of the Thames and Rhine water in
the North Sea, being several hundreds days~

The same'.figures have been drawn for all other influxes in the area and are
compiled to a Transport "Atlas for the Southern North Sea, together with a dis
play programme for concentrations running on a personal computer (De Ruijter
et al, 1987).

Pollution inputs

An inventory was 'made of the annual pollutant loads entering the North Sea be
tween the Strait of Dover and 56°N, based on the situation in 1980. The data
on pollutant loads from coastal zones are primarily based on lCES (1978), up
dated with recent information from the Governmental contributions to the 1984

"North Sea Ministerial Conference in Bremen (Carlson, 1986). Estimates of atmo
spheric deposition are based on observations at land sites close to the North
Sea. As these data show a wide range of deposition rates, their average has
been derived and applied for the whole area under consideration; Cross bounda
ry inputs from the Channel and the North Atlantic are calculated from measured
concentrations and inflows of water masses as quantified by hydrodynamic mod
elling.

Table 1 gives an overview of land based pollution inputs.
This table i11ustrated the high input from the Dutch coast, especially by the
Rotterdam Waterway and the Haringvliet sluices heing the main discharges for
the rivers Rhine and Meuse~ lt I s undeniable that the total input from the
Dutch coast reaches above the input from other bordering countries. However, a
large part of this input originates from upstream countries like W. Germany;
France, Switzer1and and Belgium.
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The input from the German coast i5 dominated by the river EIbe discharge. Sim
ilar to the river Rhine this EIbe input also originates from upstream coun
tries. in th1s case the GDR~ ..
The input from the UKis dominated by the input from outfalls and sludge dump
ing. represented by the group of various inputs in Table 1.
Also the rivers Humber and Thames represent a large part of the total input
from the English coast. .
It must be stressed that the inputs considered in Table 1 are restricted to
the 1980 inputs into the North Sea between the Strait of Dover and 56°. Other
inputs. like the land-based inputs from the southern coast of the UK. from
France and from Scotland are not considered separately. As such they are as
sumed to be represented in the quality of the cross boundary iriflows into the
region considered. •

.

Source Fl~w Susp.sol N P Hg Cd Pb Cu Cr Zn
km /y 1000 t/y 1000 t/y 1000 t/y t/y t/y t/y t/y t/y t/y

UK
Forth 2.0 55 0.8 0.20 0.54 1.5 29.0 30.0 17.5 72.5
Tees . 0.5 13 1.8 0.22 0.16 0.6 12~5 10.0 8~0 56.0
Tyne 1.6 12 0.9 0.19 0.43 1.5 26.5 26.5 17.5 199.0
Humber 8.8 123 43.5 0.57 2.36 8.6 132.0 162.0 100.0 470.0
Wash 1.5 7 17.7 1.14 0.43 1.6 50.0 44~0 48.0 175.0
ThaInes 4.9 188 32.8 0.11 1.29 2.2 16.5 16.5 15.0 72.0
var.inp - 4292 98.5 25.6 15.0 32.4 839.5 863 489 3104

Be1gium
IJzer 0.2 16 0.3 0.24 0.05 LO LO 1.0 5.0,
Oostende 4.5 0.71 0.07 0.2 2.0 3.0 2.0 25.00.• 5 50

.var.inp - - 2.2 0.25 0.98 243 1.0 LO 101

Nether1ands
Scheldt 3~8 400 42.5 5.5 1.5 12.0 120.0 70.0 120.0 500.0
E. Schi:üdt 2.1 50 2.9 0.21 0.1 0.4 1.0 2.0 2.0 4.0
Haringvl. SI 28~4 320 120.0 12.0 3.7 23.0 100.0 145.0 115.0 1200.0
R. Waterway 48.0 1000 260.0 34.0 3.8 43.0 340.0 480.0 630.0 2800.0
Oude Rijn 0.3 2.0 0.4 0.2 3.0 4.0 2.0 9.0
N.Z. kanaal 2.6 60 17.9 2.3 0.7 1.5 97.0 21.0 26.0 490~0

Den Oever 9.0 180 34.0 2.1 0.72 2.1 44.0 33.0 39.0 246.0
Kornwerd. 6.0 120 28.0 1.6 0.5 1.2 29.0 28.0 26.0 174.0
Lauwersz. 1.4 25 5.2 0.9 0.14 2.0 21.0 17.0 7.0 67.0
EIns 3.3 .70 35.0 3.1 0.76 3.4 20.4 51.5 13.0 95.0
var.inp~ 5.1 1578 35.5 10.4 9.0 46.0 389.6 273.5 543 3042

W; Germany
Weser 15.8 340 42.0 8.6 1.18 4.7 83.4 191.0 54.0 1655.0
EIbe 36.2 800 250.0 14.0 7;5 15.0 135.0 300.0 200.0 2500.0
var.inp • 217 17.0 2.5 0.42 1.0 25.6 221 12 273..
Denmark 2.5 50 4 0.3 3.6 32.0 21.0 21.0 140.0

.. . ...... .

