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ABSTRACT

This study describes the coupling between physical and biogeochemical models and analyses the response of the eco-
system in the north-western Black Sea to nutrient loads and climate changes. The basic physical and biological dynamics of
the upper north-western Black Sea is illustrated as well. The physical model is based on the Princeton Ocean Model (POM);
additionally, a parameterisation of mixed layer is included. The biogeochemical model is based on the European Regional Sea
Ecosystem Model (ERSEM) and consists of five modules: (1) primary producers, (2) microbial loop, (3) mesozooplankton,
(4) benthic nutrients, and (5) benthic biology. The ecosystem in ERSEM is subdivided into three functional types, produc-
ers (phytoplankton), decomposers (pelagic and benthic bacteria) and consumers (zooplankton and zoobenthos). Model-data
comparisons have been performed for both calibrating and verifying coupled model simulations. We address here the impact
of nutrient discharge from the Danube River on the functioning of the biological system. The evolution of the mixed layer,
as well as the response of the biological system to variability of the nutrient discharge from the Danube River is described in
detail. Several scenarios have been developed to study the impact which nutrient reduction has on the coastal marine system.
The model predictions indicate that the biological system is very sensitive to the changes in nutrient concentrations, as well
as to their ratios.
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1. INTRODUCTION

The Black Sea ecosystem has experienced substantial
changes since the 1960s, driven by several perturbations
in the drainage basin of the rivers and the Black Sea itself.
Among the different characteristics of the recent man-made
impact on the Black Sea (land use changes differentiating the
river nutrient load of PO4 and NO3, as compared to Si(OH);
changes of hydrological regimes of out-flowing rivers; in-
troduction of exotic species, i.e., the gelatinous Ctenophore
Mnemiopsis; and selective or excessive fishing), we still do
not know which is the most important in terms of large-
scale biological and ecological consequences and what
the synergy between the different human activities and the
natural forcing would be. We focus on the effects of changes
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in the nutrient loads from the Danube River (both in nutrient
content and quality), which we expect to play a significant
role on the functioning of the Black Sea ecosystem.

The synergy between the different human forcing
cannot be assessed from simple correlations between eco-
logical observations and historical correlations. The bio-
geochemical models provide a powerful tool for studying
the biological and chemical compartments as a function of
physical and human impacts. As a mathematical tool for
studying recent eutrophication-related ecosystem changes of
the northwestern Black Sea we use here the European Re-
gional Seas Ecosystem Model (ERSEM) coupled with the
three dimensional Princeton Ocean Model (POM) and a one-
dimensional mixed layer model, forced by daily records of
Danube nutrients concentrations at the river outflow. The ef-
fect of nutrient discharge on the quality of a given ecosystem
is tested by looking at the ecosystem behaviour in several
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periods, characterised by different nutrient discharge rates.

A hierarchy of models have been used to study the
ecological functioning of the Black Sea. Several ecological
models were developed for the surface layer of the Black
Sea (Oguz et al. 1996; Grégoire et al. 1997; Staneva et al.
1997; Cokasar and Ozsoy 1998; Oguz et al. 1999; Lancelot
et al. 2002). Some of them used very simplified physics (e.g.,
the evolution of the mixed layer depth only) and studied the
ecological processes as averaged within the surface mixed
layer (Eeckhout and Lancelot 1997; Oguz et al. 2001; Lance-
lot et al. 2002). There are some studies in which the ecologi-
cal model is coupled with a 3-dimensional hydrodynamical
model (e.g., Grégoire et al. 1997; Oguz and Salihoglu 2000;
Staneva et al. 2003; Grégoire et al. 2004; Tsiaras et al. 2008).

In this paper we apply for the first time ERSEM in the
Black Sea. ERSEM was originally developed by Baretta
et al. (1995), and used extensively for the North Sea (e.g.,
Allen et al. 1999, see also the references in the model de-
scription section). Several further developments and ap-
plications of ERSEM for other European seas have been
implemented as well (for the Adriatic Sea, see Vichi et al.
2003a, b). Since we apply ERSEM in the Black Sea region
for the first time, careful model tuning and validations with
observations have been performed. Therefore we will dis-
cuss the agreement between the model and observations
over a seasonal cycle, before accessing the problems of the
sensitivity of the ecosystem to river input.

A hierarchy of observational data have been used for
tuning and verifying the model. Climatological data set
have been prepared by the use of almost all historical ob-
servational measurements for the north-western Black Sea.
In the period from 2001 to 2004 extensive observations
have been performed in the frame of EU FP6 DANUBS
(DAnube NUtrient management and its impact on the
Black Sea) Project (see http://danubs.tuwien.ac.at/). We refer
also to the project reports for more information about the all
tuning and verifications experiments. Nevertheless, in this
paper we present the final set of parameters as well as a brief
discussion on the most important parameters that needed to
be tuned to apply ERSEM for the north-western Black Sea
environment.

The paper is organized as follows. The models used in
this study are described in section 2. Model to data compari-
sons have been analysed in section 3. The response of the
ecosystem to changing the nutrient discharge is discussed in
section 4 and we end with a conclusion.

