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Abstract

A dynamics model for nutrients was coupled with a one-dimensional physical and biological upper
layer model to simulate the temporal changes not only in distributions of a nutrient but then of phytoplank-
ton and zooplankton and study the role of these biological characteristics in the dynamics of the Gdansk
Gulf ecosystem. The /D model consists of three submodels: a meteorological submodel for the physics of
the upper layer and a biological submodel, which also is driven by output from the physical submodel. The
biological upper layer model {nutrient-phytoplankton-zooplankton-detritus} incorporates formulations of
the primary production mechanism and of the remineralization mechanisms within the mixed layer, in the
lower layers and at the bottom as well as of the daily migration of zooplankton mechanism. The model is
based on total inorganic nitrogen (NO,+NO,+NH,) and phosphate (PO,).

The calculations were made for 180 days (from March to August) for two stations at Gdansk Gulf (at
station A, near the Vistula river mouth, and at station B, located further to the open sea). The results of the
numerical investigations described here were compared with the mean observed values of characteristics
investigated for 10 years, 1990-2000. Comparison of computed and measured values shows the model
reproduces the time-vertical structure of characteristics investigated in accordance with the in situ obser-
vations. The numerical simulations shown that the differences between the simulated and mean observed
values of nutrient in the upper layer are c. I mmol m? for total inorganic nitrogen and 0.1 mmol m™ for
phosphate. The slight differences between the calculated and observed values of surface chlorophyll-a and
microzooplankton biomass are ca. 5-20%, depending on the location of the hydrographic station and the
month for which the calculations were made. The model can be used to describe the temporal patterns for
nutrients distributions and phytoplankton and zooplankton biomass.
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Introduction

The complexity of the hydrophysical and biologi-
cal processes in the marine environment and the links
between these processes require modern techniques, i.e.
mathematical modelling and computer simulations, for
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their study. Although field work provides the most reli-
able information on these mechanisms and processes, it
requires comprehensive and costly in situ observations
conducted under a variety of hydrological conditions for
long periods of time. They are nevertheless essential for
the collection of sufficient statistical data sets for an ad-
equate diagnosis of the state of the environment and for
making forecasts.
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Computer experiments permit a considerable reduction
in costs, because model studies enable different hydrologi-
cal situations to be simulated and hypotheses and assump-
tions concerning the mechanisms to be tested. As opposed
to in situ measurements, such model studies can be repeat-
ed several times. The simulation results provide fresh data
sets. On this basis, new tasks for field studies can be speci-
fied, and new hypotheses or theoretical models concerning
processes or separate mechanisms can be formulated.

To some extent, of course, mathematical modelling is
limited by the available knowledge of particular process-
es, the methods used to parameterize the links between
them and the possibilities of realizing them in the model.
This explains the present widespread use of mathemati-
cal models and computer simulations as tools lead in to
the discovery of natural laws. They are used in particular
to solve problems of an interdisciplinary nature, which is
what oceanographic studies usually are.

Marine system modelling is a superior way to formal-
ize and test knowledge about a complex aquatic ecologi-
cal system and to seek means for the rational management
of our living marine resources. A marine system model
is comprised of two parts: hydrodynamic and ecosystem.
The equations are in a developing stage.

The hydrodynamic models have been developed for
the Baltic Sea during the last 30 years. A review of Baltic
Sea hydrodynamic modelling has been given by [1, 2, 3,
4]. A good review of coastal marine ecosystem modelling
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has been published by [5-9] for North Sea. The ecological
modelling of the Baltic Sea began at the end of the 1960s
with material balances models [10]. The first general con-
ceptual ecosystem model of the Baltic Sea was presented
by [11]. Practical simulations of the Baltic Sea ecosystem
are made by [4, 12-16] and here particularly should be in-
cluded models with a high-resolution zooplankton module
[17, 18, 19]. These papers present population dynamics of
Calanus finmarchicus and Pseudocalanus elongatus. How-
ever, a model of copepod growth and development was
presented by [20, 21].

