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Abstract 
Purpose. The purpose of the work is to study the seasonal, interannual, and spatial variability of key 
nutrients, chlorophyll a concentration, and phytoplankton species (including large and small diatoms 
and coccolithophores) dominant in the Black Sea based on numerical modeling. 
Methods and Results. Numerical calculations for the period 2008–2014 were performed using 
the NEMO-BFM three-dimensional model adapted to the Black Sea basin. The modeling results made 
it possible to reproduce the autumn and spring “blooms” of small diatoms, as well as to describe 
the features of spatial variability of phytoplankton in the Black Sea, particularly the dominance of large 
diatoms on the basin shelf. After being added to the model, the parameterizations of coccolithophore 
osmotrophy and dissolved organic matter photodegradation processes permitted the qualitative 
reproduction of the coccolithophore seasonal variability characteristic of the central Black Sea, namely 
a summer “bloom” in the upper 20 m layer from late April to July. The model-derived “bloom” begins 
somewhat earlier than that obtained from in situ observations. The resulting spatial variability in 
the distribution of coccolithophore concentration at the sea surface qualitatively agrees with remote-
sensing data. The summer “bloom” is most intense in the central Black Sea, where the phosphate influx 
from the nutricline to the upper layer is most active. Then the coccolithophore concentration increases 
towards the continental slope, reaching its highest values there. Moreover, the model has reproduced 
the winter coccolithophore “bloom”, which is weaker as compared to the summer one. The above 
patterns of coccolithophore variability are consistent with Bio-Argo floats measurements. 
Conclusions. The developed NEMO-BFM model is a tool that makes it possible to reproduce the spatial 
variability of chemical and biological substances in the Black Sea and to study their relations with 
the impact of various physical processes: wind and convective mixing, large-scale and synoptic water 
dynamics, and propagation of river plumes. 
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Introduction 
The dynamics of biological characteristics of marine ecosystems depend on 

numerous diverse factors, which include: biological interactions; the variety of 
physical processes affecting the horizontal and vertical transport of nutrients; 
variability of light conditions; organic matter remineralization processes. Despite 
more than 100 years of biological research history in the Black Sea 1 [1], the data on 
spatiotemporal variability of even the first trophic-level link – phytoplankton – are 
extremely limited. 

In situ biological-chemical measurements are irregular in time and space, often 
have coarse vertical resolution, and are extremely rare in winter. In recent years, 
a number of works have described in detail the seasonal variability of ecosystem 
characteristics, in particular the taxonomic composition of phytoplankton [2–4]. 
These studies have identified the dominant phytoplankton groups in the Black Sea 
and proposed several hypotheses regarding the causes of the seasonal succession of 
these groups. At the same time, a number of authors point to significant high-
frequency variability of biological processes associated with the influence of intense 
wind forcing, synoptic eddies, etc. [5–7]. Optical measurements demonstrate 
the presence of sharp vertical changes in phytoplankton characteristics, which are 
difficult to describe using rare in situ measurements [5, 8]. 

New information on the vertical distribution of a number of bio-optical 
characteristics was provided by Bio-Argo float measurements, which made it 
possible to obtain regular data on the long-term variability of the vertical evolution 
of coccolithophore “blooms” [5], light conditions, chlorophyll a concentration [9], 
and oxygen [10, 11]. It should be noted that chlorophyll a concentration data provide 
only indirect information on phytoplankton biomass, without the possibility of 
determining its taxonomic composition. Under conditions of sharp phytoplankton 
variability, which is clearly visible on the surface from satellite images [12–14], 
neither in situ measurements nor float data allow one to describe the spatial 
distribution of biological characteristics. 

All these factors lead to the necessity of developing new research tools – 
physical-biochemical models. Work on modeling the Black Sea ecosystem dynamics 
began in the 1980s 2, 3 [15–17]. In [18–21], the seasonal variability of plankton 
species was described based on a one-dimensional model. In [20–25], estimates of 
the variability of the average vertical structure of a number of biological 
characteristics, e.g., diatom and dinoflagellate “blooms”, were obtained using one-
dimensional models. The variability of coccolithophore “blooms”, which play 
a significant role in the basin’s ecosystem, was analyzed using modeling data in only 
one work [26]. 

1 Sorokin, Yu.I., 1982. The Black Sea: Nature, Resources. Moscow: Nauka, 217 p. (in Russian). 
2 Belyaev, V.I., 1987. Modelling of Marine Systems. Kiev: Naukova Dumka, 201 p. (in Russian). 
3 Vinogradov, M.E., 1989. Dynamic Models of Pelagic Ecosystems. In: K. N. Nesis, ed., 1989. 

Models of Oceanic Processes. Moscow: Nauka, pp. 252-259 (in Russian). 
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Three-dimensional models were used to describe the Black Sea ecosystem in 
a limited number of studies [23, 27, 28]. In [27], the influence of warming conditions 
in 1971–2001 on the intensity of the spring phytoplankton “bloom” was 
investigated. In [23], within the framework of a three-dimensional model, exchange 
processes between the waters of the shelf, continental slope, and central part of 
the Black Sea were considered, and the nitrogen balance on the shelf and in 
the continental slope area was assessed. In [28], changes in the Black Sea ecosystem 
as a result of eutrophication were studied, with special focus on biogeochemical 
processes in the anaerobic zone. 

The functioning of the ecosystem modeled in most of these works was based on 
a single element – nitrogen – limiting phytoplankton growth. However, phosphates 
can play an extremely important role during phytoplankton “blooms” [4, 29]. They 
may be the most important limiting element in the central part of the sea, where 
the Redfield ratio is significantly less than 16 [30]. This is associated with intensive 
redox processes in the suboxic zone, the description of which poses a certain 
challenge for modeling. Denitrification processes in this zone can have a significant 
impact on the dynamics of nitrogen compounds. Modeling the suboxic and hydrogen 
sulfide zones in the Black Sea, initiated in works 4 [15, 16, 21, 28, 31–33], has a long 
history. According to recent results, Mn and Fe compounds have a significant effect 
on oxidation processes in the suboxic zone, causing a decrease in nitrate flux [21, 
28, 31–33].  

