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Abstract

Based on numerical simulation, the paper studies the spatiotemporal distribution of CO;
fluxes through the free surface of the Black Sea. The basic equation for solving this problem
is the three-dimensional evolutionary transport—diffusion equation for the concentration of dis-
solved inorganic carbon. The simulation uses hydrodynamic fields resulting from a previous
physical reanalysis as input parameters. A model of the lower level of the Black-Sea ecosys-
tem food chain is used to describe the influence of biological factors on the dissolved carbon
dioxide distribution. The concentration and equilibrium partial pressure of dissolved carbon
dioxide in the surface layer of the Black Sea were calculated from the numerical simulation
results. It is shown that the time dependence of these quantities is highly seasonal. The seawater
temperature significantly affects the solubility of carbon dioxide and therefore its fluxes.
The equilibrium partial pressure of carbon dioxide averaged over the area of the Black
Sea is minimal in January—February and maximal in June-July. Accordingly, in the warm
season, the flux of carbon dioxide is directed mainly from the sea to the atmosphere; in the
cold season, the sea mainly absorbs carbon dioxide. Biological factors also influence the CO,
content in the sea. Thus, at the beginning of the year, a high concentration of phytoplankton
is observed almost throughout the entire Black Sea water area, which is why the absorption
of carbon dioxide predominates during photosynthesis. In summer, the release of carbon di-
oxide predominates due to plankton respiration and oxidation of organic matter. The simula-
tion results are in fairly good agreement with in situ measurements of the partial pressure of
dissolved carbon dioxide obtained during scientific cruises.
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OneHkKa MOTOKOB YIJIEKHCJIOT0 ra3a
yepe3 MOBEpPXHOCTH UepHOro Mops Mo pe3yabTaTaM YHCI€H-
HOT0 MO/IeJTHPOBAHUS

B. JI. lopogees, JI. U. Cyxux *

Mopckoii euopogusuueckuu uncmumym PAH, Cesacmonons, Poccus
* e-mail: l.sukhikh@gmail.com

AHHOTALMSA

Ha ocHOBe 4MCIIEHHOTO MOJEIUPOBAHUS U3Y4aeTCsl IPOCTPAHCTBEHHO-BPEMEHHOE pacIpe-
nenerne motokoB CO; gepe3 cBOOOIHYIO MOBepXHOCTh YepHOTO MOpsi. OCHOBHEIM ypaBHE-
HUEM JAJI pelIeHUs ITOH 3a/lauu sBISETCS TPEXMEpPHOE IBOIIOIMOHHOE ypaBHEHHUE I1e-
peHoca — nuddy3un a8 KOHLEHTPALMH PAaCTBOPEHHOI'O HEOPTaHHYECKOro YTIIepoja.
[Ipn MoxenMpoBaHMH B Ka4eCTBE BXOJIHBIX ITAPAMETPOB UCIOIB3YIOTCS THAPOANHAMHYE-
CKHE TIOJISL, SIBJISIOLIMECS Pe3yIbTaTOM IIPOBEACHHOTO paHee pusnyeckoro peananuza. s
OTHCaHMA BIUSHUA OMOJOTMYECKHX (PaKTOPOB HAa PACHpPEACICHHE PACTBOPEHHOTO YTJIe-
KHCJIOTO Ta3a UCTIONB3YEeTCS MOJIENb HI)KHETO YPOBHS IUIIEBOH IIEMH 3KOCHCTEMBI YepHOTO
mopst. 1o pesynbraTaM 4HCIIEHHOTO MOJIEIMPOBAHMS OBUIM PacCUMTaHbl KOHLEHTPALMS U
PaBHOBECHOE IapLUANIbHOE JaBJIEHHE PACTBOPEHHOTO YIJIEKHUCIIOTO ra3a B IOBEPXHOCTHOM
cioe Yeproro mopst. [TokazaHo, 4TO 3aBUCMMOCTh OT BPEMEHHU 3THX BEIMYHH HOCHUT BBIpa-
JKCHHBIM ce30HHBIN XxapakTep. Ha pacTBOpUMOCTh yIJIEKHUCIOro ra3a u, CleJ0BaTeNIbHO, Ha
€ro MOTOKH CYIIECTBEHHO BIMAET TEMIIEpaTypa MOPCKOi BoJbl. OCpeJHEHHOE 110 MIOLIaan
UepHOTO MOpS paBHOBECHOE MapIHaIbHOE JaBICHNE YTJIEKHCIOTO ra3a MUHUMAIbHO B
sHBape — (eBpaje 1 MaKCUMaJIbHO B HIOHE — HioJie. COOTBETCTBEHHO B TETUIBIH CE30H I10-
TOK YIJIEKHCJIOTO ra3a HalpasieH NPeHMYILECTBEHHO U3 MOps B aTMOCcdepy, B XOJIOAHBIH
CE30H MOpE B OCHOBHOM IIOTJIOIIAET yrileKHcibli ra3. Ha coneprxanne CO2 B MOpe BIUSIIOT
Takke Ononormueckue ¢axTopel. Tak, B Hadasie roja MoYTH 1O Bcel akBaropuu UepHoro
MOps1 HaOJTIo1aeTCs BEICOKAs KOHIIEHTpAIHs (PUTOIUIAaHKTOHA, M3-3a Yero npeolIiaaaeT morio-
IMIEHNE YTJIEKUCIIOTo Tra3a B mpouecce porocuHTesa. Jletom nmpeobianaeT BbIIeICHHE yTile-
KHCJIOTO Ta3a BCIIEICTBUE JIBIXaHHS TUIAHKTOHA M OKHCIIEHHS OPTaHWYIECKOTro BemecTna. Pe-
3yJIBTaThl MOJICITUPOBAHMS TOCTATOYHO XOPOIIO COTJIACYIOTCS! C HATYPHBIMU N3MEPEHUSIMHU
PaBHOBECHOT'O NAaPLIHAIBHOTO IaBJICHUS PACTBOPEHHOTO YITIEKUCIIOTO Ta3a, MOTy4YeHHBIMH B
X0J1€ HAyYHBIX PENCOB.

