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GLOBAL BIOGEOCHEMICAL CYCLES, VOL. 14, NO. 4, PAGES 1331-1352, DECEMBER 2000 

Modeling distinct vertical biogeochemical structure 
of the Black Sea' Dynamical coupling of the oxic, 
suboxic, and anoxic layers 

Ternel Oguz 
Institute of Marine Sciences, Middle East Technical University, Erdemli, Icel, Turkey 

Hugh W. Ducklow 
College of William and Mary, Virginia Institute of Marine Sciences, Gloucester Point 

Paola Malanotte-Rizzoli 

Department of Earth, Atmospheric and Planetary Sciences, Massachusettes Institute of 
Technology, Cambridge 

Abstract. A one-dimensional, vertically resolved, physical-biogeochemical model 
is used to provide a unified representation of the dynamically coupled oxic-suboxic- 
anoxic system for the interior Black Sea. The model relates the annual cycle of 
plankton production in the form of a series of successive phytoplankton, mesozoo- 
plankton, and higher consumer blooms to organic matter generation and to the 
remineralization-ammonification-nitrification-denitrification chain of the nitrogen 
cycle as well as to anaerobic sulfide oxidation in the suboxic-anoxic interface zone. 
The simulations indicate that oxygen consumption during remineralization and 
nitrification, together with a lack of ventilation of subsurface waters due to the pres- 
ence of strong stratification, are the two main factors limiting aerobic biogeochemical 
activity to the upper •75 m of the water column, which approximately corresponds 
to the level of nitrate maximum. The position of the upper boundary and thus the 
thickness of the suboxic layer are controlled by upper layer biological processes. 
The quasi-permanent character of this layer and the stability of the suboxic-anoxic 
interface within the last several decades are maintained by a constant rate of nitrate 
supply from the nitrate maximum zone. Nitrate is consumed to. oxidize sinking 
particulate organic matter as well as hydrogen sulfide and ammonium transported 
upward from deeper levels. 

1. Introduction 

1.1. General Characteristics of the Vertical 

Biogeochemical Structure 

Two distinct features of the vertical biogeochemical 
structure of the Black Sea are the oxygen deficiency and 
nitrogen depletion of the subsurface waters. Because of 
weak vertical mixing due to the presence of a strong 
density stratification and poor ventilation of deep wa- 
ters by lateral influxes, the sub pycnocline waters are 
permanently anoxic. The predominant vertical gradi- 
ents of biogeochemical properties are confined within 
the strongly stratified upper 100 m layer, in which den- 
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sity changes by ,,5 kg m -3 from at ,, 11.0 at the surface 
to at ", 16.0 kg m -3 at 100 m depth. 

A conceptual model of the present state of the Black 
Sea biogeochemical structure is shown in Figure 1. Four 
distinct layers are identified in this system. The eu- 
photic zone extends from the free surface to the depth 
of the 1% light level and has a maximum thickness of 
•050 m. This is the layer of active aerobic planktonic 
processes and is also characterized by high oxygen con- 
centrations of the order of 300/•M. The uppermost 20- 
30 m of the aphotic zone is called the oxycline/upper 
nitracline zone in which oxygen concentration reduces 
to •10/zM, whereas nitrate concentration increases to 
around 6-8/•M. In the subsequent oxygen-deficient layer 
of •-30 m, known as the Suboxic Layer (SOL), nitrate 
concentrations undergo a sharp decrease to trace val- 
ues (•0.1 /•M) [Murray et al., 1989; Basturk et al., 
1994, 1997; Buesseler et al., 1994; Eremeev, 1996]. The 
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Figure 1. Schematic diagram of the biogeochemical structure of the upper layer water column 
in the Black Sea. 

SOL is followed by a deep anoxic layer characterized 
by large hydrogen sulfide and ammonium pools. The 
suboxic-anoxic interface zone involves a complicated se- 
ries of bacterially mediated redox reactions [Murray et 
al., 1995, 1999; Rozanov, 1996]. These reactions con- 
trol the downward transport of nitrate and the upward 
transports of ammonium and sulfide near the interface 
zone. The suboxic layer most commonly exists as very 
thin layers with steep chemical gradients in sediments of 
rivers and other eutrophic systems [Thomsen and Kris- 
tensen, 1997; Neumann et al., 1998] but also exists in 
the major hypoxic ocean basins [Warren, 1994]. How- 
ever, it is most easily studied in the Black Sea owing to 
the great physical stability of the water column, which 
enabled accurate resolution of the oxygen and sulfide 
gradient structure. Physical stability seems to maintain 
a well-defined redox structure which constitutes one of 

the unique characteristics of the Black Sea biogeochem- 
ical system. 

The biogeochemical structure shown in Figure I re- 
flects the state of the Black Sea ecosystem after the 
1970s, following intense eutrophication and ecological 
deterioration as a result of large inputs of nutrients and 
contaminants introduced from the Danube, Dniestr, 
and Dniepr Rivers to the northwestern shelf. The avail- 
able data indicate subsequent, dramatic changes at all 
trophic levels [Mee, 1992; Zaitsev and Mamaev, 1997; 
Ozsoy and Mikaelyan, 1997; Ivanov and Oguz, 1998]. 
The average phytoplankton biomass increased by an 
order of magnitude, with profound changes in taxo- 
nomic composition [Zaitsev, 1993; Vinogradov ctal., 

1999]. Many of the dominant mesozooplankton species 
supporting fish populations were replaced by smaller 
and less valuable species, as well as by the opportunis- 
tic species Noctiluca scintillans, A urelia aurita, Pleuro- 
brachia, and Mnemiopsis leidyi [$hushkina et al., 1998; 
Kovalev et al., 1998; $higanova et al., 1998; Mutlu, 
1999; Kideys et al., 2000]. 

These transformations in the phytoplankton and 
mesozooplankton levels of the ecosystem were also ac- 
companied by an apparent increase in organic matter 
content of the upper water column [Konovalov et al., 
1999], enhanced bacterial production and organic mat- 
ter decomposition [Vinogradov et al., 1999], and sub- 
sequently higher rates of oxygen consumption. Con- 
sequently, the dissolved oxygen gradient zone shifted 
gradually upward in the 1970s and 1980s [Basturk et 
al., 1998], even though onset of the oxycline (around 
at •14.5 kg m -3) and the position of the sulfide in- 
terface (around at •16.1 kg m -3) remained unchanged 
(Figure 2a). A somewhat steeper oxycline implies an 
upward expansion and broadening of the oxygen defi- 
cient suboxic layer [Konovalov et al., 1999]. 

More active organic matter decomposition also led 
to higher rates of nitrogen production within the oxy- 
genated part of the water column and of nitrogen con- 
sumption due to denitrification further below. Compar- 
ision of nitrate profiles measured 20 years apart [Tugrul 
et al., 1992; Kempe, 1995] suggested an upward eleva- 
tion of the position of the nitrate peak from the den- 
sity level of at •15.8 to •15.5 kg m -3 (•10 m within 
the cyclonically-dominated interior Black Sea). The 
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Figure 2. (a) The dissolved oxygen (/•M), and (b) the nitrate (/•M) profiles versus sigma-t (kg 
m -3) measured during the R/V Atlantis 1969 (solid circles) and R/V Bilim 1991 (open squares) 
surveys. 

magnitude of the peak also increased from •3.0 /•M 
to •8.0/•M during this period as a result of continuous 
nutrient supply from rivers (Figure 2b). 

1.2. Existing Modeling Studies 

The modeling efforts given by Lebedeva and Shushk- 
ina [1994], Oguz et al. [1996, 1998, 1999], Gregoire et 
al. [1998], and Lancelot et al. [2000] dealt only with 
simulations of the upper layer plankton system. Oguz 
et al. [1996] presented a one-dimensional, vertically 
resolved, coupled physical-biogeochemical model with 
single groups of phytoplankton and zooplankton, de- 
tritus, ammonium, and nitrate. This model was later 
extended to a slightly more complex form [Oguz et al., 
1998, 1999], distinguishing two major classes of phyto- 
plankton (diatoms and flagellates) and two dominant 
zooplankton size groups (microzooplankton and meso- 
zooplankton). The model was further modified by in- 
troducing a simple microbial loop, two distinct groups 
of gelatinous carnivores (Aurelia aurita and Mnemiop- 
sis leidyi), and the opportunistic species Noctiluca scin- 
tillans (T. Oguz et al., Modeling the response of top- 
down control exerted by gelatinous carnivores on the 
Black Sea pelagic food web, submitted to Journal of 
Geophysical Research, 2000) (hereinafter referred to as 
Oguz et al., submitted manuscript, 2000) The latter 
model was then used to investigate how top-down con- 
trol by gelatinous carnivores operated during the last 
two decades in the Black Sea ecosystem. A one di- 
mensional model with comparable ecosystem complex- 
ity, but considering only bulk properties over the eu- 
photic layer was used to study the northwestern shelf 
ecosystem [Lancelot et al., 2000] and the interior basin 
ecosystem [Lebedeva and Shushkina, 1994]. Effects of 
shelf-deep basin interactions on the northwestern shelf 

ecosystem were explored by Gregoire et al. [1998] using 
a three-dimensional physical-biological model. 

