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Simulation of annual plankton productivity cycle in the 
Black Sea by a one-dimensional physical-biological model 

Temel Oguz, • Hugh Ducklow, 2 Paola Malanotte-Rizzoli, 3 Suleyman Tugrul, • 
Nikolai P. Nezlin, 4 and Umit Unluata • 

Abstract. The annual cycle of the plankton dynamics in the central Black Sea is studied 
by a one-dimensional vertically resolved physical-biological upper ocean model, coupled 
with the Mellor-Yamada level 2.5 turbulence closure scheme. The biological model 
involves interactions between the inorganic nitrogen (nitrate, ammonium), phytoplankton 
and herbivorous zooplankton biomasses, and detritus. Given a knowledge of physical 
forcing, the model simulates main observed seasonal and vertical characteristic features, in 
particular, formation of the cold intermediate water mass and yearly evolution of the 
upper layer stratification, the annual cycle of production with the fall and the spring 
blooms, and the subsurface phytoplankton maximum layer in summer, as well as realistic 
patterns of particulate organic carbon and nitrogen. The computed seasonal cycles of the 
chlorophyll and primary production distributions over the euphotic layer compare 
reasonably well with the data. Initiation of the spring bloom is shown to be critically 
dependent on the water column stability. It commences as soon as the convective mixing 
process weakens and before the seasonal stratification of surface waters begins to develop. 
It is followed by a weaker phytoplankton production at the time of establishment of the 
seasonal thermocline in April. While summer nutrient concentrations in the mixed layer 
are low enough to limit production, the layer between the thermocline and the base of the 
euphotic zone provides sufficient light and nutrient to support subsurface phytoplankton 
development. The autumn bloom takes place some time between October and December 
depending on environmental conditions. In the case of weaker grazing pressure to control 
the growth rate, the autumn bloom shifts to December-January and emerges as the winter 
bloom or, in some cases, is connected with the spring bloom to form one unified 
continuous bloom structure during the January-March period. These bloom structures are 
similar to the year-to-year variabilities present in the data. 

1. Introduction 

The Black Sea, once recognized by its rich biodiversity and 
abundant marine life, has been subject to drastic ecological 
changes during the last 2 decades. Introduction of large vol- 
umes of anthropogenic nutrient and contaminant loads from 
the Danube has been coupled with the massive growth of the 
medusa Auralia aurita and a newcomer ctenophore, Mnemiop- 
sis leidii. These factors together with the overexploitation of 
fish resources have affected all components of the ecosystem 
[Mee, 1992]. The present state of the Black Sea ecosystem 
reflects severe degradation, dramatic decrease of biodiversity 
and fish stocks in the entire sea [Kideys, 1994], and near col- 
lapse of the ecosystem in the northwestern shelf and the Sea of 
Azov. In highly polluted shallow coastal regions of the north- 
western shelf, red tides and mass mortality of benthic organ- 
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isms due to the hypoxia/anoxia have currently become com- 
mon phenomena [Zaitsev, 1992]. The effect of pollution is, 
however, relatively less severe in the central Black Sea because 
of its isolation from coastal and shelf waters by the Rim Cur- 
rent frontal zone [Sapozhnikov, 1991; Oguz et al., 1994]. 

In this study we examine the basic physical and biological 
processes controlling the seasonal cycle of the plankton pro- 
ductivity in the Black Sea. Using a series of numerical exper- 
iments, our aim is specifically to explore the conditions and the 
biological processes which may account for the observed 
bloom structures (see section 3). The model is restricted to two 
dimensions (time and depth) and is applied for the conditions 
appropriate to the central Black Sea. As compared with the 
northwestern shelf and the Rim Current frontal zone around 

the basin, horizontal variabilities and contributions of antro- 
pogenic inputs from rivers are less important, and this simpli- 
fied approach might be justifiable for the interior of the sea. 
They are, however, crucially important processes which give 
rise to more complex and less predictable bloom dynamics in 
the coastal and shelf regions. 

The present form of the model may be regarded as a first 
step to understand the first-order biological processes and to 
gain some experience and confidence for our future efforts on 
more sophisticated ecohydrodynamic modeling. At this stage 
we attempt, by the simplest possible means, to model the 
nitrogen-plankton dynamics using only primary producers and 
consumers and to understand the basic nutrient and material 
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flows controlling the overall productivity in the Black Sea. The 
model consists of a single limiting nutrient (in the forms of 
nitrate and ammonium), single phytoplankton, and zooplank- 
ton groups and detritus. As suggested by the observations 
carried out elsewhere on similar conditions [e.g., Stramska and 
Dickey, 1994], a multilevel modeling approach with a turbu- 
lence closure parameterization is chosen to resolve properly 
the upper ocean vertical structure and mixing process. 

Section 2 provides a general description of both the physical 
and the biological models, the numerical techniques, and the 
initial and the boundary conditions appropriate to configure 
the models for the central Black Sea. Previous observations of 

plankton dynamics are discussed briefly in section 3. Model 
simu. lations and their implications as well as comparisons with 
the available observations are discussed in section 4. A sum- 

mary and conclusions are given in section 5. 

2. The Model 

The complete model includes the physical and biological 
submodels. In the absence of advective transports they are 
coupled through the parameterization of the vertical mixing 
process using the level 2.5 Mellor and Yarnada [1982] turbu- 
lence closure scheme. While the model reveals fairly sophisti- 
cated mixed layer dynamics, its biology is intentionally kept 
simple to understand the basic interaction mechanisms. Mod- 
els of this type have now widespread applications for different 
oceanic conditions [e.g., Varela et al., 1992; Radach and Moll, 
1993; Sharples and Tett, 1994]. A recent application of a similar 
coupled physical-biological model to the Joint Global Ocean 
Flux Study (JGOFS) Bermuda Atlantic Time Series data 
[Doney et al., 1996] was very successful in reproducing seasonal 
cycles of the upper water column temperature field as well as 
of the chlorophyll and primary production. 

2.1. The Physical Model 

The physical model is the one-dimensional version of the 
Princeton Ocean Model [Bluntberg and Mellor, 1987] and is 
similar to the one given by Strantska and Dickey [1994]. For a 
horizontally homogeneous, incompressible, Boussinesq and 
hydrostatic sea with no vertical water motion, the horizontal 
momentum equation is expressed as 

(Ou/Ot) - ffc X u = (O/Oz)[(Km + Vm)(OU/OZ)] (1) 

where t is time, z is the vertical coordinate, u is the horizontal 
velocity of the mean flow with the components (u, v), • is the 
unit vector in the vertical direction, 0 denotes the partial dif- 
ferentiation, and f is the Coriolis parameter. Km denotes the 
coefficient for the vertical turbulent diffusion of momentum, 

and Vm represents its background value associated with inter- 
nal wave mixing and other small-scale mixing processes. The 
vertical advective motion is neglected', for simplicity, although 
this assumption may be questionable with regards to the up- 
ward advective transport of nutrients in the cyclonic regions of 
the Black Sea. 

The temperature T and the salinity S are determined from 
transport equations of the form 

aC/ot = (a/oz)[(K• + b'h)(OC/Oz)] (2) 

where C denotes either T or S, Kh is the coefficient for the 
vertical turbulent heat and salt diffusions, and b, h is its back- 
ground value. The solar irradiance which penetrates into the 

water column is not parameterized separately in the tempera- 
ture equation, for simplicity. Its effect, together with other 
components of the total heat flux, is represented through the 
surface boundary condition given in (4). One implication of 
this simplification is to neglect a relatively minor effect of the 
feedback of the biological model on the evolution of the mixed 
layer depth and temperature via the attenuation of radiation by 
phytoplankton. The density is expressed as functions of the 
potential temperature, salinity, and pressure, p = p(T, S, p), 
using a nonlinear equation of state [Mellor, 1990]. 