Total 182 9916 1105 127 51.2 208 2793 2943 2509 16480
.. ' ...

Table 1 Pollution inputs into the North Sea between the Strait of Dover and
56°N. by rivers; outfalls arid dumping (1980)
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In order to enable a eomparison between the eoastal zone inputs and other in
puts like eross boundary inputs and atmospherie deposition a summarize over
view of these data is presented in Table 2.

From a review of "natural" river eoneentrations (Van Eek, 1983) an estimate
was made for oon-polluted river inputs. Based on this information the total
land-based referenee input was derived and eompared with the total 1980 input
ioto the eonsidered part of the North Sea.
The differenee between the 1980 and referenee input is defined as the
anthropogenie fraetion.
Table 2 shows that the so defined anthropogenie influenee reaehes between
25-507. for the eonsidered nutrients arid heavy metals.
As this pereentage represents the average influenee for this part of the
North Sea, the influenee will regionally be higher (see Seetion 5) •

Sourees of pollution Fl~w N P Cd Hg Pb Cu Cr Zn
km /y 1000 t/y 1000 t/y t/y t/y t/y t/y t/y t/y

Coastal inputs:
United Kingdom 19 196 28 48.4 20.2 1106 1152 695 4152
Be1gium 0.6 7 1.2 0.1 1.1 246 5 4 131
Netherlands 110 583 72.5 134.8 20.9 1165 1125 1523 7629
W. Germany 52 309 25.1 20.7 9.1 ' 244 640 266 4428
Denmark - 10 0.3 3.6 - 32 21 21 140

.

Total (1980) 182 1105 127 208 51.2 2793 2943 2509 16480
Total (referenee) (182) (273) (18.2) (12.7) (7.3) (619) (510) (546) (2548)

Atmosphere 220 10 66 8.8 2420 1320 66 8806

Channel 4786 957 120 129 15.8 813 1914 3254 3493

N.Atlantie O. 5899 767 112 147 15.9 295 1652 2242 2537

Total (1980) 10867 3049 369 550 91.7 6321 7829 8071 31316
Total (referenee) (2217) (260) (355) (47.8) (4147) (5396) (6108) (17384)

Anthropogenie fraet. 27% 30% 35% 48% 34% 31% 24% 44%

Table 2 Overview 2f sourees in the southern part of the North Sea (area
219900 km ) and an estimate of the anthropogenie fraetion, 1980

It.should be notieed that the anthropogenie eontribution by atmospherie depo
sition and cross boundary inflows is not eonsidered. The anthropogenie influ
enee in the total input therefore represent a lower limit.
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Concentration patterns

The mathematical models ean be used to estimate the eoneentration patterns.in
the North Sea.·A first assessment is obtained by using the river inflows and
other sourees of substances and input and by considering the substances as
non-reaeting.

In the following, model predictions of some eoncentration levels will be eom
pared with measured eoneentrations as derived from literature and with mea
sured eoneentrations in frontof the Duteh eoast. As hardly any eomparative
information is available on the seasonal eharacteristics of the wasteloads in
different countries, yearly average vaLues are used in most other eases.

- total Nitrogen

For total-Nitrogen separate values for the summer and winter mean eoncentra
tions have been used for the Scheldt and the Rhine and for the southern and
northern bOUndaries, aecording to table 3. For the other inputs the values of
tables 1 and 2 have been used •

. .,' .... . ' , ....

source Winter Stimmer
'.

Rhine 7.0 5.0
Scheldt 14.5 10.0
North Atlantie Water 0.13 0.09
English Channel Water 0.18 0.09

. .' ",,"' ",.,' ...., , .. " " .'

Table 3 Seasonal model input for Total-Nitrogen in mg/I.

The preeise spatial eoneentration patterns near the outflows of the Rhine and
Seheldt eannot be predieted well with this type of models. This is mainly be
eause the effeetof thevertieal salinity gradients on the patterns of out
flow, as weIl as the wind induced and tidal eurrents in front of the outflows,
are lumped in an uniform dispersion eoeffieient for the area. If, however,
some distance away from the vieinity of the outflows a good agreement ean be
notieed, the influenee of the outflows on the North Sea as a whole is de
seribed weIl.