Few modeling studies have addressed nitrogen and 
sulfur cycles in the oxic-anoxic interface region of the 
Black Sea [Yakusher and Neterin, 1997; Oguz et al., 
2000]. These models were restricted to the interface re- 
gion and were therefore decoupled from euphotic zone 
biological processes. In the Yakusher and Neretin [1997] 
model, oxygen was the only oxidant to drive the sulfur 
cycle. In contrast to the observed oxygen and sulfide 
depleted suboxic zone [Murray et al., 1989], their simu- 
lations showed overlapping dissolved oxygen and sulfide 
concentrations in the region between oxygenated waters 
and the anoxic pool. However, no dynamical reasoning 
was offered for this coexistence layer. It appeared to 
be a consequence of the choice of higher vertical eddy 
diffusivity, which caused an appreciably higher down- 
ward oxygen flux into the interface zone. Belyaev et 
al. [1997] and Lyubartseva and Lyubartsev [1998] ap- 
plied a similar model of oxygen-sulfide interactions to 
the northwestern shelf region. 

Oguz et al. [2000] proposed a model with a some- 
what different set of redox reactions catalyzed by the 
manganese cycle. The model was based on the hypoth- 
esis that the anaerobic sulfide oxidation and nitrogen 
transformations were the primary mechanisms control- 
ling the interface structure between the suboxic and 
anoxic layers. Following Murray et al. [1995, 1999], it 
was proposed that the upward fluxes of sulfide and am- 
monium are oxidized by Mn(III, IV) and Fe(III) species, 
whereas the downward flux of nitrate may be reduced 
by dissolved manganese and ammonium. Mn(II) oxi- 
dation and Mn(IV) reduction are both microbially cat- 
alyzed [Tebo, 1991, 1998; Francis and Tebo, 1999], but 
dissolved abiotic, chemical reduction is also thought to 
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play a role in Mn(IV) reduction. In Oguz et al. [2000], 
only manganese cycling was included, and the addi- 
tional contribution of iron cycling was neglected for sim- 
plicity. Even with such a highly simplified representa- 
tion of the redox processes, the model provided a realis- 
tic suboxic-anoxic interface zone structure and was able 

to give quantitative evidence for the presence of an oxy- 
gen depleted and nonsulfidic suboxic zone. This model 
pointed out the crucial role of the downward supply of 
nitrate from the overlying nitracline zone and the up- 
ward transport of dissolved manganese from the anoxic 
pool below for maintenance of the suboxic layer. Oxi- 
dation of dissolved manganese by nitrate was found to 
be responsible for the production and cycling of particu- 
late manganese, which in turn oxidized hydrogen sulfide 
and ammonium transported upward from deeper levels. 
This mechanism was shown to lead to a quasi-steady 
state suboxic-anoxic interface structure similar to ob- 

servations. 

1.3. Aims and Scope of the Present Study 

As pointed out in section 1.2, a comprehensive model 
providing a unified representation of the oxic-suboxic- 
anoxic system in the Black Sea is not yet available. The 
existing models were devoted either to representation 
of euphotic zone processes (e.g., plankton productivity) 
or separately to suboxic-anoxic interactions. Without 
a coupled model of these two distinct biogeochemical 
layers, we cannot realistically investigate the underly- 
ing dynamics of the full water column. In light of evi- 
dence that biological fluxes have a considerable impact 
on suboxic zone dynamics (see Figures 2a and 2b), a 
model of the dynamically coupled oxic-suboxic-anoxic 
system is a prerequisite for understanding the develop- 
ment of Black Sea biogeochemistry over the last three 
decades. The model presented here serves this purpose 
and is designed specifically to describe the perturbed 
ecosystem conditions of the late 1970s and 1980s (dom- 
inated by gelatinous and opportunistic species) and sub- 
sequently modified oxycline/nitracline and suboxic zone 
structures. Observations carried out in the 1990s indi- 

cated the stability of this structure with slight modifi- 
cations in oxygen and nitrate concentrations and in the 
slopes of the nitracline and oxycline [Konovalov et al., 
1997, 1999; Basturk et al., 1997]. 

The model presented here is an extension of our pre- 
vious simulations of the carnivore-dominated Black Sea 

ecosystem (Oguz et al., submitted manuscript, 2000) 
and redox cycling across the suboxic-anoxic interface 
zone [Oguz et al., 2000]. It is applied for the interior 
Black Sea, which possesses a simpler structure, com- 
pared to that in the shelf areas. The nitrogen and redox 
cycle models are calibrated and verified by the Knorr 
1990 data [Friedrich ct al., 1990], which constitute the 
best and most complete available data set acquired dur- 

ing the relevant period [Murray ct al., 1989]. The bio- 
logical model simulations are verified by biweekly time 
series measurements obtained off Gelendzhik (north- 
eastern Black Sea) during 1978 [Shushkina ct al., 1983]. 
The Gelendzhik data define the main features of the 

annual plankton cycle suggested by other data sets col- 
lected during the 1980s [Shushkina et al., 1998; Nezlin 
ct al., 1999] prior to the population explosion of an- 
other gelatinous carnivore, Mnemiopsis leidyi, in the 
1989-1991 period. Thus, although they were made 10 
years apart, the 1978 biological measurements and 1988 
chemical measurements used here belong to the same 
ecosystem period. They were chosen simply because of 
their quality and coverage. 

The major goal of the paper is to explore the un- 
derlying mechanisms which maintain the stability of 
the biogeochemical structure (Figure 1) over a decadal 
timescale. The model is used to simulate the distinct 

features of the water column biogeochemical structure 
outlined in Figure 1. It addresses specifically ques- 
tions on (1) ventilation characteristics and mechanisms 
governing oxygen production/consumption in the water 
column; (2) seasonal variability of the suboxic layer in 
terms of its characteristics and thickness; and (3) the 
relative roles of nitrification-denitrification and H2S oxi- 
dation processes for controlling the structure of the sub- 
oxic layer from its upper and lower boundaries, respec- 
tively. A detailed description of the model formulation 
is given in section 2. The results of a specific simulation 
are then discussed in section 3. A summary and main 
conclusions are presented in section 4. 

2. Model Formulation 

Our strategy was to model the Black Sea vertical 
biogeochemical structure above the deep anoxic pool 
as simply as possible with a minimum number of un- 
knowns and of poorly defined parameters. At the same 
time, we must retain sufficient complexity in the model 
to provide reasonably realistic simulations. Because 
only •10% of the primary production is exported into 
the deeper levels of water column and the rest is recy- 
cled efficiently from the surface to the suboxic-anoxic 
interface zone [Karl and Knauer, 1991; Kempe, 1991], 
out' model excludes complicated sulfur cycling within 
the deep, anoxic part of the water column. 

A nitrogen-based model of the pelagic plankton sys- 
tem is coupled through particulate and dissolved or- 
ganic matter fluxes to the water column nitrogen cycle 
model involving transformations among ammonium, ni- 
trite, and nitrate. These models are also coupled with 
a model of oxygen and redox dynamics describing oxy- 
gen variations within the water column and various 
oxidation-reduction reactions near the suboxic-anoxic 

interface zone. The oxidation-reduction reactions in the 
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nitrogen cycle, as well as manganese and sulfur transfor- 
mations, are modeled without adding state variables for 
the organisms involved (nitriflers, Mn and H2S oxidiz- 
ers etc.). Ideally these populations would be modeled 
as we now model carbon transformations [e.g., Walsh et 
al., 1999], but lack of specific local data on the groups 
involved present a barrier to a more comprehensive ap- 
proach at this time. Data on biomass levels and esti- 
mates of biomass-specific constants would provide use- 
ful constraints for such a model. For now, we model 
these transformations as chemical reactions recognizing 
that they are in fact biologically mediated. 

The biogeochemical model has an on-line coupling 
with the physical model through vertical eddy diffusiv- 
ity and temperature. The physical model, which has 
been documented previously by Oguz et al. [1996], is 
based on a one-dimensional version of the Princeton 

Ocean Model in which wind- and buoyancy-induced ver- 
tical mixing are parameterized by a level 2.5 turbulence 
closure model. 

As given by Oguz et al. [1996, 1999], the local tem- 
poral variations of all biogeochemical variables are ex- 
pressed by equations of the general form 

OF O(wbF) O [(Kb + •b) OF ] at + Oz : Oz • + •(F)' (1) 

where F denotes any state variable of the biogeochem- 
ical model, t is time, z is the vertical coordinate, 0 
denotes partial differentiation, Kb is the vertical turbu- 
lent diffusion coefficient, ub is its background value rep- 
resenting mixing associated with internal waves, wb is 
the sinking velocity (only for diatoms, detritus, and par- 
ticulate manganese), and •(F) is the interaction term 
expressed as a balance of sources and sinks for each of 
the state variables. A detailed description of the bio- 
logical source-sink terms is provided in section 2.1. 

