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Abstract: Recent modeling studies on the structure and functioning of the
plankton productivity and various other features of the vertical biogeochemical
structure of the Black Sea are reviewed in this study. Major findings from the
available pelagic ecosystem models, catagorized as the mixed layer based physi-
cally simplified models and the vertically resolved coupled physical-biochemical
models, are described first. Capability of present models in describing nutrient

cycling, oxygen dynamics and suboxic-anoxic layer interactions is then assessed.

1. Introduction

The structure and functioning of plankton community in the Black Sea have
been modelled using two different approaches. One of them was to employ
biologically-based, physically simplified mixed layer averaged models, as given
by Lebedeva and Shushkina (1994), Cokasar and Ozsoy (1998) and Eeckhout
and Lancelot (1997). They considered evaluation of the mixed layer averaged
properties of the ecosystem by specifying yearly cycles of the mixed layer depth
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and temperature diagnostically from available climatological data, Withey
voking a mixed layer dynamics and a parameterization scheme for the ;n
cial transports. The second approach was to utilize z-dependent models w

odeling Annual Plankton Productivity Cycle

XED-LAYER BASED BIOLOGICAL MODELS
represent the vertical biological processes in a more detailed way and ;“ f‘aebedeva el Shisslias Niedal
upper layer physical dynamics. In this type of models, the internal strye 7

, A hki 1994 lored th tral Black S t
of the physical-biological system is evolved solely in response tg external § ¥ St (HENC) wagiine g = A —

3 sristics before and after the introduction of the Mnemiopsis using a
ings applied as the boundary conditions at the free surface and bottom af iy i &

model ocean. A principal advantage of z-dependent models is theijr abilit
include plankton productivity and nutrient recycling processes below the m

layer. This is particularly important during summer when most of the .“‘“

ly simple pelagic lower trophic food web structure. The plankton com-
volves phytoplankton, bacteria, protozoa, mesozooplankton, medusae
iopsis. They are complemented by the particulate and dissolved or-

. : i i atter and nutrient compartments. Phosphate was used as the limitin
tion takes place below the seasonal thermocline. Its applications were ; 2 ! P g

E 5 it limita-
Oguz et al. (1996, e —— (1998). whereas most of the. other models were based on the nitrogen limita

seems to be more appropriate for-the central Black Sea.
In addition to simulation of plankton productivity, Oguz et al. (1998b

corporated various other features of the upper layer biogeochemical structi
It thereby allowed a dynamical coupling between the euphotic zone, the
cline/nitracline, and the suboxic layers. Redox processes of the anoxic in
face zone were studied to some extent by Yakushev and Neretin (1997)
Lyubartseva and Lyubartsev (1997). These models were, however, based on

" coexistence layer" assumption, thus the dissolved oxygen was accepted
main oxidizing agent for the hydrogen sulphide. But, in the presence of an
gen and sulphide depleted zone between the anoxic pool and the oxygen
surface layer, validity of this approach is questionable. Recently, severa
ternative hypotheses were proposed to explain the origin of the suboxic |

(Murray et al., 1998).

absence of Mnemiopsis, the model simulates a major phytoplankton
. increase up to 7 gC/m? in late February-early March, and a fairly
‘phytoplankton biomass level of about 1 gC/m?2 throughout the summer
urnn periods (Fig. 1a). A small increase signifying the autumn bloom
uring early-October. Mesozooplankton generally follows the evolution
ankton with two maxima of 2.3 gC/m? in late March and 1.2 gC/m?
. The medusae biomass reveals peak concentrations of 3.7 gC/m?2
‘,‘gC/m2 in April and early-November, respectively. The reason for
on of medusae biomass higher than those of mesozooplankton is the
e of a local source representing the advective transport of juveniles from
stal regions at certain times of the year. Bacteria and protozoa, on the

, and, have much lower biomass values throughout the year. Bacteria
A succint review of the basic findings from these models is provided in

paper. First, those concerning with the annual plankton productivity cycl
presented in Section 2 in two groups as the " mixed layer based biological f

"

pring and autumn maxima of 1.0 gC/m? and 0.5 gC/m?, respectively,
r uniform summer concentrations of 0.2 gC/m?. Protozoa biomass
en smaller concentrations of about 0.1 gC/m? except a maximum of

els m? during late March.

