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A one-dimensional physical-biological model study 
of the pelagic nitrogen cycling during the spring 

bloom in the northern North Sea (FLEX ‘76) 

by Wilfried Ktihn’ and Giinther Radachl 

ABSTRACT 
A one-dimensional model of the pelagic ecosystem was developed and applied to the spring bloom 

in the northern North Sea making use of the data set obtained during the Fladenground experiment 
FLEX ‘76. The physical submodel is the second-order turbulence closure model of level 2 type 
developed by Mellor and Yamada (1974, 1982). The biological submodel is a depth-resolved version 
of the nitrogen flux model of the lower trophic levels in the pelagic proposed by Fasham et al. (1990). 

The parameter set employed by Fasham et al. did not yield satisfying results. However, using a 
parameter set adapted to the North Sea ecosystem we obtained a realistic overall description of the 
development of the North Sea ecosystem during the spring bloom. We were able to hindcast 
successfully the onset, duration, magnitude and daily variability of the net primary production, the 
magnitude of the PON export flux to the sea bottom, of the bacterial production and of the nitrogen 
regeneration within the water column. From the results of the simulation a mass budget of nitrogen 
fluxes within the euphotic zone and the deeper water layers as well as between them was derived. 

The results of the simulation suggest that strong herbivorous grazing caused the decay of the 
bloom. The comparison with the grazing by mesozooplankton as estimated from the observations 
favors the hypothesis that herbivorous microzooplankton was mainly responsible for the breakdown. 

The depth dependence of the vertical particulate flux obtained from the simulation exhibits the 
hyperbolic character recently found in different oceanic regions. The vertical particulate nitrogen flux 
shows a stronger decrease than typically observed for the particulate carbon flux. This is in 
correspondence with the observation that there was a remarkable increase of the C/N ratio of POM 
with depth during FLEX ‘76. 

1. Introduction 

Marine ecosystem models, which include the interaction of physical and biological 
processes, are the only tool for investigating on large scales such process-related aspects of 

important current problems, as understanding and quantification of biogeochemical cycles 
in the ocean, or the role of the biological pump for regulating the atmospheric carbon 
dioxide content. This is the reason for the recent trend toward the development of 
three-dimensional physical-biological models for the application to global or at least basin 

scales. It is reasonable to support this work by investigations using one-dimensional 
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models which provide the opportunity to study the suitability of different model ecosystem 
structures, the adequacy of mathematical descriptions of biological or chemical processes 

and the consequences of special parameter choices with modest computational effort 
compared to three-dimensional models. 

Fasham et al. (1990) developed a depth-integrated ecosystem model of the ocean mixed 

layer. By adjusting certain biological model parameters (especially the mortality rate of 
phytoplankton) they could reproduce the annual net primary production and its seasonal 

cycle at Bermuda Station ‘S’. When attempting to validate the model by simulating the 

annual cycle at OWS ‘India’ in the northeastern Atlantic, Fasham (1993) found it 
appropriate to replace the linear loss functions of zooplankton and phytoplankton by loss 
functions varying with biomass. In this way, low zooplankton stocks in winter and early 

spring with a subsequent unrealistically strong outburst of phytoplankton during the bloom 

could be avoided. The original version of the biological model was implemented into a 
general circulation model for the North Atlantic Ocean (Sarmiento et al., 1993; Fasham et 

al., 1993). The biological results from this 3-D simulation gave a generally adequate 
description of the geographical patterns, but some serious discrepancies were observed: the 

concentration of chlorophyll (and of other biological components as well) during the 

simulated phytoplankton bloom came out too high, the onset of the bloom took place too 
early, and the deep chlorophyll maximum and the nitracline in summer were markedly 

shallower than observed. Partly the discrepancies could be traced back to insufficiencies of 
the hydrodynamical model; e.g., to artificially high horizontal advection or to too shallow 

summer mixed layers. On the other hand, weaknesses in the biological model were 
identified. Thus, the too high chlorophyll values during the spring bloom could be at least 

partly caused by an underestimation of zooplankton biomass in winter and early spring as a 
consequence of using the linear loss functions mentioned above. This could also explain 

the overpredicted zooplankton biomass and consequently the overestimated ammonium 
production in late spring and summer. Additionally, a general overestimation of the nitrate 

uptake inhibition by ammonium could be partly responsible for the too high nitrate 
concentrations in depths below 20-30 m at both stations. 

Therefore it seemed reasonable to re-examine the biological model used, focusing on the 
process parameterizations and the parameter values. One possibility for pursuing this 
investigation is to develop a depth-resolved 1-D ecosystem model based on the same 

biological structure but with detailed upper layer physics and to apply the model to local 

situations; e.g., to the development of a spring bloom at a fixed position, for which the 
necessary data base exists. This was attempted in the present paper by using the data from 
the Fladenground Experiment performed during spring 1976 in the northern North Sea 

(FLEX ‘76). 
For simulating the behavior of a pelagic ecosystem, especially the vertical fluxes, a 

realistic description of the vertical turbulent mixing and stratification processes is an 
important prerequisite. As long as 3-D models fail to reproduce the horizontal and vertical 

advection adequately, 1-D models, which concentrate on as stem a description of the 
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vertical processes as possible, may even be useful for estimating the influence of advective 

processes. Zero-dimensional models, however, which also neglect the horizontal currents 
and their influence on the ecosystem, parameterize the vertical physical processes, as 
turbulent mixing and the development of vertical gradients, in a simple and unreliable way. 
On the one hand the determination of a realistic time series of mixed layer depths proves to 

be a highly ambiguous matter, and on the other hand the results of a O-D model depend 
critically on the course of the mixed layer depth (Eigenheer et al., 1996). Therefore, it 
seems much more appropriate to use vertically resolved models as a preliminary stage in 

the development of reliable 3-D models. As the physical part of our 1-D ecosystem model 
we used the second-order turbulence-closure model by Mellor and Yamada (1974, 1982) 
which was recently applied in different coupled physical-biological models (Kuhn, 1994; 
Sharples and Tett, 1994; Oguz et al., 1996). 

In Section 2 the most important findings of the Fladenground Experiment are summa- 
rized. The physical and the biological submodels used in our simulations are described in 
Section 3. The results of the physical model concerning the development of the thermal 

stratification during FLEX ‘76 are presented and compared with observations in Section 
4a. The discussion of the results obtained with the ecosystem model, i.e. the time- and 
depth-dependent evolution of the biological and chemical state variables is given in 
Section 4b. The nitrogen fluxes between the compartments and especially the vertical 

fluxes of particulate nitrogen are presented for different parameter sets in comparison with 
observations. The last section gives the conclusions and suggestions for further work with 
the model. 

2. The findings from FLEX ‘76 

The Fladenground Experiment 1976 (FLEX ‘76) in the northern North Sea took place 
from 26 March to 6 June, 1976 with the purpose of investigating the dynamics of the 
phytoplankton spring bloom in relation to the physical upper layer dynamics. The position 

of the central station was 58” 55’ N, 0” 32’ E. The experiment is described in some detail in 
Lenz et ~1. (1980). 

The plankton dynamics observed during FLEX ‘76 exhibited a ‘classical’ spring bloom, 
which started with the onset of the thermal stratification of the water column at 19 April, 

1976 (Julian day 110) and declined about 26 days later. The phytoplankton standing stock 
reached its maximum with 550 mg Chl a rnd2 at about 30 April (Radach et al., 1980). With 

a C/Chl a ratio of 20 this corresponds to a biomass of 11 g C mp2. The main bloom 
consisted of diatoms, the dominant species group being Chaetoceros spp.; phytoflagellates 
were observed mainly after the diatom bloom constituting a secondary bloom (Wand- 
Schneider, 1983). 

Parallel to the development of phytoplankton the nitrate concentration in the euphotic 

zone decreased monotonously by about 8 mmol N mm3 from the beginning of the bloom at 
day 110 until day 127. Neglecting vertical or lateral import one obtains a mean uptake rate 
of about 0.5 mmol N mm3 ddi corresponding to a new production of 40 mg C rnp3 dd’ as 
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lower estimate. With a mean depth of the euphotic zone of 30 m one obtains an average 
area1 primary production of at least 1.2 g C rnp2 d-l. Using the 14C method Weigel and 

Hagmeier (1978) measured a primary production of 1.2 + 0.5 g C me2 d-i for the same 

period. Weichart (1980) determined the net primary production during the first 12 days of 
the bloom (19 April-l May) from pH value, temperature, salinity and alkalinity and 

obtained 2.0 g C me2 d-i. 
At the beginning of the experiment the ammonium concentration was 0.2 mmol N rnp3 

corresponding to about 2.5% of the nitrate concentration. It started to increase already 

some days before the bloom, mainly in the upper layer above and near the thermocline, 
where it reached 24 mmol N rnp3 until the end of the bloom at mid-May (Hammer et aZ., 
1983). This means a large part of the consumed nitrate was converted into ammonium 

during the two-month period of the bloom. 
Before the phytoplankton bloom, the mesozooplankton was dominated by Euphausiids. 

During the bloom copepods began to develop. The biomass of Calanus$nmarchicus being 
the most important herbivore during that period increased to 18 g dry weight mp2, i.e. 

about 130 mmol N rne2, until the beginning of June (Krause and Radach, 1980). 
Unfortunately, microzooplankton was not measured during FLEX ‘76. The grazing 

capacity of the herbivorous mesozooplankton was estimated by Radach et al. (1984) to 
35-73 g C rnM2 for the whole investigation period. 

The bacterial activity was found to be relatively low during the experiment, the standing 
stock of bacteria increased from 2 cfu ml-l at 1 May to about 50 cfu ml-l a fortnight later 
(Hentzschel, 1980). The beginning of the bacterial growth coincided with a sharp decline 

of the concentration of dissolved free amino acids (DFAA) after a maximum during the 
exponential growth phase of the phytoplankton (Hammer et al., 1983). 