2. MODEL DESCRIPTION
2.1 Physical Model

The hydrodynamic model is based on the Princeton
Ocean Model (POM) (Blumberg and Mellor 1983) which is
a 3-dimensional, sigma-coordinate, primitive equation and
free-elevation model with a 2.5 turbulence closure submodel

(Mellor and Yamada 1982) which calculates vertical eddy
viscosity/diffusivity taking account of the wind stirring and
the stratification of the column. The model output includes the
3-D velocity field, temperature, salinity and free surface el-
evation. The model has been modified to include river plume
dynamics, following the approach developed by Kourafalou
et al. (1996). This is a key model modification that allows
the detailed description of the development and evolution
of the Danube River plume. The high resolution (~5 km)
hydrodynamic shelf model is nested to a lower resolution
(~10 km) basin scale model, which provides the necessary
open boundary conditions (for more details see Kourafalou
et al. 2004). Sixteen sigma levels are resolved in the vertical
with logarithmic distribution approaching the surface. In or-
der to increase the vertical resolution in the open Black Sea,
permitting a better simulation of the mixed layer dynamics,
that are particularly important for the ecosystem simulation,
a maximum water depth of 500 m has been employed. The
initial density field and climatological atmospheric fluxes
are provided by a long-term climatological run of a basin
scale model which is based on the Modular Ocean Model
(MOM, Staneva et al. 1997). Using the above climatologi-
cal atmospheric fluxes and average Danube discharge rates
(1994 - 2002) a 1-year long climatological type simulation
was performed by the shelf model, providing initial condi-
tions for a “realistic” simulation where 6-hour atmospheric
forcing and one-day Danube discharge rates are employed
for the period 2002 - 2003. This simulation is the base for
our scenario simulations. Daily Danube discharge rates and
nutrient inputs were calculated for this period by a model of
the Danube Delta (Constantinescu and Menting 2000; Van
Gils et al. 2005).

2.2 Mixed Layer Model

The mixed layer model embedded into the coupled
physical-biogeochemical model is based on the formula-
tion of Gill and Turner (1976), relating the changes in the
potential energy of a vertical water column to the rate of
wind stress at the sea surface. The model is based on the
principles of energy conservation. Convection in the model
is partly penetrative with 85 percent of convectively gen-
erated turbulent kinetic energy dissipated within the mixed
layer. The penetrative short wave flux is represented by a
double exponential decay function. The mixed layer model
calculates density changes resulting from changed tempera-
ture and salinity. This makes it possible to estimate the work
done to increase its potential energy. The main part of the
model realises the vertical mixing, which can be either due
to instability, or to available mechanical energy by wind.
The model parameters were chosen such that the ranges of
simulated mixed layer depth lie in the ranges given from ob-
servations (e.g., Staneva et al. 1997). The forcing functions
of the mixed layer model are: the penetrative (solar) com-
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ponent of surface flux; the non-penetrative heat flux (this
contributes to the heating of the top layer) and the mechani-
cal (“wind mixing”) energy, which is available for mixing
water in the stable stratified column. The mixed layer model
is forced with the fluxes (wind stress, heat and freshwater)
diagnosed by the basin-wide hydrodynamical model (see
also Stanev et al. 1997; Staneva and Stanev 1998).

2.3 Ecosystem Model

As described in the introduction, we use in this study
the European Regional Seas Ecosystem Model (ERSEM,
Baretta et al. 1995). ERSEM consists of five modules: the
primary producer module; microbial loop module; mesozo-
oplankton module; benthic nutrients module and benthic bi-
ology module. State variables in ERSEM have been chosen
in order to keep the model relatively simple without omit-
ting any component that exerts a significant influence upon
the energy balance of the system (Allen et al. 1999). The
dynamics of the biological functional groups are described
by both physiological (inhale/exhalation, ingestion, excre-
tion and large matter expulsion) and population processes
(growth, migration and mortality). Detailed descriptions of
the biological sub-models can be found for: phytoplankton
in Varela et al. (1995) and Ebenhoh et al. (1997); func-
tional groups related to the microbial food web in Baretta-
Bekker et al. (1997a); mesozooplankton in Broekhuizen et
al. (1997); fish in Bryant et al. (1995) and benthic fauna
in Baretta-Bekker et al. (1997b) and Blackford and Radfort
(1997). The dynamics of the biological functional groups
are described by both physiological (ingestion, respiration,
excretion and egestion) and population processes (growth,
migration and mortality). The ecosystem in the ERSEM
is subdivided into three functional types: producers (phy-
toplankton), decomposers (pelagic and benthic bacteria)
and consumers (zooplankton and zoobenthos). More details
about the processes included can be found in the above
mentioned references.

The particular application of ERSEM in the north-west-
ern Black Sea includes a unique development in the frame-
work of the DANUBS project, namely its three-dimensional
coupling with the POM hydrodynamic model (see section
2.1), which includes river plume dynamics. Thus, ERSEM
has been forced with water and nutrient inputs from the
Danube River and computes distributions of ecosystem
variables that are largely influenced by the variability of
these inputs, in the context of the prevailing hydrodynamic
and biological processes.