Knawuesble ciioBa: Kap60HaTHaH CHUCTEMaA, yFJ'IeKI/ICJ'IHﬁ ra3, napuuajlbHOC OaBJICHUC YT~
JICKHCJIOro rasa, erHoe MOpE, MOPCKasd 9KOCUCTEMA, YUCIICHHOC MOACJIMPOBAHNE

BaarogapHocTu: paboTa BRIIIONTHEHA B paMKax rocynapcrBeHHoro 3agzanus ®I'BYH
OUI MI'U o teme FNNN-2023-0001. ABTOpHI OlarogapaT COTPYIHHUKOB OTHAEIA
ouoreoxumuu mMopsi ®I'BYH OUL] MI'U 3a npenocraBieHHble pe3yabTaThl 00pabOTKU
HATYPHBIX JAHHBIX.

Jast uutupoBanus. Jopogees B. JI., Cyxux JI. M. OneHKa MOTOKOB YIJIEKHCIIOTO Tasa
yepe3 MOBEPXHOCTh UepHOro Mops MO pe3yiabTaTaM YHCICHHOTO MOAEIMPOBaHUSA //
Dkonoruyeckas 6€30MacHOCTh MPUOPEIKHOI U menbPoBoii 30H Mopst. 2024. Ne 3. C. 36-48.
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Introduction

A large number of papers (e. g. [1-7]) have been devoted to the study of
the Black Sea carbonate system and, in particular, the flux of carbon dioxide
through the surface. These studies are mainly based on measurement data. The dis-
advantage of these data is that they are limited in space and time. To obtain spatial
distributions and temporal evolution of carbonate system components, it is nec-
essary to use numerical three-dimensional models of the marine environment.
Recently, numerical simulation of marine ecosystems has become widespread,
including the Black Sea ecosystem simulation [8-11]. As an example of a model for
the entire world ocean, the PISCES model can be mentioned [12]. Numerical eco-
system models describe the evolution of biological and hydrochemical fields
as well as the carbonate system elements. They advantage the possibility of obtain-
ing a sequence of the marine environment parameters on a regular grid. Of course,
simulation results cannot replace in situ measurements, but they can extrapolate their
results over time and over wider spatial areas. This paper presents preliminary results
of estimation of carbon dioxide fluxes between the Black Sea and the atmosphere
based on numerical simulation.

Method of study

Quantitative estimation of carbon dioxide fluxes through the sea—atmosphere
interface is one of the main tasks in the study of the carbon cycle. This paper solves
this problem by numerical simulation. The basic equation is three-dimensional
evolutionary transport—diffusion equation for the dissolved inorganic carbon con-
centration

8_C+6(UC)+6(VC)+8(WC)= KhVZC +£(KV£)+R, @
ot OX oy oz 0z 0z

Where u, v, w are current velocity components; K, Ky are coefficients of horizontal
and vertical turbulent diffusion, respectively. Representing the coefficients of equa-
tion (1), these fields, are provided by the Black Sea circulation model. Summand R
in the right-hand side of equation (1) has the form R = Res — upt + Ox, where Res
describes the input of carbon dioxide due to the respiration of all plankton species;
— upt describes reduction of dissolved inorganic carbon from photosynthesis dur-
ing primary production and Ox — its input due to oxidation of suspended organic
matter [13].