Here, I present the structure with mathematical de-
scription of a coupled /D-ecosystem model of upper layer.
This model consists of three submodels: meteorological,
physical and biological. The biological submodel consists
of five mass conservation equations. There are four diffu-
sion advection reaction equations for phytoplankton and
zooplankton and a double nutrient in the water column.
The fifth equation, an ordinary differential equation, de-
scribes the development of detritus at the bottom. The
1D-model has been used to investigate numerically the
nutrient dynamics in the Gdansk Gulf.

1D Ecosystem Model

An one-dimensional ecosystem model consists of three
submodels: a meteorological submodel for the physics of the
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Fig. 1. Conceptual diagram of the coupled model.
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upper layer and a biological submodel, which also is driven transmitted according to:
by output from the physical submodel (see Figure 1).
aT
F, (0) EcpAZaZ =Q -Qy+Q +Q,=Q at z=0 (6)
z=0

Meteorological Submodel

The meteorological component calculates the forcing
functions for the physical oceanographic and biological
components. Wind stress, T, and t, global radiation, Q,
and the heat balance at the sea surface, Q, are determined
from standard meteorological data and hydrographic cli-
matological data. Global radiation, O, is calculated by
application and adaptation of a radiation model, which is
based on the radiation at the outer atmosphere and local
cloudiness. The latent, O,, and sensible, O, heat fluxes
are calculated by so-called bulk formulae.

Physical Submodel

I consider here the dynamics of the horizontally quasi-
homogeneous upper layers of the ocean in terms of ocean
boundary layer dynamics. Thus all horizontal gradients
vanish. The Coriolis force is maintained to enable Ekman
layer dynamics. Both velocities, « and v, are affected by
turbulent diffusion, 4, and Coriolis acceleration, f. Tem-
perature, T, changes are caused by turbulent heat diffu-
sion, 4, and solar heating of the water column and the
surface heat fluxes, Q,, [23, 24].

ou 0 Ju
= =] = 1
ot » 82( Zaz) )
ov 0 v
o fu=—| 4= 2
a az(zaz) @
oT 0 oT 1
- A o -K;z
ot BZ{ S0z cp, Ore J )

The turbulent diffusion in these equations which de-
notes the vertical eddy coefficient for momentum and
heat is obtained by [22] as:

A, =5x107 (1+Ri) " +2x10°° (4)

where Ri is the Richardson number.

Boundary Conditions

The boundary conditions for momentum transfer
across the sea surface are:

FU(O)EAa—u :—T—",FV(O)EAQ =—T atz=0(5)
az|, 0 oz, r,

Wind stress in x-and y-direction is denoted as 1, and
T, respectively. The total heat flux Q at the sea surface is

The heat and radiation fluxes Q carry the indices B for
long-wave back-radiation, S for sensible heat flux, and L
for latent heat flux.

At the bottom the velocity components vanish and the
heat flux is vanishing:

u=v=0 at z=0 (7)
Ty a z=0 (®)
0z

Biological Submodel

The biological submodel comprises a five-state vari-
able: nutrient (total inorganic nitrogen and phosphate), phy-
toplankton, zooplankton and detritus on the bottom (Fig. 1).
The equations, process formulations and parameter values
used here are similar to those described in [16, 19].

My philosophy is to make the model as simple as
possible, so I model phytoplankton by only one state
variable, represented by the carbon concentration. The
model is based on total inorganic nitrogen (NO, + NO,
+ NH,) and phosphate (PO,). The nutrient serves both
as a trigger and as a limiting agent for primary pro-
duction. I use a constant Redfield ratio.The concept of
the detrital pool at the bottom has been introduced to
create a lag in remineralization of the majority of de-
tritus and the eventual replenishment of the upper layer
with nutrients. This complex process is parameterized
by assuming a net remineralization rate for bottom de-
tritus. The zooplankton has been introduced into the
1D-model as a biomass and is represented by micro-
zooplankton.

The phytoplankton standing stock, zooplankton and
nutrient in the water column serve as time- and depth-
-dependent pools. Detritus is a time dependent pool at the
bottom. All four pools are prognostic state variables. Bac-
teria are not explicitly simulated as prognostic variables.
Their activity only appears implicitly in the parameteriza-
tions of the remineralization terms. Benthic detritus ac-
cumulates by sinking out the water column. It is regener-
ated by bacterial action, and the resulting nutrient diffuses
upwards by turbulent diffusion.