2.4 Coupled Model Initialisation, Forcing and Para-
meters

At the sea surface we use atmospheric analyses data,
provided by the POSEIDON operational system (Papado-

poulos et al. 2002; http://www.poseidon.ncmr.gr/) and bulk
parameterization formulas (Staneva and Stanev 1998) to es-
timate the wind stress component, radiative flux, heat and
freshwater fluxes. Non-slipping boundary conditions are
assumed at the bottom. The atmospheric fluxes for the bio-
geochemical variables are set to zero. For estimating the lat-
eral fluxes we use the procedure described in Lenhart et al.
1997). Similar techniques have already been used success-
fully for the north-western Black Sea box simulation with
BIOGEN model (Beckers et al. 2002; Lancelot et al. 2002).
For a more detailed technical description of the equations
giving the connection between a sigma-coordinate hydro-
dynamic model and the mixed-layered model for the north-
western shelf Black Sea we refer to these papers.

The initial conditions for the biogeochemical compo-
nents are prepared from the observed data provided by A.
Cociasu (personal communications). The initial conditions
for temperature and salinity are taken from POM simula-
tions (Kourafalou et al. 2004; Tsiaras et al. 2008). The ver-
tical diffusion coefficients are estimated using stability de-
pendency (see Staneva and Stanev 2002). We assume zero
sea surface fluxes from the biogeochemical state variables.

The ERSEM set-up follows that of Vichi et al. (2003a,
b). Therefore we refer to this paper for more details about
the model development. The set of ERSEM model param-
eters, that have been calibrated in this study particularly for
the Black Sea conditions, is shown in Table 1.

3. MODEL RESULTS AND MODEL-DATA COM-
PARISONS

3.1 Hydrodynamic Model Results

In this section we present the results from the hydro-
dynamic Princeton Ocean Model (POM), modified to suc-
cessfully simulate river plume dynamics. More details about
the physical model set-up and its performance for the north-
western Black Sea are given in Kourafalou et al. (2004) and
Tsiaras et al. (2008).

Two types of simulations have been completed for the
transport and composition of Danube waters and associated
nutrients on the Northwestern Black Sea shelf: (a) a multi-
year climatological study to identify seasonal variability of
the circulation and the typical transport pathways and nu-
trient uptakes; and (b) the target period (2002 - 2003) to
reproduce observed patterns and validate the model against
in-situ and satellite data.

The model simulations have utilized Danube River
water and nutrient inputs taken from daily values on a long-
term averaged record (1994 - 2001) for the climatological
simulation and realistic daily values for the target period
(Fig. 1a). The atmospheric inputs are of utmost importance
on continental shelf dynamics and the coupled model in-
cludes all relevant air-sea interaction processes. The clima-
tological simulations have utilized a perpetual year record
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of wind and air-sea fluxes where high frequency anoma-
lies have been superimposed. The target period simulation
has employed realistic, high-frequency (6-hourly) wind

(Fig. 1b) and flux readings obtained from the Poseidon
operational atmospheric model (Papadopoilos et al. 2002;

http://www.poseidon.ncmr.gr/).

Table 1. Values of selected biological parameters used in the numerical simulations (as in Vichi et al. 2003a, but for the current Black Sea set-up).

Fig. 1. Examples of model forcing. (a) The Danube discharge rate (m* s') for the years 2002 (blue line), 2003 (red line) and multi-year average
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Realistic model simulations (high frequency wind
forcing and daily Danube water discharge) covered the tar-
get period 2002 - 2003. The target period was unique, as
it covered two years with different conditions in both river
and wind stress inputs. The differences are particularly evi-
dent in the two summer periods. Summer of 2002 had high
discharge and downwelling-favorable winds, while summer
2003 had low discharge and upwelling-favorable winds.
Examples of the summer season for the 2002 - 2003 model
simulation and from 8-day satellite data composites for the
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same periods are shown in Figs. 2 and 3. The 6 - 10 Sep-
tember 2002 period (taken as late summer conditions) is the
duration of the extended R/V Aegaeo survey that provided
valuable data for model validation. The winds, averaged
from 6-hourly values (source: HCMR operational “Posei-
don” atmospheric model) are shown in Fig. 4. There is a
remarkable agreement in the salinity patterns; it should be
noted that the modelled salinity is a true average over the 5
cruise days, while the observed salinity is a close represen-
tation of the realistic pattern, since there is a time lag be-
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Fig. 2. Model to data comparison (averaged over the cruise period of 6 - 10 September 2002). (a) model surface salinity for the western Black Sea.
(b) same, but zoomed in the data survey area. (c) the data survey surface salinity.
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Fig. 4. Wind velocity averaged over the periods 3 - 10 September 2002 (northerlies) and 11 - 18 July 2003 (southwesterlies).

tween measured points. The Danube river plume variability
is clearly illustrated in Fig. 5 where we show two horizontal
patterns of the salinity and circulation for 15 May and 15
September 2002. In May 2002 the fresh water with Danube
origin spreads offshore which is due to the favourable wind
conditions, while on 15 September it stagnates along the
western Black Sea coast.