Using moored traps Davies and Payne (1984) measured the sinking flux of particulate 
organic matter. During the first phytoplankton bloom they determined a POC sedimenta- 
tion flux at the bottom (150 m) of 185 mg C mm2 d-l and a PON flux of 0.6-1.1 mmol N 

mm2 dd’. Integrating over the whole mooring period from 4 April to 3 June, 1976, one 
obtains from their data a sedimentation flux of about 7.5 g C mm2 and about 30-40 mmol N 

mm2. With a primary production of 36-61 g C me2 (Radach et al., 1984) or 450-770 mmol N 
rnm2, respectively, during that period, the organic carbon flux corresponded to about 

12-21% of the primary production. Davies and Payne (1984) themselves gave 20-35% in 
their paper. The organic nitrogen flux, however, made up only 4-9% of the primary 

production. Obviously, this difference was due to the increased C/N ratio of 9-18 of the 
material collected in the near-bottom trap compared to the C/N ratio of 5-8 of particulate 
matter in the upper layer. 

An important question is to which extent the biological dynamics are determined by 
hydrodynamic effects, like advection and vertical turbulent mixing. A comparison of the 
surface heat flux and heat storage data indicated a local heat balance, i.e. the net 

contribution of horizontal advection to the heat budget at the FLEX central station was 
very low (Friedrich, 1983). That does not, however, exclude an advective influence on the 

nutrient budget. A closer look into the observations (Eberlein et al., 1980) shows an 
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increase of the nutrients nitrate, phosphate and silicate after day 128 not only in the upper 
layer but also in the lower layer. This was ascribed primarily to hydrodynamic (advective) 

influences by Eberlein et al. (1980). Thus, the total period of FLEX ‘76 can roughly be 
divided into two phases: a first one spanning about 6 weeks (26 March-7 May) which was 
only weakly affected by horizontal advection, and a second one (8 May-5 June) where the 

advective influence was clearly stronger. 
The vertical turbulent mixing plays a decisive role. Due to prevailing strong winds and 

rather low heat input the water column is completely mixed until day 110. The onset of 

stratification of the upper layer, i.e. the reduction of turbulent mixing, triggered the 
beginning of the bloom. Later singular storm events with deep mixing (especially at days 
133 and 137) provided a replenishment of nutrients in the upper layer thus again fueling 
new primary production. 

3. Model description 

The model consists of (1) a vertically resolved physical water column model driven by 
surface momentum and heat fluxes and absorption of underwater light, and (2) a pelagic 
ecosystem model driven by solar irradiance and the vertical eddy diffusivities calculated by 

the physical model. The two parts are described successively. 

a. The physical model 

First the model equations together with the boundary conditions used are given. The 
calculation of the forcing functions (surface momentum and heat fluxes) from real 
meteorological data is described afterward. 

i. The model equations. The one-dimensional physical upper layer model developed by 
Mellor and Yamada (1974) is described by a coupled system of partial differential 
equations for the horizontal components of momentum and for the temperature: 

Here u and v denote the horizontal components of the velocity in eastern and northern 
directions, respectively, T is the temperature, t the time, z the vertical co-ordinate, f the 

Coriolis parameter, p the density of sea water, cP the specific heat capacity of sea water at 
normal conditions, I the intensity of the solar radiation at depth Z, AM and AH are the 

depth-dependent vertical eddy diffusivities for momentum and heat and uM and V~ the 
molecular viscosity and diffusivity, respectively. A further equation for the salinity could 
easily be added, but we assumed constant salinity because the salinity remained nearly 
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constant during FLEX ‘76 (Weichart, 1980; Brockmann et al., 1984). Tidal mixing near the 
bottom is not taken into account because it does not affect the dynamics of the upper layer. 

The boundary conditions at the water surface (z = 0) are 

(AH + I+) E = = e, 3 
zo PC/l 

where r* and 7, denote the components of the wind stress at the water surface in eastern and 

northern directions, respectively. Q. is the net heat flux through the surface, i.e. the sum of 
latent and sensible heat flux and long-wave back radiation. As boundary conditions for the 

bottom of the water column (z = -D, with D = 150 m) constant temperature and 
vanishing velocities were prescribed: 

T( - D, t) = T,, 
u(-D, t) = v(-D, t) = 0. 

The depth-dependent eddy diffusivities were calculated using stability functions S,,, and SH: 

AM = lqS, 
AH = lqS,. 

Here 1 denotes a characteristic length scale of turbulent mixing (“mixing length”) and q2/2 
is the turbulent kinetic energy (TKE). The latter is determined from the diagnostic 
algebraic equation 

3 

PfG-%=O, 

1 

which expresses the main assumption of the level-2 model, namely the local and 
instantaneous TKE balance of shear production P, buoyancy production G and dissipation 

q3/B,l, (with B, an empirical constant). This equation follows from the complete equation 
for the TKE, if diffusion, advection and time variance of TKE are neglected. The shear and 

buoyancy production, respectively, of TKE are given by 

and 

dT 
G = -lqS&g~ 

where B is the (temperature-dependent) thermal expansion coefficient of sea water. 
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Table 1. Parameters and constants used in the physical water column model. 

Symbol 

f  
g 
P 
% 

UM 

Parameter Value Unit Reference 

693 

UH 

Al 

A2 

Bi 

B2 

Cl 

PO 

P30 

CD 

Cl? 

CH 

1.246. 10m4 s-1 

9.81 m ss2 
1027 kg rnp3 
4020 J kg-’ (C)r 

1.34 . 10-s m2 s-r 

Coriolis parameter 
gravity acceleration 
density of sea water 
specific heat capacity of 

sea water 
molecular viscosity Mellor and Durbin 

(1975) 
Mellor and Durbin 

(1975) 
Mellor and Yamada 

(1982) 
Mellor and Yamada 

(1982) 
Mellor and Yamada 

(1982) 
Mellor and Yamada 

(1982) 
Mellor and Yamada 

(1982) 

molecular diffusivity 1.34. 10-s m2 s-r 

empirical constant 0.92 dimensionless 

empirical constant 0.74 dimensionless 

empirical constant 16.60 dimensionless 

empirical constant 10.10 dimensionless 

empirical constant 0.08 dimensionless 

(“C)-1 

(DC)-’ 

thermal expansion coeffi- 
cient (T = O’C) 

thermal expansion coeffi- 
cient (T = 30°C) 

empirical constant for 
calculating the mixing 
length 

drag coefftcient 

6.0. 10m5 

3.34 10-4 

0.2 dimensionless Mellor (1989) 

1.2-1.8 . 1O-3 
(dependent on 
wind velocity) 

1.5 10-s 

dimensionless see Radach and Moll 
(1993) 

exchange coefficient for 
latent heat 

exchange coefficient for 
sensible heat 

density of air 
specific heat capacity of 

air 
attenuation coefficient 
attenuation coefficient 
weighting factor 

dimensionless 

1.3 10-s dimensionless 

1.2 kg mm3 
1005 J kg-’ (“C)-r 

0.29 m-l Regener (1992) 
0.13 m-r Regener (1992) 
0.42 dimensionless Regener (1992) 

The stability functions are depth- and time-dependent functions of the local flux 
Richardson number Rf and contain five empirical constants A ,, AZ, B,, B2, Cl. The values of 
the latter were taken from Mellor and Yamada (1982) and are listed in Table 1. 

The length scale 1 is approximated in the simplest possible way by the asymptotic 
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mixing length (Mellor and Durbin, 1975) defined as the ratio of the first and zeroth moment 

of the turbulence field: 

s _“,& dz 
1 = 10 = ci, 

s 
0 

-D 
9 dz 

The empirical constant (Y, was set to 0.2 according to Mellor (1989). 

The system of differential equations was solved by an implicit difference algorithm. For 

the time step IZ + 1 the eddy diffusivities were used which had been calculated in the time 

step rr. We found that the stability of the solution depends critically on the criterion 

At 5 c* (A d2 
mm @td ’ 

with C* in the order of one. A vertical resolution in the order of some meters requires time 

steps of less than 1 min. Generally we used AZ = 2.50 m and At = 20 sec. 

ii. The forcing of the physical model. The model is driven by the surface momentum and 

heat fluxes which were calculated from standard meteorological observational data (wind 

velocity, dry and wet air temperature, air pressure) and radiation data. During FLEX ‘76 

the incoming short-wave solar radiation and the long-wave back radiation had been 

measured (Raschke et al., 1978). Wind stress, sensible and latent heat fluxes were 

determined from the meteorological data (Brockmann et al., 1984) using the formulae 

given in the appendix in Radach and Moll(1993). The values for the coefficients are given 
in Table 1. 

For the source term in the temperature equation, the underwater radiation flux, we chose 

a bimodal exponential absorption function describing the light attenuation in the ocean 

according to Paulson and Simpson (1977): 

z(z) = zola exp U&z) + (1 - 4 exp (52z)l. 

Here IO is the flux of global radiation at the sea surface, 5, and c2 are the extinction 

coefftcients for the red and the blue-green spectral ranges, z is the depth (z < 0) and a is a 

weighting factor. During FLEX ‘76 the percentage depths for the downward radiation flux 

had been measured by Hoejerslev (1982). Evaluating these data Regener (1992) calculated 

time- and depth-averaged values of <r, l2 and a for the period of the spring bloom. We used 

these values as well as a time-varying t2, which describes the influence of phytoplankton 
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on the light penetration depth. The average values are given in Table 1 together with the 

other constants and parameter values used in the physical submodel. 

b. The ecosystem model 

i. Model structure. The ecosystem model uses the biological structure for the lower part of 

the pelagic food web developed by Fasham et al. (1990). It is based on nitrogen because 
nitrogen supply is regarded as the major limit to biological production in most parts of the 
oceans. This is assumed to be also valid in the northern North Sea. The model comprises 

seven compartments: the mineral nutrients nitrate and ammonium, the biotic compartments 
phytoplankton, zooplankton and bacteria, and the nonliving organic compartments detritus 

and labile dissolved organic nitrogen (LDON). The effects of higher trophic levels are 
parameterized by a loss term for the zooplankton. 