2.1. Biological Model 

The biological model represents the pelagic food- 
web with two groups of phytoplankton (diatoms Pd, 
phytofiagellates PI), two classes of herbivorous/ 
omnivorous zooplankton (microzooplankton Zs with size 
less than 200 /•m, mesozooplankton Zt with size 0.2-2 
ram), nonphotosynthetic free living bacterioplankton B, 
the gelatinous carnivore group Z,• of medusae A urelia 
aurita, and an opportunistic species group Zn repre- 
senting the omnivorous dinofiagellate Noctiluca scintil- 
lans. The microzooplankton compartment represents 
heterotrophic flagellates and ciliates and establishes a 
link between the microbial loop and higher trophic lev- 
els in the model foodweb. The mesozooplankton com- 
partment represents copepods, cladocerans, and appen- 
dicularians. They feed primarily on diatoms, detritus, 
and microzooplankton. The jellyfish A urelia prey on 
mesozooplankton, whereas Noctiluca consumes mainly 

detritus, microzooplankton, and some phytoplankton. 
A schematic diagram of the prey-predator interactions 
among all plankton groups, as well as linkage to the 
model of nitrogen cycling, is shown in Figure 3a. 

As discussed by (Oguz et al., submitted manuscript, 
2000), the 1980s ecosystem cannot be represented real- 
istically, consistent with observations, without a plank- 
ton model of this level of detail. However, our prelim- 
inary experiments suggested that such biological com- 
plexity was not necessary for simulation of the nitrogen 
structure of the subsurface levels. A simpler biological 
model may indeed provide sufficient nitrogen flux from 
the euphotic zone to support a realistic biogeochemical 
structure within the deeper part of the upper-layer wa- 
ter column. In fact, simulations using a simpler model 
without suboxic-anoxic layer interactions [Oguz et al., 
1999] were quite successful for reproducing major fea- 
tures of the nitrogen cycling in the water column. In 
another study with an even simpler system [Oguz et 
al., 2000], we neglected euphotic zone biological pro- 
cesses altogether and parameterized their impacts by 
specifying a nitrogen flux as an upper boundary condi- 
tion. This simple model was shown to generate a re- 
alistic suboxic layer structure for a particular range of 
values of vertical eddy diffusivity and rate constants of 
biogeochemical reactions. However, one of our longer- 
term interests is to use the present model for investigat- 
ing temporal evolution of the pelagic ecosystem since 
1960s and its impacts on the biogeochemical structure 
of deeper waters (cf. Figure 2). We therefore retain 
complexity in the biological model to form a baseline 
and to complement our future studies. 

Source/sink terms for the biological model are de- 
scribed for each compartment by 

R(P.•): (1 - X)af•Pf - Gs(Pf)Z• (2a) 
-Gt(Pi)Zt - Gn(Pi)Zn - hf Pi 2 

•(Pd) = (1 - X)aa•Pa - G•(Pa)Z• (2b) 
-Gt(Pa)Zt - G,•(Pd)Z,• - hapa2 

= + + 
q-Gs(B)]Zs -[Cl(Zs)Zl q- Gm(Zs)Zm 

(2d) 

(2e) 

(2f) 

: (2g) 

A balance between net primary production (the first 
terms on the right hand sides of (2a) and (2b)), losses 
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Figure 3a. (left) Prey-predator interactions between plankton groups of the Black Sea pelagic 
foodweb, and (right) coupling of the biological model with the model of nitrogen cycle. Notation 
as in text. 

due to zooplankton grazing (the terms inside the square 
brackets) and physiological mortality (the last terms) 
controls temporal variations in the phytoplankton 
biomass. The effects of respiration and phytoplankton 
excretion are included in the mortality terms. A frac- 
tion of the primary production is exuded as dissolved 
organic nitrogen (DON). Inorganic nitrogen is the only 
limiting nutrient for phytoplankton growth under cen- 
tral Black Sea conditions. Potential silicate limitation 

on diatom growth is therefore not addressed. 
Phytoplankton growth in (2a) and (2b) is modeled 

as a product of the maximum specific growth rate, an 
overall limitation function and phytoplankton biomass. 
The overall limitation function is defined by 

ß - min[c•(I),/•t(N03, NH4)]f(T) (3a) 

where rain denotes the minimum of the light limita- 
tion function c•(I), and the nutrient limitation function 
/•t(N03, NH4), and the function f(T) represents tem- 
perature control on the growth. They are expressed by 

= t)] (3b) 

•t(NO3,NH4) ----/•n(N03) q- •a(NH4) (3c) 

f (T) - r)(:r-2ø)/•ø (3d) "•1o 

The nutrient-limited growth (equation (3b)) is the sum 
of ammonium limitation function /•a(NH4), and the 
nitrate limitation function/•n(-NO3) given by 

•n(N03) - [NO3/(jr•n q- NO3)]½xp(-½NH4) (3e) 

/•a(NH4) ---- NH4/(l•a -]- NH4) (3f) 

Light limitation (equation (3b)) is parameterized ac- 
cording to Jassby and Platt [1976] by assuming that 
photosynthetically available solar radiation at the sea 
surface, Is, decays exponentially with depth according 
to a total extinction parameter due to water itself and 
phytoplankton and detritus content: 

I(z, t) = Isexp[-(kw + kc(Pd + Pf + D))z] (3g) 

Ingestion, predation, mortality, and excretion are the 
major processes controlling changes in the zooplankton 
biomass. Ingestion is represented by the group of terms 
inside the first square brackets in (2c)-(2e). The sec- 
ond square brackets in (2c) and the subsequent term in 
each of (2d) and (2e) represents predation by higher 
predators. The last two terms define excretion and 
mortality, respectively. The present model considers a 
simple microbial loop in which organic nitrogen consti- 
tutes the sole source for heterotrophic bacteria to meet 
their nitrogen requirements (the first term in (2g)). We 
therefore ignore the role of ammonium uptake [Walsh 
et al., 1999]. Detritus constitutes a secondary source 
of nitrogen for bacterial growth. Grazing on bacteri- 
oplankton by microzooplankton and mesozooplankton 
(the terms inside the square brackets), and mortality 
(the last term) represent the sink terms. 

The growth/grazing rates in (2a)-(2g) are represented, 
except for A urelia, by the Michaelis-Menten function 
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(3h) - + 
where the maximum rate ri is controlled by the temper- 
ature limitation function f(T), individual food content 
V9j, and food capture efficiency coefficients %. For Au- 
velia, the grazing rate has a linear form with a time 
dependent maximum rate specification 

aj•j (3i) Gm(½j) - rm(t)f m(T) y}.n an99n 
2.2. Nitrogen Cycle Model 

The nitrogen cycle model incorporates transforma- 
tion of sinking labile organic detritus to organic and in- 
organic nitrogen forms and relates euphotic zone biolog- 
ical production to the remineralization-ammonification- 
nitrification-denitrification chain in the water column. 

These processes are formulated by introducing the labile 
pelagic detritus D, dissolved organic nitrogen DON, ni- 
trate NO3, nitrite NO2, and ammonium NH4 compart- 
ments. The elements of the nitrogen cycle model and 
the processes incorporated are shown schematically in 
Figure 3b. The corresponding source/sink terms are 
given by 

Fecal pellets, constituting the unassimilated part of in- 
gested food (the group of terms inside the first four 
square brackets in (4a), as well as dead phytoplank- 
ton and zooplankton (the terms inside the fifth square 
bracket) are the sources of labile particulate organic 
matter. They are recycled in the water column as a 
result of utilization by zooplankton and bacteria (the 

Nitrogen Redox 
cycling cycling 

/ 4 

• 4b / 

8 

Figure 3b. Pathways of biogeochemical transforma- 
tions constituting elements of the nitrogen and redox 
cycles in the model. The numbers refer to remineral- 
ization (1), ammonification (2), first step of nitrifica- 
tion (3a), second step of nitrification (3b), first step of 
denitrification (4a), second step of denitrification (4b), 
oxidation of dissolved manganese by nitrate (5), oxi- 
dation of dissolved manganese by dissolved oxygen (6), 
oxidation of hydrogen sulfide by particulate manganese 
(7), oxidation of ammonium by particulate manganese 
(8). The dotted lines indicate oxygen dependency of 
nitrification, and the broken lines show couplings of the 
biological model with the nitrogen cycle model. 

terms inside the sixth square bracket) and decompose 
into dissolved inorganic nitrogen forms (the last term). 
Fecal pellets sink with a single settling velocity 
whose magnitude varies hyperbolically depending on 
the detritus concentration as 

- + ' 
where wd*-8 m d -x is the maximum settling speed, 
and Rd-0.2 mmol N m -3 is the half saturation con- 
stant. Equation (5) specifies higher fall speeds of di- 
atoms and particulate materials when the particles are 
aggregated at higher concentrations. A similar formal- 
ism is also adopted for parameterizing sinking of di- 
atoms with Wp*:l m d -x 

Organic matter decomposition within the oxygenated 
part of the water column occurs at the rate ef,•(O2)D. 
The function fn(O2) introduces an oxygen limitation 
on the efficiency of this process and is expressed by a 
hyperbolic function 

02 

f,•(O2)- O2+R0 for O2_>3pM, (6) 
with Ro--10 pM denoting the half-saturation constant. 
It implies that the aerobic decomposition rate decreases 
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with decreasing oxygen concentrations and vanishes fourth terms, however, represent denitrification under 
when 02 < 3 /•M in the water column. This choice oxygen deficient conditions. The third term models ni- 
of threshold value is consistent with observations from . trate to nitrite reduction, and the fourth term repre- 
the Black Sea and other oceanic regions [Lipschultz et 
al., 1990; Yakushev and Neretin, 1997]. 