3.2 Mixed Layered Dynamics

The performance of the mixed layer dynamics is illus-
trated in Fig. 6. It shows the time evolution of the depth
of the upper mixed layer and of predicted sea surface tem-
perature for the open Black Sea. The symbols displayed at
each graph correspond to the data from observations (e.g.,
Staneva et al. 1997). It is clearly seen that there is quite good
agreement between the data from the observations and the
model results. The predicted thickness of the upper mixed
layer fluctuates seasonally between 5 and 60 m. The convec-
tive mixing is maximal at the end of February, displacing
the Mixed Layer Depth (MLD) up to about 60 m, reaching
6.5 - 7.0°C. The permanent pycnocline maintained by the
strong dilution of sea surface water (with salinity of about
18 psu) and the inflow of dense Mediterranean Sea water
through the Bosphorus strait (with salinity of 35 psu) pre-
vents deeper winter convection. The maximum temperature
at the sea surface (about 24°C) is observed during summer.

3.3 Ecosystem Model Simulations

Below we will discuss the results from the coupled
physical-ecosystem model applied for 2002. We decided to

concentrate our analyses on this particular year because of
the large amount of observational data obtained there for
the north-western Black Sea. The model area and the boxes
where we make the comparisons are shown in Fig. 7. The
location and size of the boxes were chosen according to
the specific circulation characteristics of the north-western
Black Sea (as detected by the three-dimensional hydrody-
namic model and satellite observations, discussed in Tsiaras
et al. (2008), but also according to the availability of the
in-situ data during 2002 in Bulgarian and Romanian wa-
ters. Our primary motivation for performing detailed model
to data comparisons was triggered by the desire to use as
much observed data as possible. The model tuning has been
done within the climatological type simulations utilizing all
available in situ data. No additional tuning was performed
for the 2002 simulations.

The total Danube River discharge into the sea during
2002 was 213.6 km?, slightly higher than in the previous
two years due to above average precipitation over Europe.
Monthly means ranged between 11.22 km® in July and
22.52 km?® in November. In terms of the nutrient discharge,
it is worth noticing the concentrations generally reflect a de-
creasing trend as recorded in previous years. This peculiar-
ity is obvious for phosphates and nitrates, whose monthly
means are lower than the long-term nutrient discharge.
Conversely, silicates have recorded a slight increase both
in spring and fall seasons, exceeding the long-term mean, in
good agreement with the Danube discharge variations.

In this section we will analyse the response of the Ro-
manian and Bulgarian coastal waters to the Danube nutrient
discharge in 2002. The seasonal evolution of the tempera-
ture and salinity simulated by the coupled model (see Fig. 8)
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agrees very well with that observed in 2002. The minimal
temperature reached in mid March was about 3°C and the
maximum in August was about 22.5°C. Due to the joint ef-
fect of the precipitation and high freshwater input from the
Danube the minimum salinity was observed in the summer.

The mean vertical profiles of phosphates, nitrates and
silicates are shown on Fig. 9. The black profile corresponds

to model simulations and the red one to observations. One
sigma deviation from the mean of model simulations is giv-
en as well. A proper representation of the vertical structure
of nutrients is very important in order to simulate a correct
seasonal cycle of the biogeochemical variables of the north-
west Black Sea. As seen from Fig. 9 the model fits very
well with the observations. The highest variability for the
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nitrates (Fig. 9c) is simulated in the uppermost layer while
for silicate and phosphates the whole column maintains a
high temporal and space variability. The vertical profiles of
silicates (Fig. 9b) are very homogenous. The nitrates and
phosphates concentrations increase from the sea surface to
the bottom with the strongest vertical gradients between 30
and 50 m.

Below we will analyse the time evolution of key bio-
geochemical variables during the simulations in 2002 to-
gether with the related time series of the observational data,
whenever available. The in-situ data have been averaged
within the model boxes for a more realistic comparison and
the one-sigma (standard) deviations from the mean have
also been plotted. The data used for validations are taken
from the observations in 2002 provided from the DANUBS
project observations (see http://danubs.tuwien.ac.at and also
Velikova et al. 2005).

In 2002 in coastal waters, phosphates (Fig. 10a) were
decreased below the long-term average, similar to the Dan-
ube phosphorus discharge. The phosphorus concentration in
all regions was kept below 0.5 mmol m? during April to De-
cember 2002. In the annual cycle, a remarkable decrease was
predicted in summer, due to the intensive biological activity
and lower river discharge. The model predictions are in very
good agreement with observations. The mean phosphorus
diagnosed by the model is slightly underestimated in com-
parison with the mean data, but lies within one sigma error
from their mean values. The most important result here is
that model predictions confirmed that the phosphorus is as-
sumed to be the major limiting factor during 2002. Silicates
(Fig. 10c) leaching into the north-western Black Sea coastal
areas was predicted with higher values at the beginning of
2002. The concentrations of silicate through 2002 vary in
a large spectrum, between 4 and 33 mmol m>. A decrease
of silicate was observed starting from May to September.
Again the model is able to simulate both a correct seasonal
cycle and mean concentrations in good agreement with the
data from observations. Ammonia (Fig. 10d) does not play
a significant role in 2002. The seasonal variations of ammo-
nia are rather small compared to the other nutrients.

