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MOJEJIBHBIE OHEHKH BKJIAJA 9KOCUCTEMbI B OBMEH YIVIEKUCJIBIM 'A30M
MEXIY OKEAHOM U ATMOC®EPOM B BAPEHIIEBOM MOPE

Crarps nocrynuia B peaakuuio 20.12.2016, nocne gopadorku 04.02.2017.

TpexmepHass MareMaTH4ecKas SKOCHCTEMHas MOJETIb OObeAMHEHAa C LUPKYISIHOHHOW M JISIOBOH MOICIAMH
bapennieBa Mopst. DKOCHCTEMHasi MOJIENIb OIHCHIBACT B3aMMOJACHCTBHE (DUTOIUIAHKTOHA, 300IUIAHKTOHA, PACTBOPEHHO-
r'0 HEOPraHMYEeCKOIo a30Ta, CyMMApHOTO HEOPraHHYECKOro yIIeposa, MEeNOYHOCTH, OPIraHMYeCKUX U HEOPTaHUYCCKHX
yacteil nerputa. B pabote mpuBOIATCS pe3yabTaThl pacueToB KOHICHTPAMH XJIOPO(GHIIa-a B IIEPUO MAKCHMAIBHOTO
BECEHHET0 1IBeTeHHs (PUTOMIAHKTOHA B bapeHiieBom Mope, a Takke pesynsrarel pacdeTos notoka CO, mMexmy arMoc-
(depoif 1 MopeM IpU Pas3INYHBIX ycIoBHsAX. [I0ka3aHO COOTBETCTBHE MEXIY 30HAMH MHTEHCHBHOTO POCTa (pUTOILIAH-
KTOHa B IICPUOJI IIBETEHHUS U MonoxkeHneM [lonsproro Gpponra. Beimonnena onenka uaTeHcHBHOCTH 00MeHa CO, Mexy
OKEaHOM M aTMOC(EpOii P HAJIMYHU M OTCYTCTBUM OHonmormdeckoro croka CO,. [l cirydas 6€3 yd9eTa OKeaHUIECKOTO
OHMOJIOrHYECKOTO CTOKA YIIEKUCIIOTO Ta3a MOoIydeHo, YTO MaKCHMalbHbIE 3HaueHus notoka CO, u3 arMoc(epsl B OKeaH
HaOJIFOAIOTCS HEITOCPEACTBEHHO B paifoHaX KPOMKH Jbaa. JJist cirydas ydera BIUSHUS MOPCKOH 9KOCHCTEMBI Ha OOMEH
CO, mexny okeaHom 1 arMoc(epoii MoKa3aHO COOTBETCTBHE 30H MAKCUMAJIbHBIX 3HAYEHUH T0TOKA YIIEKMCIIOTo Tasa
13 atMoc(epbl B OKeaH M 30H MOBBIIICHHBIX 3HAYCHUI TepBUYHON NMpoxyKuud. OCHOBBIBAsCH HA TTOMYYCHHBIX PE3yllb-
Tarax, C/IeJIaH BBIBOJ, YTO MIPOCTPAHCTBEHHAS M3MEHYHBOCTH IIOTOKA YITICKUCIIOTO Ta3a MEKIy OKEaHOM M aTMOC(epoit
00yCIIOBJIEHa IPOCTPAHCTBEHHON M3MEHYMBOCTBIO IEPBUYHON IPOIYKIIMH TOPa3to B OOJIbLICH CTENEHH, YeM H3MEHYH-
BOCTBIO TIOBEPXHOCTHOM TeMITepaTyphl BOIBI.