An existing three-dimensional model of the lower level of the Black Sea eco-
system food chain is used to calculate these values [14, 15]. From the mathematical
point of view, the biogeochemical part of the model represents a system of fifteen
(according to the number of state variables) transport-diffusion equations similar
to equation (1). The summands in the right-hand sides of this system describe biogeo-
chemical interactions among the state variables of the ecosystem model. A view of
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these sources for the ecosystem model is presented in [15]. Variable units are con-
verted from nitrogen to carbon using the C:N ratios for the Black Sea taken from
[16].

The connection of the circulation model with the biogeochemical part is one-
way in this work. That is, current velocity fields, temperature, salinity and turbulent
diffusion coefficients obtained from the hydrodynamic model in advance are then
used to calculate the biogeochemical model parameters and in equation (1). The cal-
culation domain for equation (1) and the biogeochemical part of the model coincides
horizontally with the corresponding domain for the circulation model (grid steps
equal to 4.8 km coincide, accordingly) and occupies vertically the upper 200 m layer
of the Black Sea. At the same time, the computational horizons correspond to the
circulation models. The results of a 28-year physical reanalysis of the Black Sea
fields (1993-2020) were used as hydrodynamic fields in this work [17].

To obtain the initial fields, the calculation for 2017 was carried out in a cycle in
which the input parameters of the ecosystem model (current velocity, temperature
and salinity fields for 2017) were taken from the reanalysis. Once the biogeochemi-
cal fields reached the stationary regime, the calculation was terminated and the ob-
tained fields were used as initial fields for the main calculation.

Dissolved CO; concentration was calculated from the obtained dissolved inor-
ganic carbon fields using formula

[DIC]=[C02]><{1+ Ki_, _KiKo }

[H'] [H7IH"]

where effective dissociation constants of carbonic acid Ki, K> depend on seawater
temperature and salinity. Then its equilibrium partial pressure is determined from
the concentration of dissolved carbon dioxide using Henry coefficient Ko by formula
[CO2] = Ko pCO; [18]. The Henry coefficient is not a constant as it depends on sea-
water temperature and salinity.

To calculate the concentration of dissolved carbon dioxide from the total inor-
ganic carbon concentration in water, it is necessary to know the concentration of
hydrogen ions in addition to coefficients Ki, K. To estimate the fluxes of carbon
dioxide through the sea surface, only surface values of carbon dioxide concentration
are necessary. In this work, the pH parameter was not calculated by the model, but
approximated in time and space according to the data from atlas ¥ containing maps
of pH distribution on the Black Sea surface for four seasons.

The partial pressure of carbon dioxide in the atmosphere surface layer was as-
sumed to be constant and equal to 410 patm. The carbon dioxide flux between
the sea and the atmosphere was calculated by formula F = Tr (pCO2w — pCO2a),
where Tr is carbon dioxide transport coefficient between the sea and the atmosphere;
pCO2w and pCOy4 are partial pressure values in water and in the atmosphere. The value

D Mitin, L.I.. ed., 2006. Atlas of the Black Sea and Sea of Asov Nature Protection. Saint Petershurg:
GUN i O, 436 p. (in Russian).
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of coefficient Tr was chosen to be 0.5 gC-m=-patm™-month™ (the World Ocean av-
erage according to [19]).

Results

The main calculation covered four years from 2017 to 2020. Fig. 1 shows
the evolution of basin area averaged concentration of carbon dioxide at the sea sur-
face and its partial pressure obtained from simulation results. Temporal dependence
is highly seasonal. Dissolved carbon dioxide pressure values are minimal around
January—-February and maximal around June-July. When the partial pressure of car-
bon dioxide dissolved in seawater exceeds the pressure in the atmosphere, the flux
is directed from the sea to the atmosphere through the free surface, and vice versa.
Thus, it follows from the graph of pCO- change that invasion is observed on average
in the Black Sea water area during cold times (approximately from October to April)
because the partial pressure of CO, dissolved in the sea is lower than the partial
pressure in the atmosphere. On the contrary, evasion is observed on average during
the warm period (approximately from April to October).