When oxygen is depleted in the water column, de- 
composition of particulate matter occurs anaerobically 
at a rate ef•(O2)D by utilizing nitrate, abundant below 
the euphotic zone. This process is controlled by the 
function f•(O2) 

< (7) f•(O2)- Ko+02 
which implies that a maximum rate of anaerobic decom- 
position occurs at zero oxygen concentration and de- 
creases gradually as the oxygen concentration increases. 
When 02 >3/•M, fd(O2) is set to zero. We take Ko= 
2.5 •M. 

In order to avoid additional complexity in the model 
formulation, we do not invoke a sophisticated DON cy- 
cle (for example, as by Anderson et al. [1998]). Phy- 
toplankton exudation and aerobic detritus breakdown 
constitute the two DON sources, whereas bacterial up- 
take is the sole loss term in (4b). 

Aerobic and anaerobic decomposition of particulate 
material provide ammonium sources in different parts 
of the water column (the term inside the first square 
bracket in (4c). Excretion by plankton groups (the 
terms inside the second square brackets) constitute an- 
other ammonium source in the oxygenated region. The 
losses include ammonium uptake by phytoplankton (the 
second term) and its oxidation by oxygen to nitrite un- 
der aerobic conditions (the fourth term) as the first step 
of nitrification. In anaerobic conditions, ammonium 
is oxidized by particulate manganese available within 
the suboxic-anoxic interface region (the last term). As 
we shall see later, this process depletes ammonium in 
the SOL and prevents its upward transport further into 
the euphotic zone. Mn oxidation of ammonium there- 
fore completely decouples the subpycnocline ammonium 
source from the near-surface nitrogen source used for 
new production. This is a distinctly different feature of 
the Black Sea from other suboxic basins of the world 

oceans. 

Previous observations [ Codispodi et al., 1991; Basturk 
et al., 1994] indicated that nitrite concentrations in the 
euphotic zone were always smaller than the other forms 
of nitrogen. Thus the contribution of nitrite uptake to 
phytoplankton production is expected to be small. This 
was further confirmed by our preliminary experiments. 
Thus the nitrite (4d) involves only oxidation-reduction 
reactions associated with nitrification and denitrifica- 

tion. In (4d), the first two terms represent the ammo- 
nium to nitrite and nitrite to nitrate oxidation reac- 

tions in oxygenated waters, respectively. The third and 

sents the nitrite reduction to nitrogen gas (the second 
stage of alenitrification). Since nitrogen gas eventually 
escapes to the atmosphere, this term implies a net ni- 
trogen loss from the system. 

The second stage nitrification reaction forms the ni- 
trate source in the model (the first terms in (4e)). The 
nitrate is lost from the system through its uptake by the 
phytoplankton (the third term), nitrate reduction (the 
second term), and Mn 2+ oxidation (the fourth term). 

2.3. Redox Model 

The redox model follows Oguz et al. [2000] and is 
based on a simplified set of oxygen, nitrogen and sulfur 
reactions, which are catalyzed by the manganese cycle. 
These reactions are 

I H+ sO HS- + • 02 + - + H20 (8) 

2Mn 2+ + 02 + 2H20 = 2MnO2 + 4H + (9) 

2NO3-+5Mn 2++4H20:N2+5MnO2+8H + (10) 

2NH• ++3MnO2+4H +-N2+3Mn 2++6H20 (11) 

HS- + MnO2 + 3H + - S o + Mn 2+ + H20. (12) 

Thus hydrogen sulfide HS-, elemental sulfur S ø, dis- 
solved oxygen 02, dissolved manganese Mn 2+, and par- 
ticulate manganese MnO2 constitute additional elements 
of the redox model. The kinetics of these reactions 

are taken to be first order with respect to each of the 
individual state variables [cf. Oguz et al., 2000]. A 
schematic view of the redox cycling is shown in Figure 
3b. The set of reactions for each variable of the redox 

model is given by 

(13a) 

(13b) 

(13c) 

(13d) 

(13e) 

In addition to air-sea exchange (see (15) in section 
2.4), photosynthetic production in the euphotic zone 
(the terms in the square parentheses in (13a)) consti- 
tutes a source of dissolved oxygen. Oxygen losses arise 
due to consumption in organic matter decomposition 
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(the second term) and oxidation of ammonium and ni- 
trite, hydrogen sulfide, and dissolved manganese (the 
last four terms). 

Hydrogen sulfide is supplied to the water column from 
the bottom boundary of the model. In the vicinity of 
the suboxic-anoxic interface zone, it is oxidized first by 
particulate manganese. The available oxygen resource 
is also utilized for oxidation of hydrogen sulfide trans- 
ported upwards in the SOL. These processes are gov- 
erned by the first and second terms of (13b), respec- 
tively. Since elemental sulfur is formed during these 
oxidation processes, the same kinetic terms appear as 
the source terms in the sulfur (13c). The last term in 
the sulfur balance represents bacterially mediated sulfur 
reduction. The model does not incorporate hydrogen 
sulfide generation associated with the sulfur reduction. 

The reactions driving manganese cycling are given by 
the terms in (13d) and (13e). Dissolved manganese, 
transported upwards within the anoxic layer, reacts 
with nitrate and oxygen (the third and fourth terms) 
to produce particulate manganese which is then used to 
oxidize hydrogen sulfide and ammonium (the first two 
terms). All these reaction terms also appear in (13e) 
for the particulate manganese balance. 

2.4. Boundary Conditions 

The bottom boundary of the model, hb, is 150 m. 
This roughly corresponds to the base of the permanent 
pycnocline zone and is situated •25 m below the base of 
the suboxic layer simulated by the model. Unless other- 
wise specified, the turbulent flux for each state variable 
is set to zero at the surface and bottom boundaries. 

In the diatom and detritus equations, this condition is 
extended to include absence of sinking fluxes. In the 
most general form, the surface and bottom boundary 
conditions are specified as 

OF 

+ +wbF=0 at z=0, -hb. (14) 

A justification for the assumption of no export flux of 
particulate matter from the bottom boundary was given 
by Oguz et al. [1996, 1999]. 

In the oxygen equation, the air-sea exchange process 
is expressed in terms of the "stagnant film" model of 
Broecker and Peng [1982] as 

002 ( + '% ) -52 
z--O 

-- Vp [0• at - 02(z = 0)], (15) 

where l?p is the piston velocity taken as 3 m d -1 in 
our simulations. 02 sat represents the oxygen satura- 
tion concentration computed according to the United 
Nations Education, Social and Cultural Organization 
(UNESCO) [1986] formula using the surface temper- 

ature and salinity values of the physical model at each 
time step. 

H2S, NH4 + and Mn 2+ concentrations of 25, 10, and 
12/•M are prescribed, respectively, on the basis of avail- 
able data at the bottom boundary of the model to drive 
the sulfur and manganese cycles near the suboxic-anoxic 
interface zone. The physical model is forced by daily cli- 
matological wind stress, the net surface heat flux, and 
surface salinity. The model prescribes no-stress, no- 
heat, and no-salt flux conditions at the bottom bound- 
ary. 

2.5. Numerical Procedure, Initial Conditions, 
and Transient Adjustment 

Because the model should resolve sharp gradients of 
oxygen, hydrogen sulfide, and nitrate as well as other 
gradients in different parts of the water column, a total 
of 50 vertical levels is introduced with a grid spacing of 
•3.0 m. A time step of 5 min is used in the numerical 
integration of the system of equations. The vertical 
discretization scheme is implicit to avoid computational 
instabilities due to small grid spacing and the relatively 
large time step. The computational mode of solutions 
associated with the use of leapfrog time differencing is 
prevented by applying a time filter at each time step. 
The finite difference procedure essentially follows the 
Princeton Ocean Model code. 