KiroueBblie cj10Ba: MOJEIMPOBaHME MOPCKHX DKOCHCTEM, OMOreoXmmuyeckue HUKIbI, razooomen CO,, Bapenueso
Mope.
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A three-dimensional mathematical ecosystem model has been combined with a circulation and a sea-ice models of the
Barents Sea. The ecosystem model describes the interaction of phytoplankton, zooplankton, dissolved inorganic nitrogen,
total inorganic carbon, alkalinity, organic and inorganic parts of detritus. The paper presents the results of calculations
of the chlorophyll-a concentration in the period of maximum spring phytoplankton bloom in the Barents Sea, as well as
the results of calculations of CO, flux between the atmosphere and the sea under various conditions. The correspondence
between the zones of the intensive growth of phytoplankton during the bloom period and the position of the Polar Front
has been demonstrated. The estimation of the ocean-atmosphere CO, exchange intensity in the presence and absence of
the biological CO, pump has been carried out. For the case without taking into account the oceanic biological uptake
of atmospheric carbon dioxide it was found that the maximum values of CO, flux can be observed in the areas of the
ice edge. Taking into account the oceanic biological uptake of atmospheric CO, leads to the spatial correspondence of
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the zones of maximal CO, flux from the atmosphere and the zones of high primary production in the ocean surface layer.
The results of the present study show that the spatial variability of the carbon dioxide flux from the atmosphere to the
ocean is determined by the spatial variability of the primary production to a much greater extent than by the variations in
the sea surface temperature.

Key words: marine ecosystem modeling, biogeochemical cycles, CO, exchange, the Barents Sea.

Introduction. The Barents Sea is located on the North-European shelf and is a marginal sea of the Arctic
Ocean. By virtue of its geographical location it is influenced by both the Atlantic Ocean and the Arctic Basin,
which manifests mainly in the presence of the Polar front — a zone of sharp horizontal gradients of water
temperature and salinity. In addition, the Barents Sea is characterized by high biological productivity and is of
great interest for fishery. In this respect, the study of the functioning of the Barents Sea ecosystem is important
not only from a theoretical point of view but also has obvious practical significance. Finally, the present-day
problems of global warming and the increasing concentration of carbon dioxide in the atmosphere are reflected
in the Barents Sea study, particularly in the problem of the Arctic sea ice area reduction and ocean uptake of
atmospheric CO,.

Today the studies of the ocean-atmosphere carbon dioxide exchange are conducted, in general, in the
framework of two approaches:

1. Analysis of observational data, which allows, on the basis of the spatial and temporal variability of the
measured parameters and features, to make an assumption about the processes that lead to these features.

2. Modeling, when on the basis of the parameterization of known processes a model can be developed that
reproduces the distribution and variability of the studied parameters.

An example of a research in the framework of the first approach is the work [1]. The main obstacles to
the use of this approach are the problems associated with data timing spread and its non-uniform distribution
over the World Ocean. The consequence of this is the use of the interpolated observational data on coarse grids
with large time-averaging that does not allow identifying the dependence of the studied characteristics from
the processes with smaller spatial and temporal scale.

The second approach was implemented in works [2—4], in which the processes of CO, transformation,
biogeochemical processes, hydrophysical processes and gas exchange were taken into account. However, these
models had a rather coarse spatial resolution that cannot allow assessing the local effects such as fronts and
ice cover impact.

The aim of this work was to study the functioning of the primary trophic levels of the Barents Sea marine
ecosystem on seasonal and interannual time scales with making use of numerical modeling. To achieve
this aim several intermediate tasks were set and solved: 1) modernization of the box model of the marine
ecosystem for its further coupling with a three-dimensional model of the circulation and sea ice implemented
for the Barents Sea; 2) performing numerical experiments on the sensitivity of the ecosystem model and its
calibration; 3) calculation of the basic characteristics of the Barents Sea marine ecosystem for the period
1996—2007; 4) evaluation of the influence of sea ice upon the growth rate of phytoplankton in the Barents
Sea; 5) evaluation of the influence of biological factors upon the carbon dioxide exchange intensity between
the ocean and the atmosphere.

Methods. A coupled 3D model based on the circulation Princeton Ocean Model (POM) [5, 6], sea ice model
HELMI [7] and marine ecosystem model [3] was used to simulate the ice regime and ecosystem functionality
in the Barents Sea. The model domain and bathymetry are shown in fig. 1, a (see an insert). The spatial grid in
the horizontal direction is curvilinear orthogonal with 140x160 computational nodes (fig. 1, ). In the vertical
direction the model uses non-uniform 25 sigma levels with the increased discretization in the upper layers. The
same modeling complex, but with another biogeochemical model and without the carbon cycle module, was
described and used in [8] to evaluate the effect of sea ice on the primary production in the Barents Sea.