In the present work, for the first time, an adapted three-dimensional NEMO-
BFM model, which accounts for the cycles of nitrogen, phosphorus, and carbon, is 
used to describe the long-term variability of the Black Sea ecosystem. 
The BFM model has previously been successfully applied to model the variability of 
ecosystems in areas such as the White Sea, Baltic Sea, and Mediterranean Sea [34–
37]. Reactions were included in the model to reproduce coccolithophore “blooms” 
(photodegradation of dissolved organic matter (DOM) to a labile state under solar 
radiation, as well as coccolithophore uptake of labile DOM) and redox reactions in 
the suboxic zone. To describe the evolution of physical fields, the NEMO model was 
employed, which has been widely used recently to study the Black Sea physics at 
various spatial scales [38, 39]. 

The work is aimed at studying, at various temporal and spatial scales, 
the variability of the main nutrients, chlorophyll a concentration, and phytoplankton 
species dominant in the Black Sea based on numerical modeling data. 

Materials and methods 
Hydrodynamic block 
We applied the NEMO model [40, 41] to reconstruct the hydrodynamics of 

the Black Sea waters. The grid resolution on a regular grid is 1/10° in the meridional 

4 Sovga, E.E., 2002. [Features of the Functioning Mechanisms of the Black Sea Shelf and Pelagic 
Ecosystems]. Thesis DSc. (Geogr.). Sevastopol, 308 p. (in Russian). 
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and zonal directions. Vertically, 65 horizons with non-uniform spacing were 
specified. To describe the fine vertical structure in the upper 200 m layer, the spacing 
between vertical horizons was set by a special function and varied as follows: 1.25, 
3.75, 6.25, ..., 80, 83, ..., 95, 99, 103, 107, 112, 117, 123, 130, 138, 147, 158, 171, 
186, and 205 m. Atmospheric forcing fields were taken from the ERA5 reanalysis 
[42] for 2008–2014. 

Parameterization of main biological processes 
The BFM model [43] includes three groups of living organisms (phytoplankton, 

zooplankton, and bacterioplankton), each described by a set of differential equations, 
the number of which depends on the set of elements (C, N, P, Si, Fe, and Chl) 
involved in the life processes of the groups. Each group of living and non-living 
components of the model can contain a user-selected set of variables – either already 
included in the initial version of the model, or a completely new set. 

The BFM equations are described in detail in [43]; each variable is 
mathematically represented as a multidimensional array containing concentrations 
expressed in terms of reference chemical elements (carbon, nitrogen, 
phosphorus, etc.). The adapted version of the model resolves equations for three 
different phytoplankton groups (small and large diatoms, coccolithophores), three 
zooplankton groups (micro- and mesozooplankton, the latter further divided into 
omnivorous and carnivorous types), bacterioplankton, as well as inorganic variables 
(phosphates, nitrates, ammonium, silicates, oxygen, carbon dioxide, hydrogen 
sulfide, etc.). The phytoplankton groups were selected according to the results of 
detailed phytoplankton studies presented in [2–4]. It is noted that dinoflagellates are 
not accounted for in the current version of the model. The functioning of 
the ecosystem within the proposed model is limited by nitrogen and phosphorus 
availability. Initial conditions for the biological block assume equal low 
concentrations (0.005 mmol/m3) of all components down to a depth of 50 m; below 
this depth, values are zero. 

The relationship between physical and biogeochemical parameters is 
implemented explicitly through advective terms associated with the current velocity 
field, as well as diffusive terms. Additionally, there is a relationship between the rate 
of biological reactions, sea surface irradiance, and ambient temperature. 
The temperature regime regulates several physiological processes, and in the model 
this dependence is represented as a coefficient of the following form: 

𝑓𝑓𝑇𝑇 = 𝑄𝑄10
𝑇𝑇−10
10 , 

where 𝑄𝑄10 = 2.5 is a coefficient depending on the type of functional group. 
Photosynthetically active radiation (PAR) penetrating into the depths of 

the marine environment is parameterized in the model according to the Lambert–
Beer formulation. The shortwave radiation flux is taken from the atmospheric 
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forcing fields (ERA5). As light propagates in water, it is absorbed by suspended 
particulate matter, background water absorption, and biological particles. 
A parameterization for light attenuation by dissolved organic matter, which was 
absent in the original version, was added to the model: 

𝐼𝐼 = εPAR𝑄𝑄𝑆𝑆expλ𝑤𝑤𝑧𝑧+∫ λbio�𝑧𝑧′�𝑑𝑑𝑧𝑧′
0
𝑧𝑧 ,            (1) 

where εPAR is available fraction of solar radiation for photosynthesis; 𝑄𝑄𝑆𝑆 is 
shortwave radiation (taken from the atmospheric forcing (ERA5) used in 
the hydrodynamic model); λ𝑤𝑤 is the background water absorption coefficient; λbio 
is the light absorption coefficient including biological components (chlorophyll 
a concentration in each phytoplankton group, detritus, DOM); 𝑧𝑧 is depth. 

Based on literature data [44] and Bio-Argo float measurements [9], 
the background PAR attenuation coefficient for Black Sea waters (0.08 1/m), 
the light attenuation coefficient by dissolved organic matter (0.05 1/m), and the light 
absorption coefficient by chlorophyll a (0.1 1/m) were selected. 

Biological reactions in ecological modeling are usually written as differential 
equations, with the right-hand side representing the main biogeochemical processes. 
For example, for phytoplankton the general equation is as follows: 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 − 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 − 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 − 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 − 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺,          (2) 

where 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 is the change in phytoplankton concentration over time. 
Each phytoplankton group is described by identical primitive equations, which 

differ in the values of physiological parameters. In the model, phytoplankton is 
described through six elements (C, N, P, Si, Fe, Chl) and a differential equation 
exists for each of them. 