The physical model is initialized with stably strati- 
fied upper ocean temperature and salinity profiles rep- 
resentative of autumn conditions for the interior part 
of the sea. The integration starts from the first of Oc- 
tober which is typically the beginning of mixing season 
in the water column. The biogeochemical model is ini- 
tialized with vertically uniform nitrate and ammonium 
concentrations of 3.5 and 0.5 mmol m -3, respectively, 
throughout the water column. Oxygen is initially set 
to 15 /•M down to 100 m and zero further below near 
the lower boundary of the model. Other state variables 
of the model are initialized with small constant values 

over the water column. The model therefore does not 

possess any a priori vertical biogeochemical structure. 
First the physical model is integrated for 5 years to 

achieve a yearly cycle of the upper-layer physical struc- 
ture. Using these results, the biogeochemical model is 
then integrated for 4 years to attain an equilibrium so- 
lution of the yearly cycles of the biogeochemical fields 
following a transient adjustment period from the ini- 
tial conditions. The vertically uniform initial nitrogen 
structure adjusts itself to changes in the system near 
the surface and bottom boundaries of the model within 

a few months after the beginning of the time integra- 
tion. The entrainment associated with winter cooling 
tends to build up a uniform nitrate structure within 
the convectively generated winter mixed layer, whereas 
nitrogen cycling leads to accumulation of nitrate below 
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the seasonal thermocline during the following summer. 
Near the bottom of the model, denitrification and par- 
ticulate manganese oxidation gradually erode the initial 
nitrate structure and form a lower nitracline zone within 

the first year of integration. 
In the oxygenated layer, an initial oxygen concen- 

tration of 15 /•M is taken intentionally to be much 
smaller than the typical observed values (around 300 
/•M). In fact, this choice was found to be unimportant 
since the air-sea flux develops the typically observed 
pattern shortly after the start of model integration. In 
deeper parts of the water column where the suboxic 
zone is expected to form, the initial oxygen concentra- 
tion is higher than that typically found at these depths. 
Once the biological pump starts functioning, the initial 
oxygen concentration at these levels decreases owing 
to oxidation and gradually reaches trace levels in the 
suboxic zone. The transient adjustment is completed 
to a large extent within the first year, and the system 
approaches an equilibrium state within the following 2 
years. Specification of higher initial oxygen values pro- 
longs the transient adjustment time but does not alter 
the vertical oxygen structure of the final state. 

A loss of nitrogen during denitrification [kafa(O2) 
NO2] and oxidation of dissolved manganese [•7k7N03 
Mn 2+] occurs within the lower part of the suboxic zone, 
where nitrate is supplied from the lower nitracline by 
downward diffusion. Although they are small, such 
losses are accumulated during the long-term integration 
and cause a gradual erosion of the nitrate peak, unless 
there is a compensatory nitrate source. These losses are 
therefore monitored at each time step, and once the ini- 
tial temporal adjustment is completed during the first 
2 years, an equal amount of nitrate is added to the 
nitrate equation at the level of its maximum concen- 
tration. Within the limitations of the one-dimensional 

model, this approach was adequate to achieve a con- 
served system. 

The ammonium and hydrogen sulfide equations also 
possess similar losses expressed by k8NH4MnO2 and 
ksS ø, respectively. These losses are, however, compen- 
sated by the ammonium and sulfide sources prescribed 
at the lower boundary of the model. With these choices, 
the model tends to approach to an equilibrium state 
after two more years of integration, which provides a 
fully conserved system when integrated over the year 
and over the water column. 

2.6. Estimation of Parameter Values 

The values of input parameters used in the model 
simulations (see Tables 1, 2, and 3) were fully ex- 
plored in our companion papers [cf. Oguz et al., 2000, 
and Oguz et al., submitted manuscript, 2000]. They 
were specified from available observations and then op- 
timized by a series of sensitivity experiments. Most 
of the parameter values given in Table 2 come from 
measurements performed by the Shirshov Institute of 
Oceanology, Moscow (E. A. Shushkina, personal com- 
munication, 1998). Those given in Table I are consis- 
tent with other Black Sea studies [Belyeav and Kondu- 
forova, 1992; Lebedeva and $hushkina, 1994; Gregoire et 
al., 1998; Lancelot et al., 2000]. The growth and mortal- 
ity parameters and the coefficients of food preferences 
for A urelia were specified according to Ishii and Bam- 
stedt [1998], Sullivan et al. [1994], and Stoecker et al. 
[1987], respectively. The measurements carried out by 
Ward and Kilpatrick [1991], Millero [1991], Tebo [1991], 
Lewis and Landing [1991], Yao and Millero [1993] and 
Yakushev and Neretin [1997] were used to deduce the 
rate constants of various oxidation-reduction reactions 

of the nitrogen, oxygen, and sulfur cycles (Table 3). For 

Table 1. Parameters of the Biological Model Used in the Simulations 

Parmneter Definition Value 

a photosynthesis efficiency parameter 0.01 
--1 

k•o light extinction coefficient for PAR 0.08 m 
kc phytoplankton self-shading coefficient 0.07 m 2 (mmol N)-• 

bf,bd,bp,bb food preferences of microzooplankton on 0.7, 0.2, 1.0, 1.0 
flagellate, diatom, detritus, bacteria 
food preferences of mesozooplankton on 
flagellate, diatom, microzoo, detritus, bacteria 
food preferences of A urelia 
microzoo and mesozooplankton 
ammonium inhibition of nitrate uptake 
exudation rate 

half-saturation constant in nitrate uptake 
half saturation constant in ammonium uptake 
background kinematic diffusivity for z_<75 m 
background kinematic diffusivity for z>75 m 

af , ad, az , ap, ab 0.2, 0.8,0.4,0.7,0.0 

cs, ct 0.0, 0.15 

3 (mmol N m-3) -x 
0.05 

0.5 mmol N m-3 
--3 

0.2 mmol N m 

2x10-Sm2s -• 
0.2x10- 5m2s-• 
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Table 2. Parameters of the Biological Model Used in the Simulations 

Parameter Definition Pd P f Zs Zt Z• Z,• B 

Q10 Q10 parameter in f(T) 1.2 1.2 2.0 2.0 2 
and r• maximum gro•vth rates 2.9 2.0 2.0 1.3 1 
A, mortality rates 0.04 0.08 0.04 0.04 0 
/• excretion rates - - 0.07 0.07 0 
7• assimilation efficiencies - - 0.75 0.75 0 
R• half saturation constants - - 0.5 0.4 0 

0 2.2 2.5 

0 0.15-0.9 3.2 

08 0.003 - 

08 0.03 0.08 

80 0.80 - 

5 0.7 0.75 

more details on the choice of parameter values, see Oguz 
et al. [2000], and Oguz et al., (submitted manuscript, 
2000). 

The ranges of variability and vertical structure of dif- 
fusivity and temperature were described previously by 
Oguz et al., [1996, 1999, 2000] and therefore not re- 
peated here. The temperature at the near-surface levels 
varies seasonally from minimum values of •6øC within 
the mixed layer at --•50-75 m during winter up to --•25øC 
in summer within a shallower mixed layer of less than 
15 m. A remnant of cold winter waters resides below 

the mixed layer and therefore introduces a great deal 
of temperature stratification within the euphotic zone 
during the annual warming cycle [see Oguz et al., 1996, 
Figures 3 and 4] and Oguz et al., [1999, Figure 6a] 
for the temperature simulations and comparison with 
observations). The vertical profiles of eddy diffusivity 
comp-•ted by the Mellor-Yamada level 2.5 turbulence 
parameterization of the physical model exhibit almost 
3 orders of magnitude change during the year [see Oguz 
et al., 1999, Figure 6b]. Kb may be as high as 1000 
cm 2 s -1 during the winter period of strong wind and 

buoyancy induced mixing, compared to values of 1 cm 2 
s -1 during the summer months. Moreover, a smaller 
value on the order of 0.01 cm 2 s -1 is suggested in the 
suboxic zone by microstructure measurements [Gregg 
and Ozsoy, 1999], as well as by estimates from the Gar- 
gett parameterization [Gargett, 1984] and from the oxy- 
gen budget computations [Brewer and Spencer, 1974]. 
Therefore we take the background value of the eddy 
diffusivity vb=0.2 cm 2 s -1 within the upper 60 m, de- 
creasing linearly to v•=0.02 cm 2 s -• at 75 m and retain 
this value at deeper levels [see Oguz et al., 2000, Figure 
2]. 