The external forcing for the coupled model includes the sea level and current velocity, water temperature
and salinity, sea ice thickness and concentration, as well as the concentration of dissolved inorganic nitrogen
taken from the results produced by a global coupled model (ocean + sea ice + marine biogeochemistry) MPIOM/
HAMOCC [9], and is set on the open boundaries of the model domain. For the remaining variables of the
ecosystem module the radiation condition is set on the open boundaries. In addition, the model takes as input
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the fields of following meteorological parameters: wind speed and direction, cloudiness, atmospheric pressure
at the sea level, precipitation rate, air temperature and humidity in the near-surface layer of the atmosphere
(NCEP/NCAR reanalysis is used). On the solid lateral boundaries the no-slip condition is set for the current
velocity and the zero flux of heat and salt. At the bottom the vertical velocity, heat and salt fluxes are set to zero.
The shear stress at the lower boundary near the bottom is calculated as a function of current velocity at this
level with a logarithmic velocity profile. At the upper boundary (water surface) the calculation of atmospheric
forcing is made according to recommendations [10] with the diurnal variations of short-wave radiation being
taken into account. Wind stress is calculated as a quadratic function. The time series of atmospheric pCO, is set
according to the field measurements at the stations Barrow (Alaska, USA) and Summit (Greenland).

The ecosystem model describes the interaction of phytoplankton, zooplankton, organic and inorganic
parts of detritus, dissolved inorganic nitrogen, total inorganic carbon, alkalinity. Dissociation of the inorganic
detritus is described according to the parameterization proposed in [11]. CO, flux at the ocean-atmosphere
interface is parameterized through the temperature and salinity of the sea surface, wind shear stress in the
lower layer of the atmosphere, sea ice concentration, CO, partial pressure in the atmosphere and dissolved CO,
concentration in the ocean upper layer, CO, solubility in water. At the solid lateral boundaries, as well as at the
upper and lower boundaries, the absence of biogeochemical variables' flux is considered. The full description
of the biogeochemical module of the coupled eco-hydrodynamical model is given in [3, 11]. The phytoplankton
growth rate is calculated with taking into account the effect of water temperature [ 12], the presence of available
nutrients and photosynthetically active radiation. Note that the calculation of photosynthetically active radiation
is carried out with taking into account the attenuation of light by water and by phytoplankton self-shading,
temperature and nutrient factors, a technique now widely used in the parameterization of the process in the
global biogeochemical models [13].

Verification of the model with making use of the satellite measurements of sea surface temperature made by
imaging moderate-resolution imaging spectroradiometer MODIS Terra [14] and the area of ice cover measured
by the passive microwave sensing [15] showed that the model estimates are close to those observed [8].
Comparison of the calculation results of the Barents Sea ecosystem characteristics (phytoplankton, zooplankton,
detritus and nitrate concentration) made by two different models (11-component model of the marine ecosystem
[8] and the one used in the current study 7-component ecosystem model including the carbon cycle) showed
that the both models with a specific set of model parameters give similar results for these characteristics of the
ecosystem. In [8] the 11-component ecosystem model verification against observational data was carried out
for six different areas of the Barents Sea and showed good quality of simulation of the primary production and
surface chlorophyll-a concentration. That results were compared and were found to be close with the results
obtained by the currently used 7-component ecosystem model for these two characteristics, the main difference
being the sharper peaks corresponding to the period of the spring bloom (7-component model reproduced
them better) and a bit higher values of surface chlorophyll-a concentrations. This conclusion justifies the use
of the 7-component model, more effective from a computational point of view, as biogeochemical block of
the coupled Barents Sea eco-hydrodynamical model aimed to study the functioning of the biogeochemical
processes in this region.

Results and Discussion. Preliminary test calculations revealed that the ecosystem model is most sensitive
to the following parameters: the slope of the P-I curve (dependence between photosynthesis of phytoplankton
and light intensity), the basic maximum phytoplankton growth rate, and zooplankton grazing rate.

Calculations carried out for the period from 1996 to 2007 showed that the model correctly reproduces the
spatial distribution of phytoplankton and other ecosystem characteristics. Ecosystem model calibration was
performed using the satellite data of chlorophyll-a concentration in the surface water layer [16]. During that
calibration the optimal values of the parameters to which the model is most sensitive were determined. Fig. 2
(see an insert) shows a comparison of the fields of the surface chlorophyll-a concentration obtained by the
model (fig. 2, a) and by the satellite measurements (fig. 2, b).