The system of equations consists of five nonlinearly
coupled partial differential equations of second order for
phytoplankton, zooplankton and two for nutrients and
one ordinary differential equation of first order for ben-
thic detritus.

The changes in local nutrient concentration (for
total inorganic nitrogen and phosphate) Nutr is de-
termined by turbulent diffusion K , algal uptake UPT,
nutrient influx F, , remineralized dead phytoplank-
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ton, zooplankton faecal pellets and dead zooplankton
REMI, and by zooplankton excretion EXC and nutri-
ent release REL.

9 {Nutr, } a[ 9 {Nutr, }J

dt %) dz 9)
- UPT, + F,; +REL, + REMI, + EXC,
0 {Nut } a 8 {Nut }

- UPT, + F,;, +REL, + REMI, + EXC,

inf P

The temporal changes in the phytoplankton biomass
Phyt is affected by turbulent diffusion K, sinking of algae
w_, primary production PRE, respiration RES, mortality
MOR,, and grazing by zooplankton GRA.

ot ° 0z dz
+PRE—-RES-MOR ,-GRA

o { Phyt} o o { Phyt} _ i[
Jz

Kza {Phyt} }_
(11

The temporal changes in the local zooplankton
biomass concentration Zoop are defined by turbulent
diffusion K , ingestion ING, zooplankton fecal pellets
FEC, metabolism MET and predation (=mortality)
PRED.

Jt 0z 0z
+ING -FEC-MET - PRED

o {zoop} _a( @}
) (12)

Finally, the temporal changes in the detritus pool
at the bottom Detr are determined by the flux of phy-
toplankton £, and that of detrital material sediment-
ing out of the water column onto the bottom D and
remineralisation of detritus REMD.

diD
% ——F,(H)+D-REMD  (13)

The turbulent diffusion coefficient X (used in above
equations) is determined after [22] as:

K. =5x107* (1+Ri) " +107° (14)

The biochemical terms used in Egs. (9)-(13) are
given in the Appendix. The significance of symbols
used is given in Table 1. However, the dynamical con-
stants used in the biological model are listed in Table

2. The detailed descriptions of the processes having the
influence on the source/sink function are presented in
the work of [16].

Initial and Boundary Conditions

The following initial and boundary conditions supple-
ment equation system (9)-(13): the initial vertical distri-
butions of phytoplankton {Phyt}, nutrient {Nutr}, zoo-
plankton {Zoop} and detritus pool {Detr} are known:

[Phyt}(2,0) ={Phyt}, (2)
{Zoop}(2,0) ={Zoop}, (2)

[, }(2,0) = [ Va1, (2)
{Nur, }(2.0) = { N }, (=)

{Detr}(t = O) = {Detr}o =0 z=H

0<z<H

0<z<H
0<z<H (15

0<z<H

The vertical gradient of phytoplankton, zooplankton
and nutrient concentration flux are zero at the sea surface
(z=0):

FP(o)EKZw o {Py}(0,6) =0
z
F, (o)EKZ—a{N”ZN}(Z”) -0
’ 4
(16)
FNP(o)EKZw y
z
F, (o)EKZa{ZOOBﬂ =0
z

However, the bottom flux condition for phytoplank-
ton, nutrient and zooplankton is given as:

F,(H)=-w {Phyt}(H,t) (17)
F, (H)=K, M = g, REMD

! 0z .

(18)

F, (H)=K. M = g,REMD

’ 0z .
FZ(H)EKZa{ZOOaﬂ =0 (19)

z
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Table 1. List of symbols used in Appendix.

Symbol Meaning
K, Turbulent diffusion coefficient
gy C/N ratio
g5 C/P ratio
&en C/Chl-a ratio
{Phyt} Phytoplankton biomass
dA Assimilation number
E, Saturation irradiance
E Irradiance at depth z
1, Average daily doses of irradiation PAR
{Phyt}, Phytoplankton threshold for grazing
- Maximum grazing rate
kPhy[ Half-saturation constant for grazing
m, Mortality rate for {Phyt}
m," Percentage basic respiration
m,! Percentage photorespiration
{Nutr}, Total inorganic nitrogen concentration
{Nutr}, Phosphate concentration
Ky Half-saturation constant for nutrient (N and P)
n, Percentage of ingestion regenerated as soluble excretion of zooplankton
n, Percentage of ingestion egested as fecal material
n, Percentage of ingestion ending finally as dead zooplankton
p, Percentage of remineralized fecal material in the water column
Dy Percentage of remineralized dead organic matter in the water column
D, Percentage of remineralized dead zooplankton in the water column
{Zoop} Zooplankton biomass
fil Maximum ingestion food
m, Mortality rate for {Zoop}
{Detr} Detritus concentration
r, Remineralization rate of benthic detritus