3. Model Results and Discussion 

3.1. Annual Plankton Cycles and Community 
Structure 

Results from a specific simulation experiment repre- 
senting conditions of the A urelia-dominated Black Sea 
ecosystem are briefly summarized here and presented 
more fully by Oguz et al., (submitted manuscript, 2000). 
A specific data set reported by Shushkina et al. [1983] 

Table 3. Parameters of the Nitrogen and Redox Models Used in the 
Simulations 

Parameter Definition Value 

• detritus decomposition rates 0.05 d-1 
n fraction of detritus remineralization 0.85 

directly converted to ammonium 
c•0,c•,c•2,c•a stoichiometric coefficients 8.6, 0.2, 5.3, 8.6 
c•s, c•6, c•7, c•s stoichiometric coefficients 0.5, 0.5, 0.4, 1.5 

k l rate of ammonium oxidation by 02 0.1 d-1 
k2 rate of nitrite oxidation by 02 0.25 d- • 
ka nitrate reduction rate 0.05 d- • 
k4 nitrite reduction rate 0.03 d- • 

/cs rate of sulfide oxidation by 02 0.05/•M d-1 
k6 rate of manganese oxidation by 02 0.1 /•M d- • 
k7 rate of manganese oxidation by NOa 0.25/zM d- • 
/cs rate of ammonium oxidation by MnO2 1.0/•M d-1 
k9 rate of sulfide oxidation by MnO2 30/zM d- • 
ks sulfide reduction rate 0.01 d-1 

l/V s* fall speed of manganese particles 3.0 m d-• 
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Figure 4. Temporal variations of water column integrated phytoplankton, bacterioplankton, 
microzooplankton, and mesozooplankton biomass (a) observed at a station off Gelendzhik during 
1978 (after Shushkina et al., [1983]) and (b) simulated by the model. 

is used to validate simulations of annual phytoplank- 
ton, microzooplankton, mesozooplankton and bacterio- 
plankton community structures. The results are com- 
puted in the units of mmol N and then converted to 
carbon units using the carbon to nitrogen ratio of 8.0 
adopted in our earlier models. This ratio is set to 4.0 
for Aurelia [Purcell and Kremer, 1983]. 

The measured versus simulated annual distributions 

of water column integrated phytoplankton, microzoo- 
plankton, mesozooplankton and bacterial biomass are 
shown in Figures 4a and 4b Figure 4. One of the most 
notable features in Figure 4b is the presence of suc- 
cessive peaks of phytoplankton and mesozooplankton 
from March to May associated with prey-predator in- 
teractions in the pelagic ecosystem. The strongest phy- 
toplankton bloom event of the year starts by the end of 
January, intensifies exponentially during February, and 
reaches its peak value of •6.0 gC m -2 within the first 
week of March. It is followed by two additional, longer- 
lasting bloom events during April-July and October- 
November with maximum intensities of •2.0 gC m -2. 

The observed timing and intensity of these events (Fig- 
ure 4a) were reproduced by the model, even though the 
model was not initialized and forced by data specifi- 
cally representative of the 1978 conditions. As shown 
by the water column phytoplankton distribution over 
the year in our companion paper Oguz et al., (sub- 
mitted manuscript, 2000), major parts of the second 
and third bloom events of the year take place within 
subthermocline depths of the euphotic zone where light 
availability [cf. Oguz et al., 1996, Figure 7] and nutri- 
ent availability (cf. Oguz et al., submitted manuscript, 
2000, Figures 5a and 5b) were sufficient to promote net 
phytoplankton growth. 

Both the data and model simulation suggest low mi- 
crozooplankton biomass (less than 0.5 gC m -2) through- 
out the year. This is a consequence of their low growth 
rate and predation by the mesozooplankton and A ure- 
lia communities. Similarly, the water column integrated 
bacterioplankton biomass (Figure 4b) is low (typically 
less than •0.5 gC m -2) during the late autumn and 
vanishes toward the winter season. Bacterioplankton 
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Figure 5. Temporal variations of detrital material (in mmol N m 
simulated by the model. 

--3) within the water column 

stocks almost double following the March diatom bloom 
until midsummer. The successive phytoplankton, meso- 
zooplankton, Noctiluca, and A urelia peaks govern or- 
ganic matter production and thus the efficiency of ni- 
trogen cycling in the water column throughout the year. 

3.2. Water Column Nitrogen Structure 

The annual distribution of detritus within the water 

column (Figure 5) follows that of the plankton blooms 
(Figure 4). Particulate matter is depleted completely 
during.the winter season when there is minimal bio- 
logical activity. It exhibits a rapid increase in March 
to maximum concentrations of •1.4 mmol N m -3 fol- 

lowing the maximum annual phytoplankton and meso- 
zooplankton production (see Figure 4b). These blooms 
are, however, rapidly remineralized and converted to 
ammonium and nitrate which are then made available 

for regenerated production in the subsequent months. 
The signature of regenerated production is evident in 
the detritus distribution shown in Figure 5 as tran- 
sient increases in concentration during the May-June 
and September-October periods. The detritus distribu- 
tion tends to decrease with depth indicating that partic- 
ulate matter is remineralized preferentially within the 
oxygenareal part of the water column (see Figure 10 for 
oxygen distributions). Anaerobic decomposition rem- 
ineralizes the rest of the detrital material sinking to- 
ward the deeper part of the water column. Recall that 
there is no export from the base of the model as implied 
by our choice of boundary conditions (see (14)). 

Vertical profiles of nitrate concentration are plotted 
at selected times of the year in Figure 6. Prior to the 
February-March phytoplankton bloom, nitrate concen- 
trations increase gradually by more than 2 mmol m -3 
within the upper 50 m (see the end of December and 
January profiles in Figure). The summer mixed layer 
concentrations, however, do not exceed 0.1 mmol m -3 
due to lack of supply from subsurface levels across the 

strong seasonal thermocline/pycnocline located at •-15 
m depth. In the region below the seasonal thermocline, 
a layer of vertically uniform nitrate concentrations is 
evident to 50 m depth. Starting after the bloom period 
in March, the May and August profiles (see nitrate dis- 
tribution given by Oguz et al., submitted manuscript, 
2000, Figure 5) indicate a gradual build-up of nitrate 
in this zone as a consequence of the increased biologi- 
cal activity and subsequent nitrogen recycling. Nitrate 
accumulated in this region supports subsurface phyto- 
plankton production during the summer (cf. Oguz et 
al., submitted manuscript, 2000, Figures 5a-5c). Fur- 
ther below, the nitrate profiles possess a linear increase 
up to a distinct maximum of about 7 mmol m -3 at 
around 70 m. The peak is broader and stronger during 
the autumn and winter corresponding to a more active 
nitrogen recycling phase following the spring and sum- 
mer phytoplankton blooms. Thus different slopes of the 
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Figure 6. The model simulated daily averaged vertical 
nitrate profiles (in mmol N m -3) versus depth (m) at 
selected times of the year. 
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Figure ?. (a) The model simulated, and (b) observed nitrate profiles versus sigma-t (kg m -a) 
at selected times of the year. The observed profiles were obtained by the R/V Knorr surveys in 
the Black Sea during summer 1988. The concentrations are expressed in units of mmol N m -3. 

nitracline signify different phases of nitrogen cycling in 
the water column during the year. 

The structure below the level of the nitrate maxi- 

mum, however, remains uniform throughout the year. 
This zone is characterized by two different types of ni- 
trate variation. The layer immediately below the peak 
(from 75 to 95 m depths) has a relatively larger slope 
and is followed by much steeper variations (from 95 
to 105 m depths) before nitrate concentrations van- 
ish around 110 m depth. The balance of ecological 
processes tends to favor nitrate production within the 
upper 75 m. The subsequent 35 m zone represents a 
layer of continuous nitrate depletion due to consump- 
tion during denitrification and oxidation of particulate 
manganese. In the steady state perpetual year of the 
model system, the loss is compensated by a downward 
diffusive nitrate flux. 

Considering the fact that the upper layer water col- 
umn of the Black Sea has a very strong density stratifi- 
cation and that chemical properties are distributed al- 
most uniformly along isopycnal surfaces, it is customary 
to express vertical variations of biogeochemical prop- 
erties using density as the vertical coordinate. When 
nitrate profiles are plotted against density (Figure 7a), 
the position of the subsurface nitrate peak coincides 
approximately with the 15.5 sigma-t level. This is gen- 
erally supported by observations [Tugrul et al., 1992; 
Saydam et al., 1993; Buesseler et al., 1994; Basturk et 
al., 1994 and others], although six repeated casts at 42 
50øN and 32 00øE during the i month period of the R/V 
Knorr surveys suggest some degree of variability of the 
peak position between the 15.3 and 15.6 sigma-t lev- 
els (Figure 7b). Furthermore, this particular data set 
provides maximum nitrate values of •08.0 mmol m -3 

almost 1 mmol m -3 higher than the value in our sim- 
ulations. Other data sets indicate regional as well as 
year to year variability of the nitrate maximum in the 
range from 6 to 9 mmol m -3. 