The maxima and minima on the graph of temporal variability of carbon dioxide
concentration in the Black Sea surface layer do not coincide with the corresponding
extremes on the graph of pressure. They are shifted by about three months. This is
stipulated by the fact that the Henry constant, which relates the values of CO; con-
centration in the sea and its equilibrium partial pressure, depends, among other
things, on the sea water temperature, which varies considerably during the year.
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Fig. 1. Evolution of the average over the basin area concentration of carbon
dioxide at the sea surface (a) and its partial pressure (b) obtained from simulation
results. The straight line shows the CO; partial pressure in the atmospheric surface
layer
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At the same time, the range of fluctuations of the basin area averaged concentration
of carbon dioxide (approximately 25 % of the maximum value) is significantly
smaller than the range of pressure fluctuations. The graphs (Fig. 1) also show
the inverse dependence of dissolved carbon dioxide concentration on partial pressure
clearly: the CO, concentration increases in those periods of time when the CO, flux
is directed from the atmosphere to the sea, and vice versa, the concentration de-
creases when the flux is directed to the atmosphere.

Figure 2, a shows the graph of the time dependence of the sea area averaged
value of the Henry coefficient. The temperature and salinity fields obtained from the
reanalysis of the Black Sea hydrodynamic fields were used to calculate the value of
the coefficient at each grid point. The variability of the Henry coefficient is also
highly seasonal and is almost antiphased to the change in the carbon dioxide partial
pressure (see Fig. 1, b). Over the course of a year, the area average of the Henry
coefficient changes by almost a factor of two. Figure 2, b shows the graph of sea
surface temperature evolution. These two graphs change in antiphase and it can be
concluded that the variation of the sea area averaged value of the Henry coefficient
is determined mainly by the sea water temperature. That is, the main contribution to
the intra-annual variability of the CO; partial pressure in the sea surface layer is made
by hydrological factors (mainly water temperature). The partial pressure decreases
as the water temperature decreases and increases as the temperature increases. Ac-
cordingly, as long as the dissolved CO; pressure is greater than the atmospheric
one, the flux through the sea surface is directed towards the atmosphere which is ac-
companied by a decrease in the dissolved CO; concentration. Then, when the dis-
solved gas pressure becomes less than the atmospheric one, the flux through the
surface changes direction with an increase in the dissolved carbon dioxide concen-
tration.
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Fig. 2. Evolution of sea area averaged values of the Henry coefficient (a) and sea
surface temperature (b)
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Fig. 3. Spatial distributions of the Henry coefficient (umol/L/patm) for January and
June 2017

Figure 3 shows the spatial distribution of the Henry coefficient. In summer,
the distribution of the Henry coefficient is almost uniform over the entire water area
except for the river confluences where the water is much freshened. In winter, the
coefficient value is higher than in summer. In addition, an increase in the coefficient
values is clearly visible in the north-western shelf (NWS) and along the western coast
of the Black Sea. This is due to the fact that the NWS water is the coldest and most
freshened in winter. The Black Sea Rim Current, intense in winter, carries this water
along the western coast.

Figure 4, a, b provides an insight into the spatial distribution of the carbon dioxide
partial pressure in the Black Sea surface layer. It shows the monthly average maps
for two months, January and June 2017 (which corresponds to the minimum and
maximum in Fig. 1, b). Spatial distributions of pCO; are similar for both months: the
maxima are observed in the centre of the basin and in the NWS (only in its north-
ern part in January). However, the average level varies significantly. Thus,
the surface partial pressure of dissolved carbon dioxide is lower than the atmospheric
pressure (410 patm) in the entire water area in January and it is higher practically in
the entire water area in June.

Biological processes also affect the dissolved carbon dioxide pressure distri-
bution. Figure 4, c, d shows average monthly maps of the surface distribution of
value R = Res — upt + Ox describing the input of dissolved carbon dioxide from the
plankton respiration and organic oxidation and its loss during photosynthesis for the
same months.

In January, this value is negative almost over the entire water area (except
for a small area in Karkinitski and Tendrovski Bays). A local maximum is identified
at this location on the pCO; distribution map (Fig. 4, a). That is, the absorption of
carbon dioxide prevails over its production due to biological processes in January.
In June, most of the area has positive values, except for the central part of the sea,
where it is close to zero.
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Fig. 4. Spatial distribution of partial pressure of carbon dioxide in the surface layer
of the Black Sea (a, b) and monthly average maps of the surface distribution of the R
= Res—upt+ Ox value (c, d) for January and June 2017 (the white line in Fig. 4, d indicates
the zero isoline)

The predominance of carbon dioxide absorption over its production as a conse-
quence of biological processes or vice versa is directly related to plankton concen-
trations in the sea upper layer. Figure 5 shows surface phytoplankton concentrations
(a, b) and total plankton concentrations (c, d) for the same two months.

