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By Andreas Moll 

T H E  NORTH SEA IS part of the north-west Euro- 
pean Shelf of the North Atlantic. The circulation is 
counterclockwise and shows a strong dependency 
on the open boundaries. Nutrient inputs from the 
Atlantic, the rivers, the sediments and the Wadden 
Sea cause areas of high productivity. Observations 
show low production zones in the stratified regions 
and higher production in the well-mixed areas. 
The minimum annual primary production observed 
was 40-79 gC m -" y ' off the British coast and the 
maximum values >261 gC m ~ y ~ in the German 
Bight. Much higher values (>370 gC m 2 y ,) were 
observed in the Wadden Sea. Although there have 
been large observational programs (Charnock et  

al., 1994: Stindermann 1994), the capacity of ship 
and man power is not enough to study the differ- 
ent regional primary production cycles. One way 
to estimate primary production is the use of a nu- 
merical model if all the necessary forcing is avail- 
able. 

The focus of my dissertation was to merge a 
water column model of the phytoplankton-phos- 
phate dynamics (Radach and Moll, 1993) with a 
transport model (Pohlmann, 1991) into a three-di- 
mensional primary production model for the North 
Sea (Moll, 1995). The aim was to use the model 
as a tool to quantify the regional productivity on 
an annual basis. Primary production is limited in 
the model by solar radiation, nutrient phosphate, 
and zooplankton grazing from prescribed monthly 
mean copepod biomass. The horizontal grid size of 
the numerical model is 20x20  square kilometer, 
the vertical resolution is 5 m for the upper 50 m 
and increasing layer thickness below 50 m up to a 
maximum of 19 layers, 

The forcing for the model is as close as possi-. 
ble to the actual year 1986, to include the physical 
short-term variability that determines the phyto- 
plankton system. The most prominent feature of 
the North Sea dynamics for annual studies is the 
residual circulation (integration over the tidal 
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cycle). A three-dimensional baroclinic circulation 
model (Pohlmann 1996) provided the daily mean 
velocities and eddy diffusivities that were used to 
advect and diffuse the components of the biologi- 
cal model. Phosphate regeneration occurred in the 
pelagic zone and through a simple parameteriza- 
tion at the bottom via a benthic detritus pool. Solar 
radiation was calculated every 30 rain for each 
grid point by an octa-model using daily cloud data 
(Pfitsch 1994). The underwater light is modified by 
self-shading. 

The focus of this article is to present the results 
of the model in the context of the resulting phyto- 
plankton fields, the model validation, and their as- 
sociated net primary production cumulatively over 
1 yr. The phytoplankton spring bloom (Fig. 1) 
starts in March in the coastal zone, over the shal- 
low Dogger Bank, and off the Norwegian coast 
(an area with strong salinity line stratification) and 
migrates from April to early May into the deeper 
parts of the North Sea tbllowing the bathymetry. 

For the model validation all available chloro- 
phyll and phosphate observations aggregated for 
15 boxes (Fig. 2) were used to provide monthly 
mean box values with the measured range as 
17%- and 83%-quantil values presented as bars. 
As an example, the simulated and observed con- 
centrations are shown for Box 1 in the northern 
North Sea. Simulated annual cycles of the phos- 
phate concentrations in Box I are in the observed 
range (Fig. 2a). The chlorophyll concentrations 
are a little too high in summer, but the amount 
and onset of the spring and autumn bloom is in 
good agreement with observations (Fig. 2b). For 
comparison to net daily production literature val- 
ues were collected and presented in the same way. 
Simulated daily net primary production lies very 
well in the range of observed production values 
except the winter months (Fig. 2c). The simulated 
annual cycles of the stratified northern and central 
North Sea (Boxes 1-4) agree well with the ob- 
served mean values. The annual cycles of the 
coastal boxes differ from each other. Especially in 
the coastal boxes with shallow water depth 
(Boxes 7-9) the spring bloom occurs 1 mo too 
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Fig. 2: Separation of the model domain into boxes 
for  model validation. Simulated (line) and ob- 
served (bars) concentrations are shown for Box 1 
in the northern North Sea. (a) phosphate, (b) 
chlorophyll, and (c) daily net primary production. 

Fig. 1: Horizontal distribution of the phytoplank- 
ton concentration in mgC m -3 for (a) March and 
(b) April in the surface layer. 

early, probably due to the absence in the model of 
attenuation caused by terrigenous suspended mat- 
ter. During the summer period the phosphate cy- 
cles in the shallow boxes of the continental coast 
(Box 8) are overestimated by the model, because 
benthic remineralization is too strong due to the 
constant regeneration factor. Altogether, the col- 
lected data sets show that the model reproduces 
the regional structure of  the phytoplankton dy- 
namics. 

The net primary production estimates by the 
three-dimensional model are presented in Figure 3. 
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Fig. 3." Simulated annual net primary production 
in gC m -2 y l for 1986. 

The regions of largest production are the coastal 
zone off The Netherlands (>300 gC m -2 y-'), the 
German Bight (>250 gC m -2 y-'), and the Dogger 
Bank area (>200 gC m 2 y-,). Lowest production 
values of  95-100 gC m -2 y-' occur in the central 
northern North Sea where the Fladen Ground Ex- 
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periment (FLEX'76)  took place in spring 1976. 
The three-dimensional simulation now shows that 
water column models validated with FLEX'76 data 
were so successful because the central northern 
North Sea is hardly influenced by nutrient sources 
(almost no advectional contributions as in the 
coastal areas), and because of the strong vertical 
stratification, production values are low and in 
good agreement with one-dimensional model re- 
suits. On the other hand the simulated production 
field for the whole North Sea area suggests that, as 
a result of advection, nutrient sources such as river 
inputs and the sediments, intensify productivity in 
the coastal areas where isolines form a narrow 
band with increasing gradients to the coast. A 
simulation scenario without horizontal advection 
and diffusion showed that primary production is 
strongly intensified by advected nutrients in all 
coastal zones around the North Sea. 

With the use of these estimates, the mean pri- 
mary production of the stratified area is 119 gC 
m--" y-~ and 199 gC m 2 y ,  for the coastal areas, 
while the mean primary production of the whole 
North Sea is 145 gC m--' y ~. This value is a little 
greater than the suggested value of 130 gC m--' y ' 
(Jones, 1984), which is necessary to supply the 
food requirements of the higher trophic levels of 
the North Sea ecosystem. 

The three-dimensional primary production model 
is the simplest model for the analysis of the phyto- 
plankton dynamics, the phosphorus transports, and 
the primary productivity in the North Sea. The 
model, based on a simple phosphorus cycle, took 
into account only two pelagic variables (phytoplank- 
ton and phosphate), used the simplest parameteriza- 

tion for pelagic and benthic regeneration, and pre- 
scribed the copepod biomass for the trophic edge of 
zooplankton. The model impresses by the results de- 
spite its simplicity. A full description of the simula- 
tion of 1986 is given in Moll (1995), and a model 
animation is available on the World Wide Web 
under http://ifmaix7.ifm.uni-hamburg.de/kino.html 
or on disk from the author. 
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