Photosynthesis is controlled by an equation including dependence on 
penetrating sunlight, water temperature, and a constant determining the maximum 
phytoplankton productivity at 10 ℃: 

𝑃𝑃 = 𝑝𝑝_𝑠𝑠𝑠𝑠𝑠𝑠 ⋅ exp �log(𝑝𝑝_𝑞𝑞10) ⋅ 𝑇𝑇−10
10

� ⋅ �1 − exp �−α
𝐵𝐵𝐼𝐼

𝑃𝑃𝑆𝑆𝐵𝐵
� �� ⋅ exp �−β𝐼𝐼 𝑃𝑃𝑆𝑆𝐵𝐵

� �, (3)

where 𝑝𝑝_𝑠𝑠𝑠𝑠𝑠𝑠 is the maximum photosynthesis rate; 𝑝𝑝_𝑞𝑞10 is phytoplankton 
productivity at 10 °C; α𝐵𝐵 is the coefficient responsible for the initial slope of the P-
E curve; β is the coefficient responsible for photoinhibition; 𝑇𝑇 is water temperature; 
𝐼𝐼 is the light flux. 

It is noted that a term accounting for photoinhibition of the photosynthesis 
process [45], which was absent in the original version, was added to the model. 
The constants included in the photosynthesis parameterization are given in Table 1; 
parameter values were taken from an analysis of a series of experimental 
calculations, which used value ranges from literature sources [3, 43, 46–51]. 
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T a b l e  1 

Coefficients for the equation of state of various groups of phytoplankton  
(P1 – small diatoms, P2 – coccolithophores, P3 – large diatoms) 

Parameter P1 P2 P3 
Coefficient Q10(p_q10) 2.0 2.0 3.0 
Maximum rate of photosynthesis (p_sum), 1/day 2.0 2.0 1.0 
Respiratory rate at 10 ℃ (p_srs), 1/day 0.01 0.15 0.01 
Maximum lysis rate at extreme nutrient concentrations 
(p_sdmo), 1/day 0.05 0.35 0.01 

Isolated fraction of primary production (p_pu_ea) 0.2 0.4 0.05 
Active respiration (p_pu_ra) 0.1 0.25 0.1 
Absorption coefficient of labile DOM 
by phytoplankton (p_suhpR2c) 0 1.1 0.6 

Cell throughput for N (p_qun), m3/mgС/day 0.25 0.025 0.025 
Cell throughput for P (p_qup), m3/mgС/day 0.025 0.25 0.025 
Coefficient of increase in fat reserves (p_xqp) 2.0 2.0 10.0 
αB (initial slope of curve P-E)  
(p_alpha_chl), mgС m2/mgChl W 0.15 0.12 0.1 

β (parameter characterizing photoinhibition) 
(p_betta_chl), mgС m2/(mgChl h W) 0.015 0 0.007 

Ratio of chlorophyll a and carbon contents in a cell [43] 
(p_qlcPPy), mgChl/mgС  0.025 0.02 0.007 

Chlorophyll a (Chl) concentration in the model is calculated as follows: 

𝐶𝐶ℎ𝑙𝑙 = 𝑝𝑝_𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞(𝑖𝑖) ⋅ 𝑃𝑃𝑐𝑐(𝑖𝑖), 
where p_qlcPPy(i) is the ratio of chlorophyll a to C content in the cell [mgChl/mgС] 
for each i-th phytoplankton type from [43]; 𝑃𝑃𝑐𝑐(𝑖𝑖) is phytoplankton concentration in 
carbon units. 

The main competitive advantage of small diatoms in the model lies in their high rate 
of nutrient uptake and high growth rate. For large diatoms, the main feature is their low 
mortality rate, associated with the ability to accumulate fats, and low consumption by 
zooplankton. As a result, this phytoplankton type is less susceptible to changes in 
environmental characteristics – light and nutrient availability. At the same time, it is 
characterized by a relatively low growth rate. Additionally, a term accounting for DOM 
uptake was added to the model for large diatoms, which also contributes to their growth. 

The zooplankton parameterization is taken from works [52, 53]. For 
zooplankton, the “cannibalism” process is included, i.e. predation on members of its 
own functional group. Zooplankton is described by growth processes through uptake 
and losses through excretion, mortality, respiration, and predation by other groups. 
Each living zooplankton group is described by three functional groups consisting of 
nitrogen, carbon, and phosphorus. The total amount of food available for 
a zooplankton species is calculated considering the set of possible “prey”. Table 2 
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shows the consumption coefficients of one species by another, obtained through 
tuning based on analysis of numerical experiments and literature sources [54–56]. 

From Table 2, it is evident that large and small diatoms are mainly grazed by 
mesozooplankton (Z2), whereas coccolithophores are the primary food for 
microzooplankton (Z3). The availability of a particular species for zooplankton is 
determined by the “prey” quality and mainly depends on its nominal size (the larger 
the presumed “prey”, the less “edible”/qualitative it is). Bacterioplankton (B) is 
consumed only by microzooplankton, while carnivorous mesozooplankton (Z1) 
feeds on its own species and omnivorous mesozooplankton (Z2). 

T a b l e  2 

Consumption coefficients of one species by another 

Victim 
Predator 

Z1 Z2 Z3 

P1 0.0 1.0 0.05 
P2 0.0 0.1 03 
P3 0.0 0.7 0.0 
B – – 0.4 
Z1 0.2 0.0 – 
Z2 2.0 1.0 – 
Z3 0.0 0.2 1.0 

The equations for bacterioplankton are written analogously to those for 
phytoplankton and zooplankton groups. Bacterioplankton is described by three 
differential equations for C, N, and P [57, 58], which also account for anaerobic 
processes and denitrification. The main carbon source for bacterioplankton is 
the pool of organic substances consisting of suspended detrital particles and DOM. 

Improvement of the BFM model for describing coccolithophore “blooms” 
According to literature and field data, the development of coccolithophores in 

the Black Sea begins after the spring diatom “bloom” in May – June in waters 
depleted of nutrients 1 [29]. These algae develop in the upper layer during the period 
of maximum irradiance and a thin upper quasi-homogeneous layer (UQL), when 
intense radiation suppresses chlorophyll a formation in the cells of most other 
phytoplankton species due to photoinhibition [59]. To exist in this layer, 
coccolithophores produce a larger number of calcareous coccoliths, protecting them 
from excessive solar radiation. However, during this period the upper layer contains 
very low concentrations of inorganic nitrogen, i.e. few available nutrients. 