and "vertically-resolved coupled physical-biochemical models”. SeCL
deals with the models describing the general biogeochemical characteristh

. . . . : e influence of mnemiopsis is included explicitely into the model, it
the Black Sea. A discusssion of the model results are provided in Section A P P y

'@ five-fold reduction in the mesozooplankton biomass due to an ex-
Ing pressure introduced by mnemiopsis (Fig. 1b). Accordingly, the
& concentration in the upper mixed layer is decreased twice whereas
ton biomass increases gradually during the late autumn and winter

ce, under these conditions, mesozooplankton experience less graz-



200 201

B d eight coastal regions dominated typically by anticyclonic circulation.

o
b,

ese regions was chosen at the mouth of the river Danube, to observe

/' \ (a) Before Mncmiopsis (b) After Mnemiiopsis _ of the river supplied nutrients.

.
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eling was guided by the analyses of the observed seasonal changes of
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yer depth, nutrients and chlorophyll-a in the model regions. Nutrients

[N
T

;emam at a uniform level for the whole year in the regions directly
ed by river inputs. Mixed layer nutrients generally tend to increase in

Biomass (gC/m?)

P o sajin] e

egions during the winter season. Large uncertainties however exist

ting nutrient concentrations supplied to the coastal waters and their
n sustaining primary production. Despite the scarcity of data, it appears
maximum chlorophyll-a concentration occurs in February-March in the

10 11 1 ' >
N 123456789|o|
Black Sea, and in April-May in the peripheral regions, where the level
Figure 1. Annual distributions of the plankton community elements
two simulations; (a) before mnemiopsis case, (b) after mnemiopsis ¢

computed by Lebedeva and Shushkina (1994). :

n order of magnitude higher, as a result of riverine and coastal sources.

del successfully reproduced basic features of seasonal plankton and nu-
ges. The simple four compartment model was shown to provide
imulations of the seasonal production cycle. The PZND model had

ing pressure on phytoplankton. Such high winter phytoplankton bialll ntage of simplicity but better results were obtained when more com-

followed by the early spring bloom in late February. It was noted that sim:
tion of the high winter phytoplankton biomass agree with the observed wii
bloom of 1991 within the interior part of the Black Sea. Mnemiopsis biom
stays typically at about 0.4 gC/m? during the autumn and winter months,

lowed by a slight decrease in spring. But, a two-fold increase occurs to :
the end of summer. =

was invoked. For example, better representation of the seasonal cycles
spring and autumn blooms were obtained with a nine compartment
ionated model.

| was also used to interpret the factors responsible for the ob-
gional differences in productivity. The computed seasonal cycle of
rophyll-a compared well with the chlorophyll measurements in the cen-
ick Sea. On the other hand, advection of nutrients was found to be
nt along the western and southern Black Sea coastal areas downstream

2.1.2. Cokasar and Ozsoy Model
er sources. Near the Bosphorus, reasonable agreement of model re-

Cokasar and Ozsoy (1998) presented a series of simulations of the mixed I:
planktonic structure using different variants of the Fasham model, ranging | fr
a four compartment PZND model to a 9 compartment size-fractionated !
for ten dynamically different regions of the Black Sea. These regions, iden
according to their circulation and water mass characteristics, were the inté

observations could only be ensured when the seasonal pattern of
N of river nutrients were taken into account.

iterior Black Sea, upwelling divergence resisting mixed layer deepening

‘Nutricline gradient at higher density) in the cyclonic region seems to

g . . a delayed i i

part of the basin, a narrow slope zone confined between the deep interiof . yed bloom that |‘s al'so depleteti earlier as compared to the other
; ‘When the effects of riverine advection (whose seasonal supply has a

g effect in coastal areas) is not included.

1ons of the model with mnemiopsis included was, however, not satisfac-
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Jel describes how Mnemiopsis takes over the control of the ecosystem as
population decreases to very low concentrations whereas Mnemiopsis
imilar but somewhat stronger biomass distribution over the year. The
f jon of mnemiopsis, however, does not seem to introduce changes in
toplankton population.

tory. Contrary to observed summer time increase in the mnemiopsis
within the interior of the basin, the model provided a late spring - early
mer increase in response to the increasing zooplankton biomass, and 3
phytoplankton bloom.