Monthly means of the nitrates concentration predicted
by the model (Fig. 10b) are similar to the values recorded
during the 1990 - 2000 period (not shown here). This cor-
responds to the observational evidence. Two maxima were
observed in April and October. The time of those maximum
values shifted slightly in south and off-shore directions. The
minimum of nitrates concentrations is observed in July in
all regions.

The N/P and Si/P ratios (Figs. 11a, b), calculated for
the Romanian and Bulgarian coastal waters throughout year
2002, are higher than in the mean situation over the past 15
years, due to the continuous decrease of phosphorus, com-
pared to nitrogen and silica. On the other hand, Si/N ratio is
close to the mean values due to the variations in both nutri-

ents. Regarding oxygen, the model prediction in all boxes
demonstrated that the water has been properly oxygenated
during the entire year, with no hypoxia phenomena and no
excessive over saturation of the superficial layer.

How did phyto- and zooplankton respond to nutrient
discharge in 2002? As seen from the model simulations, the
net numerical majority of the 2002 year phytoplankton was
represented by the diatoms (compare Figs. 12a and b). This
statement is again in a very good agreement with the data
from measurements (Velikova et al. 2005). The extension of
the phosphate concentration diminishing process explains
the reduction of the total phytoplankton quantities in 2002.

The extreme decrease of the numerical abundance in-
curred especially to the flagellates (Fig. 12b) (main bloom
producers in the years 1980 and 1970), paralleled by main-
taining the diatoms (Fig. 12a) as a net prevailing numeric
group, can be partially explained by the enhanced increase
of the Si : P ratio in the coastal waters. The process of the
decrease of the magnitude and frequency of the blooms, as
well as the maintenance of the prevalent weight of the dia-
toms, are signals of positive evolution of the planktonic al-
goflora toward its natural pattern. This contradicts the mean
situation during the “eutrophication” period (1970’s and
1980’s) proving a recovery of the Black Sea ecosystem in
the recent years. Therefore, it could be also concluded that
the importance of dinoflagellates is substantial throughout
the yearly cycle almost at the level of the diatoms.

In spring, the copepods concentration is relatively low
(Fig. 12c). After that, in summer 2002, the model predicts a
substantial accumulation in all the feeder groups compared
to the spring (the maximum concentrations in summer vary
between 14 and 22 mg m™). The quantities depleted towards
the autumn (with values between 3 - 10 mg m). The re-
sults obtained in 2002, when no ample bloom is observed in
the phytoplankton evolution, emphasised an improvement
of the structure of zoobenthic communities. The seasonal
distribution of bacteria in coastal waters of the Black Sea in
2002 (Fig. 12d) seemed to be interrelated in many instances,
but this was not always the case with the main biotic and
abiotic factors: temperature, organic substance, total phy-
toplankton. In the north-western Black Sea, an increase in
bacterial density and biomass was found in 2002 in com-
parison with the mean situation in the last two decades.

4. SENSITIVITY OF THE ECOLOGICAL MODEL
TO CHANGING OF NUTRIENT DISCHARGE

The model simulations displayed below employ clima-
tological monthly mean forcing for the 80’s and 90’s and
demonstrate the sensitivity of the coupled model to long term
changes in the Danube nutrient loads. We will compare the
seasonal cycle of nutrients and biological variables in the
Danube plume area (herein defined as the area with salinity
lower than 17 psu), predicted by the model for two periods,
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characterised by different nutrient loads. The periods were
chosen as three-year averages in 1980 - 1983 and 1990 -
1993, respectively. All comparisons and model analyses are
performed within the mixed layer. A significant interannual
and seasonal variability of Danube nutrient concentrations
is observed during the simulated periods (Fig. 13, upper pat-

terns). These fluctuations are due to human-induced chang-
es in the Danube watershed and/or different biogeochemical
transformations in the river, which had dramatic conse-
quences for nutrients concentrations at the Danube outflow
in the Black Sea. Phosphate is the most changing nutrient,
with increasing concentrations and peaking in 1990 - 1993
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Fig. 9. Vertical profiles of: (a) PO4, (b) SiO, and (c) NO3 for the north-western Black Sea in 2002. Red line: observations, black line: model simula-

tion, blue shading: 1-0 deviation from the mean model data.