Among the possible causes for coccolithophore development during this period, 
their ability to consume dissolved organic matter – osmotrophy – is highlighted 
[60, 61]. DOM is released in large quantities during metabolic activity and as a result 
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of the die-off of small diatoms. The released DOM is further transformed under 
the influence of various physical processes. We assume that under the effect of 
intense radiation in the upper layer, DOM photodegrades to a labile state [62]. 

To describe this process, a term was added to the phytoplankton equation: 

𝑑𝑑𝑑𝑑𝑛𝑛
𝑑𝑑𝑑𝑑
�
bio

= ∑ 𝑑𝑑𝑑𝑑𝑛𝑛
𝑑𝑑𝑑𝑑𝑗𝑗=3,4 �

𝑁𝑁𝑗𝑗

upt
−∑ 𝑑𝑑𝑑𝑑𝑛𝑛

𝑑𝑑𝑑𝑑𝑗𝑗=1,6 �
𝑅𝑅𝑛𝑛

(𝑗𝑗)

lys
− 𝑃𝑃𝑛𝑛

𝑃𝑃𝑐𝑐
∑ 𝑑𝑑𝑑𝑑𝑐𝑐

𝑑𝑑𝑑𝑑
�
𝑍𝑍𝑐𝑐

(𝑘𝑘)

prd
𝑘𝑘=2,3 + 𝑅𝑅�𝑃𝑃𝑛𝑛𝑖𝑖�,     (4) 

where 𝑁𝑁3 are nitrates; 𝑁𝑁4 is ammonium; 𝑅𝑅𝑛𝑛
(1) is dissolved organic matter; 𝑅𝑅𝑛𝑛

(6) is 
detritus; 𝑍𝑍𝑐𝑐

(𝑘𝑘) is zooplankton (the range of numbers for j and k is shown under
the summation sign for each term); 𝑅𝑅�𝑃𝑃𝑛𝑛𝑖𝑖� is a source of phytoplankton growth upon 
uptake of labile DOM: 

𝑅𝑅�𝑃𝑃𝑛𝑛𝑖𝑖� = 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖_𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣(𝑝𝑝_𝑥𝑥𝑥𝑥𝑥𝑥 ⋅ 𝑝𝑝_𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞(𝑖𝑖) ⋅ [𝑃𝑃𝑐𝑐(𝑖𝑖) − 𝑃𝑃𝑛𝑛(𝑖𝑖)]), 

where 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖_𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 is a function equal to unity when the argument is greater than 
zero and equal to zero otherwise; 𝑝𝑝_𝑥𝑥𝑥𝑥𝑥𝑥 is a coefficient of increase in fat reserves; 
𝑝𝑝_𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞(𝑖𝑖) is the N:C content ratio in the i-th phytoplankton species; 𝑃𝑃𝑐𝑐(𝑖𝑖),𝑃𝑃𝑛𝑛(𝑖𝑖) 
are the concentrations of the i-th phytoplankton group in carbon/nitrogen units. 

In the upper layer, under the effect of solar radiation during photodegradation, 
DOM becomes labile (LDOM). To describe this process, the equation for DOM was 
supplemented with the term Rphoto: 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑖𝑖
𝑑𝑑𝑑𝑑

�
bio

= ∑ 𝑑𝑑𝑑𝑑𝑖𝑖
(𝑗𝑗)

𝑑𝑑𝑑𝑑
3
𝑗𝑗=1 �

𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖

exu

− 𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖
𝐷𝐷𝐷𝐷𝐷𝐷𝑐𝑐

𝑑𝑑𝑑𝑑𝑐𝑐
𝑑𝑑𝑑𝑑
�
𝐷𝐷𝐷𝐷𝐷𝐷𝑐𝑐

upt
+ ∑ 𝑍𝑍𝑖𝑖
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+ 𝑅𝑅photo, (5)

where i is NO3, PO4; j = 1, 2, 3; k = 2, 3 (indices); 𝑅𝑅photo is DOM transition into 
labile organic matter at irradiance values above 200 W/m2: 

𝑅𝑅photo = 𝑘𝑘1 ∙ 𝐷𝐷𝐷𝐷𝐷𝐷N ∙ 𝑟𝑟1, 

where 𝑘𝑘1 = 0.03 is a coefficient; 𝑟𝑟1 = max �0, 𝐼𝐼
𝐼𝐼min

− 1� is a limiting factor; 𝐼𝐼 is 

irradiance; W/m2, 𝐼𝐼min is the minimum irradiance at which the photodegradation 
process begins. 

Parameterization of processes in the suboxic zone 
One of the features of the Black Sea is the presence of a suboxic zone, for 

the description of which a parameterization of redox reactions was included in 
the BFM model. These processes significantly affect the transformation of all 
inorganic nitrogen compounds. 

At the sea surface, substance fluxes are absent, except for the oxygen flux, 
which is specified as follows: 

O2
flux = 𝑓𝑓 ⋅ ([O2

sat] − [O2]),        (6) 
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where 𝑓𝑓 is a function depending on wind speed and the Schmidt number (ratio 
between kinematic viscosity and molecular diffusion); O2

sat is the oxygen saturation 
concentration, calculated from temperature and salinity values [63]. 

A number of works are devoted to the study of oxidation-reduction processes in 
the Black Sea 5 [21, 32, 64]. In the model, the parameterization of such processes 
was set, according to [33], by the following equations: 

2Mn2+ + O2 + 2H2O → 2MnO2 + 4H+,              (7) 

5Mn2+ + 2NO3
− + 4H2O → N2 + 5MnO2 + 8H+,  (8) 

HS− + 1
2

O2 + H+ → S0 + H2O,       (9) 

2NH4
+ + 3MnO2 + 4H+ → N2 + 3Mn2+ + 6H2O,  (10) 

HS− + MnO2 + 3H+ → S0 +  Mn2+ + H2O.  (11) 

Initial fields of oxygen (O2), phosphates (PO4
–), nitrates (NO3

–), manganese 
(Mn2+), ammonium (NH4

+), and hydrogen sulfide (HS–) are set according to data 5 [65] 
and values from the MHI database [66] considering the initial density field. 