The compartment phytoplankton comprises all taxonomic groups and size classes. 
Analogously, the compartment zooplankton represents a mixture of herbivorous, detritivo- 
rous and bacterivorous groups thus comprising meso- and microzooplankton. The nonliv- 

ing particulate organic nitrogen (detritus) consists of phytodetritus, dead zooplankton, 
fecal pellets and excrements of higher predators. The compartment LDON represents only 

the low-molecular weight organic nitrogen compounds with turn-over times in the order of 
hours to days. 

Although idealized from a biologist’s point of view, the model contains the essential 
characteristics of the pelagic ecosystem: the ‘classical’ food chain nutrients-phytoplank- 

ton-zooplankton, the pelagic remineralization of particulate nitrogen, both by zooplank- 
ton and bacteria, and the microbial loop. In the current version there is no benthic module, 
i.e. the model does not include the replenishment of nutrients in the water column via 

benthic remineralization. As long as we intend to simulate only the relatively short period 
of the phytoplankton spring bloom, this is not a serious restriction. 

The differences between our model and Fasham’s improved integral model version 
(model B in Fasham, 1993) can be characterized as follows: 

l The model is vertically resolved; it is a differential one. 

l The physical forcing of the biological submodel is supplied-apart from the solar 
radiation-by depth- and time-dependent vertical eddy diffusivities instead by the 
temporally variable mixed-layer depth. 

0 Besides sinking of detritus and transport by vertical turbulent diffusion, sinking of 
phytoplankton is taken into account as an additional export process. 

0 Particulate organic matter supplied by higher predators is not immediately exported 

out of the mixed layer but is added to the detritus pool which is sinking with a 
prescribed velocity. 

0 The limitation function for nutrient uptake by phytoplankton used by Fasham (1993) 
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parameterizing the ammonium-induced inhibition of nitrate uptake according to 

Wroblewski (1977), has been replaced by the limitation function for the simultaneous 

uptake of two substitutable nutrients according to O’Neill et al. (1989). 

ii. Model equations. The temporal and spatial changes of the seven state variables are 

described by the following system of partial differential equations: 

LJB a i3B 
- = U, + U2 - G2 - p3B - z 
at i 

(A, + v,d z 
I 

8D 
,=(l-P)(G,+G?)-PG,-~~D+~,~P 

S 

Z aD ~3 

i 

C3D 
+ (1 - E - @P2+z 

6 
Z-wd~-g (AM+vM)~ 

I 

aN, 
- = -F(I;, P)Q,(N,, N,)P - ; 
at 1 

(A, + VAA $ 
i 

aN, Z a dN, 
- = - F(I;, P)Q,(N,,, NJP - U, + v3B + cv2 KATZ- dz 
at ( 

(AM+ 
6 

4 x 

aNd Z a a& 
_ = ya(I;, P, N,, NJP + y@ + 61.42 rz Z- UI - & (&I + VW) x . 
at 6 

Here P denotes the phytoplankton, Z the zooplankton, B the bacteria, D the detritus, N, the 
nitrate, N, the ammonium and Nd the labile dissolved organic nitrogen (LDON). All state 

variables are concentrations, the unit of which is mmol N rne3. The last terms in all 

equations represent the turbulent and molecular diffusion. 

The biological terms will be briefly explained in the following. A more detailed 
discussion of these terms can be found in Fasham et al. (1990) and in Fasham (1993), 

respectively. 

Phytoplankton equation. The first term describes the photosynthesis of the phytoplankton 

as product of the growth rate and the standing crop, diminished by a constant fraction y 
representing the exudation of LDON. The gross growth rate cr is expressed as product of a 

light-dependent growth rate and a (dimensionless) nutrient limitation function: 



19971 Kuhn & Radach: Model of pelagic ecosystem during spring bloom 697 

The depth- and time-dependent light-limited growth rate F is described by the expression 

F(z, t) = 
VP a Z”(z, 0 

(Vi + a2z*2(z, t)Y2 ’ 

where VP is the maximum specific growth rate of phytoplankton, (Y the initial slope of the 

light-production curve and I* the photosynthetically available radiation (PAR) intensity at 
a given depth. The latter depends on the intensity at the water surface G = Z*(z = 0), on the 

extinction by the water including yellow substances and suspended inorganic matter (k,) 
and on the self-shading by the phytoplankton (k,): 

I*(~, t) = z;(t) exp [(k,z + kCl P(z’T t) dz’l. 

This expression corresponds to the second term in the absorption function used in the 

physical model when a time-dependent attenuation coefficient j, is used, i.e. 

&(t) = k, + kC;cP(z’, t)dz’. 

The growth limitation by the nutrient concentrations is described by the function: 

with 

Q,Wm NJ = 1 + NJK, + NJK, 

and 

QzW,,, NJ = 
Nr JIG 

1 f NJK, f NJK, ’ 

This limitation function was developed by O’Neill et al. (1989) to describe the simulta- 

neous uptake of two substitutable nutrients (here nitrate and ammonium): Different 
affinities of the phytoplankton for the two nutrients are expressed by different half- 
saturation constants K, and K2. The inhibition of the uptake of one nutrient by the presence 

of the other is contained implicitly. 
The model uses the balanced-growth assumption, i.e. nutrient uptake rate and growth 

rate are viewed as identical. Internal nutrient pools which allow uptake without immediate 
growth as well as increase of biomass without nutrient uptake are not taken into account. 

The second and the third term in the phytoplankton equation describe the losses by 
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zooplankton grazing and by natural mortality, respectively. The fourth term describes the 

sinking of the phytoplankton. 

Zooplankton equation. The first term in the equation describes the grazing of the model 

zooplankton on the different available food sources: phytoplankton, bacteria and detritus. 
The partial grazing rates Gi (i = 1,3) are calculated as Michaelis-Menten functions of the 

available food F = FN = FpiXi, where the weighting factors pi (with zpi = 1) are the 

grazing preferences of the zooplankton for the various food types Xi <‘X1 = P, X2 = B, 

x, = D): 

Gi=G;=g 
Pixi 

K3 + C PjXj 
Z. 

i 

Here g is the maximum specific grazing or ingestion rate and K3 the half-saturation 

constant for ingestion (Tilman, 1982). If the preferences pi themselves are assumed to be 
proportional to the relative food shares (Hutson, 1984), 

Pixi 

pi = C pjxj 

one obtains for the partial grazing rates: 

The factors pi are the grazing preferences for the different food sources Xi which apply 
when the concentrations of these food sources are equal. This grazing function ensures that 

the model zooplankton dynamically adapts its grazing to the available food by overpropor- 

tional feeding of the most abundant food type (“frequency dependent switching of 
feeding”). The latter expression, which had been used by Fasham et al. (1990), is also 

applied in our simulations. We also tested, however, in a special process study the 

consequences of substituting the grazing rates Gf by GT. We found that with the Hutson 
function the realized grazing rates are less dependent on the prescribed preferences than 

with the Tilman function. This motivated the choice of the former in our simulations. The 

partial grazing rates are multiplied with the assimilation efficiency l3; the fraction 1-p of 

ingested food is the egestion of fecal pellets. 
The second term in the zooplankton equation describes the total losses due to excretion 

of dissolved metabolic products (LDON and ammonium) and due to natural mortality and 

predation by higher predators. As proposed by Fasham (1993) the loss rates of phytoplank- 
ton and zooplankton are Michaelis-Menten functions of the biomass. In the loss terms uI 
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and u2 denote the maximum specific loss rates; K5 and K6 are the half-saturation constants 

for phytoplankton and zooplankton losses, respectively. 
Vertical migration of the zooplankton and the parallel diurnal rhythm of grazing were 

not taken into account, because the observations during FLEX ‘76 had shown that C. 
jinmarchicus started to migrate not before mid-May (Krause and Radach, 1989). 

Bacteria equation. The mathematical description of the bacterial growth takes into account 

that marine bacteria do not only consume low-molecular weight compounds (LDON) and 
excrete ammonium, but that they are able to take up ammonium as additional nitrogen 
source, i.e. that they can behave simultaneously as nitrogen regenerators and competitors 

for the phytoplankton with respect to ammonium (Tupas and Koike, 1991). The uptake of 
LDON (U, ) and of ammonium (U,) by heterotrophic microbes is parameterized according 

to Fasham et al. (1990). The third term in the bacteria equation describes the loss due to 
grazing by zooplankton. The excretion of ammonium is given by the fourth term and is 
assumed to be proportional to the bacterial biomass (excretion rate pj). 

Detritus equation. Sources of detritus are the production of fecal pellets assumed as a fixed 
part of the zooplankton ingestion (first term), the phytoplankton mortality (fourth term) and 

a certain part of the zooplankton losses (fifth term). Sinks are zooplankton grazing on 
detritus (second term) and the biochemical decay to LDON, the latter being described as a 

first-order reaction with a constant breakdown rate p4 (third term). The sixth term in the 
equation describes the sinking of detritus with a constant velocity wd. 

Nitrate equation. The equation describes nitrate uptake by phytoplankton and the diffusion 
of nitrate. Neither pelagic nor benthic nitrification is taken into account. The primary 

production utilizing nitrate is considered as new production. 

Ammonium equation. The first two terms represent the ammonium uptake by phytoplank- 

ton and by bacteria, respectively. Sources of ammonium are the bacterial excretion (third 
term) and a certain fraction (E) of zooplankton losses due to excretion and mortality (fourth 

term). The primary production utilizing ammonium is considered as regenerated production. 

LDON equation. The sources for labile DON are the exudation by the phytoplankton (first 
term), the decay of detritus (second term) and a certain fraction (6) of zooplankton losses 

(third term). The only biological sink for LDON is the bacterial uptake (fourth term). 

Boundary conditions. No-flux conditions are prescribed for all state variables at the air-sea 
interface (z = 0): 

dXi 
0 

a2 24 
for Xi = Z, B, N,, N,, Nd 
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i3D 
= wpP, A,--- 

az 7.=0 
= w,D. 