(a) Phosphates 2 (b) Nitrates (c) Silicates
1.4 18 304
1.34 27
1.2 1 16 .
11— 144 24 4
0.9+ 12 - 21
0.8 - i
0.7 4 10 18
0.6 / 8 15
0.5
0.4 6 12
03 | & °] —
0.1 — 2 6
0 T T T T T T T T T T 0 T T T T T T T T T T T T T T T T T T T T
Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2002 2002 2002
(d) Ammonia (e) DO
420
8.5
390 +
8 =
360
7.5
330 4
7 —
300 +
6.5
270 4
6 -
240
5.5 2104
5 180

T T U T T 1 T 1 T L
Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2002 2002

T T T T T T T T T T
Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig. 10. Time evolution of: (a) phosphate, (b) nitrates, (c) silicates, (d) ammonia, and (e) dissolved oxygen during the simulations in 2002
(mmol m*) for Box-2. Full line: model simulations, red symbols: data from observation, averaged for the corresponding box, green lines: 1-0 devia-

tion from the mean data from observations.



Variability of the North-Western Black Sea Ecosystem 173

a N:P b Si:N
% (a) (b)
1.6 -
80 -
1.4 4
70+
1.2 4
60
50 - T
40 _ 08 =
30 4 0.6 1
20 H 0.4
10 4 0.2 1
1 1 1 1 1 1 1 1 1 1 1 T 1 1 1 1 1 ) 1 1
Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2002 2002

Fig. 11. Time evolution of: (a) N : P, (b) Si : N ratio during the simulations in 2002 for Box-2.

(a) Diatoms (b) Flagellates
2.7 -
24 0.9
21 0.8 +
1.8+ 0.7 5
154 0.6 -
194 0.5
0.9 l 0.4 1
06 0.3 1
034 0.2
0- 0.1 -
1 1 1 I 1 1 I 1 1 1 0 T T T T T T T T T T
Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2002 2002
5 ©) Copepods (d) Bacteria
14 4 241
13 4 22
12 20
11 5 18 -
10 - 16 .
9 -
8 - 14 4
7 - 12
6 - 10 -
5 8 -
4 - 6 -
3 -
2- 44
1- 21 °
0 1 T T T T T T T T T 0 T T T T T T T T T T
Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

2002 2002

Fig. 12. Time evolution of : (a) diatoms (mg. Chl/a. m?), (b) flagellates (mg. Chl/a. m~), (¢) copepods (mg. C. m~), (d) bacteria (mg. C. m*) during
the simulations in 2002 for Box-2. Full line: model simulations, red symbols: data from observation, averaged for the corresponding box, green
lines: 1-0 deviation from the mean data from observations.



174 Staneva et al.

(a) Danube NO3 (mmol m?)

[ I I [ I I I I l
Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1000

NO3 (mmol m3)

F(-|>b Mar Alpr M£y JlIJn JL|I| Alljg Sép Olct N(I)v Dlec
1000

(b) o Danube Phosphate (mmol m3)
/\
s \ /N
\\ N / \
/ / \ /
51 N / \ 7
4 —
2 —
O——71 71 T T T T T T T T 1
Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1000
Phosphate (mmol m-)
3
2.5

Fclab l\)lar Alpr Mlay JLIm Jll.ll Alljg S(Iep Olct N!JV Dlec
1000
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while silicates concentrations are reduced in this period.
Winter concentrations of nitrates and phosphates, predicted
by the coupled model in the Danube plume area (see Fig. 13,
lower patterns) are mainly due to the imposed changes of
the nutrient loads, based on measurements (A. Cociasu, per-
sonal communication). The simulated winter stocks of nu-
trients in the plume area in the early 90’s are quantitatively
higher compared to that of 1980 - 1983.

The predicted seasonal cycle of nutrients in the Dan-
ube-Black Sea mixing zone also reveals seasonal fluctua-
tions with expected lowest values in the spring-summer pe-
riod due to biological activity. However, the strong time lag
of the nutrient spring decrease suggests a different response
of the phytoplankton community and related heterotrophs
(Figs. 14 - 16). The seasonal evolution of the biological
variables is predicted by the model response to the Dan-
ube-driven nutrient inputs. In the nutrient-rich conditions
the concentration of Chlorophyl-a is more than two times
higher than what is observed in the early 80’s (see Fig. 14).
The model stimulates the spring bloom of diatoms and
flagellates about one-month earlier in the 90’s in compari-
son to the 80’s (compare dashed and full lines at Fig. 14).
These nutrient-rich conditions stimulate high biomass of
the mesozooplankton, as well. On the contrary, the model

predicts insignificant development of the microbial network
composed of bacteria and microzooplankton (Figs. 15 and
16). What is clearly seen from the model simulations is that
not only the concentrations were changed, but the seasonal
cycle as well. The spring maximum of the primary produc-
tion, averaged within the mixed layer depth is predicted in
March for the period 1980 - 1983, while for 1990 - 1993 it
is in February and a second spring maximum is observed
in May. The model results described here indicate that the
biological system is very sensitive to the changes in both
nutrient concentrations and to C : N : P : Si ratios. These
results as well as the missing “spring bloom” (presented
for the period 1990 - 1993 in Fig. 14) which is very well
described by the model results, reflect the key alterations
typical for the phytoplankton assembly in the period after
2000 at basin-wide scale (see Nesterova et al. 2008 and the
references there in).