The coefficients for the equation of the calculated phytoplankton groups are 
given in Table 1. 

Results and discussion 
Validation of hydrodynamic model results 
To assess the performance of the coupled model hydrodynamic block, we 

consider the diagrams of interannual and seasonal variability of temperature, 
averaged over the basin area (Fig. 1, a, b). As can be seen, over the calculation period 
2008–2014, the model reproduces the cold intermediate layer (upper boundary 35–
45 m, lower boundary 80–85 m), as well as summer warming with maximum 
temperature values in August (average seasonal values of 25 ℃) and winter cooling 
(January – March). 

The model also successfully reproduces the features of the basin’s water 
dynamics. Note the presence of a strong Rim Current in spring, as well as individual 
anticyclonic eddies (Sevastopol and Caucasian) on its periphery. In the summer 
season, with a decrease in wind vorticity, the Rim Current disintegrates into 
individual eddy structures, which agrees with measurement data [67, 68]. Thus, 
the current fields reconstructed in the model qualitatively reproduce the main water 
dynamics of the Black Sea. 

5 Kubryakova, E.A., 2019. [Modeling of Processes of Horizontal and Vertical Transport of Salt 
and Biogenic Elements in the Black Sea]. Thesis Cand. Phys.-Math. Sci. Sevastopol, 179 p. 
(in Russian). 
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Oxygen, suboxic zone 
Oxygen is one of the most important parameters of the sea state, as it enables 

the existence of living organisms and also determines the intensity of oxidative 
processes in the marine environment. Examining the seasonal variability of 
dissolved oxygen, we note that its maximum concentration is observed in February – 
March in the layer from the surface to 40 m (Fig. 2, b). 

F i g.  1. Interannual and seasonal variability of model temperature (а, b), and amplitude of current 
velocities for 27 March (c) and 4 July (d) 2008 

F i g.  2. Seasonal (а, b) and interannual (c) oxygen variability based on Bio-Argo float data (a) and 
numerical modeling (b, c) 

In these months, the average O2 concentration at the horizon reaches 
300 mmol/m3 (in individual profiles it can be ~ 350 mmol/m3). Subsequently, 
the O2 concentration maximum occupies the subsurface layer of 10–40 m. 
The subsurface maximum is observed during the spring–summer period and is 
associated with the photosynthetic activity of phytoplankton. Oxygen concentration 
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decreases until December and amounts to 260–270 mmol/m3. It is worth noting 
the summer subsurface (0–20 m) O2 concentration minimum (230–240 mmol/m3) in 
August– September, when temperature values are maximal. High temperatures lead 
to a decrease in the solubility of atmospheric oxygen, and phytoplankton growth and 
biological oxygen production are suppressed under the influence of high PAR values 
and low nutrient and chlorophyll a content. The seasonal variability of the dissolved 
oxygen vertical distribution obtained in the model calculation qualitatively coincides 
with in situ measurement data [11, 30] (Fig. 2, a). In the interannual variability 
(Fig. 2, c), we note the period after 2012, when the penetration depth of high oxygen 
concentration values increased on average by 10–15 m (in 2008–2011 the depth of 
the 250 mmol/m3 isoline was ~ 55 m, after 2011 – 65–70 m), which agrees with 
the analysis of Bio-Argo float data [11, 69]. 

Variability of major nutrient concentrations 
The main feature of the interannual and seasonal variability of major nutrient 

concentrations in the central part of the sea (depths greater than 500 m) is 
the episodic influx of nitrates into the upper layers in winter (February – March) 
as a result of vertical entrainment from the nutricline layer (Fig. 3). Such processes 
are short-term in nature and are associated with the effects of cooling and storms. 
As a result, nitrate concentrations in the upper layer may increase slightly to 
0.01 mmol/m3, as, for example, in 2012. The most intense nutrient entrainment 
occurs during cold winters, when the density of the upper layer reaches maximum 
values. In particular, during the cold winter of 2012 (Fig. 4, a), the concentration 
of entrained nitrates in the upper layer was 20 times higher. Such an intense 
increase in the concentration of available nutrients was one of the causes for 
the extremely strong coccolithophore “bloom” that year, which was recorded by 
satellite data [70]. 

F i g.  3. Interannual variability of the vertical distribution of nitrates (a) and phosphates (b) in the upper 
100 m layer of the central Black Sea 
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F i g.  4. Temporal variability of nitrate (а, b) and phosphate (c, d) concentrations in the central Black Sea 

The lower part of the nutricline is characterized by a sharp decrease in NO3 in 
the winter–spring period (January – April), caused by its erosion under the effect of 
vertical mixing. At the same time, NO3 decreases by a significantly larger amount, 
1–1.4 mmol/m3, which is 10 times higher than its increase in the upper layer. This 
difference is due to the fact that most of the nutrients entrained into the upper layer 
are rapidly transformed as a result of phytoplankton consumption and converted into 
organic form. At the same time, at the end of the year, in the autumn – winter period, 
a maximum nitrate concentration is observed in the nitracline, i.e. nutrient 
accumulation occurs, associated with the remineralization of settling organic matter 
formed during the year. 