211.3. EeckAhout and Lancelot Model . 1
ERTICALLY-RESOLVED COUPLED PHYSICAL-

Eeckhout and Lancelot (1997) studied the role of nutrient enrichment on HEMICAL MODELS

bilization of the northwestern shelf ecosystem within the last three de
The simulation for the reference, non-perturbed coastal ecosystem of ¢

takes into account carbon, nitrogen, phosphorous and silicate cycles tog f“ guz et al. 1st generation Model

with diatoms, nanophytoflagellates, bacteria, microzooplankton, copepod “"'ologically simplest version involving only single phytoplankton and
well as dissolved and particulate organic matters. This standard model st on groups, detritus, dissolved inorganic nitrate and ammonium (Oguz
6). It was applied to a 150 m thick upper layer water column in the
ack Sea, resolved using approximately a 3 m grid spacing. The vertical
parameterized by the order 2.5 Mellor-Yamada turbulence closure
rization. Given a knowledge of physical forcing, the model simulated
served seasonal and vertical characteristic features: in particular, yearly
n of the upper layer stratification, the annual cycle of production with
and the spring blooms, the subsurface phytoplankton maximum layer
r, as well as realistic patterns of particulate organic nitrogen. It is
hat initiation of the spring bloom depends crucially on the local mixing
and follows weakening of the convective overturning mechanism. As
the surface layer of the water column gains a slight stability, the bloom
Ices before the formation of the seasonal thermocline. This suggests
the bloom is governed by the year-to-year and/or local variabilities
sical processes, in addition to the biological processes. The spring
Y thus take place at an earlier period, say in February, during mild
Pointed out by observations (Vinogradov, 1992).

ture was then extended to study the response of increased antropogenic
trient load by including additional role of autotrophic opportunistic specie
the primary production, and of gelatinous organisms called Noctiluca, Au
aurita and Mnemiopsis leidyi. The model also includes a benthic module
When the model is initialized by the 1960's nutrient concentrations, it
dicts an early spring diatom bloom with a maximum concentration of
1 gC/m?, followed by the development of a nanophytoflagellates blool
the same size at the end of May. The zooplankton is composed of cope|
and to a lesser extent of micro zooplankton. The biomass has a maXIm ‘
0.6 gC/m? in April, which shows a gradual decrease in summer. When
experiment is repeated using the initial field of late 1970's nutrient cof
trations, but in the absence of Mnemiopsis leidyi, the model predicts bio
increases at all trophic levels in response to this nutrient enrichment @
ecosystem. In particular, approximately 6-fold and 3-fold increases o ;
the early spring diatom population and late spring nanophytoflagellates'
lations, respectively. The algal biomass explosion has a major impact @

copepod population which reveals a major peak of about 4 gC/m? at the the spring bloom, the model predicts a weaker and shorter phyto-

) growth event within April as the water column begins to stratify and
onal thermocline begins to form in the near-surface levels. The forma-
is bloom is caused by the ammonium, generated as a by-product of
g bloom, and trapped in the mixed layer. A period of very low pri-
Uctivity prevails throughout the summer as a consequence of severe
limitation in the surface mixed layer. However, some phytoplank-

of March. The medusae population also shows an abrupt increase to
of 1.2 gC/m? at the begining of April. This biomass concentration de
only to about 0.8 gC/m? level during at the of autumn, followed by 3

. . " it
pronounced decrease in winter months.

Introducing Mnemiopsis leidyi into the model under the same nutrient
tions simulates the " after Mnemiopsis” scenario of the ecosystem. In this

"
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: 3 4 realistic nutrient cycling.
ton production goes on beneath the seasonal thermocline as long as thie are ycling

has sufficient light to support the phytoplankton growth. Towards the s
autumn, rapid destratification of the water column and subsequent int
cation of the vertical mixing enhances the nutrient flux to the surface W,
and causes a phytoplankton bloom development of two-three weeks dyin

0 guz et al. 2nd generation Model

wback of the simplified five compartment ecosystem model given in
' (1996) was underestimation of the summer production. The lim-
v.bllity of such simple models in predicting summer chlorophyll values
act been noted by other studies (Sarmiento et al., 1993). It was also
out that multiple prey-multiple predator models can alleviate the lim-
\imposed by such simplified approaches and may generate increased
concentrations comparable with observations (Armstrong, 1994).
998a) therefore extended their previous " 1st generation model” by in-
g two phytoplankton species groups, typifying diatoms and flagellates,
) zooplankton groups (micro- and mesozooplankton). Microzooplank-
‘, inally < 200 jun) consist of heterotrophic flagellates, ciliates and
copepods, whereas mesozooplankton (0.2-2 mm) are formed essen-
¢ copepods. Both of them feed on two types of prey with different
pture efficiencies. Microzooplankton are considered to be more effi-

capturing flagellates, whereas diatoms are consumed predominantly by
oplankton.