5. DISCUSSION
5.1 Model Physics
The hydrodynamic model results elucidated the pro-

cesses that influence the transport and fate of Danube wa-
ters. These processes are fundamental for the transport rates
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and pathways of the low salinity waters that originate in the
Danube delta. The nutrient pathways are largely influenced
by the hydrodynamic processes, while subject to biologi-
cal processes that are included in the ecosystem modules.
The most important circulation forcing mechanisms that
influence transport in the western Black Sea shelf are: (a)
buoyancy, due to the river discharge (primarily the Danube,
but also from remote inputs from the rivers Dniestr, Dniepr
and Bug); (b) air-sea interaction: changes due to wind, heat
(solar radiation) and salt fluxes (evaporation, precipitation);
(c) topographic controls, delta shape, bottom friction, inner-
shelf slope; and (d) interaction with the basin-wide circula-
tion and in particular the Rim Current .

The climatological model simulations concentrated on
seasonal variability and allowed model validation with data
averaged distributions that were derived from long term ob-
servations. The main finding was that the amount of Danube
river discharge and the direction and magnitude of the wind
stress were the main factors that determined the formation
and evolution of the Danube River plume and therefore the
transport pathways of the Danube inputs. The plume was
further modified by topographic features around the delta.
In general, during winter (December - February) the water
column is well-mixed and the prevailing winds are strong
and mostly downwelling favorable (from the North, North-
east) in the Danube area. The Danube plume is deepened
and constrained near the coast and directed to the south.
During summer, winds are much weaker, the water column
is stratified and occasional southern winds enable the off-
shore advection of the low-salinity waters toward the East,
Northeast.

The influence of wind is particularly evident in the
model computed surface salinity and nutrient distributions
as well as on satellite measured chlorophyll. Northerly and
easterly winds (downwelling favorable ) press the low-salin-
ity, eutrophic surface waters towards the coast, in an elon-
gated, narrow band. The river influenced area is deepened
vertically. The opposite takes place with southerlies and
westerlies (upwelling favorable) winds: offshore advection
of riverine waters, expansion of the plume width, reduction
of the southward transport and of the vertical width of the
plume layers. In cases of strong discharge, the effect of the
wind is substantially weakened. Westerly winds can drift
surface water, influenced by the Danube River far towards
the central western Black Sea. A special case is strong south-
ern wind or moderate to strong south-western wind, prevent-
ing the southward spreading of Danube waters, generating
offshore oriented surface currents with the consequence of
vertical water transport towards the sea surface waters, fre-
quently from bottom layers, with low temperature and high
salinity (upwelling). This phenomenon often takes place in
early summer, when the thermocline is not well established
and the requested energy can be provided by wind. Then
in several hours the water temperature can decrease by up

to 10°C and salinity increase up to 19.0 psu, as is often ob-
served in June in the Western Black Sea coastal areas The
upwelling events in the Western part of the Black Sea are
usually of local character, rather small in scale, spatially up
to 20 - 30 miles off the coast and temporarily a few days
depending on the duration of the westerly winds.

5.2 Biogeochemical Results

The regional Seas Ecosystem Model (ERSEM) has
been applied for the first time for biogeochemical simula-
tions of the Black Sea ecosystem. The model is coupled to a
hydrodynamic model and a mixed layer model. It is forced
with fluxes, obtained from realistic meteorological condi-
tions. The main advantage of the model set-up for the Black
Sea conditions is the possibility to study: (i) the capacity of
the Black Sea for primary production; (ii) the evolution of
the chemical structure under changing boundary conditions.
The model results described here indicate that the biologi-
cal system is very sensitive to the changes in both nutrient
concentrations and to C : N : P : Si ratios.

A comparison between the weekly mean chlorophyll-a
distributions simulated by the coupled model (top patterns)
and from and SeaWiFS satellite images (bottom patterns)
is demonstrated in Fig. 17. The coupled model was able to
capture basic physical and biological processes affecting
phytoplankton variability and presented a good agreement
with SeaWiFS images. Weekly composites of chlorophyll-a
distributions were computed from daily SeaWiFS images
provided from A. Davidov (via personal communications).
Areas near the Danube plume and along the western Black
sea coast and shelf are characterised by relatively high pro-
duction throughout the year due to the continuous supply of
nutrients by river discharge (primarily by Danube and also
by Dnepr, Dnestr, Bug) and additionally due to the increased
stratification caused by the low salinity zone. Highest values
are observed in the Danube plume area, which sometimes
extends to the east or is confined to the coast depending on
the wind conditions. High values are also observed in the
areas surrounding the other Northwestern shelf rivers and
also in the bay North of the Crimean peninsula. This latter
area is a closed very shallow area (H~10 m) where probably
accumulation of biogenic material is providing a source for
continuous re-suspension of nutrients. The Danube influ-
enced area is clearly identified in the SeaWiFS Chl-a im-
ages and the model simulated Phytoplankton especially dur-
ing summer when nutrient limitation is stronger and Danube
provides the main nutrient supply. During the summer (June
- August) of 2003 prevailing winds are mostly southerlies
causing the advection of the Danube plume to the North-
East, while in September 2003 and September 2002 winds
are northerlies advecting the plume to the south stagnating
to the western Black Sea coasts. The comparisons between
the model and the satellite images demonstrate that the cou-
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pled model works reasonably well with respect to simulat-
ing correct phytoplankton dynamics. The snapshots of the
horizontal patterns of nitrates and phosphates (see Figs. 18
and 19) also reveal the strong variability of the Danube
plume in connection with a complexity of factors like the
atmospheric forcing, nutrient discharge from the rivers and
internal ecosystem dynamics.