For the bottom (z = -0) the boundary conditions are 

ax, 
=0 

h. z=-D 
for Xi = P, Z, D, B, N,,, N,, Nd. 

The differential equations were solved using an explicit algorithm. By restricting the 
vertical turbulent diffusivities to 10.2 m2 s-i we could use the same time step as for the 

physical model. The influence of this prescription is, however, negligible, because 

diffusivities >0.2 m* s-i occur only during the first few days of the simulation period. 

iii. Parameter values and initial conditions: Parameter values. The two different param- 

eter sets we used are given in Table 2. Parameter set NA is nearly identical with the 

parameter set of model B in Fasham (1993). One exception is the maximum growth rate of 

phytoplankton V,, which was chosen as 1.5 d-i according to the mean temperature in the 

mixed layer. This value is also the upper limit of the growth rates given by Schiine (1977) 
for the diatom Chaetoceros debilis (V,, = 1.2 - 1.5 d-l). Furthermore, the sinking velocity 

for detritus was chosen as wd = 3 m d-l in order to reproduce the measured PON 

sedimentation flux 
The second parameter set NS exhibits a series of modifications which take into account 

observations in the North Sea or includes changes of parameter values which proved to be 
necessary in the course of data fitting. Before the onset of the bloom the extinction 

coefficient of the water in the FLEX region was k, = 0.09 m-l (Hoejerslev, 1982). The 

slope (Y of the P-I curve was determined during the Fladenground experiment by 

Mommaerts (see Brockmann et al., 1984). From his data a mean value of (Y = 0.013 mg C 
(mg Chl a)-’ hh’ (FE m-* s-l)-l follows for the main phase of the bloom. Using the Chl 

a/C ratio of 20 and the conversion factor between the amount of PAR (measured in yE) and 

transported energy (measured in Ws) of 1 Ws = 4.15 lil!! for underwater light (Morel and 
Smith, 1974) one obtains (Y = 0.065 d-i (W m-*)-i. The half-saturation constants for 

nitrate and ammonium uptake were chosen as K, = 0.2 mmol N me3 and K2 = 0.8 mmol N 
mM3, respectively. This choice follows from a special investigation of the consequences of 

using different affinities on which we will report elsewhere. For the assimilation efficiency 

of the zooplankton we used B = 0.625 as given by Butler et al. (1970) for the copepod 

Calanusjnmarchicus, the dominant mesozooplankton species in the northern North Sea. 

The maximum bacterial uptake rate was reduced to V, = 1.2 d-i according to the 
prevailing lower temperature. This corresponds to the finding of Hentzschel(l980) that the 

microbial activity during FLEX ‘76 was rather low. The excretion rate of the bacteria was 

increased to 0.15 dd’ to obtain a growth efficiency in the order of 50% (Billen et al., 1990). 

The exclusion of ammonium uptake by the bacteria (n = 0) expresses our assumption that 
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Table 2. Parameters of the biological model. NA denotes the North Atlantic parameter set according 
to Fasham (1993)-model B with the two exceptions printed in italics (see text); NS denotes the 
North Sea parameter set. Bold numbers mark the values in set NS differing from those in set NA. 

Symbol 

phytoplankton: 

Parameter 

k, extinction coefficient of water 

kc selfshading coefficient 

“IT maximum specific uptake rate 
a slope of the P-I-curve (I f  0) 

KI half saturation constant nitrate 
uptake 

K2 half saturation constant ammo- 
nium uptake 

PI mortality rate 

K5 half-saturation constant mortality 

i 
exudation fraction 
inhibition parameter 

wlJ sinking velocity 

zooplankton: 

g 
K3 
P 
P2 

Kh 
6 
E 
PI 

P2 

P3 

bacteria: 

maximum ingestion rate 
half saturation constant ingestion 
assimilation efficiency 
maximum loss rate 
half saturation constant losses 
LDON fraction of losses 
NH4 fraction of losses 
grazing preference for phyto- 

plankton 
grazing preference for bacteria 
grazing preference for detritus 

1.0 1.0 d-’ 
1.0 1.0 mmol N m-3 
0.75 0.625 dimensionless 
0.3 0.3 d-’ 
0.2 0.2 mmol N mm3 
0.2 0.1 dimensionless 
0.7 0.7 dimensionless 
0.5 0.55 dimensionless 

0.25 

0.25 

“b 
K4 
P3 
Y 

detritus: 

maximum uptake rate 2.0 

half saturation constant uptake 0.5 

excretion rate 0.05 

uptake ratio NH,:LDON 0.6 

P4 breakdown rate 0.05 

Wd sinking velocity 3.0 

Value Value 
set NA set NS Unit 

0.04 0.09 mm1 
0.03 0.03 m2 (mmol N))’ 
1.50 1.50 d-’ 
0.025 0.065 m2 (W d))’ 
0.5 0.2 mmol N mm3 

0.5 0.8 mmol N me3 

0.05 

0.2 

0.05 

1.5 
- 

0.05 

0.2 

0.05 

1.0 

d-’ 
mmol N me3 
dimensionless 
m3 (mmol N))’ 
md-’ 

0.40 

0.05 

1.2 

0.5 

0.15 
0.0 

0.02 

2.0 

dimensionless 
dimensionless 

d-’ 
mmol N mm3 
dd’ 
dimensionless 

d-’ 
md-’ 

dissolved free amino acids with a low C/N ratio of 54 (Hammer et al., 1983) were the main 
nitrogen source for the bacteria. 

In order to approximately reproduce the sinking flux of PON measured in a depth of 

150 m we had to choose a mean sinking velocity of 2 m d-l for detritus and 1 m d-l for 
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Table 3. Initial values of the biological state variables (in mmol N mm3) for day 97.0, i.e. 7 April, 
1976,O h. 

State variable 

phytoplankton (PHY) 

zooplankton (ZOO) 
bacteria (BAC) 
detritus (DET) 

nitrate (NIT) 
ammonium (AMM) 
labile dissolved organic nitrogen (LDON) 

Initial concentration 

0.10 (O-20 m) 
0.05 (20-150 m) 
0.05 (&150 m) 
0.001 (O-150 m) 
0.50 (O-100 m) 

linearly decreasing to 0.0 (100-150 m) 
8.30 
0.22 
0.14 

(living) phytoplankton. To maintain the rather high concentration of PON (especially fecal 

pellets) which was observed during FLEX ‘76 we lowered the decay rate of detritus 
(pa = 0.02 d-i) and the grazing preference of zooplankton for detritus (p3). For the same 
reason the detrital fraction of the zooplankton losses (1 - E - S) was increased from 0.1 to 

0.2 by lowering the LDON fraction 6. 
To sum up, the parameters printed in bold letters in Table 2 were modified in comparison 

with the values in parameter set NA. The implications of these changes are: 

l The intensity of the underwater light is reduced due to higher basic extinction but the 

phytoplankton is better adapted to low light levels. 

l The nitrate uptake by phytoplankton is favored to the disadvantage of the ammonium 
uptake. 

l The growth efficiency of zooplankton is somewhat reduced, its ‘virtual’ preferences 
for phytoplankton and bacteria are distinctly higher than for detritus (but one has to 

keep in mind that the real preferences strongly depend on the food supply). 

0 The bacteria grow more slowly and with lower efficiency; they act only as regenera- 
tors and not as consumers of mineral nitrogen. 

l The detritus decays more slowly. 

Initial conditions. The initial concentrations (in mmol N mU3) for day 97.0 are given in 
Table 3. The initial depth profiles of phytoplankton, nitrate and ammonium were deduced 

from the depth-time contour plots of the observations during FLEX ‘76. As an initial 
condition for the zooplankton the depth-averaged biomass concentration for C. jinmarchi- 
cus was chosen because the total biomass of zooplankton had not been determined during 

FLEX ‘76. The initial detritus concentration was obtained from depth profiles of PON. As 
an initial value of LDON, the observed concentration of dissolved free amino acids 
(DFAA) was used; other labile organic nitrogen compounds were not taken into account 
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due to the lack of data. The bacterial biomass concentration was estimated from bacterial 

counts (in cfu ml-‘) made during FLEX ‘76. 

4. Results and discussion 

a. Simulation of the development of stratifcation and thermocline 

The basic forcing variables for the physical water column model were the wind velocity 
and the solar radiation (Fig. la,b). 

The simulated development of the vertical thermal stratification in the water column 
during FLEX ‘76 is shown in Figure 2a. The observed temperature profiles obtained from 

CTD data (Brockmann et al., 1984) are given in Figure 2b. The agreement is very 
satisfactory. Especially the onset of stratification around day 110 due to weakening wind 
and increasing solar irradiance is well reproduced by the simulation. In the second half of 

the simulation period, however, the width of the thermocline is underestimated by the 
simulation (by about 10 m at day 160). The rms deviation between simulated and observed 
temperatures calculated over the whole simulation period and over a depth of 50 m 
amounts to only 0.23”C. We want to stress that this result was obtained without any tuning 

of model parameters. We used the originally measured wind velocities without any 
corrections. The good agreement between simulation and observation becomes especially 
evident when we compare the development of the near-surface temperature (Fig. lc). The 

rms deviation between the two curves amounts to 0.16”C at a temperature rise of 3.5”C 
during the two months. It is noteworthy that these results were obtained using constant 
light attenuation coefficients. A test run with temporally varying coefficients (characteristic 
for a plankton bloom) yielded only negligible differences. 