This flux F(H) enters the benthic detritus equation as
a source term. The boundary condition [18] provides the
mechanism of replenishing the water column with nutri-
ents resulting from benthic remineralization.

The system of equations with initial and boundary
conditions is solved numerically by using the indirect
Crank-Nicholson method [25] in an area of 0 <z < H by
digitizing this region with a variable step. This method is
a second-order one, absolutely stable at every time and
space step. The detailed algorithm of the solution to 1D-
biological model can be found in [16].

Numerical Simulations

The aim is not generality but a description of a nu-
merical investigation of nutrient dynamics in one exam-
ple of a model. The temporal changes in distributions of
a nutrient (inorganic nitrogen, and phosphate), of phyto-
plankton carbon and of zooplankton are necessary out-
puts from the biological model. The calculations were
made for 180 days (from March to August) for two sta-
tions at Gdansk Gulf (at station A, near the Vistula river
mouth, and at station B located further to the open sea
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Table 2. Dynamical constants in the biological model.

Symbol Value Unit
g 0.5 day!
gy 0.0157 mmol N (mg C)!
g 0.612x107 mmol P (mg C)’!
e 34.31 mg C (mg Chl)!
Ko 100 mg C m?
Ky 0.1 m mol N m?
p 0.06 m mol P m?
m, 0.05 day!
m,' 0.1
m,! 0.05
n, 0.33
n 0.33
n, 0.33
p, 0.2
D, 0.2
D, 0.2

—see Fig. 2). Initial values of characteristics investigated
as constants with depth were assumed on the basis in-
terpolation of empirical data, i.e. Nutr,,= 8 and 6 mmol
m>, Nutr,= 0.7 and 0.6 mmol m> , Phyt = 50 mgC m>,
Zoop =2 and 1 mgC m? and Detr = 0 mgC m?, respec-
tively at stations A and B.

The flow field and water temperature used as the inputs
of the biological submodel were reproduced by the physical
submodel. Both velocities and temperature resulting from the
physical submodel (as the output) were used for the turbulent
diffusion calculation. However, temperature data was also
used for the primary production calculation. Comparison of
computed and measured temperatures shows the model re-
produces the vertical structure of seawater temperature in
relatively good accordance with the in situ observations (see
for comparison - data from literature [26]). The temperature
distributions at stations A and B are different (Fig. 3). The
water temperature is about 2°C higher at station A than at
station B in the upper layer. However, in the lower layer it is
nearly the same for both stations.

The differences between the calculated and observed
values of surface temperature are ca. 1-2°C, depending
on the location of the hydrographic station (Fig. 4). For
example, in the upper layer, the simulated temperature is
equal to ca. 20°C at A and ca. 18°C at B late Auqust; how-
ever, observed values were ca. 2°C lower than calculated.

Samples of inorganic nitrogen compounds ( nitrates,
nitrites and ammonia) taken from water were collected
in determined layers: 0- 15 m (euphotic layer, above the
seasonal thermocline), 15-30 m (layer of seasonal ther-

mocline), and 30-60 m (lower part of seasonal thermo-
cline, lower part of isohaline layer). The mean observed
values in these layers are shown in Fig. 5. The highest
mean concentrations occurred last winter (March) and
equalled over 7.6 mmol m™ at station A and 5.9 mmol m-*
at station B . The lowest concentrations in the upper layer
occurred at the beginning of May at A and in middle May
at B and equalled 0.57 mmol m* at A and 0.74 mmol m?*
at B. At station A inorganic nitrogen depletion, with con-
centrations < 1 mmol m™, occurs in the upper 30 m at the
beginning of May, but at B it is encountered about one
month later (ca. 20 days).