Model simulations with realistic forcing for 2002 show
that the coupled physical and biological models, that have
been developed and tuned for the Black Sea ecosystem and
in particular for the ecosystem in the vicinity of the Dan-
ube River plume, produce data validated distributions of the
hydrodynamic and biological parameters that are directly
connected to the marine impact of freshwater and nutrients
released in the Danube. A hierarchy of models has been
described, based on food-chain structure and physiologi-
cal concepts reaching a full ecosystem representation. It
was shown that the hydrodynamic and low trophic coupled
model gave a realistic representation of the development

and evolution of the river plume structure and the nutrient
distribution within the plume, under conditions of varying
water and nutrient inputs and under the influence of rapidly
changing meteorological conditions. The good comparison
with observations suggests that the full ecosystem model
has the required trophic resolution to address the ecologi-
cal changes into the Black Sea. The numerical results in-
dicate that coastal eutrophication-related problems are not
only driven by the quantity of nutrients discharged into the
coastal system, but are also greatly influenced by the bal-
ance between them. ERSEM predictions demonstrate for
the first time that limiting phosphorus in 2002 determines
the structure of the phytoplankton community, which in turn
constrains the structure and functioning of the planktonic
food-web. In particular, model results confirm the observed
evidence that a well-balanced N : P : Si nutrient enrichment,
as observed in 2002, has a positive effect on the diatom-
copepod linear food-chain, while the regenerated-based mi-
crobial food-chain sustained its basic level. The phosphate
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Fig. 17. Weekly mean chlorophyll-a from satellite data and model simulations (left column: 02 - 09 April 2003, middle column: 17 - 24 June 2003,

right column: 4 - 11 September 2003).



178 Staneva et al.

(a) NO3 (mM) (b)

NO3 (mM)

(©) NO3 (mM)

45

445

44

43.5

431

425] @

42 : o IS
28.8 29.2 29.6 28.8 29.2

52
48
4.4
M
36
32
24

1.6
1.2
0.8
04

42
296 28.8 29.2 296

Fig. 18. Snapshots of model simulated horizontal distribution of nitrates (NO3) on (a) 20 March 2003, (b) 17 - 24 June 2003, and (c) 4 - 11 Sep-

tember 2003).

(a) PO4 (mM) (b)

PO4 (mM)

(c) PO4 (mM)

42 42

28.8 29.2 29.6 28.8 29.2

42
29.6 28.8 29.2 29.6

Fig. 19. Snapshots of model simulated horizontal distribution of phosphates (PO4) on (a) 20 March 2003, (b) 20 July 2003, and (c) 20 October

2003.

limitation, on the other hand, directs the structure of the
planktonic food-web towards the dominance of an active
microbial food-web in which bacteria and microzooplank-
ton play a key role, acting as a nutrient regenerator wherein
the latter acts as a trophic path to the copepods and thence
onward into the linear food-chain. In 2002 a “silicate-ex-
cess” Black Sea ecosystem was predicted by the model in a
very good agreement with observed evidence and leading to
the key conclusion that in the period of our realistic simula-
tions phosphate rather than nitrogen constrains the structure
and functioning of the Black Sea ecosystem. Therefore, the
observed positive signs of recovery of the Black Sea eco-
system might well be related to the reduction of the Danube
nutrient loads that are evident in ERSEM predictions, in a
very good agreement with the field observations in Roma-
nian and Bulgarian coasts in 2002.

Obviously the modifications and the combination of
existing models prove essential to the success of the ap-
plication of a high trophic level ecosystem model for the
North-western Black Sea to describe its specific features as

demonstrated by the analysis presented in the paper. One of
the key components in the functioning of the Black sea eco-
system since 1986 is the jelly Mnemiopsis leydyi and since
mid 90-ies the newly introduced jelly Beroe ovata. The
predator-prey couple Mnemiopsis-Beroe plays an important
role in the ecosystem trophic interactions. Thus it is very ad-
visable for the next step of the model development to make
some effort to include modules reflecting these interactions
to further help to better match the model results with the
field observations and minimise the deviation of the model
results from the zooplankton data (Copepods) in August
(the period of Mnemiopsis proloferation). Originally Mne-
miopsis feeds on fodder zooplankton and is responsible for
the reduction of zooplankton standing stock that represents
an ecological concern. This is a challenging work in prog-
ress under the EU Integrated Project SESAME.
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