The vertical mixing coefficients are determined from 

(Kin, rh) = lq(Sm, S h) (3) 

where l and q denote the turbulent length scale and turbulent 
velocity, respectively. Sin, Sh are the stability factors expressed 
algebraically as given by Mellor and Yamada [1982]. In the level 
2.5 turbulence closure, l and q are computed from the turbu- 
lent kinetic energy, •q2, and the turbulent macroscale equa- 
tions. The vertical shear of the horizontal velocity and the 
vertical density gradient of the mean flow are used to express 
the turbulent buoyancy and shear productions in these equa- 
tions. Kh is assumed to represent also the eddy coefficient for 
vertical turbulent diffusion of the biological variables. 

The equations (1) and (2) are subject to the following 
boundary conditions at the sea surface, z = 0: 

p0rm(0U/0Z, Ov/OZ)-- (Tsu , Tsv), (4) 

Kh(OT/Oz) = Qn/po%, (5) 

S = So (6) 

where Vsu, Vs• , are the wind stress components, Q H is the net 
surface heat flux, So is the surface salinity, Po is the reference 
density, and Cp is the specific heat of water. As shown in (6) the 
surface salinity is stipulated as the boundary condition in the 
salinity equation. This condition implies restoring the salinity 
in the top grid layer with an infinite restoring timescale. As 
compared with the flux boundary condition it leads to predict- 
ing a more realistic salinity structure, in better agreement with 
the observations during the year. The bottom of the model is 
taken at the 200-m depth corresponding to the base of the 
permanent pycnocline. No-stress, no-heat, and no-salt flux 
conditions are specified there. 

The physical forcing functions are constructed from the cli- 
matology in order to be consistent with the data used in the 
biological model. As shown in the next section the composite 
diagrams for the yearly variations of the primary production 
and chlorophyll-a (see Figures 2b and 2c), to our knowledge, 
are the only available time series data for the central Black 
Sea. Using real-time series data for the physical forcing func- 
tions therefore has no advantage except introducing some 
high-frequency variability which cannot be correlated with the 
biological system. The momentum and temperature equations 
are thus forced by the monthly varying wind stress and surface 
heat flux climatologies, respectively, given by Efimov and 
Tintofeev [1990]. The magnitude of the wind stress, which is 
dominated by northerlies throughout the year, has the maxi- 
mum and minimum values of 0.8 and 0.3 dyn cm -2 in the 
winter and summer months, respectively. The climatological 
heat flux data are adjusted to make the net annual flux zero. It 
attains maximum cooling of 150 W m -2 during January and 
February, while the maximum heating of---200 W m -2 occurs 
during the June-July period. The monthly surface salinity val- 
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Table 1. Model Parameters Used in the Numerical Experiments 

Parameter Definition Value 

f 
I'm, I'h, I'b 

Po 

Cp 
U g, •g 

Zo 

k• 

k• 

R• 
•p 
•g 
Rg 

Po 
Ho 
Co 
Do 
Ao 

Coriolis parameter 
background (molecular) value of kinematic 

viscosity and diffusivity 
gravitational acceleration 
reference density 
specific heat of water 
geostrophic velocity components 
von Karman constant 

roughness length for the surface boundary layer 
time step 
maximum phytoplankton growth rate 
photosynthesis efficiency parameter 
light extinction coefficient for photosynthetically 

active irradiance (PAR) 
phytoplankton self-shading coefficient 
nitrate half-saturation constant 
ammonium half-saturation constant 

phytoplankton death rate 
herbivore maximum grazing rate 
herbivore half-saturation constant 
herbivore death rate 
herbivore excretion rate 

herbivore assimilation efficiency 
detrital remineralization rate 
oxidation rate 

detrital sinking rate 
initial phytoplankton concentration 
initial herbivore concentration 
initial herbivore concentration 
initial detritus concentration 
initial ammonium concentration 

1 x 10 -4 s -1 
1 x 10 -6 m 2 s -1 

9.81 m s -2 

1000 kl• m- 3 
4 x 10'J kg -1 C -1 
0. ms -1 
0.4 
0.01 m 

1.0 hour 

1.5 day- • 
0.01 (W m-2) -1 
0.08 m-• 

0.07 m 2 (mmol N) -• 
0.5 mmol N m -3 
0.2 mmol N m -3 

0.04 day- • 
0.8 day- 1 
0.5 mmol N m -3 

0.04 day-1 
0.07 day -1 
0.75 

0.1 day -1 
0.05 day -1 
1.0 m day -1 
0.25 mmol N m -3 
0.05 mmol N m -3 
0.05 mmol N m -3 
0.05 mmol N m -3 
0.05 mmol N m -3 

ues are obtained from the climatological atlas of Altman et al. 
[1987]. It follows closely the seasonal trend of the heat flux and 
varies between the values of 18.1 parts per thousand (ppt) in 
the summer and 18.6 ppt during the period of maximum cool- 
ing in winter. Monthly mean climatological values of these 
forcings are given in Table 2. 

2.2. The Biological Model 

The biological variables considered are the phytoplankton 
biomass P, the herbivorous zooplankton biomass H, and the 
pelagic detritus D, the nitrate N, and ammonium A. Low 
nitrate to phosphate ratio in the layer below the euphotic zone 
implies nitrogen as the limiting nutrient for the primary pro- 
ductivity in the central Black Sea due to its intense utilization 
in the heterotrophic denitrification process [Sorokin, 1983]. 
The local changes of the biological variables are expressed by 
an equation of the form 

OB/Ot = (O/Oz)[(K h + vh)(OB/Oz)] + FB (7) 

where B represents any of the five biological variables in the 
model, t is the time, z is the vertical coordinate, and 0 denotes 
the partial differentiation. F B represents the biological inter- 
action terms expressed for the phytoplankton, herbivore, de- 
tritus, ammonium, and nitrate equations, respectively, as [e.g., 
Wroblewski, 1977; Fasham et al., 1990] 

F•,= •(I, N,A)P - G(P)H - mvP (8) 

FH = 7G(P) H - m h H - IXh H (9) 

Fo = (1 - 7)G(P)H + rn•P + mnH- •D + Ws(OD/Oz) (10) 

FA = -q•a(I,A)P + IxhH + •D - • (11) 

FN = -cbn(I, N) P + IM (12) 

where the definitions of parameters and their values used in 
the main experiment are given in Table 1. The functions cb(I, 
N,A) and G(P) denote the phytoplankton growth and grazing 
by zooplankton, mp is the phytoplankton mortality rate, m h 
represents losses due to dead zooplankton leading to detritug 
production, Ix is the rate of zooplankton excretion in the form 
of nitrogen, 3' is the assimilation efficiency of zooplankton 
grazing on phytoplankton, • is the detrital remineralization 
rate, fl is the ammonium oxidation rate, and W s denotes the 
downward sinking velocity of detritus. 

The phytoplankton production process is parameterized in 
terms of the Liebig's law of the minimum which assumes either 
light or a nutrient, but not both, controls growth rate at any 
instant [e.g., de Baar, 1994]. The total production, cI) (I, N, A), 
is defined by 

(I)(I,N,A) = trm min [a(I), ]3t(N,A)] (13) 

where min refers to the minimum of either a(I) or 13t(N, A) 
representing the light limitation function and the total nitrogen 
limitation function of the phytoplankton uptake, respectively. 
Here •t(N, A) is given in the form 

[3t(N , A) = [3n(N ) + •a(A) (14) 

with/3.(A) and/3n (N) signifying contributions of the ammo- 
nium and nitrate limitations, respectively. They are expressed 
by the Michaelis-Menten uptake formulation 

[•a(A ) = A/(R a 'n t- A ) ( 15• 

13n(N) = N/(Rn + N) exp ( - CA) (16) 
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Table 2. Monthly Climatological Values of Forcings at the Central Days of Each Month 

Forcing Jan. Feb. March April May June July Aug. Sept. Oct. Nov. Dec. 

