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N3YYEHHUE CBS3U NEPBUYHOM NPOJIYKIIMA 1 MOPCKOTI'O JIbJIA
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Pabora HanpaBiieHa Ha JampHEHITYIO pa3pabO0TKy pernoHaIbHONH COBMECTHOH SKO-TEPMOTHAPOTMTHAMUIECKOM MOICTTH
ApKTHYECKUX MOPEH C LENbI0 MCIIOIb30BAHUS €€ JUTS JIyUIIero NOHMMAaHHS POLECCOB B3aUMOACHCTBHUS TMHAMHYECKIX
1 HKOCHCTEMHBIX ITPOIIECCOB B OKEAHE MPU U3MEHSIOIIEMCS KIIMMare B ApKTHKe. B kauecTBe TepMOTnaApOIMHAMHYECKOTO
6moka ncrnone3yercs MITgem, B kKauecTBe 3KOCHCTEMHOTO — OPHTHHAIBHAS 7-KOMIIOHEHTHASI MOJIEbh OKEAHCKOH Omo-
TEOXMMHUH TeJIaTnallv, BKIIOUAIONEeH B cedsl yrieponHblil nuki. [IpuBoasTcst pe3ynsraTbl MOJETBHOTO KIMMAaTHIECKOTO
pacueta Ha 40-neTHUI IepHOA T perrnoHa apkrudeckoro menbda (Kapckoe, bapenneBo u bemoe mopst). [lomyuennsie
OLICHKH MPOCTPAHCTBEHHOTO PACTPEAEICHHUSI KOHIICHTPAIMK XJIOPO(IIIa-a B TOBEPXHOCTHOM CJIO€ TIO3BOJIMIIN SICHEE
TIOHATH BIMSHUE MOPCKOTO JIbJia HA TIEPBUYHYIO MTPOLYKIUIO B aPKTHUECKOM PETHOHE, B TOM UHCIIE B YCIOBHAX MEHSIO-
IIETOCsT KIIMMaTa, KOTOPBIM MPUBOANT K 3aMETHOMY COKPAICHHUIO IO JIeATHOTo okpoBa B CeBepHoM JlenoBuTom
oxeane. [TomydeHa cBA3b MEX/Ty IUIONIA/(bI0 MAPTHHAIBHOMN 30HBI JIb/A ¥ IEPBUYHON IPOIYKINEH: BpeMsl HACTYTIIICHUS
WX BECCHHE-JIETHETO IIFKA IIOJTHOCTHIO COBITAACT ITPH BEICOKOM KodddummenTe koppersuu (0.87), moka3pIBast BAXKHOCTh
JTAHHOH 30HBI B ()yHKIIMOHUPOBAHUN MOPCKOH 3KOCHCTEMbI. MEXronoBast H3MEHUYHBOCTD CPEAHUX 3a THAPOJIIOTHYECKUN
rof1 (C OKTSAOpsI O CEHTAOPh) MHTETPAIBHON NMEPBUYHON MPOIYKIUH U CYMMapHON IIJIOIIAAN JIbJa, KaK U OJKHJIAJIOCh,
JEMOHCTPHUPYET MPOTUBO(A3HOCTh, YTO MO3BOJSIET YTBEPXKAATh, YTO Majasi JIEOBUTOCTh B MPEIICCTBYIONIYIO 3UMY
SIBISIETCS] OCHOBHOM MPUYMHOM yBEIMUICHHUS IEPBUYHOMN MTPOAYKIUH B TEKYIIIEM TOY.

KaioueBble ciioBa: n3MeHEHHE KIMMaTa, MOACIMPOBAHNE MOPCKUX SKOCHUCTEM, TIEPBUYHAS MTPOIYKIIHSI, MOPCKOM Jie,
Bbapenneso mope, Kapckoe mope.
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The work is focused on the further development of a regional coupled eco-thermohydrodynamic model of the Arctic
seas with the aim of using it to better understand the interaction of dynamic and ecosystem processes in the ocean under
a changing climate in the Arctic. We used the MITgem as a thermohydrodynamic block and an original 7-component
ecosystem model which includes the carbon cycle as an ocean biogeochemistry block. The results of a model climatic run
for a 40-year modern period for the Arctic shelf region (Kara, Barents and White Seas) are presented. The estimates of the
spatial distribution of the chlorophyll-a concentration in the surface layer have clarified the effect of sea ice on primary
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production in the Arctic seas, including under conditions of a changing climate that leads to a significant reduction of
ice cover in the Arctic Ocean. The clear relationship between the area of the marginal ice zone and primary production
has been obtained: the moments of their spring-summer peaks coincide completely and they are highly correlated (0.87),
proving the importance of this zone in the functioning of the marine ecosystem. As expected, the interannual variability
of the integrated primary production and the total sea ice area (both averaged over the hydrological year — from October
to September) have demonstrated an antiphase oscillation which means that the reduced sea ice cover area in the previous
winter is one of the main reasons for the increase in primary production in the current year.