As it can be seen from fig. 2, the model is capable to reproduce the main features of the chlorophyll-a
spatial distribution in the Barents Sea during the intensive phytoplankton bloom. High values of calculated
chlorophyll-a concentration are in the western and central parts of the Barents Sea with the values of
5—10 mg/m? and in some areas up to 20 mg/m?. The southern coast of the Barents Sea and the White Sea
can also be distinguished as regions with high chlorophyll-a concentration (3—7 mg/m?). Results also show
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overestimated concentrations off the northern coast of the Kola peninsula. It should be added that the model
correctly reproduces the start of the period of the phytoplankton bloom in the Barents Sea at the end of April—
beginning of May, with the bloom peak in 2005 being in the second half of May. Similar conclusions follow
from the analysis of satellite measurements [16]. The quantitative relationship between phytoplankton and
zooplankton in the investigated region is demonstrated in fig. 3 which shows the time series of their calculated
total biomasses expressed in nitrogen units.

Besides the chlorophyll-a spatial distribution, fig. 2, a also shows the calculated sea ice concentration
isolines. The connection between these two characteristics is of particular interest in the Barents Sea because
the areas of the ice edge, according to the observations, have high biological productivity due to the presence
of sufficient amounts of nutrients after winter period, increasing income of photosynthetically active radiation
and high vertical density stability due to freshening of the upper layer [17, 18]. The position of the ice edge
separates the areas with high concentrations of chlorophyll-a from the areas where the phytoplankton bloom has
not yet started or is weakly expressed. An area off the south-east coast of Svalbard is characterized, according
to fig. 2, a, by the high concentration of chlorophyll-a, and at the same time this area corresponds pretty well
to the clearly visible ice edge in this region where the ice compactness isolines are very close to each other.
It is known that the phytoplankton blooms in the Barents Sea in spring may occur among and under the sea
ice, before its melting or withdrawal. According to the estimates given in [19] the amount of such primary
production in the northern part of the Barents Sea can reach 16 to 22 %.

The current work is aimed to the study of the carbon dioxide exchange between the atmosphere and the
ocean and the role of biological factors in this process. Fig. 4 (see an insert) shows the modeled magnitude of the
CO, flux between the ocean and the atmosphere in the case of the absence of any biological factors' influence, as
well as the contours of ice concentration and sea surface temperature distribution on May 20, 2007.

Fig. 4, a shows that the maximum CO, flux (positive from the atmosphere into the ocean) is in the areas
of the ice edge. This is due to the relatively low water temperature in these areas (fig. 4, ) and reduced sea
surface salinity due to the fresh water produced during the ice melting. It enhances the solubility of the carbon
dioxide in the water. In addition, the overall increase of the free water surface area also contributes to the free
gas exchange. All these features are taken into account in the biogeochemical model. The obvious minimum of
the CO, flux is seen in the vast western and south-western areas of the Barents Sea due to the inflow of more
warm and salty Atlantic water in which the gas solubility is lower.

The influence of biological factors upon the CO, exchange manifests in the fact that during its growth the
phytoplankton assimilates some part of the dissolved carbon dioxide. During this process the partial pressure
of CO, in the upper ocean layer is reduced, which increases the CO, flux from the atmosphere into the ocean.
Fig. 5, a (see an insert) shows a similar to the previous situation for the same instant (May 20, 2007) but with
«switched on» biological sink of CO, in the ocean in the form of carbon assimilation by phytoplankton, all the
other parameters of the model being the same.

It is easy to note the obvious correspondence between the zones with maximal CO, flux (fig. 5, @) and
the zones with high primary production (fig. 5, b). An exception is the White Sea where, despite the increased
primary production, the carbon dioxide solubility is lowered due to the relatively high water temperature
(fig. 4, b). In addition, it should be emphasized that the employed ecosystem model was not tuned for the White
Sea area, thus the calculation results of biogeochemical variables for this sea cannot be considered reliable.
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Fig. 3. Total calculated biomass of phytoplankton (solid line) and zooplankton (dotted line) in the model domain in 2006—2007.
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Of course, all of the above discussion about the influence of the ice edge upon the intensity of gas exchange
by means of physical factors only remains valid and the second distinct CO, flux maximum in the central part
of the Barents Sea at the ice edge in fig. 5, a (also seen in fig. 4, a) can be explained by them. At the same time
the areas characterized by the intense growth of phytoplankton, which often correspond to the ice marginal
zone in the Barents Sea, further enhance the assimilation of atmospheric CO,. Based on these results, it can
be concluded that the spatial variability of the carbon dioxide flux between the ocean and the atmosphere is
determined by the spatial variability of the primary production to a much greater extent than by the variations
in the sea surface temperature.