Heat flux, W m -2 105 80 0 --70 --110 --135 --90 --45 10 60 95 105 
Salinity, ppt 18.40 18.50 18.60 18.50 18.40 18.30 18.20 18.10 18.15 18.20 18.25 18.30 
Wind stress, dyn cm -2 0.70 0.75 0.75 0.60 0.50 0.40 0.30 0.25 0.35 0.50 0.50 0.60 
PAR, W m -2 20 20 40 110 200 250 280 300 220 160 90 25 

where R n and R a are the half-saturation constants for nitrate 
and ammonium, respectively. The exponential term in (16) 
represents the inhibiting effect of ammonium concentration on 
nitrate uptake, with ½ signifying the inhibition parameter [Wro- 
blewski, 1977]. 

The individual contributions of the nitrate and ammonium 

uptakes to the phytoplankton production are represented by, 
respectively, [c.f. Varela et al., 1992] 

(I)n(I, N) = trm min[ot(I), •3t(N,A)](•3n/[3t) (17) 

q)a(I,A) = O'm min [ot(I), 13t(m,A)](13a/13t) (18) 

The light limitation is parameterized according to Jassby and 
Platt [1976] by 

,(I) - tanh [aI(z, t)] (19) 

I(z, t) - L exp [-(kw + kJ')z] (20) 

where a denotes photosynthesis etficiency parameter control- 
ling the slope of or(I) versus the irradiance curve at low values 
of the photosynthetically active irradiance (PAR). Is denotes 
the surface intensity of the PAR taken as the half of the 
climatological incoming solar radiation from the data by 
Efimov and Timofeev [1990]. It varies between a minimum 
value of 20 W m -2 during winter and a maximum value of 300 
W m -2 in summer (see Table 2). Here kw is the light attenu- 
ation coetficient due to sea water, and k c is the phytoplankton 
self-shading coetficient. In the above formulation, kw and k c 
are taken to be constant with depth. The daily variation of the 
light irradiance and hence the phytoplankton growth are ne- 
glected since the biological processes we consider have time- 
scales much longer than a day. 

The zooplankton grazing ability is represented by the 
Michaelis-Menten formulation 

G(P) = (raP/(Rg + P) (21) 

where (r e is the maximum ingestion rate and R e is the half- 
saturation ratio for the zooplankton grazing. 

No-flux conditions [(K h + Vh)(OB/Oz ) ---- 0] are specified 
both at the surface and the bottom. For the case of detritus 

equation the surface boundary condition is modified to include 
the contribution of downward sinking flux so that (Kh + Vh) 
(OD/Oz) + Ws D - 0. The same condition is also prescribed 
at the lower boundary of the model which is taken at 200-m 
depth, well below the euphotic zone comprising only the upper 
40-50 m. Considering our choice of relatively low sinking rate 
(w s = 1.0 m day -•) (see Table 1), the advantage of locating 
the bottom boundary at considerable distance away from the 
euphotic layer is to allow the complete remineralization of the 
detrital material until it reaches the lower boundary of the 
model. As seen from (7) to (12) the vertically integrated bio- 
logical model is fully conservative. The state of the system at 
time t is governed by its evolution through the internal dynam- 
ical processes from the specified initial conditions. 

2.3. Initial Data and Numerical Techniques 

The model is initialized with the stably stratified upper 
ocean temperature and salinity profiles representative of the 
autumn climatological conditions for the interior part of the 
Black Sea. Major stratification characteristics of these profiles 
include a permanent pycnocline around 100 m, across which 
there is more than 3 kg m -3 density difference, a shallow (-15 
m) surface mixed layer overlying a strong and narrow thermo- 
cline, and the cold intermediate layer (CIL) identified with 
temperature values less than 8øC residing between the seasonal 
thermocline and the permanent pycnocline. The upper layer 
salinity structure undergoes gradual changes from -18.35 
ppt at the base of the mixed layer to -20.5 ppt near the base 
of the pycnocline at -150 m. This strong salinity variations 
is the main cause of strong density stratification which keeps 
the halocline-pycnocline zone always stable against destabi- 
lizing effect of the temperature inversion layer of the CIL 
waters. 

The initial nitrate profile (Figure 1) is similar to those shown 
by Basturk et al. [1994]. It reveals a gradual increase of the 
surface concentrations of 0.2 mmol m -3 to a subsurface max- 

imum of about 6 mmol m -3 at the depth of -60 m. The nitrate 
concentration then diminishes sharply to trace levels (<0.10 
mmol m -3) near the H2S boundary where the bacteria utilize 
the nitrate ions to oxidize the organic matter sinking from the 
productive surface layer. The presence of a narrow subsurface 
maximum, followed by a sharp reduction toward the H2S in- 
terface, constitutes the major difference of the Black Sea ver- 
tical nitrate structure from those observed in the oxygenated 
basins. Initial phytoplankton, zooplankton, detritus, and am- 
monium distributions are taken vertically uniform within the 
euphotic layer. 

The model equations are solved using the finite difference 
procedure described by Mellor [1990]. A total of 51 vertical 
levels is used for the water column of 200-m depth. The grid 

o 

-50 

-10o 

-150 

Initial Nitrogen Profile 

-2000 • 2 3 4 5 6 
Nitrogen (mmol/m3) 

Figure 1. Vertical nitrate profile (micromoles of N per cubic 
meter) used as the initial condition in the model. 
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spacing is compressed slightly toward the surface to increase 
the resolution within the uppermost levels. The numerical 
scheme is implicit to avoid computational instabilities due to 
small grid spacing. The separation of solutions associated with 
the leapfrog time differencing is avoided by using a time filter. 
A time step of 15 minutes is used in the numerical integration 
of the equations. 

First, the physical model is integrated for 5 years. An equi- 
librium state with repeating yearly cycle of the dynamics is 
achieved after 3 years of integration in response to the imposed 
external forcings and to the internal processes in the system. 
Using the results of the fifth year of the physical model, the 
biological model is then integrated for 4 years to obtain repet- 
itive yearly cycles of the biological variables. The quantitative 
measure of testing the attainment of the cyclical state is to 
check whether the depth integrated total nitrogen content, 
Nr( = N + A + P + H + D), approaches a constant value over 
the annual cycle. 

3. Observations 

Using findings from the light penetration measurements, 
values of the total extinction coefficient are estimated in the 

range from 0.10 to 0.22 m -• within the deep part of the Black 
Sea, depending on the local conditions at the time of measure- 
ments [Vidal, 1995]. These estimates are consistent with those 
obtained by the long-term monthly average secchi disk data 
[Vladimirov et al., 1996]. The secchi disk depths vary from 
about 11 m during March to about 19 m during the summer 
months. Using the conversion factor of 2.7, these secchi disk 
data imply the 1% light penetration depth of about 30 and the 
value of the total extinction coefficient of ---0.20 m -• during 
the spring bloom period. The corresponding values are 50 m 
and -0.10 m -• during the summer months. The choices of 
k w = 0.08 m -• and k c = 0.07 m 2 mmol -• N in the model 
provide yearly variations of the total extinction coefficient (k = 
kw + kcP) consistent with these estimates. 