Key words: climate change, marine ecosystem modeling, primary production, sea ice, Barents Sea, Kara Sea.

1. Introduction. In recent decades the sharp reduction of the ice cover in the Arctic Ocean has led to the
extending area of water open for free penetration of photosynthetically active radiation (PAR) into the water
column. During the period 1998—2006 the average annual primary production in this area of the World Ocean
increased by 30 % [1]. Despite the increasing use of satellite measurement tools in the study of the functioning
of marine ecosystems and their large contribution in our knowledge, remote sensing alone is still not enough.
At present, only the usage of numerical mathematical models of marine biogeochemical cycles, properly
calibrated and verified against observational data, allows estimating the fraction of primary production that
occurs under the ice or below the surface layer.

According to the Research Fronts — reports revealing the most hot and top-cited research directions
in various fields of knowledge [2—4], climate change due to carbon dioxide exchange between the ocean
and the atmosphere in the last glaciation, effects of ocean acidification on marine ecosystems, application
of regional climate models for the prediction of surface temperature and precipitation and studies on the
model optimization, the impact of the reduction of ice cover in the Arctic on climate, the role of atmospheric
carbon in the climate system, and evaluation of the contribution of terrestrial carbon cycle in climate models
were recognized as ones of the most relevant and promising directions of scientific research in the field of
earth sciences. Therefore, many relevant and urgent tasks in the field of earth sciences today include the
development of detailed regional models, including ocean and sea models, which allow studying and assessing
the contribution of climate change to the changes in hydrological and biogeochemical processes.

Implementation of detailed coupled thermohydrodynamic and ecosystem models is associated with certain
difficulties. First, if the task is to describe the biogeochemical processes on a small scale in detail then the
problem of determining the key parameters of the marine ecosystem may arise. Such data are scarce or absent
at all, therefore in practice some generalized parameters obtained for other regions or during the calibration of
any other models (e.g. [5]) are often used. Secondly, the practical use of detailed coupled three-dimensional
models faces the problem of the lack of sufficient computing resources. As a result, a compromise between the
detailed description of processes and the necessary model simplification has to be found.

Today there exist several models adapted to reproduce biogeochemical cycles in the Arctic Ocean or its
marginal seas. For example, a coupled model of circulation and biogeochemistry with coarse resolution was
used in [6] to study the carbon dioxide fluxes in the Arctic Ocean, with the MEDUSA (Model of Ecosystem
Dynamics, nutrient Utilization, Sequestration and Acidification) [7, 8] model being used as a biogeochemical
module. MEDUSA implements the phytoplankton separation into different size-groups and describes the
cycles of nitrogen, silicon and iron. In works [9, 10] this coupled modeling system was used to study the
functioning of the marine ecosystem and its various elements in the Arctic and showed good results consistent
with observational data. An example of another model, used in [11] to assess the effect of ice cover reduction
in the Arctic Ocean on primary production, is a joint model of circulation — sea ice — marine ecosystem of the
Arctic Ocean, the biogeochemical component of which is the NEMURO model [12]. Calculations were carried
out for the period 1988—2007 and showed a significant effect of decreasing the area of the ice cover on the
marine planktonic ecosystem. In [13], the influence of Arctic ice cover reduction on the marine ecosystem was
also studied, and an NPZD-pelagic model with several types of phytoplankton and nutrients based on [14, 15]
was used. It is worth to mention the model of the Kara Sea ecosystem developed at the Shirshov Institute of
Oceanology [16]. Also the study [17] considered the process of the local erosion of thermocline in the Barents
Sea due to the passage of a cyclone over the sea which may cause an increase in productivity in this region
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due to the upwelling of deep waters rich in nutrients. A fairly detailed description of some models of marine
ecosystems currently available for the White Sea is given in the book [18]. We also would like to mention
the recently developed model for the White Sea — Green JASMINE [19], the ecosystem block being the
Italian model BFM [20, 21].