However, samples of phosphate taken from water also
were collected in determined layers: 0-15, 15-30, and 30-
60 m. The mean observed values in these layers are shown
in Fig. 6. The highest mean concentrations of phoshate
occurred last winter (March) as in the case of inorganic
nitrogen, which equalled over 0.68 mmol m at station A
and 0.52 mmol m?at B. The lowest concentrations in the
upper layer occurred late April at A and in May at B and
equalled 0.007 mmol m™ and 0.009 mmol m?, respective-
ly, at stations A and B. At station A phosphate depletion,
with concentrations <0.01 mmol m?, occurs in the upper
15 m in late April, but at B it is encountered about one
month later (ca. 25 days). The conversions, g, from N and
P to carbon which are applied in equations (see Appendix
for nutrients) are given in Table 2 as g, and g,

The differences between the simulated and mean
observed values of nutrients in the upper layer (0-15
m) are about 0.5-1 mmol m™ for total inorganic nitro-
gen and ca. 0.1 mmol m for phosphate (Fig. 7). The
total inorganic nitrogen is the major factor controlling
the biomass of phytoplankton in the Baltic Sea after
[27], although cyanobacteria overcome N shortage by
N-fixation and primary production in the end is limited

55.00 A

latitude ON

54.50 A

18.00 18.50 19.00
longitude °E

® sampling station

Fig. 2. Map of Gdansk Gulf showing sampling stations.
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by available phosphorus. Shaffer [27] determined the
phosphate-to-nitrogen ratio for Baltic Sea water as P/
N=1:14.4. However, [28] obtained the relationship of
phosphate concentrations and the total concentration of
inorganic nitrogen in the euphotic layer in the southern
Baltic Sea as P=0.072N+0.115. This equation suggests

depth [m]

60 120 180 240

day in year

Fig. 3. Simulated temperature profiles at stations A and B.
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that in the vegetation season, the P/N ratio is equal to
1:14.1. In the Gdansk Gulf in this period, the N/P ratio
is equal to 10.8; but in the Gdansk Deep, it is 6.5 after
[28]. In my opinion, P/N ratio during vegetation period
tends to zero or infinity because either N or P is close
to zero.
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Fig. 4. Simulated and mean observed values of surface temperature at stations A and B.
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Fig. 5. Simulated profiles and observed values of total inorganic nitrogen at A and B.
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The phytoplankton biomass reflects nutrient avail-
ability, showing a strong nutrient-depleting spring bloom
(Fig. 8). At station A, the phytoplankton biomass reached
maximum values from 350 mgC m™ on the surface to 50
mgC m at depth; contrasting the range from 200 to 50
mgC m? at station B. Hence, {Phyt} was about two times
higher in the surface layer at station A than at B. The dif-
ferences in {Phyt} between the two stations decreased
with depth.

This situation is caused by high nutrient concentra-
tion near the river mouth (where its influence on the
values of the biological characteristics investigated is
visible) as well as by the water temperature which was
higher at station A than at B. Temperature data was
used for the primary production calculation, which is
the dominant process determining the pattern of phyto-
plankton biomass.

Phytoplankton biomass is more often measured as
chlorophyll-a than as carbon. From April to May, in the
spring bloom time, chlorophyll ranges from nearly 7
to about 20 mgChl m™ at the surface sea in the Gdansk
Gulf. Mean high concentrations are found at station A
ca. 360 mgC m~and at B ca. 250 mgC m~ (Fig. 9). To
compare the simulated results for phytoplankton carbon
to available chlorophyll-a data, a C/Chl-a ratio has to be
assumed for converting the simulated carbon contents
to chlorophyll-a. Here, the calculations were made as-
suming the C/Chl-a ratio is equal to =34 mgC (mgChl)!
as mean value for the southern Baltic Sea in the upper
layer [28]. Then, the differences in the Phyt between the
modelled and mean observed values are ca. 3-15% of the
maximum value.