In January, the surface phytoplankton concentration is relatively high through-
out the Black Sea area (Fig. 5, @), including its deep water. Total plankton concen-
tration also shows high values (Fig. 5, ¢), but mainly due to phytoplankton. Ac-
cordingly, the absorption of carbon dioxide in the process of photosynthesis predom-
inates in Fig. 5, c.

In June, concentrations of both phytoplankton and total plankton are low in the
deep sea and high in the NWS (Fig. 5, b, d). Moreover, the total plankton biomass is
significantly greater than the phytoplankton biomass in the NWS. Accordingly, Fig.
4, d shows that the CO; production caused by the plankton respiration dominates in
the western Black Sea, especially in the NWS.

The obtained numerical simulation results were compared with observational
data, unfortunately, few and local. Fig. 6 shows the pCO; distribution maps based
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on observational data (Fig. 6, a) [20] and numerical simulation results (Fig. 6, b).
The left map (Fig. 6, a) represents the result of processing samples taken at 132
stations during the 95th cruise of R/V Professor Vodyanitsky from 14 June to 4 July
2017.

In general, the values of the CO; equilibrium partial pressure near the sea surface
obtained from the simulation results are quite close to the measurement data. The
spatial distribution of pressure on two maps does not coincide, however, a char-
acteristic decrease of pressure values near the Southern Coast of Crimea and Sevas-
topol is observed on both maps. It should also be noted that the map obtained from
the model refers to a specific date (26 June), while the survey, on the results of which
the left map is based (Fig. 6, a), lasted more than two weeks.

Figure 7 shows graphs of intra-annual variability of the Black Sea water area
average values of equilibrium partial pressure of carbon dioxide pCO; obtained from
measurements and simulation results averaged over four years. The left graph (Fig.
7, a) was kindly provided by the Marine Biogeochemistry Department of Marine
Hydrophysical Institute. It is based on the processing of data obtained in 2015-2021
during the R/V Professor Vodyanitsky expedition studies of Marine Hydrophysical
Institute. The location of stations is given in [7, p. 871].

Both graphs are relatively similar. Thus, the intra-annual variability of
the Black Sea average equilibrium partial pressure of dissolved carbon dioxide
in the sea surface layer is reproduced well by the model.
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Fig. 7. Intra-annual variability of pCO; from observational data (a) and numer-
ical simulation results (b)
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Conclusions

Based on the results of numerical simulation, the time course and spatial distri-
bution of such elements of the carbonate system as the concentration of dissolved
carbon dioxide in the surface layer of the sea and its equilibrium partial pressure
were obtained. The time course of these parameters is highly seasonal.

It has been shown that during the time period approximately from October to
April, 1. e. during the cold season, invasion is observed on average in the Black Sea
water area because the equilibrium partial pressure of CO; dissolved in the sea is
lower than the partial pressure in the atmosphere. Evasion occurs during the warm
season, approximately from April to October, when pCO; in water is on average
higher than in the atmosphere.

At constant partial pressure of CO- in the atmosphere (it changed during the year
by 5 % according to the measurement data in 2017, according to atlas ), the direc-
tion of carbon dioxide flux through the Black Sea surface is mainly influenced
by seawater temperature. The equilibrium partial pressure of the dissolved gas de-
creases when the temperature decreases and increases with its increase. As long as
the CO, pressure in the water is greater than the atmospheric one, the flux through
the sea surface is directed towards the atmosphere, which is accompanied by a de-
crease in dissolved CO; concentration. When the dissolved gas pressure becomes
lower than the atmospheric one, the flux through the surface reverses its direction,
which is accompanied by an increase in dissolved carbon dioxide concentration.

The flux of carbon dioxide through the sea free surface is also influenced
by biological processes. In winter, almost the entire Black Sea area is dominated
by carbon dioxide absorption over carbon dioxide production due to high phyto-
plankton concentration near the Black Sea surface. In summer, however, carbon di-
oxide release predominates over most of the water area due to the plankton respira-
tion.

The equilibrium partial pressure of dissolved carbon dioxide obtained as
a result of simulation was compared with the data of hydrochemical surveys.
The comparison showed a fairly good agreement between the results of numerical
simulation and measurements.
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