It will be shown section 3.3 that position of the ni- 
trate maximum is intimately related to the location of 
onset of trace level oxygen concentrations as they con- 
trol the lower limit of nitrification in the water column. 

Nitrate concentrations decrease uniformly to their trace 
values around the 16.0 sigma-t level, which is located 
roughly 35 m below the the nitrate maximum (Figure 
6). A similar trend can also be seen in the observed pro- 
files (Figure 7b). In addition, the presence of a nitrate 
depleted zone from the surface to at •014.5 kg m -3, and 
subsequent variations up to the nitrate maximum seen 
in the May and August profiles agree favorably with the 
observations shown in Figure 7b. 

A set of ammonium profiles computed by the model 
is shown in Figure 8a, (see Oguz et al., submitted 
manuscript, 2000, Figure 5c for the annual water col- 
umn distribution). The summer period is characterized 
by depleted ammonium stocks within the mixed layer, 
followed by peak concentrations on the order of 0.2- 
0.4 mmol m -3 around the base of the euphotic zone. 
These elevated subthermocline ammonium concentra- 

tions arise due to inputs from excretion and aerobic 
organic matter decomposition (compare (4c)) following 
subsurface plankton production in summer (cf. Oguz et 
al., submitted manuscript, 2000, Figure 5a). During the 
less productive winter months after the autumn phyto- 
plankton bloom (as depicted in Fig. 8a by the December 
profile), the ammonium peak is eroded to a large extent 
as it is oxidized to nitrate. At deeper levels, all the am- 
monium profiles exhibit consistently a linear trend of 
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Figure 8. (a) The model simulated daily averaged ammonium profiles versus sigma-t (kg m -3) 
at selected times of the year, (b) the observed ammonium profiles versus sigma-t (kg m -3) 
obtained by the R/V Knorr surveys in the Black Sea during summer 1988. The concentrations 
are expressed in units of mmol N m -3 

decrease toward trace concentrations at at •15.7 kg 
m -3 This position roughly corresponds to the base of 
a narrow zone of relatively high-nitrate concentrations 
immediately below the nitrate peak and to the level of 
low dissolved oxygen concentrations •3/•M (see (10a)). 
The ammonium concentrations increase sharply below 
this level, reaching at the values of 1 mmol m -3 near 
at •16.0 kg m -3, and its prescribed boundary value of 
10 mmol m -3 at at •16.5 kg m -3. 

The vertical nitrite structure computed by the model 
is similar to ammonium and exhibits two distinct max- 

ima (Figure 9a). The first peak is located within the 
oxygenated part of the water column at the same depths 

as ammonium since nitrite is an intermediate product 
of the NH4 + to NO3- oxidation. Presence of such 
peaks near the base of the euphotic zone with concen- 
trations of •0.2 mmol m -3 are reported by Codispoti 
et al., [1991] and Basturk et al., [1994], as shown in 
Figure 9b. The second peak, with concentrations of 
•0.5 mmol m -3, is developed within the suboxic layer 
around a• •15.90 kg m -3 and is associated with nitrate 
reduction. This peak therefore marks the denitrification 
zone which corresponds in our model to the depths with 
oxygen concentrations less than 3/•M. Its location and 
magnitude are consistent with observations (Figure 9b). 

In contrast to nitrite, a series of successive ammo- 
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Figure 9. (a) The model simulated daily averaged nitrite profiles versus sigma-t (kg m -3) at 
selected times of the year, (b) the observed nitrite profiles versus sigma-t (kg m -3) obtained by 
the R/V Knorr surveys in the Black Sea during summer 1988. The concentrations are expressed 
in units of mmol N m -3 
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Figure 10. Temporal variations of dissolved oxygen within the water column simulated by the 
model. Contours are drawn at intervals of 50 mmol m -3 for concentrations greater than 50 mmol 
m -3 and of 10 mmolm -a otherwise. 

nium profiles (Figure 8b) carried out in the Knorr 1988 
surveys reveal more complicated and noisy structure, 
which does not at all resemble the form of our simu- 

lated profiles. A closer inspection, however, provides 
an indication of several peaks in different profiles con- 
fined within the oxygenated part of the water column 
(i.e., at depths less than at -•15.0 kg m-3). Ammonium 
within the suboxic layer also has complicated structure 
and varies from one sample to another. Ammonium 
transported upward from the deep pool seems to de- 
crease to trace concentrations at some depth between 
the at •15.7 and 15.9 kg m -3 levels in different pro- 
files. Some profiles do not even reveal an ammonium 
depleted zone but instead show concentrations greater 
than •0.2 mmol m -3 The source of such variability 
in the ammonium measurements, contrary to that ob- 
served in other variables, could be partially due to the 
complexity of the redox reactions in this zone. Mea- 
surement errors may also contribute to noise in Figure 
8b. 

3.3. Water Column Oxygen Structure 

The euphotic layer oxygen concentration undergoes 
pronounced seasonal variations within a broad range 
of values from •250 to 450 /•M (Figure 10). The pe- 
riod from the beginning of January until mid-March 
exhibits vertically uniform mixed layer concentrations 
of -•325 /•M, ventilating the upper 50 m of the water 
column as a result of convective overturning. The role 
of atmospheric oxygen input in the ventilation process 
depends upon the excess of saturated oxygen concentra- 
tions over the surface oxygen and the value of the piston 
velocity (see (15)). The maximum contribution of oxy- 
gen saturation is realized toward the end of February 
during the period of coolest mixed layer temperatures 
(see Oguz et al., [1999]), coinciding with the maximum 
and deepest winter oxygen concentrations during the 

year. After March, with the initiation of the warming 
season, the surface oxygen flux given by (15) drives an 
effiux of oxygen to the atmosphere. The signature of 
this loss in Figure 10 is the reduction of oxygen con- 
centrations to 250/•M within the uppermost 10 m dur- 
ing the spring and summer months. A subsequent lin- 
ear trend of increase across the seasonal thermocline 

links lower surface oxygen concentrations to those of 
relatively higher subthermocline concentrations. De- 
pending on the strength of summer phytoplankton pro- 
ductivity, the sub-thermocline concentrations vary from 
350/•M in mid-May to 450/•M during July-September, 
as further quantified by the distribution of photosyn- 
thetic oxygen production (Figure 11a). Typical oxygen 
profiles observed during the winter and summer months 
(Figures 12a and 12b) are similar to our simulations 
in terms of both the form of vertical profile and the 
range of oxygen concentrations. The winter profiles ex- 
hibit vertically homogeneous oxygen concentrations of 
around 350 /•M as predicted by the model. The sum- 
mer profiles also resemble those computed by our model 
except with •50/•M lower peak concentration values. 

No major seasonal variations take place in oxygen 
below 50 m depth (Figure 10). Irrespective of the sea- 
son, the oxygen concentration decreases almost linearly 
within the oxycline zone to •50 pJM at 75 m, to 10/•M 
at 90 m, and finally vanishes at about 95 m. Reminer- 
alization appears to be the major sink for oxygen at 
these levels, exceeding the oxygen consumption due to 
nitrification by almost an order of magnitude (Figures 
1lb and 11c). 

The simulated and observed variations within the 

oxycline and the suboxic zone are shown in further de- 
tail in Figures 13a and 13b. The computed profiles sug- 
gest linear variations within the oxycline from concen- 
trations of -• 100/•M at at • 15.3 kg m-3 to • 10/•M at 
at •15.7 kg m -3 without any seasonal variations (Fig- 
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Figure 11. Temporal variations of •he (a) photosynthetic oxygen production ra•, (b) oxygen 
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ure 13a). Within the suboxic layer, oxygen concentra- 
tions vanish around at •15.9 kg m -3, which is located 
,,•7 m (or equivalently Aat •0.1 kg m -3) above the po- 
sition of the nitrate depletion. When compared with the 
observed profiles in Figure 13b, the position and slope 
of the simulated oxycline zone as well as its structure 
within the suboxic layer lie within the range of observed 
variation. We note in Figure 13b that the June and July 
1988 profiles differ from each other, even though their 

structures are all consistent with the definition of the 

suboxic layer. We expect that eddy-induced variability 
associated with the complex, mesoscale-dominated cir- 
culation system could be a mechanism for generating 
short-term changes in the structure of the suboxic zone 
oxygen profile. Our sensitivity experiments suggested 
that slightly different choices of the vertical eddy diffu- 
sivity can generate such variations. 