Fig. 10 demonstrates the simulated profiles of zoo-
plankton biomass {Zoop} at stations A and B. Tempo-
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Fig. 6. Simulated profiles and observed values of phosphate at stations A and B.
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Fig. 7. Simulated and mean observed values of total inorganic nitrogen and phosphorus in the upper layer at stations A and B.
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ral variability of {Zoop} are different at both stations.
The zooplankton reached maximum values from about
75 mgC m™ on the surface to 5 mgC m™ at depth in May
at A and from 50 to 2 mgC m™ in June at B. However, in

depth [m]

50 I I
60 120 180 240

day in year

March {Zoop} reached about 2 mgC m=at A and 1 mgC

m at B in the whole water column.

The results of the numerical simulations for depth inte-
grated zooplankton biomass described here are compared

Fig. 8. Simulated profiles of phytoplankton biomass at stations A and B.
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Fig. 9. Simulated and observed values of phytoplankton at the surface sea at A and B.
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Fig. 10. Simulated profiles of zooplankton biomass at stations A and B.
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Fig.11. Simulated and observed values of depth integration of zooplankton at A and B.
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Fig. 12. Phytoplankton biomass in the surface layer and depth-integrated zooplankton biomass at stations A and B.

with the mean observed values assuming organic carbon
content of gC/g = 0.11 [29] (Fig. 11). The mean high
value of zooplankton biomass during the period of simu-
lation was observed in the end of May (ca. 18 g m?) in
Gdansk Gulfand it corresponds to ca. 2 gC m™. It is similar
to the value calculated here, i.e. {Zoop} =2.3 gC m™ at A
and {Zoop} ~ 1.7 gC m? at B. Comparing depth, integrated
zooplankton biomass from the calculated and mean experi-
mental data, the present results indicate that the difference
in the {Zoop} is ca. 5-20% of the maximum value.

Fig. 12 presents the changes in phytoplankton biomass in
the surface layer and depth integrated zooplankton biomass.
The simulations show the general variations in populations
with time. The results are significant changes in distributions
of phytoplankton and zooplankton biomass which have taken
place in an area of considerable increase of primary production
and grazing. In the initial stage of the numerical experiment,
a substantial growth of phytoplankton biomass is observed,
which slightly falls at the next stage as a result of an increase
of zooplankton biomass. This growth is caused by an increase
of grazing of phytoplankton by zooplankton.

Conclusion

This work presents the one-dimensional model to
simulate the temporal changes in distributions of a nu-
trient, phytoplankton and zooplankton and study the role
of these biological characteristics in the dynamics of the
Gdansk Gulf ecosystem. Models are suitable as tools be-

cause hypothesis can be tested, and our understanding of
processes and dynamics can be evaluated.

The simulated biological characteristics (i.e. the inor-
ganic nitrogen and phosphate, the surface phytoplankton
biomass and depth integrated zooplankton biomass) in
the model were compared to the observations from the
investigated water regions. Taking into consideration the
fact that outputs of the meteorological submodel were
obtained using meteorological data for 1998 and clima-
tological data, the comparison of numerical results will
be made to the mean values of empirical data for a period
of 10 years (1990-2000). Most data exist for 1998 from
Gdansk Deep.

The numerical simulations shown that the differences
between the simulated and mean observed values of nu-
trient in the upper layer are ca. 1 mmol m? for total in-
organic nitrogen and ca. 0.1 mmol m~ for phosphate. At
station A inorganic nitrogen depletion with concentrations
< 1 mmol m? occurs in the upper 30 m layer; however,
phosphate depletion with concentrations < 0.01 mmol
m occurs in the upper 15 m layer in late April. At station
B, it is encountered on month later. Phytoplankton bio-
mass reflects nutrient availability, showing a strong nutri-
ent-depleting spring bloom at station A. {Phyt! was about
2 times higher in the surface layer at station A than at B.
This situation is caused by the high nutrient concentration
near the river mouth (where its influence on the values of
biological characteristics is visible).