The role of marine ecosystem in the absorption of atmospheric CO, can be seen from fig. 6, which shows
the time series of the computed CO, flux from the atmosphere into the ocean in 2006—2007 averaged over the
entire area of the model. Taking into account the marine pelagic ecosystem leads to the sharp increase in the
absorption of CO, by the ocean during the phytoplankton growth in May-June (2—S5 times more). In addition,
taking into account the marine ecosystem also leads to a shift of about one and a half months forward of the
start of the period when the ocean begins to release CO, back to the atmosphere. Note that almost during the
entire year (except for one or two months in the second half of the summer) the ocean absorbs CO, from the
atmosphere. This result is consistent with the currently available information on carbon fluxes between the
ocean and the atmosphere in this area [20, 21].

Conclusions. The results of the present study can be summarized as follows.

1) A 7-component marine pelagic ecosystem model has been coupled with a three-dimensional circulation
and sea-ice model of the Barents Sea. 2) A sensitivity study for the ecosystem model has been carried out.
3) Calibration of the ecosystem model was made through the comparison of the computed and measured
(satellite data) chlorophyll-a surface concentration. It has been shown that the model correctly simulates the
general pattern of the chlorophyll-a spatial distribution in the Barents Sea during the intensive spring bloom.
4) The correspondence between the zones of the intensive growth of phytoplankton during the bloom period
and the position of the Polar Front has been demonstrated. 5) The estimation of the ocean-atmosphere CO,
exchange intensity in the presence and absence of the biological CO, pump has been carried out. 6) For the
case without taking into account the oceanic biological uptake of atmospheric carbon dioxide it was found
that the maximum values of CO, flux can be observed in the areas of the ice edge. 7) Taking into account the
oceanic biological uptake of atmospheric CO, leads to the spatial correspondence of the zones of maximal CO,
flux from the atmosphere and the zones of high primary production in the ocean surface layer. 8) The results of
the present study show that the spatial variability of the carbon dioxide flux from the atmosphere to the ocean is
determined by the spatial variability of the primary production to a much greater extent than by the variations
in the sea surface temperature.

Further development of the presented biogeochemical model will be focused on the inclusion of at least
another one type of phytoplankton, the addition of silicon and phosphorus as limiting nutrients, and the addition
of the benthic layer model. In this case, we can expect to receive the results showing the seasonal dynamics in
the change of phytoplankton species, as well as obtaining the correct estimates of the primary production in
the shallow White Sea where the benthic layer impact to the total nutrient pool can be significant. More of it,
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Fig. 6. Modeled CO, flux from the atmosphere to the ocean in 2006—2007 averaged over the model domain. The model
runs were carried out without (solid line) and with (dotted line) taking into account the marine ecosystem impact.
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the currently used POM circulation model will be replaced by a modern MITgem [17] designed for the parallel
calculations that will greatly reduce the total time of the model integration, thus enabling to increase the spatial
resolution and to include other areas in the model domain.
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a — Calculated by the model; » — Satellite data (SeaWiFS). Sea ice concentration isolines are also shown

(concentration: 0.1 — dotted line, 0.5 — dashed line, 0.8 — solid line).
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Fig. 4. CO, flux between the ocean and the atmosphere in the case of the absence of any biological
factors' influence; sea ice concentration isolines are shown (concentration: 0.1 — dotted line, 0.5 —
dashed line, 0.8 — solid line) (a); sea surface temperature. Model results on May 20, 2007 (b).
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Fig. 5. CO, flux between the ocean and the atmosphere in the case of taking into account the biological factors'
influence; sea ice concentration isolines are shown (concentration: 0.1 — dotted line, 0.5 — dashed line,
0.8 — solid line) (a); Ocean upper layer primary production. Model results on May 20, 2007 (b).
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