The primary productivity and chlorophyll-a annual time se- 
ries data indicate that the Black Sea exhibits characteristics of 

temperate basins with apparently two peaks observed during 

CHLOROPHYLL-a PROFILES 
0 • 

/ / xxx 27 June 1986 
,• ..... 7_Aug. 1989 

/ --- 3 S0Pt. •989 

-801e • ooo 9Nov. 1991 
•4 •6 0 0.2 014 016 018 I 1.2 1. 1. 1.8 

mg Chl/m3 

Figure 2a. Vertical profiles of chlorophyll-a (milligrams of 
Chl per cubic meter) measured within the central Black Sea at 
different seasons. The data are from Vedernikov and Demidov 

[1993]. 
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Figure 2b. A composite picture of the euphotic layer average 
chlorophyll concentrations (milligrams of Chl per cubic meter) 
within the year compiled from different data sources (open and 
solid triangles, 1991; solid circles, 1989; open squares, 1988; 
plusses, 1986; crosses, 1985; open circles, 1984; solid reverse 
triangles, 1978). The data are redrawn from Vedernikov and 
Dernidov [1993]. 'The continuous line shows the model pre- 
dicted chlorophyll concentration. 

early spring and fall [Sorokin, 1983; Vedernikov and Demidov, 
1993]. When the water column is thermally stratified during 
the summer season, nutrient and phytoplankton levels are low 
within the shallow mixed layer of -10-15 m. Below the mixed 
layer, toward the base of the euphotic layer, however, there 
exists a subsurface chlorophyll maximum (Figure 2a). This is 
accompanied by relatively higher nitrate concentrations. Dur- 
ing the autumn season, at the time of destratification of the 
water column, nitrate flux to the surface waters is enhanced 
across the thermocline. This is taken up by phytoplankton in 
the euphotic zone, leading to a phytoplankton bloom of mainly 
coccoliths with 2-3 weeks duration in October, November, and 
December, depending on the local atmospheric and biochem- 
ical conditions. The spring bloom, dominated by diatoms, oc- 
curs at the time of rapid stratification of the water column 
(typically March) and is accompanied by considerable decrease 
of near-surface nutrient concentrations. The March and No- 

vember profiles given in Figure 2a represent the conditions of 
vertically uniform, relatively higher chlorophyll concentrations 
associated with these blooms. 

In Figures 2b and 2c we display the annual cycle of chloro- 

•' 1.0 

fi, 0.8 
E 0.6 

o• 0.4. 

0.2 

0 
0 30 60 90 120 150 180 210 240 270 300 330 360 

TIME ( days ) 

Figure 2c. A composite picture of the euphotic layer inte- 
grated primary production distribution (milligrams of C per 
square meter per day) within the year compiled from different 
data sources (open and solid triangles, 1991; solid circles, 1989; 
open squares, 1988; plusses, 1986; crosses, 1985; open circles, 
1984; solid and open reverse triangles, 1978). The data are 
redrawn from Vedernikov and Demidov [1993]. The continuous 
line shows the model predicted primary production. 
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10- Forage plankton Nanophages 
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Figure 2d. Seasonal variations of some mesozooplankton biomass at different locations in the central Black 
Sea during 1991 [after I•nogradov and Shushkina, 1992]. F, February; M, March; A, August; D, December. 
Symbols as in Figures 2b. 

phyll-a and primary productivity distributions constructed by 
combining the observations carried out within the central basin 
during the last decade [Vedernikov and Demidov, 1993], the 
continuous lines giving the corresponding model predictions. 
One important implication of Figures 2b and 2c is the presence 
of year-to-year variabilities in the productivity cycle. They show 
considerable spatial variabilities as well, even within the inte- 
rior basin away from the coastal effects and the Rim Current 
frontal zone. The 1991 observations, shown by solid triangles in 
the February-March period and open triangles in November in 
Figures 2b and 2c, suggest existence of the two blooms during 
November and either February or March depending on the 
regional conditions. The peaks in the mesozooplankton data 
given in Figure 2d provide an independent support for the 
blooms; these peaks wouldn't exist without previous phyto- 
plankton blooming. In 1988 observations, presented by the 
open squares in the figures, the spring bloom occurs again in 
March, but the autumn bloom is shifted to January. Although 
no data points are seen here for February 1988, the original 
data reported by Finenko and Krupatkina [1993] show these 
two bloom periods are separated by the conditions of low 
productivity. 

The data therefore seem to suggest two main autumn-winter 

plankton structures in the central Black Sea. The first is the 
regular two-bloom structure with the peaks in November and 
March. The second is the shift of the autumn bloom toward 

December-January, while the spring bloom occurs in March. It 
is also reported that, in some cases, the spring bloom may take 
place earlier in February as generally observed in mild winters. 
Or the winter bloom continues in February and is combined 
with the spring one to develop a single relatively long bloom 
season for the entire winter [Vedernikov and Demidov, 1993]. 
The regional oceanographic conditions during December and 
February seem to be critical and to control realization of any 
one of them. 

4. Results and Discussion 

4.1. Upper Layer Physical Structure 

The yearly response of the upper layer physical structure to 
the climatological atmospheric forcing functions is shown in 
Figures 3a and 3b in the forms of series of temperature and 
sigma-theta profiles at different times of the year. The autumn 
period corresponds to the preconditioning and initial cooling 
phase with the mixed layer depth of 25 m and temperature and 
density values of --•11øC and 13.7 kg m -3 in mid-November. 
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Figure 3. Computed depth profiles of (a) temperature (degrees Celsius), (b) sigma-theta (kilograms per 
cubic meter), and (c) vertical eddy diffusivity (square centimeters per second) at different times of the year. 



OGUZ ET AL.: BLACK SEA PHYSICAL-BIOLOGICAL MODEL 16,591 

This is followed by the deeper penetration of the mixed layer 
and subsequent cold water mass formation associated with the 
stronger winter cooling during January and February. The con- 
vective mixing attains its maximum intensity toward the end of 
February, generating the mixed layer of about 60 m with char- 
acteristic temperature of---6.8øC and density of---14.5 kg m -3. 
Deeper penetration of the convective mixed layer does not 
take place due to the freshness of the surface waters (--• 18.0- 
18.5 ppt) overlying the shallow permanent pycnocline. We note 
that the winter mixed layer temperature computed by the 
model by means of climatological, smoothed heat flux data is 
somewhat warmer than those measured. The observed winter 

temperature and density values of --•6.0øC and -14.7 kg m -3 
are reported by Ovchinnikov and Popov [1987]. 

During the spring transition period the water column warms 
up gradually, developing a sharp seasonal thermocline system 
at the base of the shallow mixed layer of -10 m later in the 
summer months. The maximum surface temperature and the 
corresponding minimum surface density are --•24øC and --•11 
kg m -3, respectively, in July. The cold intermediate layer de- 
fined by the temperature values less than 8øC is modified by its 
gradual warming and deepening toward the end of summer 
period. 

The summer months of wind-induced, weak and shallow 
(--•10 m) mixed layer characteristics are reflected in the low 
values of eddy diffusivity, less than about 10 cm 2 s -1 (Figure 
3c). The intensification of turbulent activity during the cooling 
cycle of the year is revealed by the 2-3 order of magnitude 
increase in the eddy diffusivity inside the convectively gener- 
ated mixed layer. This period has the characteristic Kh profile 
similar to those given by the November and February curves in 
Figure 3c. The mid-March profile exhibits an interesting tran- 
sient mixing condition after weakening of the convective over- 
turning mechanism but prior to the development of subsurface 
stratification below the mixed layer. These two mixing regimes 
are identified with the two distinct maxima in the Kh profile, 
separated from each other by a transition zone of weak mixing. 
This narrow zone of low K h values coincides with the base of 
the mixed layer, as confirmed by the temperature and density 
profiles in Figures 3a and 3b. We emphasize here once again 
that the vertical mixing mechanism in the model is the entrain- 
ment process associated with the convective overturning. Hav- 
ing the relatively weak climatological wind stresses for most of 
the year, the wind-induced mixing mechanism does not play 
significant role on the surface layer physical structure. 