Model simulations as shown in figure 12 eompare reasonably well,with the fig
ures of the seasonal averages along the Dutch eoast (figure 13). This indi
eates that the total-Nitrogen coneentration behaves almost eonservative~ This
is the case if the bottom-fluxes eompensate eaeh other~

- Nitrate

Within the total-Nitrogen, however, the proeesses and mainly uptake by algae
may shift the composition from the soluble from to the organie-partieulate
form. This is illustrated by two regression lines of Nitrate nitrogen with
Chloride (figure 14). They are eompiled from the summer and winter average
eoncentrations of the subset of 53 stations in the Rhine outflow plume only~
The straight line in winter indicates a conservative behavior. In summer the
eoncentrations deviate from a straight line, indieating an uptakeeffeet for
intermediate salinities until the low levels in open sea become limiting for
algal growth.
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To model Nitrate only, one has to make an estimate of the Nitrate content of
wasteloads. It is estimated at 60% of the total-Nitrogen loads of table 1 as a
yearly average. For the Rhine, Scheldt, North Atlantic and English Channel the
seasonal values of table 4 have been used.

•

--- --

Source Winter Summer
--

Rhine 4.5 2.9
Scheldt 7.0 4.2
North Atlantic Water .OS .OOS
English Channel Water •• OS .OOS

Table 4 Seasonal model input for Nitrate in mg/l •

The results (fig. 15) show reasonable agreement in front of the Dutch coast
for the Winter situation. Far the summer situation; very low concentrations
have been applied for the open boundaries and they produce even to high
off-shore concentrations in front of the Dutch coast. This illustrates the re
moval process within the area that has caused a shift from nitrate to other
forms of nitrogen. Comparison with the winter results of Johnston, 1973 as
meritioned by Gerlach (1987), also shows good agreement for the coastal areas
and even near the Doggersbank (figure 17). This coeparison shows, however also
that the measured winter boundary concentrations were higher than those ap
plied in the model, but that they propagate only slowly into the area. The
lower values in the center parts of the model area are most likely remnants of
the low summer values.

The general conclusion that can be drawn from this is that it is necessary to
have at least a consistent pattern of the main nitrogen fractiaris iri the area
for different seasonal situations within a year together with summer and win
ter chlorophyll, temperature and extinction values, to be able to calibrate
arid verify models of the nitrogen cycle for the North Sea.

• - Cadmium

The loads as mentioned in tables 1 and 2 for Cadmium has been used as model
input for the 1980 situation. If the transport to arid from the bottom compen
sates, Cadmium can be treated as conservative substance. Figure ISa shows the
result of this 19S0 simulation. Data for verification of this type of model
ling is hard to find. Duinker (19S5) gives data for dissolved Cadmium (fig
ure 19). With the assumption that 70% of the total Cadmium loads remains dis
solved arid with dissolved inputs of 0.0015 ~g/l from the English Channel and
0.010 ~g/l from the North Atlantic a reasonable agreement is produced with the
model (figure 20). The constrUction of a storage reservoir for dredge spoil by
the city ofRotterd~ has reduced the "amount of Cadmium loads from the rivEr
Rhine catchment area considerably. The model results for 1985 (figure 18 )
show the effect on the concentrations in the sea.
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Fig. 7 .. Measured salinity distribution.CICES, 1962).

Ca. summer; b. winter)
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Fig. 8a.
Calculated salinil'( distnbutloo ("-) in lhe overall model.
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Fi g . 8b. Calculaled sahnlly diSlrlbUtlon ("-) In IM delall model.
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Fig. 9. Salinity distrtibution along the Dutch coast. Ca. summer;
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Fig. 10. Fraction and age of river Tharnes water Ca. age in days;

b. amount of river water in percents)
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Fig. 11. Fraction and age of river Rhine water. Ca. age in days; b. amount of

river water in percents)
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Fig.12. Calculated concentration of total-Nitrogen (in mg/l).

(a. summer; b. winter)
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Fig. 13. Measured concentration of total-Nitrogen along the Dutch coast.
(a. summer; b. winter)
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Fig. 15. Calculated concetration of nitrate (in mg!l).

(a. summer jb. winter)
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Fig. 16. Measured concentration of nitrate along the Dutch coast. (a. summer;
b. winter)



Fig. 17. Measured concentration of nitrate (in mg/I) in

midwinter (Johnston. 1973)



..

a. b.

Fig. 18. Calculated concentration of total Cadmium.

(a. situation of 1980; b. situation of 1985)
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Fig. 19 simulated dissolved cadmium. Fig. 20 dissolved cadmium at 10"m depth
(jan-feb 1980) (Duinker, 1985).
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