Information on the vertical mixing regime is presented in Figure 3. The temporal 
development of the vertical eddy diffusion coefficient in the surface layer is given in 
Figure 3a. Very high values of A,(z = 7.25 m) are characteristic for the period before day 

110 due to the strong storms and the low global radiation. The depth-time profile of the 
vertical eddy diffusion coefficient is shown in Figure 3b. The isoline AM = 1.5 10m5 m* s-i 
denotes the transition from turbulent to molecular (background) mixing. The temporal 

evolution of the mixed-layer depth during that time is shown in Figure Id. Obviously, the 
transition from the fully mixed water column to a stratified one at day 110 as well as the 
overall development of the mixed layer afterward are quite well reproduced by the model. 
Differences between the mixed-layer depths determined from the observed and the 

simulated temperature profiles, respectively, do exist on the scale of a few days. The 
mixed-layer depth is defined here as the depth at which the temperature is 0.2”C lower than 
the surface temperature (Mellor, 1989). If we apply a temperature gradient criterion for 

determining the mixed-layer depth, we obtain a somewhat different picture of the 
mixed-layer depth evolution. This reflects the well-known difficulty to define and to 
determine the mixed-layer depth unambiguously. Amongst other reasons this is a strong 
argument against the use of integral, zero-dimensional ecosystem models with the 

mixed-layer depth as a physical forcing variable. Eigenheer et al. (1996) could exemplify 
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Figure 1. The major meteorological forcing data: (a) wind velocities and (b) solar radiation as 
measured during FLEX ‘76 (Brockmann et al., 1984); (c) development of the SST during FLEX ‘76- 
comparison of simulation and observation (Brockmann et al., 1984); (d) mixed-layer depth during 
FLEX ‘76, as determined from CTD data and from the simulated temperature profiles, respec- 
tively, using a difference criterion. 
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Figure 1. (Continued) 

this by investigating the influence of different time series of mixed-layer depths obtained 
by different definitions on the biological results when using the integral Fasham model to 
describe the development of the spring bloom observed during FLEX ‘76 in the northern 

North Sea. 
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Temperature profile FLEX ‘76 (CTD doto) 

a 

Temperature profile FLEX ‘76 (M-Y model) 

95 100 105 110 115 120 125 130 135 140 145 150 155 
0 ,,,((’ ,,I, :,,I 

b 

Figure 2. Development of the thermal stratification in the upper 100 m of the water column during 
FLEX ‘76: (a) observation (Brockmann etal., 1984), (b) simulation. 

The net heat input into the water column calculated from the simulated heat and 
radiation fluxes through the surface, amounts to 4.9 . lo8 J mM2. Friedrich (1983) 

determined an increase of the heat content in the water column of 5.0 . lo8 J mm2 from the 
measured temperature profiles. This means that the net contribution of horizontal advection 
to the heat budget at the FLEX central station was negligibly small. Obviously, the thermal 

structure of the water column was mainly determined by vertical processes which are well 
described by the physical model. Thus we have an ideal case for the application of a 
one-dimensional ecosystem model. 

b. Simulation of the ecosystem dynamics during the spring bloom 

i. Comparison of simulations with parameter sets NA and NS. The simulations made by 
Sarmiento et al. (1993) with the 3-D coupled circulation-ecosystem model of the North 
Atlantic using the parameter set given by Fasham (1993) did not include the shelf seas. 
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Figure 3. Vertical eddy diffusion coefficient in the surface layer; (b) depth-time profile of the eddy 
diffusion coefficients in the upper 100 m. 

This is due to the rather coarse horizontal resolution of the model. But it seems to be essential to 
include the biologically high productive marginal seas when a realistic assessment of 
global fluxes of carbon, nitrogen and other essential elements is intended. Therefore we 

investigated the differences between simulations using the ‘universal’ parameter set NA 
used to describe the biological processes in the open North Atlantic (Fasham, 1993) with 
the two exceptions mentioned and the parameter set NS adapted to shelf sea conditions. 
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Table 4. Depth- and time-integrated nitrogen fluxes as obtained from simulations NA and NS for 
FLEX ‘76. Integration depth: 150 m, simulation period: 7 April-7 May (days 97.0-128.0) and 
7 April-4 June, 1976 (days 97.&156.0). Unit: mmol N mm2 (time span)-‘. PHY phytoplankton, 
ZOO: zooplankton, BAC: bacteria. DET: detritus. AMM: ammonium. NIT: nitrate. LDON: labile 
dissolved organic nitrogen. 

Process Acronym 

NIT uptake by PHY NUPTAP 
AMM uptake by PHY AUPTAP 
LDON exudation by PHY PEXUDL 
mortality PHY PMORTD 
sinking PHY PSINKP 
ZOO grazing on PHY PGRAZZ 
ZOO grazing on BAC BGRAZZ 
ZOO grazing on DET DGRAZZ 
total losses ZOO ZLOSST 
production of fecal pellets ZFECPD 
decay of DET to LDON DSOLUL 
loss ZOO as DET ZLOSSD 
sinking DET DSINKD 
loss ZOO as LDON ZLOSSL 
LDON uptake by BAC LUPTAB 
AMM uptake by BAC AUPTAB 
loss ZOO as AMM ZLOSSA 
AMM excretion by BAC BEXCRA 

Short time range 
(days 97.0-128.0) 

Long time range 
(days 97.0-156.0) 

Run Run Run Run 
NA NS NA NS 

236 318 266 380 
71 39 260 207 
1.5 18 26 29 
47 62 67 85 

0 1 0 2 
222 231 400 432 

94 9 286 59 
88 40 236 311 

204 109 639 463 
101 105 231 301 
66 40 120 99 
20 22 64 93 
18 17 24 26 
41 11 128 46 

139 78 292 180 
83 0 175 0 

143 76 448 324 
67 40 130 106 

The results of both simulations are presented in Table 4. All nitrogen fluxes are 
depth-integrated over the whole water depth and time-integrated from day 97.0 until day 

128.0 and day 156.0, respectively. The turbulent diffusion terms have been omitted because 
their integral over the total water depth is zero. From both model outputs we extracted 
important characteristics, which are suitable for comparison with observations (Table 5). 

As stated above, the simulated net primary production given as the sum of nitrate and 

ammonium uptake by phytoplankton has a realistic order of magnitude. But as can be seen 
from Figure 4a, in run NA the depletion of the nitrate pool in the euphotic zone (O-30 m) is 
too weak. We have to conclude that ammonium uptake is overestimated by model run NA. 
This is mainly caused by the special parameterization of nitrogen uptake by phytoplankton 

according to Wroblewski (1977) with a too strong inhibition of nitrate uptake by 
ammonium. Also the bacterial production and the growth efficiency of the bacteria came 

out too high (Table 5). The rather small ratio between the amounts of LDON exuded by 
phytoplankton and taken up by bacteria also suggests an overestimation of bacterial 
activity in simulation NA. This is confirmed by the too early and too strong development of 
bacterial biomass and the total exhaustion of the LDON pool after a few days (not shown). 
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Table 5. Characteristic quantities obtained from simulations NA and NS in comparison with 
observational values taken from the literature. (1) measurements by Weigel and Hagmeier (1978) 
(Radach et al., 1984); Mommaerts (1981); (2) Hammer et al. (1983); (3) Cole et al. (1988); 
(4) Billen et al. (1990); (5) Radach et al. (1984); (6) Davies and Payne (1984). 

Short time period 
(days 97.0-128.0) 

Long time period 
(days 97.0-156.0) 

NPP (mmol N me2) 
NPP (g C m2) 
new production 

(mmol N mm2) 
f-ratio 
bacterial net production 

BNP (mmol N me2) 
BNP/NPP 
bacterial growth 

efficiency 
exudation PHY/bacterial 

LDON uptake 
total grazing 

(mmol N mm2) 
total grazing (g C mm2) 
PHY grazing/total 

grazing 
BAC grazing/total 

grazing 
DET grazing/total 

grazing 
PON export 

(mmol N mm2) 
PON exportiNPP 
PON export/new 

production 
PON storage/new 

production 
AMM storage/new 

production 

Run Run 
NA NS 

307 358 
24.4 28.5 

236 
0.77 

155 
50% 

70% 

11% 

404 
32.1 

55% 

23% 

22% 

18 
6% 

318 
0.89 

38 
11% 

7% 

76% 

24% 

49% 

23% 

280 
22.3 

83% 

3% 

14% 

19 
5% 

6% 

73% 

24% 

Run 
Observation NA 

250-365 526 
20-29 41.8 

2315 266 
0.86-l .OO 0.51 

50-110 336 
20-30% 64% 

550% 72% 

520% 9% 

65-125 922 
5-10 73.3 

43% 

31% 

26% 

12-13 24 
3-4% 4% 

45% 9% 

44% 

54% 

Run 
NS 

587 
46.7 

380 
0.65 

74 
13% 

41% 

16% 

802 
63.8 

54% 

7% 

39% 

28 
5% 

7% 

35% 

59% 

Observation 

450-770 
36-61 

go-230 
20-30% 

550% 

520% 

440-920 
35-73 

30-40 
4-9% 

Ref. 

(1) 
(1) 

(2) 

(3) 
(3) 

(4) 

(4) 

(5) 
(5) 

(6) 
(6) 

Thus, simulation NA reveals that the order of magnitude of net primary production in the 
northern North Sea during spring can be estimated quite well using the North Atlantic 
parameter set. New production, however, is underestimated in favor of regenerated 

production. 
Now we discuss the results of the simulation with the parameter set NS using the 

depth-time distributions of the state variables (Fig. 5a-g) and the depth- and time- 
integrated processes (Fig. 6a-g). In the latter figures the nitrogen fluxes are integrated over 
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Figure 4. Nitrate concentration in the upper 30 m as obtained from model run NA in comparison 
with observation (Brockmann et al., 1983); (b) the same for model run NS. 

the euphotic zone, with positive and negative shares displayed separately. The simulation 
period begins at day 97.0, i.e. 7 April, 1976,O h. About 13 days later, at day 110, the bloom 
starts to develop. At the beginning of May the phytoplankton standing stock reaches its first 
maximum, afterward decreasing rapidly due to increasing grazing pressure by the zooplank- 

ton (Fig. 5a, 6a). After day 140 a second, weaker bloom develops mainly due to increasing 
ammonium uptake. About one week after the first phytoplankton peak the bacterial stock 
reaches its highest value (Fig. 5c), only a few days later followed by the zooplankton 

(Fig. 5b). Zooplankton and bacteria exhibit the highest concentrations always in the upper 
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Figure 5. Depth-time contour plots of the seven ecosystem state variables as obtained by the 
simulation NS: (a) phytoplankton, (b) zooplankton, (c) bacteria, (d) nitrate, (e) ammonium, 
(f) detritus, (g) labile dissolved organic nitrogen (LDON). Note the different scales. 
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Figure 5. (Continued) 

40-50 m. While the zooplankton slowly spreads out into larger depths during the second 
month of the simulation period, the bacteria are generally abundant in the whole water 

column, especially at the beginning of May. As Figure 6b shows, herbivorous grazing 
always dominates, grazing on detritus becomes important after the decline of the first 
phytoplankton bloom. Grazing on bacteria plays an almost negligible role. 