Similar variability is observed for phosphates (Fig. 3, b). They are also 
characterized by short-term entrainment into the upper layer and a sharp decrease in 
the nutricline layer (40–60 m) in the spring–winter period. Note, however, that high 
phosphate concentrations are observed in the upper layer for a longer time. This is 
due to the fact that in the central Black Sea the N:P ratio is 5–6, which is much lower 
than the Redfield ratio (16) required for phytoplankton development [30]. As 
a result, part of the phosphates remains in the upper layer until April – May, when 
they are actively consumed during the intensive coccolithophore “bloom” [4]. In 
the shelf part of the sea, due to intense river runoff, an excess of nitrates and 
a deficiency of phosphates (a high N:P ratio) are observed. This feature may 
contribute significantly to the functioning of the basin’s ecosystem, in particular to 
the dynamics of coccolithophore “blooms” on the shelf. 
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Biological block of the model 
Small diatoms (P1). According to in situ measurements, the intense influx of 

nutrients into the illuminated layers in winter primarily causes rapid growth of 
small diatoms (P1) [2], since they possess the highest growth rate. The maximum 
concentration of small diatoms is observed in February (Fig. 5, 6), when 
phytoplankton with high concentration values occupies the largest water column 
(0–50 m). The section in Fig. 6 shows that maximum concentrations are observed 
in the region of large cyclonic gyres, where the nutricline rises closest to 
the surface. Another maximum is recorded in the area of the southern continental 
slope, where nutrients from the northwestern shelf (NWS) are transported during 
the Rim Current intensification. 

F i g.  5. Interannual (а) and seasonal (b) variability of the vertical distribution of small diatoms in 
the upper 100 m layer in the central Black Sea 

F i g.  6. Concentration of small diatoms along the section through the western cyclonic gyre (31°E) 
averaged over February (а), July (b), and November (c) 

In the summer period, the concentration of diatoms in the upper layer decreases 
to a seasonal minimum in August, which is associated with a decrease in the amount 
of available nutrients and excessive irradiance. At this time, high concentrations of 
diatoms are observed only in the lower part of the euphotic zone (30–40 m), partially 
determining the development of the summer subsurface chlorophyll a maximum 
[8, 9]. Nutrients can enter this layer in summer during intense hydrodynamic forcing, 
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for example after strong storms [5]. The section in Fig. 6, b demonstrates that 
maximum concentrations in summer are observed in the central part of the sea and 
in the seaward part of the slope. 

The UQL deepening and vertical entrainment of nutrients lead to the onset of 
the autumn “bloom” of small diatoms in the 0–35 m layer in October – November. 
The UQL increases most sharply in the continental slope area, where stratification 
is weakened [71]. As a result, as seen in the section of Fig. 6, in this area 
the entrainment of diatom cells from their subsurface maximum occurs faster, 
and an initial increase in the concentration of small diatoms at the surface is 
observed here. 

F i g.  7. Significant spatial variability of small diatoms in the area of their subsurface maximum, 
conditioned by various physical factors, for 14 September 2009 (а) and 26 May 2010 (b) 

Physical factors have a crucial influence on the development of phytoplankton 
“blooms” and their spatial variability. For example, Fig. 7, a represents a map of 
the subsurface maximum concentration of small diatoms at the 30 m horizon in mid-
September 2009. Three distinct maxima can be distinguished, each associated with 
a specific process: maximum 1 in the central part – with the action of storms and 
the vertical uplift of nutrients in the region of cyclonic gyres; maximum 2 in 
the southern part of the sea – with intense Anatolian upwelling; maximum 3 – with 
advection of shelf waters from the NWS area under the effect of the Sevastopol 
anticyclone. 

Another example (Fig. 7, b) demonstrates an even more complex spatial 
distribution at a depth of 30 m in May 2010, which is associated both with 
the influence of vertical advection in synoptic cyclones/anticyclones and with 
the transport of productive waters in the Rim Current jet from locations of nutrient 
input under the effect of intense storm activity and coastal upwellings. 

DOM and coccolithophores. As a result of lysis and die-off of diatoms in 
the photic layer, a large amount of dissolved organic nitrogen (DON) is formed. In 
the present model, the formed DON is partially consumed by bacterioplankton and 
partially converted into a highly labile form (LDON) under the effect of 
photodegradation. 

PHYSICAL OCEANOGRAPHY   VOL. 33   ISS. 1   (2026) 140 



F i g.  8. Seasonal variability of dissolved organic nitrogen (а), bacterioplankton (b), dissolved organic 
phosphorus (c) and the highly labile form of dissolved organic nitrogen (d)  

The peak of DON concentration occurs in April – May and is observed in 
the 10–30 m layer (Fig. 8, a). Subsequently, the highest DON concentrations shift to 
lower layers and are observed in the area of the subsurface phytoplankton maximum 
at depths of 20–30 m. The main consumer of DON is bacterioplankton; their vertical 
variability is similar: a maximum is observed in February – April in the 0–50 m 
layer, with a gradual deepening to depths of 30–40 m occurring in the summer 
season (Fig. 8, b). 

In the upper 10 m layer, as a result of intense solar radiation, DON transitions 
to a highly labile state (Fig. 8, d). The transition process takes 1–2 months, and 
LDON has its highest value in the upper, maximally illuminated layer in 
April – May. In the present model, LDON is consumed not only by bacterioplankton 
but also by coccolithophores, as well as large diatoms, as a result of their ability for 
osmotrophy. Due to the consumption of residual phosphates after winter cooling and 
LDON in April – May, an intense surface “bloom” of coccolithophores occurs 
(Fig. 9, a, c). Note that part of the LDON remains unconsumed and accumulates in 
the continental slope area, where it subsequently sinks into deeper, non-illuminated 
layers under the effect of downward motions. This accounts for the LDON 
maximum at depths of 50–80 m (Fig. 8, d). 
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Such a mechanism for coccolithophore growth agrees with hypotheses proposed 
earlier in works [4, 29], which note the important role of low N:P ratio and 
phosphates for coccolithophore “blooms”. 

Note that in this calculation the maximum concentration of coccolithophores 
occurs in April – May (Fig. 9, b), which is somewhat earlier than in satellite 
measurements (May) and direct measurement data (May – June) [72]. The highest 
concentrations of coccolithophores at the beginning of the “bloom” are observed in 
the upper 20 m layer, then they gradually deepen (Fig. 9, b). 