October-November-December period, depending on the local conditions

The numerical experiments implicate the presence of a delicate balane
tween the growth and grazing processes in the phytoplankton dynamie:
order to get a phytoplankton distribution with two distinct blooms duri ,
late autumn and the early spring, the grazing rate should be a certain
tion of the growth rate. If the grazing pressure is exerted too early ang
strong, there will not be sufficient time for the development of sufﬁ
strong phytoplankton blooms. On the contrary, if it is too weak to be a
control the phytoplankton growth, one long-term bloom event occurs d
the December-March period. Once the late autumn bloom is initiated,
sists whole winter since sufficient nutrient is always entrained into the su
layer to maintain the production during this period. Hence, the autumn b
does not appear to be a robust feature of this model, contrary to the \
bloom and summer subsurface chlorophyll-a maximum layer. Such m

tions on the standard case of the two-bloom phytoplankton structure

‘ simple fractionation of the biogenic community structure was shown
be traced in the data as a part of the year-to-year variabilities of the biols

| increased primary production and development of more pronounced
chlorophyll maximum layer during the summer period. Diatom-
arly spring (March) bloom is followed by summer and autumn blooms
Hlates. They were either absent or had only a weak signature in the
5 model of Oguz et al. (1996). The reason for the presence of stronger
'-Phytoplankton growth in the multi-species /multi-group pelagic food
del may be explained as follows. In the case of single phytoplankton and
N groups, the enhanced grazing pressure exerted on phytoplankton
he March bloom prohibits noticeable phytoplankton development
 base of the euphotic zone during spring and summer months. In the
* of two phytoplankton and two zooplankton groups, the situation is
at different. Diatoms are responsible from March bloom, and support
= Mesozooplankton activity later in spring and summer months. As a
Predator control by mesozooplankton on their grazers, flagellates do
Slence any grazing pressure from the microzooplankton group, and may

system.

2.2.2. Staneva et al. Model

Staneva et al. (1998) implemented the Oguz et al. (1996) five con:\pag-
model to different locations in cyclonic, anticyclonic and slope regfo.
the daily atmospheric forcing data for the period of 1980-1987. Sigmflc
daily-to-interannual variabilities in the mixed layer thickness, the temP,
and biological structures is noted in this study. The model sim.ulates d
phytoplankton structures for the cyclonic and anticyclonic reglo?s de
on the local conditions. The anticyclones were shown to exhibit a 5‘
two-bloom structure similar to the one presented above in Oguz et al. 5
whereas the cyclones attain a one-bloom structure during the who|6
period. The strength of these blooms were almost half of the phyto
concentrations suggested by observations, implying that the model
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ure 3. Annual distributions of the (a) euphotic zone integrated
nkton biomasses, (b) vertical structure of the mesozooplankton
ass within the upper layer water column computed by Oguz et al.

(1998b)

Figure 2. Annual distributions of the (a) euphotic zone integrated dia
flagellate and bacterioplankton biomasses, (b) vertical structure of
total phytoplankton biomass within the upper layer water column
computed by Oguz et al. (19980)

i

A searrated o Wihens il gt Resheiapianiien Mandl i turn should lead to some increase in the bacterioplankton population

inrleglpaiont. . : ystem.
somewhat weaker distribution within the euphotic zone (Fig. 2a). The "
is typically less than 0.5 gC/m? in the late autumn and winter montf
almost doubles itself after the March diatom bloom till the end of sun

The summer bacterioplankton population is located mainly below the ”'

 as the March diatom bloom degrades, the mesozooplankton biomass
ICreasing as they assimilate the diatoms (Fig. 3a). As the grazing
 introduced by the mesozooplankton decreases the diatom population

thermocline at the same levels with the flagellates. The simulated annua ‘:t'he end of March, mesozooplankton biomass keeps increasing in the

terioplankton distribution seems to be consistent with the data which ii € 2one. Their biomass tends to decline during May, which coincides

slightly higher biomasses after the Mnemiopsis invasion. This is, hoY period of Medusae growth. The summer mesozooplankton growth
\aHy caused by the reduction in medusae population, with additional
itions by the degradation of the phytoplankton blooms towards the