The nitrate pool in the euphotic zone is continuously declining after the beginning of the 

bloom due to the consumption by phytoplankton (Fig. 5d, 6d). At the same time there is a 
continuous input due to turbulent diffusion from below; single storm events are clearly to 
be recognized, especially at days 133 and 137; then the concentration in the upper layer 
increases markedly (Fig. 5d). The mean depth of the nitracline slowly increases from 40 to 

50 m. The ammonium concentration remains rather low and vertically homogeneous 
during the first three weeks. Then remineralization by zooplankton and-to a much lesser 
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Figure 5. (Continued) 

extent-by bacteria over-rides the consumption by phytoplankton, and the ammonium 
concentration rises, first in the upper layer and then mainly in the region of the thermocline 
(Fig. 5e, 6e). The relatively high detritus concentration at the beginning of the simulation 
period quickly diminishes due to sedimentation and biochemical decay to dissolved 
organic nitrogen (LDON). After about four weeks, when the natural phytoplankton 
mortality and the production of fecal pellets overcompensate the losses, the detritus pool in 
the upper layer of the water column reaches a maximum (Fig. 5f, 6f). The concentration of 
LDON increases during the first three weeks of the simulation period especially in the 
upper layer reaching a maximum at the end of April before the bacterial growth markedly 
increases (Fig. 5g, 6g). A second, smaller peak between the days 135-142 is preceding the 
second phytoplankton bloom. Until the end of April/beginning of May the LDON pool is 
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Figure 6. Development of depth-integrated nitrogen fhtxes as obtained by the simulation NS 
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(f) detritus, (g) labile dissolved organic nitrogen (LDON). The fluxes are time-integrated; the 
acronyms for the fluxes are explained in Table 4. For comparison the phytoplankton standing stock 
is shown in (a). Note the different scales. 
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mainly supplied by phytoplankton exudation, afterward the breakdown of detritus and 
zooplankton excretion are more important sources. 

The quantitative results of model run NS are summarized in Tables 4 and 5. As for run 

NA the temporally and vertically integrated nitrogen fluxes are given for the first month 
and for the whole simulation period separately (Table 4), the dynamic characteristics are 
given in Table 5. 

The simulations NS and NA differ in the amount and composition of autotrophic 

production. For the whole simulation period (days 97.0-156.0) the net primary production 
in run NS is only by 12% higher than in run NA; the new production, however, increased 
by 43%. 

Correspondingly, the mean f-ratio is markedly higher: 0.65 compared to 0.51. The 
differences are even more pronounced, when we look at processes related to heterotrophic 
activity. The nitrogen uptake by bacteria, i.e. the gross bacterial production, until day 156.0 
went down by 61% from 467 mm01 N me2 in run NA to only 18 1 mmol N me2 in run NS. 
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Figure 6. (Continued) 

The bacterial net production (total nitrogen uptake minus ammonium excretion) in run NS 
is even 78% lower. Due to the reduced bacterial standing stock in run NS the composition 
of the food ingested by zooplankton changed distinctly: whereas in model run NA, 3 1% of 

the ingested food was bacteria, in model run NS bacteria make up only 7% of the food. 
Parallel to this reduction the shares of herbivorous and detritivorous grazing increased. 

Also the temporal succession in the food composition changed: whereas in run NA, 57% of 
the grazing on detritus takes place during the first month, in run NS this amounts to only 
13%. The total zooplankton grazing is reduced from 922 mmol N rnd2 in run NA to 

802 mmol N m-* in run NS, i.e. by 13%. 
As a consequence of the lower heterotrophic activity in run NS also the regeneration of 

nitrogen in the form of ammonium is markedly reduced. Until day 156.0 the total gross 
production of ammonium by zooplankton and bacteria amounts to only 43 1 mmol N rnd2 

in run NS compared to 578 mmol N me2 in run NA. But because in run NS the ammonium 
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consumption also decreased (208 mmol N me2 compared to 435 mmol N me2 in run NA), 

the amount of accumulated ammonium is higher in run NS. The lower ammonium 

consumption in run NS compared to run NA is due to zero ammonium uptake by bacteria 
and reduced ammonium uptake by phytoplankton. Run NS gives more reasonable results 

compared to observational findings, especially for the ratio of new and regenerated 
production and also for the bacterial net production (Table 5). The magnitude of the 

bacterial growth efficiency and the ratio of LDON exudation by phytoplankton to the 
LDON uptake by bacteria are more realistic, too. 

In spite of the fact that the sinking velocities of detritus are different in the two 
simulations, the time-integrated PON sedimentation fluxes are nearly the same. The higher 

sinking velocity of detritus in run NA is compensated by the lower concentration due to 
larger losses by breakdown and detritivorous grazing within the first month. In both 

simulations we observe an overestimation of the export flux to the bottom during the first 
month and a slight underestimation during the second month. This is an effect of using 

constant sinking velocities whereas in reality the sinking velocity averaged over the 
different particles presumably varies in time. 

ii. Comparison of run NS with observations: Primary production. Comparing the model 

result for net primary production with the result of 14C measurements by Weigel and 

Hagmeier (1978) and (Radach et al., 1984) one notices that besides the time-integrated 
value also the evolution in time and the daily variability are reproduced (Fig. 7a). There 
are, however, some noticeable differences. The simulated primary production before the 

beginning of the bloom at day 110 is lower than observed, during the bloom the simulated 

production curve lies above the observed one. The secondary rise of primary production is 
delayed in the simulation by a few days. The low production observed before the onset of 

the bloom and the increase of production after day 138 were presumably caused by small 
autotroph flagellates (Wandschneider, 1983) whose growth parameter are probably differ- 

ent from those chosen in the simulation which are more typical for large phytoplankton. 
Considering the fact that the 14C method is supposed to measure something between gross 

and net primary production one could argue that model run NS overestimates net primary 
production. On the other hand, for the period 19 April-1 May (days 110-122) Weichart 

(1980) determined a mean daily net primary production of 2.0 g C mm2 d-i which is 
definitely higher than the values measured by Weigel and Hagmeier (1978) but is quite near 
to what we find in model run NS. 

Nitrate. The observed decline of the nitrate concentration in the euphotic zone (Brockmann 
et al., 1983) is reproduced rather well by model run NS (see Fig. 4b) with the exception that 

the slow decrease of the nitrate concentration before day 110 is not to be found in the 
simulation. This delay in the decrease of nitrate corresponds with the misfit in the 
production curve before day 110 and is the reason for the time lag of about 4 days between 

the simulated and the measured nitrate curve after day 110. The increase of nitrate 
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(Radach et aZ., 1984); (b) phytoplankton standing stock in the upper 1OOm during FLEX ‘76 
comparison of simulation NS with observation (Radach et al., 1980). 
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concentration in the upper layer between days 127 and 132, not to be seen in the 

simulation, must have been caused by horizontal advection (as discussed above), whereas 
the steep rises at days 133 and 137 are due to the turbulent entrainment of nitrate from 

below during heavy storms (cf. Fig. la). 

Phytoplankton. The comparison of simulated and observed development of the phytoplank- 

ton standing stock in the upper 100 m is shown in Figure 7b. The observational curve was 
obtained from photometric chlorophyll measurements using a Chl a/C-ratio of 20 (Radach 

et al., 1980). The result of simulation NS fits the observation quite well; the onset of the 

secondary, minor bloom, however, is delayed in correspondence with the delay in the 
primary production. 

PON. The concentration of PON in the upper layer (O-50 m) is shown in Figure 8a. The 

observed PON concentration (Hammer et al., 1983) refers to the upper layer above the 
main thermocline, which had a time-varying depth, the mean value of which was about 

50 m. The simulated PON concentration was obtained by averaging over a constant depth 
of 50 m. The steep increase by about 5 mmol N rnp3 after day 110 is reproduced by the 

simulation, but with a time lag of 3-5 days. This delay may be partly caused by an 

overestimation of the losses of the model detritus pool, partly by a too low production of 
detritus during the first 14 days. The PON concentration averaged over the whole water 

depth as obtained from the simulation is also shown in Figure 8a. It exhibits the same delay 
of the maximum in comparison to the observation. Additionally the concentrations are 

generally too low. Taking two results together, it is obvious that the amount of PON in the 
lower layer is somewhat underestimated by the simulation. 

Ammonium. The mean ammonium concentrations in the upper layer (O-50 m) and in the 

whole water column are shown in Figure 8b. Evidently, model run NS reproduces the 
tendency of increasing NH4 concentrations during the two months of the spring bloom. 

Both simulated ammonium curves do not exhibit the rather sharp peaks observed at days 

112 and 118, respectively. The ammonium concentration in the upper 50 m becomes much 
too high (with a maximum of about 4.5 mmol N md3) after day 135. The mean ammonium 
concentrations in the upper layer observed during the last phase of FLEX ‘76 (22 May-5 

June) were in the range 2-3 mmol N mm3 (Eberlein et al., 1980). If we compare this 
discrepancy with the rather good accordance between simulated and observed mean 

ammonium concentration in the whole water column (Fig. 8b), it is obvious that the 
ammonium concentrations in the lower layer are underestimated to the advantage of those 

in the upper layer. This may be caused in part by the too strict confinement of the model 
zooplankton within the upper layer whereas in reality after the middle of May (day 140) the 
zooplankton (at least the copepods) was beginning to vertically migrate, excreting 

ammonium also into the lower layers (Krause and Radach, 1989). Additionally, delay of 
the second, minor bloom in the simulation favors the too strong accumulation of NH4 in the 
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upper layer in the late spring. By including nitrification, it is possible to reduce the amount 

of ammonium accumulated in the upper layer, but at the same time also in the lower layer, 
so that the average concentration in the total water column becomes too low. This point 

cannot be clarified, however, because a certain advective input of ammonium during the 
observation period, especially after day 128.0, cannot be ruled out. 