Because the H2S layer is located only •100 m below 
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Figure 12. Typical observed oxygen profiles measured during (a) winter and (b) summer months. 
The data are taken from the Black Sea database system with permission from the developers. 

the surface in most parts of the Black Sea, the pos- 
sible vertical extent of ventilation of the upper layer 
water column is a critically important issue. Apart 
from lateral ventilation events across the shelf break 

[Basturk et al., 1998], one possible ventilation mech- 
anism is the convective overturning process following 
intense winter atmospheric cooling episodes. Although 
this process in general takes place intermittently in the 
form of strong cold air outbreaks, we investigated its 
role in this model by specifying a smoothly varying, 
continuous, but stronger cooling over the winter sea- 
son. Then, using the equilibrium solution of the ex- 
periment described above as the initial condition, we 
forced the model for one additional year with a three- 

fold stronger climatological heat flux (i.e., cooling) dur- 
ing the December-February period. Accordingly, the 
monthly averaged heat fluxes applied in this period were 
taken to be 450, 390, and 210 W m -2 When com- 
pared with typical climatological conditions, the mini- 
mum winter mixed layer temperature is reduced to 2øC 
which is •4.5øC lower than that of the standard run [see 
Oguz et al., 1999, Figure 6a]. Because of the presence 
of very strong upper layer stratification, this stronger, 
season-long cooling causes only an •0.5 kg m -3 increase 
in the mixed layer density. The corresponding mixed 
layer deepening is therefore insignificant and not more 
than -•10-15 m (not shown). Thus it appears that the 
strong stability of the water column hardly allows any 
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Figure 13. (a) The model simulated daily averaged dissolved oxygen profiles versus sigma-t (kg 
m -3) within the oxycline and suboxic layers of the water column at selected times of the year, 
(b) the observed dissolved oxygen profiles versus sigma-t obtained by the R/V Knorr surveys in 
the Black Sea during summer 1988. 
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seasonal variation of the oxygen below 60-70 m due to 
atmospheric ventilation. A similar limited vertical ex- 
tent of ventilation can also be inferred from the observed 

winter profiles shown in Figure 12a. 

3.4. Suboxic-Anoxic Interface Structure 

The vertical profiles of hydrogen sulfide, elemental 
sulfur, and dissolved manganese computed by the model 
and the corresponding profiles observed during the R/V 
Knorr surveys are shown respectively in Figures 14a 
and 14b. The computed profiles are plotted only for 
the annual mean values since the suboxic-anoxic inter- 

face zone structure is unaffected by seasonally varying 
euphotic and oxycline/nitracline processes and there- 
fore does not possess any significant temporal variabil- 
ity. One important feature noted in Figure 14a is reduc- 
tion of hydrogen sulfide concentrations to trace values 
at around the at --•15.95 kg m -3 level whereas oxygen 
vanishes at slightly shallower depths of at •15.85 kg 
m -3 (see Figure 13a). The level of vanishing hydrogen 
sulfide, however, does coincide with that of nitrate (see 
Figsures 6 and 7), implying its crucial role in hydrogen 
sulfide oxidation. As described in section 2.3, nitrate 
oxidizes dissolved manganese as the latter diffuses up- 
ward from deeper levels. This reaction produces partic- 
ulate manganese, which then oxidizes hydrogen sulfide 
and generates, as a by-product, dissolved manganese 
which contributes to maintaining the redox processes 
in this zone. The availability of dissolved manganese 
through diffusion from deeper levels as well as local 
production can be inferred in Figure 14a by its slightly 
higher values, compared with those of sulfide near the 
interface zone. Elemental sulfur is also produced as a 
by-product in these processes. The sulfur peak shown 
in Figure 14a thus identifies the vertical extent of these 
redox reactions. 

Observations (Figure 14b) support our simulations 
fairly well and point to the fact that the redox reactions 
formulated in our model can describe the main features 

of the interface structure. The simulated and observed 

profiles, however, indicate some differences too. The 
most notable is the presence of slightly higher observed 
dissolved manganese concentrations near the base of the 
suboxic zone. Availability of excess manganese leads to 
a higher rate of sulfide oxidation and consequently sul- 
fide depletion at somewhat lower levels. This might 
explain the slight differences between the locations of 
simulated and observed trace sulfide concentrations in 

Figures 14a and 14b. For more details on the perfor- 
mance of the redox cycling model, we refer to Oguz et 

[2000]. 

4. Summary and Conclusions 

The upper layer biogeochemical structure within the 
interior Black Sea is simulated using a one-dimensional, 
time-dependent, vertically resolved physical biogeoche- 
mical model applied to interior Black Sea conditions. 
The physical model uses a sophisticated mixed layer 
dynamic involving a level 2.5 turbulence closure and is 
coupled with the biogeochemical model by prognosti- 
cally computed water column eddy diffusivity and tem- 
perature at each time step. The pelagic foodweb is rep- 
resented by complex prey-predator interactions between 
different phytoplankton and zooplankton groups. In the 
model pelagic foodweb, the gelatinous carnivorous jel- 
lyfish A urelia aurita and the opportunistic dinoflagel- 
late Noctiluca scintillans control functioning of the eu- 
trophied ecosystem of the Black Sea. Biogeochemical 
transformations between organic and inorganic forms of 
nitrogen are introduced through the remineralization- 
ammonification-nitrification-denitrification chain of the 

nitrogen cycle and are coupled with the pelagic food- 
web model. These processes are finally linked to a 
series of oxidation-reduction reactions controlling the 
structure and dynamics of the suboxic-anoxic transition 
zone. The redox model includes anaerobic oxidation of 

hydrogen sulfide through a series of reactions catalyzed 
by dissolved and particulate manganese. Dissolved oxy- 



OGUZ ET AL.: MODELING THE BLACK SEA BIOGEOCHEMICAL STRUCTURE 1350 

gen is introduced as an additional prognostic variable 
for more realistic representation of aerobic remineral- 
ization and nitrification. 

The results presented in this paper show the capa- 
bility of the model to simulate basic characteristic fea- 
tures of the upper layer biogeochemical structure for 
the Black Sea. The simulations indicate an almost con- 

tinuous particulate organic material production over 
the annual cycle and nitrogen cycling associated with 
year-long biological activity. The biogeochemical pump 
maintains a particular nitrate structure over the year, 
characterized by a well-pronounced nitracline near the 
base of euphotic zone and a subsequent subsurface max- 
imum. The model demonstrates that oxygen consump- 
tion during particle remineralization and nitrification, 
together with limited ventilation of subsurface waters, 
are the two main factors governing the form of the ni- 
trate profile. Oxygen, generated photosynthetically and 
by air-sea interactions, is consumed immediately within 
approximately the upper 75 m of the water column. 
The layer below is not ventilated at all due to the pres- 
ence of a very strong density stratification across the 
permanent pycnocline. The most dynamic biogeochem- 
ical processes are therefore restricted to the upper 75 m 
depth of the water column. 

Biogeochemical processes in deeper levels possess a 
very different character. In the oxygen-deficient part of 
the water column, organic matter decomposition occurs 
via denitrification by consuming subsurface nitrogen re- 
sources. This causes a continual loss of nitrate from the 

system, evident from the strong reduction in subsurface 
concentrations within •20-30 m below the level of the 

nitrate peak. The second important nitrate loss in this 
zone is due to its consumption through oxidation of hy- 
drogen sulfide and ammonium transported upward from 
deeper levels. These losses are compensated by down- 
ward diffusive transport from the upper levels. The 
result of these processes is formation of an oxygen de- 
ficient, nonsulfidic layer with strong nitrate variations 
and without any appreciable ammonium concentration. 
The model thus provides quantitative evidence of the 
quasi-permanent suboxic layer. 

The annual plankton cycle measured biweekly at a 
station during 1978 seems to be a robust example of 
the ecosystem of the 1980s dominated by gelatinous 
predators. A similar distribution was also provided by 
the mean CZCS chlorophyll distribution in the 1980- 
1985 period [Nezlin et al., 1999] as well as other in 
situ measurements [Shushkina et al., 1998; Vedernikov 
and Demidov, 1993, 1997; ¾ilmaz et al., 1998]. This 
plankton structure was modified to some extent after 
1989 owing to additional top-down pressure introduced 
by the population outburst of Mnemiopsis [Shushk- 
ina et al., 1998; Oguz et al., submitted manuscript, 
2000]. In contrast, measurements performed during 
1980s and 1990s on a regular basis [Basturk et al., 1994, 

1997, 1998; Konovalov et al., 1999] suggested quasi- 
stability of the subsurface nitrogen structure and of the 
suboxic layer over the last 15 years. The long-term, 
anthropogenically driven increase in subsurface nitrate 
concentrations since the 1960s was a critical factor for 

maintaining stability of the nitracline and suboxic layer 
on a decadal timescale and thus preventing the shoaling 
of the hydrogen sulfide interface. Owing to very high 
stratification within the upper 100 m, the biogeochem- 
ical properties are almost uniformly distributed along 
density surfaces and thus possess a great deal of unifor- 
mity when the results are interpreted in terms of den- 
sity as a vertical coordinate, rather than depth. It is 
therefore reasonable to say that the results presented 
here represent fairly robust biogeochemical characteris- 
tics of the Black Sea and are valid for the entire basin 

except the shelf region along the western coast. 
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