F i g.  9. Interannual (а) and seasonal (b) variability of the vertical distribution of coccolithophore 
concentration in the central Black Sea based on the model data 

As a result, in July – August the coccolithophore maximum is observed in 
the subsurface layer at 20–30 m depths. The same process – the beginning of 
the “bloom” in the upper 20 m layer and gradual subduction into lower layers – is 
observed in measurements of the backscattering coefficient based on Bio-Argo float 
data [5]. 

Satellite measurements show that the summer coccolithophore “bloom” after 
cold winters is most intense in the central part of the sea. Numerical modeling data 
successfully reproduce these features – maximum coccolithophore growth in 
the central cyclonic part of the sea (where phosphates from the nutricline are most 
actively entrained into the upper layer), as well as their minimum on the NWS 
(Fig. 10, a). At the same time, both data types record relatively low values in 
the eastern NWS and in the southeastern part of the sea. 

Interestingly, as the “bloom” weakens in June – July, its maximum shifts 
towards the continental slope area and is observed there somewhat later (Fig. 10, 
b, c). At this time, favorable conditions for coccolithophore “blooms” arise in 
the mixing zone of shelf waters and waters of the central part (Fig. 10, d). 
The obtained results agree with satellite measurements. To illustrate the spatial 
distribution of the coccolithophore “bloom”, MODIS data on the remote sensing 
reflectance (Rrs) at a wavelength of 469 nm were used. The data were obtained from 
MODIS measurements in the OceanColor archive (http://oceancolor.gsfc.nasa.gov/). 
Backscattering by coccoliths increases the Rrs signal in all optical channels, which 
is evident in satellite measurements from the MODIS scanner [70]. For example, 
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brightness maps for 3–4 June 2008 are given in Fig.10, e, g. Areas of increased 
brightness values in the central and western parts of the sea and reduced values in 
the NWS area and the southeastern part of the sea are clearly visible. This 
distribution qualitatively agrees with the calculation results (Fig. 10, d). 

After the die-off of coccolithophores, a large amount of dissolved organic 
phosphorus, which has a seasonal cycle different from DON with a maximum in 
May in surface layers (Fig. 8, c), appears in the water. 

F i g.  10. Coccolithophore concentration based on modeling data at the 25 m horizon (а–d); remote 
sensing reflectance of the sea surface based on MODIS data (е, g); chlorophyll a concentration based 
on satellite data (f, h) 
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In the Black Sea, not only summer but also a fairly strong autumn – winter 
coccolithophore “bloom” is observed. Such a “bloom” has been examined in detail; 
it was observed, in particular, in October 2005 and November 2014 [70]. In these 
years, and generally according to satellite data, winter coccolithophore “blooms” are 
more often recorded in the southern part of the Black Sea, less frequently across 
the entire central part. The proposed model also allows reproducing this second 
peak, which is identified in the modeling data in October – November (Fig. 11, c). 
At this time, elevated coccolithophore concentrations occupy the entire autumn UQL 
at depths of 0–40 m, which corresponds to Bio-Argo data [5, 70]. 

F i g.  11. Distribution of coccolithophore concentration along the section through the eastern cyclonic 
gyre (39°E) averaged over April (а), July (b) and November (c) 

An important cause for such a “bloom” is the export of NWS waters under 
the influence of the Rim Current. Part of the LDON, intensively formed here in 
summer, is then transported during the summer-autumn season with the Rim Current 
to the southern part of the sea. An example of such a process is shown in Fig. 12. 
During this period, there is an intensification of storm activity (Fig. 12, c), which, 
according to satellite data analysis, is one of the important triggers for winter 
coccolithophore “blooms”. 

Indeed, according to modeling results, such storms in late September 2010 
caused the entrainment of phosphates into the upper layer (Fig. 12, d). As a result of 
a large amount of LDON (Fig. 12, a) and phosphates in the Rim Current export zone 
on the continental slope, an autumn-winter coccolithophore “bloom” arose, which is 
most intense in the southern part of the sea (Fig. 12, b). At this time, due to 
the increase in the UQL, LDON spreads deeper, occupying a larger layer and 
partially accumulating in the deep layers of the basin. 

Large diatom phytoplankton. Another important functional group of 
phytoplankton in the Black Sea is large diatoms (e.g. Pseudosolenia calcar-avis). 
According to limited in situ measurements, this phytoplankton group is most 
frequently recorded in the coastal zone and in the area of the basin’s continental 
slope [2]. A similar distribution is obtained from modeling data (Fig. 13, b), 
according to which the maximum concentrations of this phytoplankton group are 
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concentrated on the NWS and in the Rim Current area, with a minimum observed in 
the central part of the sea. 

F i g.  12. Development of the winter coccolithophore “bloom” on the southern continental slope in 
October 2010: monthly mean values of LDON (a), coccolithophores (b), and phosphates (c); wind 
amplitude and direction on 30 September 2010 (d) 

For example, Fig. 14 shows the average July concentration of various 
phytoplankton groups along a section through the western cyclonic gyre. Large 
diatoms develop most intensively in a thick layer on the continental slope (0–50 m) 
with a maximum in the lower layers. At the same time, for the other two groups, 
the most intensive development is characteristic of the central part of the sea: for 
small diatoms – in the lower part of the euphotic zone (30–50 m), for 
coccolithophores – at depths of 10–30 m. 

According to the modeling results, large diatoms are characterized by 
a maximum on the continental slope in the summer period in the 10–40 m layer 
(Fig. 14, c), which agrees with field observations [2]. In addition, in some years, for 
example in 2010, the maximum actively developed in the winter period and occupied 
a large water column (0–40 m), corresponding to the UQL layer. The minimum for 
this group is observed in the upper 20 m layer in summer–autumn (Fig. 13, a) 
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(a minimum in the seasonal cycle, but at the same time these values are quite large 
in absolute terms). 