The present study, carried out within the framework of the EXOSYSTEM international project (“The
impact of EXtreme events of future climates on the marine ecOSYSTEM in the Baltic and Barents Sea”
of the ERA.Net RUS Plus Program), is focused on the further development of the regional coupled eco-
thermohydrodynamic model of the Arctic seas with the aim to better understand the interaction of dynamic
and ecosystem processes in the ocean under the changing climate in the Arctic. It presents the results of the
model climatic calculation for a 40-year period (1966—2005) for the Arctic shelf region (Kara, Barents and
White Seas) with external forcing (atmospheric forcing, conditions at open sea boundaries) obtained from the
calculations of the modern climate (1920—2005) performed with the regional ocean model ROM in accordance
with the scenario ARS IPCC [22].

2. Methods

2.1. Coupled model. Calculation of the current climate for the Barents, Kara and White Seas was carried
out using the Massachusetts Institute of Technology general circulation model (MITgem) [23]. MITgem is a
general three-dimensional model of ocean circulation based on the primitive equations of hydrodynamics of an
incompressible fluid in the Boussinesq approximation. The numerical algorithm is based on the finite volume
method which ensures the exact conservation of mass and also accelerates the integration time of the model
in comparison with models of similar spatial resolution based on finite element method [24]. The MITgcm
sea ice model is based on the viscous-plastic dynamic-thermodynamic sea ice model described in [25—27]
and modified in [28]. Despite the ability of the MITgem to perform calculations for the non-hydrostatic
formulation, only the hydrostatic mode of the model was used in the present study. This was dictated by a still
relatively coarse horizontal resolution (in comparison with the vertical one). In addition, solving a complete
non-hydrostatic problem for climatic model runs would require a much longer computational time.

The thermohydrodynamic model (MITgcm) was coupled with the three-dimensional 7-component model
of the ocean pelagic biogeochemistry including the carbon cycle developed and tested earlier for the Barents
Sea [29]. This biogeochemical model is a classical NPZD-based model of the lower trophic level of oceanic
pelagic ecosystem (nitrates, phytoplankton, zooplankton, detritus) supplemented by a block of three state
variables (total inorganic carbon, inorganic detritus — calcite, and alkalinity) describing the cycle of carbon
in the ocean.

The described coupled eco-thermohydrodynamic model was adapted for the part of the Arctic Ocean
including the White Sea, the Barents Sea and the Kara Sea. The computational grid is curvilinear quasi-
orthogonal mesh with the North Pole transferred to the western hemisphere to achieve a more uniform spatial
discretization. The grid consists of 544x518 cells in the horizontal plane and has 51 z-levels in the vertical
direction (Fig. 1, see an insert). The model grid was constructed in such a way that the horizontal discretization
throughout the model domain was approximately the same and equal to two nautical miles. This technique
should increase the reliability of the obtained results due to the absence of computational errors associated
with the heterogeneity of the computational grid in horizontal plane. In vertical direction the discreteness in
the upper layers is 2—35 m, in the lower layers — up to 50 m. The time step for the main climatic runs was set
equal to 120 seconds, the period of computations was 40 years (1966—2005).

Initial conditions, conditions at the open borders and atmospheric forcing were specified from the results
of the model ROM [22]. This procedure ensured the consistency of these fields among each other. The river
runoff was specified based on the climatic data. The inflow of organic and inorganic substances with river
runoff was not taken into account due to the absence of data.

Calculations carried out on the Mistral computing cluster (Germany) have shown that the coupling of
MITgcem and seven-component ecosystem model has not led to significant increase of the model integration
time due to the parallel architecture of MITgcm and the significant computational resources of Mistral.

2.2. Model validation. Comparison of the observed and calculated sea ice thickness in February (averaged
over the period 1990—2005) has shown that MITgem, in general, correctly reproduces the spatial distribution
and seasonal changes of sea ice in the model area (Fig. 2, see an insert). At the same time, as compared with the
PIOMAS archive [30, 31], the model underestimates the ice thickness near the shores of islands, i.e. in the areas
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where there is fast ice. For the model basin as a whole, the average annual computed thickness and area of the sea
ice for the period 1990—2005 were less than those from the PIOMAS archive by 3.9 % and 1 %, respectively.