The depth at which the turbulent kinetic energy tends to 
vanish and the vertical diffusion coefficient reduces to its back- 

ground value provides a quantitative measure for the identifi- 
cation of the base of the mixed layer over the year. The annual 
distribution of the mixed layer depth computed from the 
model using this criterion and that obtained from the climato- 
logical data is shown in Figure 4a. The observed mixed layer 
distribution is taken by E. Ozsoy et al. (unpublished manu- 
script, 1995) and represents the mean climatological conditions 
with the standard deviations of +-5 m during the summer and 
of +_ 10 m during the rest of the year. We note from Figure 4a 
that the model distribution fits generally to the data during the 
spring and the summer seasons. The differences in the cooling 
period of the year are within the range of the variations present 
in the climatological data. Another model versus data compar- 
ison is given in Figure 4b for the annual distribution of the 
surface temperature. The consistency of observed and com- 
puted mixed layer temperatures is particularly good during the 
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winter and spring seasons. The model, on the other hand, 
underestimates the mixed layer temperatures during the tran- 
sition period of late summer-early autumn by few degrees, as 
compared with the data given by Vedernikov and Demidov 
[1993]. The model temperatures, however, have a better agree- 
ment with the monthly averaged climatological data set of 
Altman et al. [1987] during this period [c.f. Oguz et al., 1992]. 
Furthermore, as noted earlier, the mixed layer temperature 
structure is decoupled from the biological system since the 
present formulation of the primary productivity does not in- 
clude the temperature dependence. Thus the mixed layer phys- 
ical structure does not play any role in the biological model, 
except its contribution to the vertical structure of the eddy 
diffusivity. 

4.2. Biological Structure of the Euphotic Zone 

Contrary to the more comforting parametric setting of the 
physical model, a successful simulation of the biological model 
requires a choice of 16 externally imposed parameters (see 
Table 1). Most of these parameters are hardly known from the 
observations. In fact, determination of the values of the rate 
constants from the measurements constitutes one of the pri- 
mary objectives of the ongoing collaborative research efforts in 
the Black Sea community. In the present work the ranges of 
values of the parameters are chosen from the Black Sea liter- 
ature [e.g., Lebedeva and Shuskina, 1994; Belyaev and Kundu- 
farova, 1992; Krivenko and Lukjanova, 1994] as well as from 
other seas with similar pelagic ecosystems and upper layer 
physical characteristics (e.g., the Sea of Marmara [Tugrul and 
Morkoc, 1990], the North Sea [Radach and Moll, 1993], and the 
Baltic Sea [Savchuk and Wulff, 1993]; see also Fasham et al. 
[1993]). The set of parameters is then adjusted to reproduce 
major observed features of the vertical nutrient and plankton 
structures through a series of trial simulations and sensitivity 
studies. Choosing the biological parameter values to be more 
appropriate for diatoms and mesozooplankton community as 
listed in Table 1, a model simulation in accord with the clas- 
sical two bloom structure [Sorokin, 1983; Vinogradov, 1992] is 
described below. The evolution of the system is given first on 
the basis of events and processes taking place during the year. 
Some aspects of the model dynamics and the model versus data 
comparison are presented next. 
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Figure 4a. Comparison of the seasonal cycle of the mixed layer depth estimated from the climatological data 
with that computed by the model. 

4.2.1. Annual distributions and description of events. 
The temporal and vertical distributions of the phytoplankton 
(Figure 5a), zooplankton (Figure 5b), detritus (Figure 5c), and 
nitrate and ammonium (Figures 5d and 5e) reveal several 
phases within the year in harmony with the surface layer phys- 
ical structure. The entire summer and early autumn period is 
characterized by the nutrient depletion (N - 0.2 mmol m -3) 
and low phytoplankton biomass (-0.1 mmol N m -3) within the 
mixed layer. Phytoplankton biomass is low because, with the 
decline of Kh from its winter values of >100 cm 2 s -• to <10 
cm 2 s -•, the nutrient supply from nutrient rich waters below 
the mixed layer is no longer possible and all the phytoplankton 
biomass is consumed by herbivores in the surface waters. The 
nitrate concentrations at depths immediately below the sea- 
sonal thermocline increase rapidly, which, together with the 
sutficient light availability, allows some subsurface phytoplank- 
ton biomass production in the layer between the seasonal ther- 
mocline and the base of the euphotic zone during the May-July 
period. The phytoplankton patches are mostly concentrated im- 
mediately below the surface mixed layer between the depths of 
about 20-30 m but may extend up to ---50 m. 

As the seasonal thermocline weakens and the deepening of 
the mixed layer begins by the end of October, the surface layer 
starts to be enriched with nutrients entrained from below. The 

late autumn phytoplankton bloom is developed later during 
the second half of November. This is identified with the peak 
phytoplankton concentrations of about 0.35 mmol N m -3 
within the upper 30-35 m layer. The bloom terminates within 
the first half of December after which the entire winter season, 
until the end of February, is characterized by low concentra- 

tions (-0.10 mmol N m -3) of phytoplankton biomass. The 
nutrients used up in the euphotic layer during the autumn 
bloom period are compensated immediately by the continuous 
supply from the lower levels, as a result of strong vertical 
mixing generated by the winter convective overturning mech- 
anism. The mixed layer nitrogen concentration increases grad- 
ually to maximum values of about 2 mmol N m -3 at the end of 
February (Figure 5e) when the water column is overturned 
completely and a deepest and coolest mixed layer formation is 
established. The spring bloom initiates within the first week of 
March. The bloom reaches its maximum intensity of---1.9 
mmol N m -3 within the upper 30 m of the water column a 
week later. The bloom event continues for about a week to 10 

days and then begins to degrade with phytoplankton concen- 
trations of about 0.1-0.2 mmol N m -3 toward the end of the 

month; soon after the nitrogen stock is consumed almost com- 
pletely. 

Remineralization of the particulate organic material follow- 
ing degradation of the spring bloom produces ammonium with 
typical concentrations of about 0.5 mmol N m -3 during April. 
A part of the ammonium concentration is used in the regen- 
erated production; the rest is converted to the nitrate form 
through the nitrification process. The contribution of the latter 
process to the nitrate formation is evident in Figure 5e by the 
20-m-thick band of relatively uniform concentrations from im- 
mediately below the thermocline to the depths of about 50 m 
during April to November period, when compared with the 
linearly decreasing initial profile (Figure 2c). In the model the 
nitrification is considered as a direct conversion from the am- 

monium to the nitrate without having the intermediate step of 
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Figure 4b. Comparison of the seasonal cycle of the surface temperature computed by the model with 
observations from the central Black Sea. The observed surface temperature distribution is redrawn from 
Vedernikov and Demidov [1993]. The monthly mean climatological surface temperature data are shown by 
solid squares after Oguz et al., 1992. Stars and continuous line represent the model. Open and solid triangles, 
solid reverse triangles, open and solid circles, and crosses represent observations. 
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Figure 5. Depth and time variations of the (a) phytoplank- 
ton, (b) zooplankton, (c) detritus, (d) ammonium, and (e) 
nitrate concentrations (micromoles of N per cubic meter) com- 
puted by the model. 

the nitrite formation. In reality, however, a fraction of the total 
oxidized nitrogen appears in the nitrite form near the base of 
the euphotic zone [Codispoti et al., 1991]. The nitrate accumu- 
lation in the 30-50 m zone forms eventually the main nutrient 
source which is later brought up to the surface during the 
convective overturning process and used during the next spring 
bloom. A typical nitrate profile in this period is thus charac- 
terized by very low values within the surface layer, increasing 
gradually below the thermocline up to about 50-m depth and 
then a rapid increase to its subsurface maximum further below. 
This structure agrees well with the R/V Knorr observations 
performed during summer 1988 [Codispoti et al., 1991, Figures 
9-11]. In the layer below the subsurface maximum the nitrifi- 
cation process leads to a slight increase of nitrate concentra- 
tions during the year as compared with the zero concentrations 
in the initial profile. The present model does not incorporate 
the denitrification process which normally prevents the nitrate 
accumulation near the anoxic interface. 

The third phytoplankton growth process takes place during 
the second week of April, about 2-3 weeks after the complete 
termination of the March bloom. The ammonium, produced as 
a product of the March bloom and trapped within the recently 
formed mixed layer about the seasonal thermocline, leads to a 
short-period (about 1 week) phytoplankton production com- 
parable with the intensity of the late fall bloom episode (P 
0.30 mmol N m-3). This is surface intensified bloom extending 
only to the depths of 20 m. 