Al

expected since increasing the biomass of gelatinous species should ult'
cause an increase on the particulate and dissolved organic matter €of

k!
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- +
end of June. A similar interaction between mesozooplankton and m NO3, NH,, 10x0, (uM)

taking place earlier in May repeates itself once again during Septemp 20

secondary increase on the mesozooplankton stock up to ~1.5 gC/m?2
the December diatom bloom event. The winter (January) and Iate'
mesozooplankton growths take place in the upper 40 m water column, y '
the summer growth is confined below the seasonal thermocline consisten
the annual phytoplankton production sequence (Fig. 3b).

The micfozooplankton biomass remains negligibly small throughout t ;‘
(Fig. 3a), because of its almost complete predation by the mesozoopla
community. The Medusae biomass exhibits two major peaks (Fig. 3a).

first one follows the mesozooplankton development in spring. The bic
reaches a maximum value of ~2.8 gC/m? in May as they deplete the r
zooplankton stock available for their growth. The summer season is iden
by a general decrease in their population to a minimum level of ~1.0 g'
The second increase in the medusae population takes place at the begini
October following the abundance of mesozooplankton stock in the system.

population decays during the winter months, until a new cycle of growth

reproduction begins in April. Following the vertical structure of the mese

NO,, 10x H,S (M)

plankton community, the first medusae growth event is distributed unife

within the upper 40 m, whereas the second event is confined below the e B Virsival Profiles of hydvogen sulphids; oaynen, witrle,

sonal thermocline. The form of the annual medusae distribution predicte nonium and nitrite simulated by Yakushev and Neretin (1997)

the model thus agrees reasonably well with the data.

.

3. Modeling the Upper Layer Biochemical Structure e is the oxidation of HyS primarily by the oxygen available at the

erface zone. Thiodenitrification involving H,S oxidation by nitrate
ed as a complementary process. The oxygen is the main oxidizer
er part of this layer, whereas the nitrate is in the lower part. The
OF oxygen necessary to maintain the H,S oxidation and the rest of the
je seems to be supplied there by specifying a rather high downward
‘Oxygen flux. The vertical diffusion coefficient taken as 0.1 cm?/s is
tely an order of magnitude higher than its typical values estimated
'Gargett (1984) formula for the pycnocline region of the Black Sea.
Iso apparent from the presence of 50 M oxygen concentrations in
of nitrate maximum (Fig. 4), contrary to about 10 M values sug-
observations. A similar model given by Lyubartseva and Lyubartsev

3.1. YAKUSHEV MODEL

Modeling the nitrogen and sulfur cycles across the oxic-anoxic interface f
was described by Yakushev and Neretin (1997). The model considers the |
column between 50 m and 200 m depths. It is forced by a constant d
organic matter concentration from the upper boundary, and by a fixed S‘
concentration from the lower boundary. Organic matter is decomposed'
form of ammonium under aerobic, subaerobic and unaerobic conditionS‘
expense of oxygen, nitrate and sulfate, respectively. Nitrification (am
to nitrate conversion) and denitrification (nitrate loss to the form of
gas) are two other processes of the nitrogen cycle. The main feature c
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(1997) in fact points to the sensitivity of the hydrogen sulphide zone sty )GUZ ET AL. MODEL

to the values of vertical diffusion coefficient since this controls effectiye odel describing the upper layer YT R

waters constitutes an extention of the pelagic ecosystem model given
uz et al. (1998b). The food web model was modified to include oxy-
namics and its role in the processes of particulate matter decomposition
trogen transformations, as well as denitrification and a simplified rep-
tion of the hydrogen sulphide oxidation processes in the suboxic zone.

amount of oxygen supplied from the aerobic zone. The main featureg
Yakushev model (1997) are shown in Fig. 4, where the co-existence
indicated between 90 m and 110 m depths.