Fig. 9 presents the observed mean values of surface
chlorophyll-a for stations A and B (Regional Oceano-
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graphic Database of IOPAS). The chlorophyll-a values
shown for these areas were obtained from water sam-
ples. At open sea station chlorophyll-a concentration
was lower than in the gulf. A considerable proportion
of chlorophyll-a variability at the investigated points re-
sults solely from variations in weather conditions and
nutrient distributions. To compare the simulated results
for phytoplankton carbon to available chlorophyll-a
data, a C/Chl-a ratio has to be assumed for converting
the simulated carbon contents to chlorophyll-a. Litera-
ture mean value for the C/Chl-a ratio lie between 31.06
for open water of the southern Baltic Sea and 42.85 for
coast water in the upper layer (see Table 1 in paper [28]).
However, in this paper the calculations were made as-
suming the C/Chl-a ratio g, =34.31 mgC(mgChl)" as
mean value for the southern Baltic Sea [28]. Thus, in
the surface layer , the mean observed value of the maxi-
mum chlorophyll-a content ca. 10.3 mgChl m? at A
and ca. 8.2 mgChl m= at B corresponds to 353 mgC m™
and 251 mgC m?, respectively. These chlorophyll data
and the simulated phytoplankton biomass are well cor-
related during the period of simulation and attain their
maximum concentrations in April, which are of similar
magnitude, depending on the conversion factor C/Chl .
However, the maximum of the simulated blooms oc-
curs a few days ecarlier at A and later at B than in the
measurements. The difference in the {Phyt} between the
modelled and mean observed values is equal to 0.5-1.3
mgChl m™ and depends on the month for which the cal-
culations were made.

The results of the numerical simulations for depth in-
tegrated zooplankton biomass described here were com-
pared with the mean observed values assuming organic
carbon content of microzooplankton gC/g = 0.11 . The
biomass peak of microzooplankton in Gdansk Deep ap-
pears in late spring (about 11 g m?); however, the mean
annual biomass of is about 15 g m™. The highest value
of microzooplankton biomass during the period of simu-
lation was observed in the end of May (about 17 g m™)
and it corresponds to 1900 mgC m™. It is higher value
than here calculated. Comparing the depth integrated mi-
crozooplankton biomass from the calculated and mean
experimental data, the present results indicate that the dif-
ference in the {Zoop} is equal to 0.2-0.5 gC m™ at these
stations.

The simulations given here show that in the Gulf of
Gdansk, in the final stage of spring bloom (May) nutri-
ent limitation in the surface layer and zooplankton growth
tends to a decrease of phytoplankton concentration in the
open area. In the coastal area concentration is still high.

The high variability of phytoplankton concentration
in the longitudinal direction is well known from observa-
tions.

The results of the numerical simulations described
here are in good agreement with the mean observed val-
ues. The 1D-ecosystem model can be utilized for numeri-
cal investigations of phytoplankton, microzooplankton
biomass and nutrients distributions.
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Appendix
Parameters of the Biological Submodel

NUTRIENTS

REL = gRES, UPT = g(PRE-RES)
EXC = gMET = g(M, +n,4)
FEC, =n,GRA, MOR, =nGRA
REMP = p, MOR,, REMZ = p MOR,, REMF = p, FEG,
REMI = g(REMP + REMZ + REMF )
=g{gy MOR, +(pf.nf +pzr§)GRA}

Enf = Enf,n exp(f 0 1z )
PHYTOPLANKTON
PRE = sinyd, d,min{d,,,d, {Phyt}
d = E expl 1- E L d, - {Nutr,,}  d, - {Nut}j\,}
E, E, {N utry } + Ky P {N utry, } + Ky N

E =313.64+19.56T; d,=1.385+0238T

E= %exp(f Kdz{l + 005277”}
17, =8.67 +8.29c0s(wx—3.03)+ 0.69cos(wx— 5.80)
RES = RES, +RES, =d, (nf, +n min{d,,d, }}{Phyt}
MOR, = m, {Phyt}

{Phyt}—{Phyt},
{Phyt}—{Phyt}, + ky,

GRA=g Zoop; for {Phyt{> {Phyt
{Zoop}; for {Phyt}>{Phyt,

ZOOPLANKTON
ING =7 fil ({Phyt}) {Zoop}

{Ph }—{Ph }0
Sil({Phyt})= fil { Phyt}it{Phyt}oy-ti- k

‘Phyt

MET =M, + M, + M, =M, +n4, 4=n,ING
PRED = {Zoop} exp(— m, t)
BENTHIC DETRITUS
SEDI=(1-p, )JMOR, +(1- p JFEC,+(1- p. )MOR,
=(1-5, MOR, +{{1-p, Jn, + (1~ p. ) jGRA
D= jH SEDId-
0

REMD = r, {Detr}
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