F i g.  13. Averaged seasonal variability of the vertical distribution (а) and concentration (b) of large 
diatoms in the 0–100 m layer calculated over the period of the numerical experiment 

F i g.  14. Concentrations of small diatoms (а), coccolithophores (b), and large diatoms (c) along 
the section through the western cyclonic gyre (31°E) averaged over July 

According to modeling data, the development of large diatoms in the lower part 
of the euphotic zone on the slope may be caused by the action of two processes: 
firstly, the impact of downward motions on the transport of nutrients, ammonium, 
and LDON from shelf areas (in the present model, large diatoms are efficient 
consumers of ammonium and LDOM, which contributes to their growth in this area); 
secondly, efficient nutrient entrainment as a result of Rim Current intensification and 
the large thickness of the UQL on the slope. In the present model, large diatoms have 
low mortality rates (due to fat reserves) and are less susceptible to changes in 
irradiance. Therefore, they can exist in winter in the deep part of the continental 
slope even with a deep UQL, where the growth of other phytoplankton groups is 
limited. 

The transport of shelf waters under the influence of synoptic eddies is an 
important cause for the penetration of this phytoplankton group into the central part 
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of the sea. Such a process was recorded by in situ measurements in [2], according to 
which anticyclonic activity led to an increase in phytoplankton concentration in 
the eastern part of the Black Sea. A similar process is well observed in the modeling 
data, for example on 11 August and 19 May 2009. Fig. 15, a clearly shows how 
a large Sevastopol anticyclone in the northwestern part of the sea led to the influx of 
a large amount of phytoplankton into its central part. In Fig. 15, b, the concentration 
maximum is also observed in the core of an anticyclone, which had previously been 
actively entraining shelf waters. 

F i g.  15. Impact of synoptic eddies on phytoplankton transport to the central part of the sea. 
Concentration of large diatoms at the 40 m horizon for 11 August (а) and 19 May (b) 2009 

Chlorophyll a concentration 
The vertical variability of chlorophyll a concentration is characterized by 

an intense maximum in March in the 0–30 m layer, a summer subsurface maximum, 
and its growth in the upper layer during the autumn period (Fig. 16, 17). Minimum 
chlorophyll a values are observed in the upper 15 m layer during the warm period of 
the year, which is associated with nutrient deficiency and the photoinhibition effect. 
These features, obtained from the model, agree well with field measurements and 
Bio-Argo float data [9, 73, 74]. 

The chlorophyll a maximum in March is primarily associated with 
the development of small diatoms after winter convection. Chlorophyll a values at 
this time are high in the 0–30 m layer, which agrees with Bio-Argo data. 
The chlorophyll a increase throughout the water column leads to the seasonal 
maximum of its integrated concentration. The coccolithophore “bloom” in April – 
May makes a significantly smaller contribution to the chlorophyll a increase in 
the upper layer at this time. 

The summer subsurface chlorophyll a maximum is determined by 
the influence of various phytoplankton groups. In the lower part of this maximum 
(30–50 m), the main contribution comes from small diatoms; this group determines 
the chlorophyll a concentration in the central part of the sea. In the continental 
slope area, especially in the deep layers, the main contribution to the development 
of the chlorophyll a maximum comes from large diatoms. As for small diatoms, 
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the increase in chlorophyll a in the upper layer during the autumn period is initially 
recorded in the slope area, where the UQL reaches the position of the chlorophyll 
a maximum faster and phytoplankton cells are entrained into the upper layer. 

F i g.  16. Interannual (а) and seasonal (b) variability of chlorophyll а concentration in the deep part of 
the Black Sea based on modeling data 

F i g.  17. Chlorophyll а concentration along the section through the western cyclonic gyre (31°E) 
averaged over February (a), July (b), and November (c) 

Conclusions 
The work presents the results of modeling biochemical processes based on 

the coupled three-dimensional NEMO-BFM model for the Black Sea. 
The BFM model was adapted for the Black Sea and coupled with a previously tuned 
hydrodynamic NEMO model for this region with a resolution of 10 km. One of 
the Black Sea features is the presence of a suboxic zone, for the description of which 
redox reactions accounting for oxygen, hydrogen sulfide, and manganese were 
included in the model. The obtained results for the vertical distribution and seasonal 
variability of major nutrients, oxygen, and hydrogen sulfide agree with data from 
previous studies. 

The configuration we used includes the calculation of concentrations of large 
and small diatoms and coccolithophores, which determine the total chlorophyll 
a concentration in the basin. The selection of these groups is based on studies that 
analyzed a large statistical array of in situ measurements in the northeastern part of 
the Black Sea. The features of the spatial and temporal variability of chlorophyll 
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a concentration obtained from numerical modeling data agree well with field 
measurements and Bio-Argo float data. The modeling results made it possible to 
reproduce the autumn and spring “blooms” of small diatoms; however, the deep 
maximum in the lower layers of the photic zone in summer, reproduced in the model, 
is most likely associated with the absence of other phytoplankton types characteristic 
of the Black Sea basin (in particular, dinoflagellates) 

The modeling data allowed us to describe the dominance of large diatoms 
on the basin shelf. They develop most intensively on the continental slope in the 0–
50 m layer with a maximum at lower horizons. At the same time, in the seasonal 
cycle, the maximum development of large diatoms occurs in the summer period, 
which agrees with field observation data. 

The features of spatial variability and vertical distribution of coccolithophore 
“blooms” were reproduced in the model for the first time. For this purpose, 
the proposed hypothesis about the important role of osmotrophy for their development 
was applied, i.e. the consumption of dissolved organic matter formed after the spring 
diatom “bloom”. This hypothesis made it possible to reproduce the seasonal variability 
of coccolithophore concentration characteristic of the central Black Sea: the “bloom” 
development from late April to July in the upper 20 m layer. It should be noted that, 
according to the model, the coccolithophore “bloom” begins somewhat earlier than 
according to direct observation data. In addition, the model succeeded in reproducing 
the weaker winter coccolithophore “bloom”, which agrees with Bio-Argo float data. 

The model results make it possible to reproduce the significant spatiotemporal 
variability of chemical and biological substances in the Black Sea associated with 
the impact of various physical processes. 

It should be noted that this model is primarily aimed at reproducing 
the qualitative characteristics of variability of the first trophic levels of the Black Sea 
ecosystem. More accurate data require significant efforts to obtain long-term time 
series of phyto- and zooplankton characteristics, which can be used for tuning such 
models. 
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