(a) Nitrate (mmol N/m?)
0 1 2 3 4 5 6 7 8

el T T M R ‘ : .
03 ! odel is able to simulate many observed features of the upper layer bio-
20 ! : ical structure, and to provide some understanding on the mechanisms
' g the suboxic zone dynamics.
40 = ;
i o ~ (b) Nitrate (mmol N/m3) (c) R.VKnorr NO3 (mmol/m3)
E 60+ - ! 2.3 4 5.6 7 8 3?}??‘?5678
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Figure 5. (a) Nitrate profiles versus depth at selected times of the ye . 155
simulated by Oguz et al. (1998b) G .
& 16.0 )
! T T T T T T 16.5 ¢

One extension of this model includes the manganese cycling near the : . '
g ycling ‘ (b) Nitrate profiles versus density at selected times of the year

ted by.()guz et al. (1998b), (c) observed nitrate profiles versus
y obtained by the R.V. Knorr surveys in the Black Sea during
summer [988

interface zone (Yakushev, 1997). However, oxygen is also considered to :
principal oxidizing agent in the manganese oxidation-reduction reaction
this repect, the manganese cycling is nothing more than an intermedia}
of the H,S oxidation by the oxygen. On the other hand, as proposed by I
et al. (1998) the manganese cycle plays a different role, and is used t:‘
df

manganese is oxidized by the nitrate, the particulate manganese forme t

j ;" cycling, which supports the plankton productivity within the inte-
': €a, seems to occur over the uppermost 75 m of the water column.

e wi : 3

3 "nter months, prior to the March diatom bloom event, intense ver-
ctive mixin
3

the sulphide oxidation in oxygen depleted environment where the

reaction is then utilized in the oxidation of hydrogen sulphide. For that!

g gives rise to enhanced nitrate concentrations more than

E .Wlthin the upper 50 m (Fig. 5a). The summer mixed layer, on the
%, 1s characterized by depleted nitrate

it is quite reasonable to obtain similar vertical structures of H,S and '-
in two different version of the models, as reported by Yakushev (1997)
was however interpreted as a negligible contribution of the manganes€ and ammonium stocks, because
to the sulphide oxidation process.
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simulated by Oguz et al. (1998b), (b) ch<erved dissolved ozygen
es versus density obtained by the R.V. Knorr survcys in the Black

) : . . selected times of : .
Figure 6. Dissolved ozygen profiles versus depth at selected ti e iy ossenas LR

year simulated by Oguz et al. (1998b)

during the organic matter decomposition and nitrification at subsur-
els which normally reveal very restricted ventilation below 50 m in the
ack Sea. The euphotic layer oxygen concentrations vary seasonally
i broad range of extremum values from 200 to 450 M (Fig. 6a). The
profiles exhibit vertically uniform mixed layer concentrations of about
L ventilating at most the upper 50 m part of the water column as a
the winter convective overturning process. After March, once the
ason comes to an end, oxygen is lost to the atmosphere, and the
Ncentrations can reduce up to 200 ;M in the summer. Depending
Strength of summer phytoplankton productivity, the sub-thermocline
tions vary from 350 ;.M in mid-May to 450 ;M during July and
the times of flagellate blooms. Both the form of the euphotic layer

tructures and the range of variability of the oxygen concentrations
,l with the observations.

of the lack of sufficient supply from the subsurface levels across the stro
sonal thermocline/pycnocline. In the region below the seasonal therm
nitrate and ammonium concentrations increase linearly to typical Valuéf
mmol/m3and 0.2-0.4 mmol/m?3, respectively, around 50 i depth, ar?d su
the summer subsurface production. Further below, the nitrate p'rof||es
a distinct maximum of about 7 mmol/m? near 70 m. The peak is broﬁad
stronger during the autumn and winter corresponding to a more actlc\lle
gen recycling phase after the spring and summer pl:nytoplankton pr.O U
Its position coincides approximately with the 15.4 sigma-t level (Fglg :‘
suggested by the available observations (Fig. 5¢c) (Tugrul et al., 19 't?
et al., 1994; Murray et al., 1995; and others). During the less produc ";
poorly-recycled winter months, the ammonium subsurface' peaks are:,:;
a large extent as it is oxidized to the nitrate form. The nitrate con:
do not possess any seasonal variability below the peak. They tenc_i hois *
uniformly to their trace level values around 16.0 sigr:na—t level, whic

roughly 40 m below the position of the nitrate maximum.

euphotic zone, the vertical oxygen structure undergoes very steep
1S With almost two order of magnitude changes in their concentrations