Zooplankton. In Figure 9a the standing stock of the model zooplankton in the upper 100 m 
is shown and compared with the development of the biomass of C. jinmarchicus. 

Obviously the model zooplankton develops differently than C. jinmarchicus: the pro- 

nounced maximum in the model zooplankton standing stock around day 132 represents a 
biomass more than twice as high as that observed for C. jinmarchicus. One has to take into 

account, however, that the model zooplankton comprises meso- and microzooplankton and 
that C. jinmarchicus makes up only one part (though the dominant one) of the observed 

herbivorous mesozooplankton. We conclude that if the decline of the phytoplankton is due 

to zooplankton grazing, then there must have been strong herbivorous grazing by 
microzooplankton during that period. For the whole simulation period the total amount of 

ingested food of 805 mmol N me2 or 64.0 g C rnm2, respectively, falls into the range of the 
most reliable estimates of mesozooplankton grazing according to Radach et al. (1984). The 

results for the first month, however, differ widely: the total grazing in the simulation 
amounts to 22.5 g C me2 (82% of which are herbivorous grazing), whereas the estimates 

from observations range only from 5 to 10 g C mP2. Figure 9b shows the different temporal 
course of the cumulated grazing for the model zooplankton and for C. jinmarchicus. From a 

model study on the dynamics of phytoplankton and C. jinmarchicus during FLEX ‘76 also 
Carlotti and Radach (1996) conclude that microzooplankton must have served to graze 

down the phytoplankton bloom and to provide food for the copepods. 

LDON. The mean LDON concentration in the upper 50 m resulting from simulation NS is 
compared in Figure 10a with the mean concentrations of dissolved free amino acids 

(DFAA) in the upper layer observed during FLEX ‘76 (Hammer et al., 1983). The DFAA 

peak during the exponential growth phase of phytoplankton is reproduced in the simulated 
LDON curve though slightly shifted and broadened. Also the peak in the DFAA concentra- 

tion averaged over the total water depth is mirrored by the model result for LDON 
(Fig. IOa). The early rise of the simulated LDON concentration before day 110 is 
presumably caused by a certain overestimation of the biochemical decay of detritus during 

that period. 

Bacteria. The comparison of modeled bacteria is hampered by the very limited observa- 
tions. General statements about bacterial activity are well met by simulation NS as can be 
seen in Table 5. Typically the bacterial production is in the order of 20-30% of net primary 

production (Cole et al., 1988); the growth efficiency of bacteria is about 50%, and not more 
than 20% of the organic matter requirements of bacterioplankton is supplied by phytoplank- 
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40 m (in cfu ml-‘) as observed during FLEX ‘76 (Hentzschel, 1980). 



724 Journal of Marine Research [55,4 

ton exudation (Billen et al., 1990). During FLEX ‘76 the bacterial standing stock was 

measured using the plate (or colony) count technique without converting the results into 
biomass values (Hentzschel, 1980). In Figure lob the bacterial biomass integrated over the 

euphotic zone (O-30 m) as obtained from the simulation NS is shown together with the 

observed numbers of bacteria (in cfu ml-‘) averaged over the upper 40 m (Wandschneider, 
1983). A sharp increase of the observed standing stock of bacteria occurs after day 122, i.e. 

after the exponential growth phase of the phytoplankton, with a maximum at day 132 when 
the phytoplankton bloom nearly had vanished. The simulation reproduces the strong 

increase and the formation of a maximum of the bacterial biomass, though a few days too 

early. Assuming the relations 1 cfu = lo3 cells (Billen et al., 1990) and 1 cell = 2 lo-l4 g C 
(Ducklow et al., 1993) and a bacterial C/N ratio of 5 one obtains the equivalence 50 cfu 

ml.-’ = 0.02 mmol N rnm3. Integrating over the euphotic zone yields 0.6 mmol N rn-*, a 
value 25 times less than the peak value in the simulation (15 mmol N m-*). However, the 

conversion of bacterial plate count numbers into biomass is a highly uncertain procedure. 
In any case the bacterial biomass is negligibly small compared to that of phytoplankton, 

zooplankton and detritus. 
Summarizing, it is possible to reproduce net primary production and sedimentation flux 

of particulate organic matter during the main production period in the northern North Sea 

rather well when using the oceanic parameter set NA and the nutrient uptake formulation 
according to Wroblewski (1977). The simulation NA, however, fails with respect to the 
ratio of new and regenerated primary production and to the order of magnitude of bacterial 

production. New production is underestimated, whereas regenerated production, bacterial 
production and zooplankton grazing on bacteria obviously are overestimated. Because the 

latter processes are immediately connected with the regeneration of nitrogen, considerable 

deviations from reality will be likely to occur when simulating a full annual cycle of the 
plankton dynamics in the northern North Sea. 

The modified parameter set NS and the limitation function according to O’Neill et al. 
(1989) (with higher affinity for nitrate than for ammonium) results in a simulation showing 

good overall accordance with the observations. Primary production and standing stock of 
phytoplankton during the diatom-dominated bloom are well described. The secondary, 
flagellate-dominated phytoplankton peak occurs some days too late in the simulation. 

Another problem concerns the zooplankton development. In the simulation the breakdown 
of the first bloom is caused by strong herbivorous grazing which is far beyond the estimates 
for herbivorous grazing obtained from observations of mesozooplankton. This suggests a 

strong development of herbivorous microzooplankton during the bloom. An alternative 

explanation-a breakdown of the main bloom due to depletion of phosphate-was offered 
earlier by Radach et al. (1984). Further, in the simulation we find a certain underestimation 
of the amount of PON in the whole water column, especially in the lower layer. Presumably 

two reasons may be responsible for this discrepancy. Firstly, there may have been some 
‘hidden’ lateral input of nutrients by advection, which was immediately converted into 
PON. Secondly, the temporal dynamics of sinking of particulate matter are certainly not 
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sufficiently well described by constant sinking velocities for phytoplankton and detritus. 

This is suggested by the fact, that the simulated sedimentation flux during the first month 
with 5% of the net primary production is overestimated, whereas for the whole simulation 
period this flux is at the lower end of the observed range. During the second month the 

simulation produces not enough ammonium in the lower water column and too much in the 
upper layer. This may be partly caused by the too strict confinement of the zooplankton to 

the upper layer. 

iii. Budget of nitrogen fluxes. The results of simulation NS of the spring bloom at the 

FLEX ‘76 central station for the period with low advective influence (days 97.0-128.0) 
will be presented now in terms of a nitrogen budget. In Figure 1 la the intercompartmental 

fluxes and the temporal changes in the stocks (denoted as D) within the euphotic zone 
(O-30 m) and in the water column below (30-150 m) as well as the vertical transports are 
shown. The model compartments phytoplankton, zooplankton, bacteria and detritus are 

taken together as PON (‘particulate organic nitrogen’). The term ‘release’ summarizes 
LDON excretion by zooplankton, exudation by phytoplankton and decay of detritus to 

LDON. The term ‘regeneration’ denotes the excretion of ammonium by zooplankton and 

bacteria. 
From Figure 11 a the simulated spring bloom dynamics in the northern North Sea can be 

characterized as follows: 

l Whereas 98% of the primary production take place within the euphotic zone, the 

regeneration of nitrogen occurs in the whole water column. The latter amounts to 
67 mmol N m--* in the euphotic zone and 49 mmol N mm2 in the water column below; 

i.e., in volumetric units the regeneration of nitrogen is stronger in the upper 30 m. 

0 The net consumption of dissolved nitrogen (net uptake of nitrate, ammonium and 

LDON) amounts to 250 mmol N m-2 for the whole water column. After conversion 
into particulate organic nitrogen (PON) only 7% of this amount (18 mmol N rne2) are 

exported to the bottom during this month of major productivity whereas the overwhelm- 
ing part (232 mmol N m-*) is intermediately accumulated in the water column. 

0 The nitrogen equivalent of the net primary production in the euphotic zone (350 mmol 
N rne2) is delivered to about 69% by mineral nutrients (nitrate) initially available in 
the euphotic zone, to 20% by turbulent diffusive import of nitrate from the water 
column below and to further 11% by nutrient regeneration within the euphotic zone. 

0 The fluxes between the PON and the LDON pools are considerable; the total release 
of LDON amounts e.g. to 69 mmol N m-2. Due to the high turnover rates of LDON 

the contents of the LDON pools in the euphotic zone and in the water column below 
are, however, almost unaltered after one month. 

0 The PON export out of the euphotic zone amounts to 39% of new production. This 
shows that the commonly assumed identity of export production and new production 
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Figure 1 I. Budget of nitrogen fluxes (in mmol N mm2) and changes in standing stocks (D, in mmol N 
mm2 (time span)-‘) for the simulation period 7 April, 0 h - 7 May, 24 h, during FLEX ‘76: 
(a) euphotic zone and lower layer separated, (b) for the whole water column. NIT nitrate, AMM 
ammonium, PON particulate organic matter (phytoplankton, zooplankton, detritus, bacteria), 
LDON labile dissolved organic nitrogen. The numbers after the slash in (b) are deduced from 
observations. 

is not justified on time scales in the order of one month because of the high ‘storage 
capacity’ of the system; 51% of the new production are stored as PON and 10% as 
ammonium. Integrated over the whole simulation period of two months, 56% of the 
new production are exported out of the euphotic zone. 