The summer season is the period of low production. The 
stratification and subsequent formation of the strong seasonal 
thermocline inhibit nutrient flux into the shallow mixed layer 
from below. Since the regenerated products have already been 
utilized in the mixed layer, severe nutrient limitation prohibits 
development of the bloom during the summer season. How- 
ever, some phytoplankton production (P --- 0.20 mmol N m -3) 
occurs until July in deeper levels where a favorable balance of 
light and nutrient availability still exists. 

As far as the phytoplankton distribution during the year is 
concerned, the model reproduces the major observed features 
depicted earlier in Figures 2a-2d. The thicknesses of uniform 
phytoplankton layers during the November and March blooms 
as well as the position of subsurface maximum layer during the 
summer months agree qualitatively with the observations 
shown in Figure 2a. Additional remarks on the model and data 
comparison will be given below in section 4.2.5. 

The yearly distributions of zooplankton and detritus follow 
closely that of the phytoplankton with a time lag of approxi- 
mately 2 weeks. The maximum zooplankton concentrations of 
about 0.2, 0.4, and 0.3 mmol N m -3 occur following the late 
autumn and early spring blooms as well as the period of sum- 
mer subsurface phytoplankton maximum, respectively. 

The detrital material sinking with the fall speed of 1.0 m 
day -• reveals a diffusive vertical distribution within the eu- 
photic layer for most of the year. Its concentrations are almost 
twice the zooplankton's during the summer months following 
the major spring bloom event. The material is continuously 
remineralized and converted to the nitrogen form which be- 
comes available for recycling into the upper levels by the late 
autumn. As we noted above, relative to its initial distribution, 
the nitrogen is particularly accumulated at depths where the 
detritus concentration has a maximum. 

We emphasize here that the detritus pool acting as a source 
in the nitrogen-plankton cycling process is assumed to be 
formed by small particles generated mainly by the zooplankton 
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egestion with low sinking velocities of the order of 1 m day -•. 
The larger particles sinking with much higher fall speeds are 
assumed not to take any role in the remineralization process of 
the detrital material. The effect of larger sinking velocity of the 
particles on the plankton dynamics will be discussed below. 

4.2.2. Annual nitrogen budget. One way of checking in- 
ternal consistency of the model dynamics is to evaluate the 
balance of terms governing the plankton dynamics, when inte- 
grated over the depth of the euphotic zone and over the year. 
This computation also provides the intercompartmental trans- 
fer rates and the fluxes across the base of the euphotic layer, 
which constitute a crucial part of our understanding of the 
biogeochemical cycle of the upper layer of the Black Sea. 
Though not impossible, this is extremely difficult to achieve by 
measurements. 

Defining the total particulate organic nitrogen content PON 
as the sum of Phytoplankton, herbivore, and detritus concen- 
trations and the total nitrogen content NA as the sum of 
nitrate and ammonium concentrations, 

PON = P + H + D NA = N + A (22) 

(7)-(12) can be reduced to the following forms when inte- 
grated over the euphotic zone and over the year, together with 
using the zero-flux conditions at the sea surface. 

f• •(I,N,A)Pdzdt:•• (lzH+sD) dzdt 
-- f (Fpo N + wsD)h dt (23) 

+ f (FN^)h dt (24) 
where Fi, ON and FN^ are the vertical diffusive fluxes of PON 
and NA, respectively, and the subscript h refers to the base of 
the euphotic layer. 

The annual budget (Figure 6) given by (23) and (24) implies 
an approximate balance between the external input of total 
nitrogen flux into the euphotic layer from below (FN^ = 41.5 
mmol m -2 yr -•) and the sum of the total particulate organic 
matter flux (Fl, oN = 5.7 mmol m -2 yr -•) and the detrital 
sinking flux (wsD = 35.3 mmol m -2 yr -•) from the base of 
the euphotic zone. They further indicate that the total produc- 
tion (•P = 532 mmol m -2 yr -•) is compensated by the 
ammonium generated within the euphotic zone through the 
remineralization of detritus (sD = 304.2 mmol m -2 yr -•) 
and zooplankton excretion (t•H = 196.7 mmol m -2 yr -•) 
plus the external input of total nitrogen flux into the euphotic 
zone from below (FN^ = 41.5 mmol m -2 yr-•). The nitrate 
and ammonium uptakes are 193.5 mmol m -2 yr -• and 338.5 
mmol m-2yr -•, respectively, which account for 36 and 64% of 
the annual gross primary production. However, because a large 
part of the nitrate uptake is derived from the ammonium 
oxidation, all of the nitrate uptake cannot be accounted for the 
new generation. It is therefore more appropriate to define the 
f ratio as the ratio of nitrate flux across the base of the euphotic 
layer to the total primary production. The annual mean value 
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Figure 6. The annual nitrogen budget (micromoles of N per 
square meter per year) in the euphotic zone. PON is particu- 
late organic nitrogen. 

of this ratio is 41.5/532 = 0.08. Furthermore, 58% of the 
primary production was assimilated by zooplankton and 20% is 
lost to detritus as fecal pellet egestion. The detritus reminer- 
alization of 304.2 mmol m -2 yr -• accounts for almost all the 
annual ammonium production, whereas the contribution of the 
zooplankton excretion (196.7 mmol m -2 yr -•) is comparable 
with the ammonium oxidation flux of 175.3 mmol m -2 yr -•. 
Finally, we note that the yearly mean detrital sinking flux 
estimate of 35.3 mmol N m -2 yr -• at the base of the euphotic 
layer compares well with the observed value of 11.5 mmol N 
m -2 yr- • obtained from the sediment trap measurements dur- 
ing May 1988 [Karl and Knauer, 1991]. 

4.2.3. Dynamics of the phytoplankton blooms. The main 
mechanisms controlling the initiation, development, and deg- 
radation of the March and November blooms, as well as the 
subsurface maxima of the summer season, are described briefly 
in this section. We first consider the relative roles of light and 
nutrient uptake in the primary production process. The control 
of the phytoplankton growth by either light or nutrient limita- 
tion during the year is highlighted in Figures 7a and 7b. The 
most striking feature of the nutrient limitation function 13t(N, 
A) (Figure 7b) is the presence of very sharp, narrow high 
gradient zone. This is situated approximately at 30-40 m 
depths for most of the year, except during the January and 
February period, and separates the low /3t region near the 
surface from the region of its high values (close to one) im- 
mediately below. The light limitation function a(I), on the 
other hand, has the opposite structure with decreasing values 
toward the deeper levels (Figure 7a). The net growth function 
(Figure 7c), computed by choosing the minimum of these two, 
is thus governed by the nitrogen limitation near the surface and 
by the light limitation at deeper levels. A subsurface maxima 
region is present in between, at the depths of about 30-40 m 
where they both have the moderate values. During the summer 
season this is responsible for the subsurface phytoplankton 
production (compare Figure 5a). 