The oxygen, generated photosythetically within the euphotic zone| g
y . . e €
ulated by the ocean-atmosphere interactions at the near-surface
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216 . o (b) RY Knor NO2 (mma 5 ygen and nitrate near the anoxic interface in a more simplified form
0.0 (02.11 ltg.tz? (mngg 04 05 01 02 03 04 sulfur cycle than given by Yakushev and Neretin (1997). As oxygen

13.0 p——Ai—L oL ——_— o M4 ins the vertical structure shown in Fig. 6 in the absence of its oxidation
_ ;?A? ‘Paenc — 13544 ;:ljunye" and nitrate, hydrogen sulphide evolves the form shown in Fig. 9a
;M:g KA%br: 4 - e gdﬂﬂg L sult of the diffusive transport from the prescribed bottom source at the

%‘14-0 ’ZM:g \'}Aj)\,/ . Jury 4 years of time integration of the model. It is noted that the subsurface
D45 oMid. Sep. | 145 the 75 m depth) value of the vertical diffusion coefficient of 2.0x10~®
\?‘;15_0 _ ' . approximately an order of magnitude smaller than the one utilized
g, 3 ushev and Neretin (1997) and is computed from the Gargett (1984)
e E " 2 a. It is shown that, under such conditions, H2S can penetrate up to the
16.0 3 gma-t level and co-exists with oxygen (Fig. 9a). Once the oxidation

- ——————T— 16.5 . : H,S with the dissolved oxygen and NOj is allowed in the model, the
Figure 8. (a) Nitrite profiles versus density at selected times of the far.ld hydrogen sulphide overlappl?g.layer is eroded and the aRygen and
e ulated by Oguz et al. (1998b), (b) observed nitrite profiles versus f|les are s.eparated gra.duall.y wtthsr? the subsequent year.(Flg. 9b).
Z;thg:btihﬁd by the R.V. Knorr surveys in the Black Sea during the following year of time integration, an anoxic-nonsulfidic layer is
o ' summer 1988 established between 15.65 and 16.10 sigma-t levels (Fig. 9c), which

les the suboxic layer structure inferred from the observations. Clearly,
 of higher a thiodenitrification rate would lead to more rapid depletion

within about 25 m interval (oxycline) (Fig. 6). Typically, the ~10 M oxyj B ccritc the subosic zone much carlier.

level corresponding roughly to the 15.6 sigma-t level, ident.ifies the p'ositi
vanishing aerobic mineralization and nitrification proces.ses in the.w:-fter €0 ‘{
(Fig. 7a) . The oxycline thus coincides with strong nitrate vana'tuons ( P
nitracline) in which the nitrate concentrations increases from their trace‘
values in the mixed layer up to the maximum values of 6-8 uM ac.ross';
zone. These model predictions on the position and slope of the oxychne' 1
as well as its structure within the suboxic layer agree reasonably well wi .

available observations (Fig. 7b).

case of slightly higher choices of the vertical diffusion coeeficient (e.g.
76 m2/s in the experiment described herein), the model was shown to
'a much deeper penetration of oxygen, in the absence of its utilization
H2S oxidation (Fig. 10). The two July 1988 profiles shown in Fig. 7b
S an observational support for this type of oxygen structure. In this
IS characterized by 30 ;1M concentrations at 15.6 sigma-t level and 10
ound 16.0 sigma-t level. H2S attains the values of about 5 jtM near the
interface and decays exponentially towards 15.6 sigma-t level (Fig. 10).
oxidation of H,S by O, and NOj is allowed in the model, for the case
Stic oxidation rates about 0.05-to-0.1 day~!, the entire H,S present in
enated part of the water column is oxidized rapidly within a few weeks
tla, b). H,S remains to exist only below o, ~ 16.05 level where the
Nd nitrate are no longer available due to their consumption up to this
,?bese numerical experiments therefore suggest that H,S and O, cannot
Bether since the fast reaction rate of the oxidation process will quickly
the H,S. At most, H,S can penetrate up to a level of vanishing oxygen

In the oxygen deficient part of the water column (i.e: 04 < 10“1-\12-' t
ganic matter decomposition occurs via the denitrification process. [hiS
excessive nitrate consumption within a narrow layer adjacent to -th.e o ~
and associated strong reduction in the nitrate concentrati‘ons. A dlstl.nfvu
signature of the denitrification in the model is the formation of a narrow f

peak located at about 15.8-15.9 sigma-t levels (Fig. 8).