The nitrogen budget for the whole water column without separating the euphotic zone from 
the deeper layer allows the comparison with budget data derived from observation 
(Fig. llb). The order of magnitude for new and export production is well met by the 

simulation. Moreover, also the changes in the amounts of PON, ammonium and LDON are 
approximately reproduced by the simulation. However, observational data also show that 
the sum of those changes plus the amount of PON exported to the bottom (336 mmol N 
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rnm2) is somewhat larger than the observed decrease of the nitrate pool (-3 15 mmol 

N mm*), i.e. the nitrogen budget obtained from observations is not exactly closed. The 
difference of 21 mmol N me2 can probably be explained by advective import of nitrate 

subsequently converted into PON and ammonium, respectively. If this interpretation is 
correct, then during the time period characterized above as ‘weakly influenced by 
advection’ about 7% of the new production were fueled by horizontally advected nitrate. 

iv. Vertical particleflux. How does the vertical particle flux in the water column vary with 

depth and how is this flux related to primary production in the euphotic zone, especially 
how much of the overlying production leaves the euphotic zone and how much reaches the 

bottom? The answer will depend on several factors, e.g. on the ratio between the average 
velocity of the sinking material and the regeneration rate of the ecosystem within and 
below the euphotic zone. Moreover, the relation between primary production and particle 
flux depends essentially on the time scale over which the correlation is traced. To illustrate 

this, the daily sinking PON fluxes out of the euphotic zone are correlated with the daily net 
primary production values, both obtained from simulation NS (Fig. 13a). Obviously, there 
is no linear relation. The trajectory of the system in the two-dimensional phase space is 
rather a polygon. Such a curve is characteristic for processes exhibiting a phase shift. When 

using lo-days mean values the original polygon is still roughly reproduced, whereas 
20-day mean values yield a linear relation and 30-day mean values even feign a negative 

correlation. This clearly shows that one has to be careful when interpreting averaged 
particle flux data in relation to averaged primary production data. 

The simulated vertical flux of particulate organic nitrogen is composed of (a) sinking 
fluxes of phytoplankton and detritus and (b) vertical transport due to turbulent diffusion of 
phytoplankton, detritus, zooplankton and bacteria. The share of the turbulent diffusive flux 
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Figure 12. Daily particle fluxes out of the euphotic zone due to sinking and due to turbulent diffusion 
in comparison with the daily net primary production (NPP). 

generally decreases with depth. The actual depth dependence is, however, determined by 

the existing gradients, which themselves are influenced by the sinking and mixing 
processes. For a given depth the ratio between the fluxes due to sinking and due to turbulent 
mixing depends on the hydrodynamic situation in the water column and therefore on the 
time range regarded. Thus, in the simulation the total PON flux over the depth of 30 m until 
day 128.0 amounts to 122 mmol N m-2, which corresponds to 35% of net primary 
production in the same period; 40% of this export flux are due to turbulent diffusion. Until 
day 156.0 the total PON export out of the euphotic zone amounts to 204 mmol N rnp2 

corresponding to 36% of the net primary production during that period. The share of 
turbulent diffusive export, however, has decreased to only 28% of the total flux. The reason 
is that the storms between days 113 and 125 occur, when a high concentration of particulate 
organic matter exists in the upper layer, and therefore cause high turbulent transports, while 

the even stronger storms at days 133 and 137 meet a fairly uniform depth profile of POM 
and consequently the vertical diffusive transport of particulate matter is relatively low 
(Fig. 12). The storms after day 140 are not able to generate high turbulent mixing because 

the stratification of the water column is already very stable (cf. Fig. 2). 
The depth dependence of the ratio of the total vertical particle flux to net primary 

production obtained from the simulation NS after integrating over the whole simulation 
period is shown in Figure 13b. Also shown are graphs obtained from different empirical 

expressions describing the vertical export flux @ in dependence on depth z (with z 2 depth 
of the euphotic zone) and on net primary production PP in the euphotic zone: 

Q(Z) = 20/z PP (Berger et al., 1988), (1) 
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Figure 13. (a) Correlation between the PON export flux out of the euphotic zone and net primary 
production as obtained from simulation NS for different averaging intervals; (b) depth dependence 
of the total vertical PON flux (due to sinking and turbulent diffusion) normalized to net primary 
production NPP in the euphotic zone as obtained from simulation NS (full line with dots). The 
dashed curves represent different empirical expressions for the depth dependence of the ratio PON 
flux/NPP (Pace et al., 1987; Berger et al., 1988). 
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CD(z) = 6.3/~‘.* PP (Berger et al., 1988), 

Q(z) = 3.523/~O.~~~ PP (Pace et al., 1987). (3) 

For the bottom of the euphotic zone the ratio @/PP falls into the range given by the 
empirical expressions (2) and (3) given by Berger et al. and Pace et al., respectively. At 
greater depths we observe a much stronger decrease in simulated ratio. Note, however, that 

the expressions (l)-(3) relate to the flux of particulate organic carbon, whereas the model 
yields the flux of particulate organic nitrogen. Only if the C/N ratio does not vary with 
depth the vertical PON flux can be described by the same formulae; otherwise the depth 

dependence of the C/N ratio has to be taken into account. During FLEX ‘76 Davies and 
Payne (1984) observed an increase of the C/N ratio from about 6.6 (Redfield ratio) within 
the euphotic zone to values in the range 9 to 18 near the bottom at 150 m depth. A similar 
tendency-though not so strong-was found by Martin et al. (1987) in the VERTEX flux 

investigations in the north-east Pacific and by Martin et al. (1993) in the northeastern 
Atlantic. This shift of the C/N ratio must be caused by preferential regeneration of nitrogen 
in deeper layers. 

A least-square fit of the dots in Figure 13b yields the expression 

@N(z) = 22.1/z’.** PP,. 

If we assume the validity of the expression (2) given by Berger et al. (1988) also for the 
FLEX ‘76 situation then the increase of the C/N ratio r with depth obeys the relation: 

r(z) = 0.28/~‘.~* r,, 

With the Redfield ratio r. = 6.625 one obtains a C/N ratio of r = 15 at the bottom 

(Z = - 150 m), which is indeed the range of the values observed during FLEX ‘76. 

5. Conclusions 

We developed a one-dimensional, physical-biological water column model of the 
pelagic ecosystem and applied it to the spring bloom in the northern North Sea making use 
of the rather comprehensive data set obtained during the Fladenground experiment FLEX 
‘76. The model consists of a physical upper layer model and an ecosystem model of the 

lower trophic levels in the pelagic. The physical submodel is a second-order turbulence 
closure model of level 2 type developed by Mellor and Yamada (1974, 1982). The 
biological submodel is a depth-resolved version of the nitrogen flux model proposed by 

Fasham et al. (1990). 
The physical submodel driven with realistic meteorological and radiation data describes 

the development of thermal stratification at the FLEX ‘76 central station (58” 55’ N, 0” 

32’ E) during the spring very satisfactorily. The observed SST and the mixed layer depth 
could be reproduced very well. Toward the end of the simulation period the width of the 
thermocline is slightly underestimated. 

We investigated, whether the biological model configuration (including the nutrient 
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uptake formulation and the parameter values) used by Fasham et al. (1993) for basin-scale 

simulations of the pelagic ecosystem in the North Atlantic is also able to describe the 
evolution of the North Sea ecosystem during a spring bloom. We found that the model is 

not transferable without modifying a series of important ecological model parameters. If 
we use the original parameters chosen for the North Atlantic the resulting net primary 

production and sedimentation flux comes out in the right order of magnitude, but the ratio 
between new and regenerated production is unrealistic because the uptake of ammonium 

and the bacterial production are overestimated. Using a parameter set adapted to the North 

Sea ecosystem we obtain a realistic overall description of the North Sea ecosystem. 

We investigated the nutrient inhibition by using different formulations for the simulta- 
neous uptake of the inorganic nutrients nitrate and ammonium by phytoplankton. We 
propose to use the parameterization deduced from the model of substitutable resources 

(O’Neill et al., 1989) which proved to be more general and more flexible than the very 
special and restricted parameterization by Wroblewski (1977). An important result of our 

simulation is that a higher affinity of phytoplankton for nitrate than for ammonium has to 

be assumed to reproduce the observational data. 
Using this uptake parameterization and the modified parameter set NS we were able to 

hindcast successfully the onset, duration, magnitude and daily variability of the net primary 
production, the magnitude of the PON export flux to the sea bottom, the bacterial 

production and the nitrogen regeneration within the water column. From the results of the 
simulation we calculated a nitrogen budget summarizing the changes of standing stocks 

and the intercompartmental fluxes within both, the euphotic and the aphotic zones, as well 
as between them. One discrepancy between model output and observation is that during the 

whole simulation period the total amount of PON in the water column remains slightly too 
low in spite of the fact that the temporal dynamics of the nitrate and of the ammonium pool 

are quite well described. We have to conclude that this is due to lateral advective import of 

either nitrate or PON. Furthermore, in the second half of the two-month simulation period 
the simulation yields too high ammonium concentrations in the euphotic zone and too low 
concentrations in the water column below. This may be partly due to the neglect of vertical 

migration of the zooplankton which was observed after the middle of May. 
The results of the simulation suggest that strong herbivorous grazing was responsible for 

the decay of the bloom. The comparison with the grazing by herbivorous mesozooplankton 
as estimated from the observations favors the hypothesis that herbivorous microzooplank- 
ton was responsible for the breakdown, as was also suggested by Carlotti and Radach 

(1996). 
The depth dependence of the vertical particulate flux obtained from the simulation 

exhibits the hyperbolic character mostly found in different oceanic regions. The vertical 
particulate nitrogen flux shows a stronger decrease than generally observed for the 
particulate carbon flux. This is in correspondence with the observation that there was a 

remarkable increase of the C/N ratio of POM with depth during FLEX ‘76. 
Further progress in the understanding of the pelagic ecosystem is only possible when 
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field measurements and modeling work close together. For future measuring campaigns we 

want to strongly recommend concentration on time series measurements which include the 
most important constituents of the ecosystem; i.e., also microzooplankton, ammonium and 
labile dissolved organic compounds. Future model investigations should concentrate on the 
improvement of the description of the heterotrophic processes (grazing of zooplankton, 

bacterial metabolism) and of the dynamics of sinking processes of particulate matter. 
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