We note from Figure 7c that highest values of the net growth 
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Figure 7. The depth and time variations of the (a) nondi- 
mensional light limitation function, (b) nondimensional nutri- 
ent limitation function, and (c) the net limitation function 
within the year. 

function within the upper 25 m layer occur during the January 
and February months. But the bloom development takes place 
at a later time, during early March. The absence of bloom 
generation in the midwinter period has two dynamical reasons. 
First, although the net growth function has the exceptionally 
high values, the amount of phytoplankton biomass in the water 
column is not sufficient to keep the primary production (i.e., 
the first term on the right-hand side of (8)) above a certain 
level sufficient to initiate the bloom. Second, the surface layer 
has relatively strong downward diffusion, which counteracts 
against primary production and therefore prevents the bloom 
development. However, as soon as the intensity of the vertical 
mixing diminishes at the end of February (Figure $a), a new 
balance is established between the primary production (Figure 
9a) and the time change of the phytoplankton biomass (Figure 
9d) with almost no contributions from the grazing and the 
mortality terms. This new balance leads to an exponential 
growth of the phytoplankton concentration in the mixed layer. 
Soon after the initiation phase, the zooplankton grazing (Fig- 
ure 9c) starts dominating the system and balances the primary 
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Figure 8. The depth and time variations of the (a) eddy 
diffusion coefficient (square centimeters per second), (b) tem- 
perature (degrees Celsius), and (c) phytoplankton concentra- 
tion (micromoles of N per cubic meter) during the February- 
March period. 

production. This continues until the nitrate stocks in the mixed 
layer are depleted and the nitrate-based primary production 
weakens. At the same time, rapid reoycling of the particulate 
material allows for the ammonium-based uroduction. also con- 

_ 

tributing to the bloom development (Figure 9b). The bloom 
terminates abruptly toward the end of March when the ammo- 
nium stocks are also no longer available for the regenerated 
production. 

The downward diffusion process mentioned above is evident 
in the February profile of Figure 8a by gradual increase of K h 
values toward the middepth of the mixed layer. The termina- 
tion of the convective mixing process at day 65 is implied in 
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Figure 9. The depth and time variations of the (a) new pro- 
duction, (b) regenerated production, (c) zooplankton grazing, 
and (d) time change of phytoplankton (micromoles of N per 
cubic meter per day). 

Figure 8a by sudden reduction of K h values from the order of 
1000 to of the order of 10 cm 2 s -2. Shown further in Figures 8b 
and 8c is that the period of high K h values is identified with the 
vertically uniform temperature structure of about 6.8øC and 
the phytoplankton structure of approximately 0.1 mmol N 
m -3. Following the termination of convective overturning, the 
detrainment process, which is indicated by the zone of high K h 
values at 40-50 m depths after day 65 (see mid-March K h 
profile in Figure 3c), begins establishing the subsurface strat- 

ification. As the mixed layer temperature increases by about 
0.3øC (from 6.9 to 7.2øC), the bloom attains its peak amplitude 
within the next 10 days (Figure 8c). 

The similar process of bloom generation repeats during No- 
vember. Again, a week balance between the nitrate-based pro- 
duction and the time rate of change of phytoplankton concen- 
tration initiates the exponential phytoplankton growth, which 
in turn strengthens the new production. The bloom terminates 
as soon as the nitrate stocks are depleted in the euphotic zone. 
The ammonium-based regenerated production plays little role 
in the autumn bloom. It, however, contributes more to the 
subsurface phytoplankton development during the summer 
months (Figures 9a and 9b). 

4.2.4. Annual variability in the bloom structures: Sensitiv- 
ity to parameter setting. During the implementation phase of 
the model to the Black Sea conditions a considerable number 

of sensitivity experiments have been carried out to understand 
the model response under different sets of conditions. We 
present a few examples to give an idea of how the setting of the 
biological parameters is important to obtain the annual cycle 
consistent with the observations in the Black Sea. One such 

parameter is the light efficiency parameter a. It is hard to 
determine its value from the observations. An increase in its 

standard value of 0.01-0.03 m 2 W-• shifts the autumn bloom 

to the winter covering the period from the beginning of Janu- 
ary to the end of February. No spring bloom follows this 
midwinter blooming, and the peak concentrations of about 0.6 
mmol N m -3 are much lower than those of the spring bloom 
but comparable to those of the autumn bloom of the standard 
run. This structure is modified slightly when the assimilation 
capacity of the zooplankton grazing, 3', is also reduced to 0.5, 
in addition to the setting of a = 0.03. In this case the bloom 
continues until the end of March with its maximum develop- 
ment taking place between the last week of February and 
mid-March (Figure 10a). The position of the summer subsur- 
face maxima is also shifted below by about 10 m. 

Altering the value of 3' from 0.75 to 0.50 shifts the autumn 
bloom toward the winter (Figure 10b). Lowering its value im- 
plies effectively changing the preference in the biological sys- 
tem from zooplankton to the detritus. This is noted by the 
considerable increase on the detritus concentration (maximum 
values are now 1.67 as compared with 0.92 mmol N m -3 of the 
standard run) and consequently the more than 1 mmol N m -3 
increase in the ammonium and nitrate concentrations. This is 

eventually reflected as a longer and stronger late autumn 
bloom formation during the December-January period with 
the peak concentrations of about 0.6 mmol N m -3. The spring 
bloom again initiates at the beginning of March, but it is now 
much stronger (maximum value 2.4 mmol N m -3) and contin- 
ues almost the whole month. The subsurface production is also 
increased almost twice during the April-June period and ex- 
tends to deeper levels. This has a better resemblence with the 
observed subsurface chlorophyll-a structure given in Figure 2a. 

The sinking rate of the particulate organic matter, Ws, is one 
of the most critical parameters in the model. The value of w s 
appropriate for the model simulations is 1.0 m day -•, which 
implies that the main contribution to the detritus pool comes 
from small particles with lower sinking velocity generated 
mainly by the zooplankton egestion. The fast sinking, larger 
particles do not contribute to the processes taking place within 
the euphotic zone. The choice of greater values causes faster 
sinking of the detrital material toward the deeper levels, 
thereby decreasing the detritus and subsequently the nitrogen 
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concentrations in the euphotic layer. The sinking material thus 
effectively becomes lost from the euphotic zone. Figure 10c 
shows the result of the standard run when the sinking velocity 
is taken as 3.0 m day -• within the upper 50 m, decreasing 
linearly to 0.5 m day-• at 100 m and staying at this value below 
this depth. This minor change in the value of w s alters the 
whole biological system drastically. There now exists only a 
weak March bloom, with almost no zooplankton biomass and 
detritus in the water column. The euphotic layer is depleted in 
both ammonia and nitrate, which are, however, accumulated at 
deeper levels. As suggested by Totterdell et al. [1993], a time- 
dependent vertical sinking velocity parameterization seems to 
be a better choice with higher rates at the end of the spring 
bloom of larger diatom cells and lower rates within the rest of 
the year dominated by fragments of smaller cells and fecal 
pellets. 

4.2.5. Model-data comparison. For the model versus 
data intercomparison we present the annual distributions of 
the chlorophyll-a and the total primary productivity shown by 
the continuous lines in Figures 2b and 2c. The euphotic layer 
averaged chlorophyll-a concentrations (Figure 2a) are com- 
puted from the phytoplankton biomass values using the con- 
version factor of 1 mg Chl m -3 being roughly equivalent to 1 
mmol N m -3. This conversion assumes a general algal carbon 
to chlorophyll-a ratio of ---100 and carbon to nitrogen ratio of 
---8.5 [Karl and Knauer, 1991] for a nitrogen limited system. 
Comparison of computed chlorophyll concentrations with 
those given by the observations indicates that the peak con- 
centration of about 1.5 mg Chl m -3 agrees fairly well with the 
data. The model's typical postbloom and summer Chl values 
are about 0.2 mg Chl m -3, whereas the data attain the values 
of 0.3-0.4 mg Chl m -3 during the same period. The Chl con- 
centration during the autumn bloom is predicted as 0.4 mg Chl 
m -3. The data, however, tend to suggest relatively higher val- 
ues varying in the range of 0.4-1.0 mg Chl m -3. 