. . u
Oguz et al. (1998b) model also considers interaction of hydrogen St&
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Figure 9. Dissolved ozygen and hydrogen sulphide profiles versus de 8
near the anozic interface zone simulated by Oguz et al. (1998b). Th
profiles show the evolution of the ozygen-II,S structure shown in Figu
(a) within the fourth years of integration in the absence of ozygen-sulg
interactions, (b) within the subsequent year of integration after th
sulphide ozidation by ozygen and nitrate is allowed, (c) during tl
following year of integration

15 20
H. Sulphide (mmol/m3)

e 10. Lvolution of the dissolved ozygen and hydrogen sulphide
s versus density near the anozic interface zone during the fourth
years of integration (after Oguz et al., 1998b).

i
concentrations. These results, contradicting with the findings of Yaki

and Neretin (1997), suggest that even this simple model of H2S oxidati
sufficient to provide a quantitative confirmation for the existence of the o,

W the seasonal thermocline when the mixed layer is shallower than the
¢ zone during late spring, summer and early autumn periods. The suc-
these models crucially depends on the specification of the daily mixed
pth and temperature as well as the subsurface nutrient structure which

sulphide free suboxic zone and for the absence of the coexistence layer|
Black Sea. The manganese and iron cycles might further refine this stru P!
by contributing to the oxidation of H2S near the anoxic interface. i }he nutrient flux across the thermocline. These models therefore rely

1 quality of external input coming from the observations. Despite these
, this type of biological models were useful for understanding the
changes during the last several decades. Lebedeva and Shushkina

Model suggested that recent increase in the gelatinous carnivore pop-

4. Summary and Discussion

The present paper describes an overview of the existing numerical mo
studies on the structure and functioning the ecosystem as well as the b in the interior Black Sea results in approximately five-fold decrease in
chemical structure of the upper layer water column in the Black Sea. ilankton biomass and subsequently considerable increase in the win-
plankton biomass. It was however not supported by the findings of
Fand Ozsoy (1998) and Eeckhout and Lancelot (1997) which seem to

Successful in simulating the observed features of the annual plankton

the pelagic ecosystem models consider only the mixed layer mtegrate
erties of the system (Lebedeva and Shushkina, 1994; Eeckhout and La
1997; Cokasar and Ozsoy, 1998). Even if their simplicity of lmplem
and experimentation, they have deficiency of neglecting the plankton P pr

; layer based biological models were complemented by the vertically-
“models (Oguz et al., 1996, 1998a,b; Staneva et al., 1998). They



il

220 ‘ i
(a) DO (mmolm?) (b) DO (mmolm?) (c) DO (mmoy ica”y-resolved model (1998b) reveals fairly sophisticated nitrogen cy-

— o " 10 20 30 o " 10 20 30 0 10 ' ‘the water column characterized by remineralization, ammonification,
i 3 tion and denitrification processes with the water column. These pro-
6‘5123: 1 re complemented by the oxygen dynamics in the oxygenated part of
:?15'8{ (22&% 3 r column and a simplified sulfur cycle near the anoxic interface zone.
S ] o o del, which was principally similar to the one given by Yakushev and
“1997) but employed different parameter setting, provided a quantita-

,nce for the presence of the oxygen and sulphide depleted suboxic layer

:’the anoxic pool and the oxycline. The model suggested that, under
‘Iistic oxidation and vertical diffusion rates, the oxygen and hydrogen
 can not exist together because of the fast reaction rate of the oxida-
chanism. While the lower boundary of the suboxic zone has a fairly
haracter, the upper boundary (i.e. the slope of the oxycline) might
up and down depending on the local, internal mixing characteristics.
gen dynamics, on the other hand, suggest that the subsurface levels are
ventilated by the surface layer processes. This is the key element
ermanency of the suboxic layer in the Black Sea.

5 10 0""5""10"' v15
H2S (mmol/m3) H2S (mmol/m3)

Figure 11. Evolution of the oxygen-M,S structure shown in Figure
within the subsequent ycar of integration after the sulphide ozidatios
ozygen and nitrate is allowed using three different ozidation rates of

0.1 day=', (b) 0.05 day™!, (c) 0.01 day™! '

consider biogeochemistry of the entire upper layer water column with va

d of complexity, depending on the specific purposes of these models
BEPER Sy LR I T & P PEtF edgements
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