The euphotic layer integrated primary production computed 
by the model yields a better agreement with the composite data 
(Figure 2c). The integrated primary productivity attains its 
maximum value of 9.0 mmol N m -2 day -• (---900 mg C m -2 
day-•) during the period of the March bloom. This compares 
favorably well with the measured bloom productivity of 400- 
1300 mg C m -: day -•. The spring bloom is followed by the 
three smaller peaks of --•500-600 mg C m -2 day-1 associated 
with the regenerated primary production in the spring period 
(see Figure 9b). The primary production estimates of -300- 
500 mg C m -2 day-1 during May are also comparable with the 
May 1988 measurements of 339 and 573 mg C m -2 day -• at 
two stations within the central Black Sea [Karl and Knauer, 
1991]. Somewhat weaker subsurface production is traced in the 
model until July. August to October is shown to be the least 
productive period characterized by the values of less than 200 
mg C m -2 day-1, whereas the data values vary from 200 to 500 
mg C m -2 day-1 in the same period. The main reason for the 
weaker productivity in the model during the summer and early 
autumn seasons is the weak nutrient supply from the lower 
levels due to insufficient vertical mixing. In the three- 
dimensional models, on the other hand, it is reasonable to 
expect stronger productivity in the surface layer as a result of 
lateral nutrient supply associated with the horizontal advective 
transport. 

The model seems to predict the observed chlorophyll and 
primary production values reasonably well for most parts of the 
year except during the autumn bloom season. The model es- 

(a) DAYS PHYTOPLANKTON CONC. (mmol/m3) 

0 o 
i i i i i i I i i i i i i i i i i 

20 

• •o 

8O 

(cmin= 0.05 cmax= 0.63 cint= 0.05) 

(b) r,A¾S PHYTOPLANKTON CONC. (mmol/ma) 
0 I ' ' ' ' I ' ' ' ' I ' • I ' ' I'' I • ' I • 

I 
•o 

. 

80 - 

tO0 • ' I ' , I , , I • , I • , I , , I • , I • , I • , I , , I , • i , , 

(cmin= 0.05 cmax= 2.40 cint= 0.05) 

C) DAYS PHYTOPLANKTON CONC. (mmol/m3) 
0 I ' ' 

2O 

• ,o 

BO 

100 , , I , • I • i I i , I , , I , , I , , I , , I , , I , , I , , I • • 
(cmin= 0.05 cmax= 0.50 cint= 0.05) 

Figure 10. Depth and time variations of the phytoplankton 
concentration when the parameters of the reference experi- 
ment are varied to (a) a = 0.03 and •/= 0.5, (b) •/= 0.5, and 
(c) variable w s with a value of 3.0 m day- • within the upper 50 
m, decreasing linearly to 0.5 m day -• at 100 m and staying at 
this value for the rest of the water column. 

timate of autumn primary productivity peak of 200 mg C m -2 
day -1 is somewhat lower than the observations. Considering 
the fact that only the convective overturning process (which is 
also not very effective during the late autumn) is responsible 
for the nitrate supply from the subsurface levels, this is not 
surprising. The model does not take into account other vertical 
mixing mechanisms as well as possible contributions from the 
lateral nitrate fluxes. The autumn season is known to be char- 

acterized by weekly storms which are expected to enhance 
temporarily upward flux of nitrate into the mixed layer (see 
Klein and Coste [1984] for the efficiency of this process and 
Radach and Moll [1993] for the North Sea example). Further- 
more, the photosynthetic bacterial production which is not 
incorporated in the model may account for a part of the pro- 
duction in the autumn period. Although their observations are 
not performed in the same season, Karl and Knauer [1991] 
indicated that the bacterial production constitutes almost half 
of the photoautotrophic production. This process may also 
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contribute to the subsurface phytoplankton generation during 
the summer. 

5. Summary and Conclusions 
A deterministic time-dependent, one-dimensional, physical- 

biological coupled upper layer model is used to study the 
annual cycle of plankton dynamics under seasonal physical 
variability in the central Black Sea. The biological model con- 
siders only the lower trophic level food web represented by the 
phytoplankton and zooplankton biomasses, detritus, and nitro- 
gen (nitrate and ammonium). It therefore provides one of the 
simplest possible representation of conditions and processes 
which may describe the plankton-nutrient dynamics in the cen- 
tral Black Sea. 

It is found that initiation of the spring bloom depends cru- 
cially on the local mixing conditions and follows the weakening 
of the convective overturning mechanism. As soon as the sur- 
face layer of the water column gains a slight stability, the bloom 
commences before the formation of the seasonal thermocline. 

This suggests the timing of the bloom is governed by the 
year-to-year and/or local variabilities in the physical processes, 
in addition to the biological processes. The spring bloom may 
thus take place at an earlier period, say in February, during 
mild winters as pointed out by observations [Vinogradov, 1992]. 

Following the spring bloom, the model predicts a weaker 
and shorter phytoplankton growth event within April as the 
water column begins to stratify and the seasonal thermocline 
begins to form in the near-surface levels. The formation of this 
bloom is caused by the ammonium, generated as a by-product 
of the spring bloom, and trapped in the mixed layer. 

A period of very low primary productivity prevails through- 
out the summer as a consequence of severe nitrogen limitation 
in the surface mixed layer. However, some phytoplankton pro- 
duction goes on beneath the seasonal thermocline as long as 
this zone has sufficient light to support the phytoplankton 
growth. As first demonstrated by Kiefer and Kremer [1981], the 
presence of "subsurface chlorophyll maxima" is again a con- 
sequence of a strong link between the vertically resolved plank- 
ton and surface layer dynamics. Toward the end of autumn, 
rapid destratification of the water column and subsequent in- 
tensification of the vertical mixing enhance the nutrient flux to 
the surface waters and cause a phytoplankton bloom develop- 
ment of 2-3 weeks during the October-December period, de- 
pending on the local conditions. The two-bloom structure re- 
sembles those seen in the North Sea [Radach and Moll, 1993] 
and the Baltic Sea [Savchuk and Wulff, 1993]. 

The numerical experiments implicate the presence of a del- 
icate balance between the growth and grazing processes in the 
phytoplankton dynamics. In order to get a phytoplankton dis- 
tribution with two distinct blooms during the late autumn and 
the early spring, the grazing rate should be a certain fraction of 
the growth rate. If the grazing pressure is exerted too early and 
too strong, there will not be sufficient time for the development 
of sufficiently strong phytoplankton blooms. On the contrary, if 
it is too weak to be able to control the phytoplankton growth, 
one long-term blooming event will occur during the Decem- 
ber-March period. Once the late autumn bloom is initiated, it 
will continue for the whole winter season since sufficient nu- 

trient is always entrained into the surface layer during this 
period. Hence the autumn bloom is not a robust feature of the 
model, contrary to the March bloom and summer subsurface 
chlorophyll-a maximum layer. Such modifications on the stan- 

dard case of the two-bloom phytoplankton structure may also 
be traced in the data as a part of the year-to-year variabilities 
of the biological system. 

Although this is a rather simplistic model with somewhat 
crude parameterization of some processes, the simulations 
show that the model is capable of producing basic features of 
the plankton-nutrient fields in the Black Sea and helps under- 
standing and interpreting the available observations. In its 
present form the model describes the general ecosystem char- 
acteristics of the sea prior to its deterioration as a result of 
intense eutrophication and massive growth of the Mnemiopsis 
leidii. Simulation of the present-day ecosystem characteristics, 
however, requires improvement of the model in several direc- 
tions. Some of these are introduction of Mnemiopsis leidii as a 
separate zooplankton group, introduction of the high-frequency 
variability and thus incorporation of strong wind-induced mixing, 
parameterization of intermittent lateral nutrient input into the 
surface layer, incorporation of the benthic-pelagic interactions for 
the shelf ecosystem, and reproduction of the occasional summer 
blooms [Sur et al., 1994] predominated by dinoflagellates and 
coccoliths (Emiliana huxleyi). 

A full validation of the model awaits new observations car- 

ried out over a full annual cycle. The forthcoming availability 
of such new time series measurements will give an opportunity 
to run the model in its real-time simulation mode. This will 

improve the model's performance by the addition of new com- 
partments, features, and/or processes, if necessary, for more 
realistic representation of the ecosystem structure. Such ob- 
servational efforts are underway in the framework of an inter- 
national, multiinstitutional scientific research program imple- 
mented recently for improving the health of the Black Sea. 
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