Calibration and validation of the ecosystem model used for the Barents Sea region was carried out earlier
on the basis of a comparison with satellite data [29] and showed a good agreement between the calculated
chlorophyll-a surface concentration and remote sensing data. In the current paper an additional calibration
and validation of the same ecosystem model has been performed based on a comparison of the calculated
chlorophyll-a concentration (Chla) and phytoplankton primary production (PP) with field measurements at
several points whose position is shown in Fig. 1. These data were taken from the open database on primary
production in the Arctic for the period 1954—2006 [32].

Fig. 3 shows the vertical profiles of calculated chlorophyll-a concentration and primary production
which start at the depth of 2.5 m since the scalar fields are calculated at the center of the model cells and
the thickness of the upper layer in the model is 5 m. Using the classic Redfield ratio (C:N:P = 106:16:1), the
modeled concentrations of phytoplankton expressed in [mmol N/m?®] were recalculated into the concentration
of phytoplankton organic carbon [mmol C/m?] and then — into the chlorophyll-a concentration [mg/m?], the
constant chlorophyll-to-carbon ratio in phytoplankton being equal to 0.02.

As can be seen from Fig. 3, the model values of chlorophyll-a concentration and primary production are
in a good agreement with the observational data at the sea surface in the vicinity of Svalbard. At the same time,
the modeled subsurface maximum of the chlorophyll-a concentration is 14 m below the observed one. As for
the remaining observation locations, the agreement between the modeled and observed vertical profiles is
worse, but it would not be true to say that the model strongly distorts reality, given the complex nature of the
simulated phenomenon in which not only physical but also biochemical processes play an important role. The
orders of magnitude of the compared quantities in most cases are the same, and that is very important in the
analysis of the integrated primary production (see below).

As a quantitative assessment of the agreement between the model results and observations the non-
dimensional cost function was used. The cost function is a useful tool to compare data from two different sources
and is recommended as a standard method for model validation [33]. The cost function is calculated as:

c:‘u
S

where M — the mean value of the model results, D — the mean value of the in situ data, S — the standard
deviation of the in situ data. According to paper [33], the following criteria of the goodness of fit between the
model and observations were adopted: 0 < C <1 — very good, 1 < C <2 — good, 2 < C <3 — reasonable,
C >3 — poor. Based on the modeled and observation data, the values of the cost function have been calculated
for five locations used for the model verification (table).

Despite the fact that the quality assessment based on the cost function is rather rough, it still can be used to
evaluate the integral characteristics. As follows from the presented table, the model results adequately estimate
the corresponding state of the measured values.

We emphasize a certain limitations ofthe model validation based on field measurements, which are associated
with: a) high spatial and temporal variability of the chlorophyll-a concentration and primary production; b) a
low vertical resolution of the observed profiles of these characteristics (only 3—5 measurements); ¢) errors due
to the fixation of the Chla:C ratio in phytoplankton.

B

Cost function for modeled and observed primary production (PP) and chlorophyll-a concentration (Chla).
Dash stands for the absence of observations

DOyHKIMA Ka4ecTBAa /51 MOAEJbHbIX H U3MEPEHHBbIX JAHHBIX M0 NepBUYHON npoaykuuu (PP)
U KOHIeHTpanuu xJjopoduiia-a (Chla)

Sval 2 Bar 5 Pech 8§ Kara 1 KaraE 1
PP 0.36 - - 0.16 0.59
Chla 0.63 0.85 0.65 1.23 1.05

[Ipouepk o3HAYaeT OTCYTCTBUE JAHHBIX HAOIIONCHIHA
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Fig. 3. Vertical profiles of chlorophyll-a concentration Chla [mg/m3] and primary production PP [mg C/m?/day]

for different locations and dates: @ — Sval 2, PP, 05.07.2001; b —Sval_2, Chla, 05.07.2001; ¢ —Bar_5, Chla,
16.06.1993; d — Pech_8, Chla, 15.07.1993; ¢ —Kara 1, PP, 02.09.1993; f—Kara 1, Chla, 02.09.1993; g —
KaraE 1, PP, 24.09.1993; h —KaraE 1, Chla, 24.09.1993. Solid line — model, dashed line — observations.

Puc. 3. Beprukanphbie npoduim koHueHTpaun xiopodumia-a Chla [Mr/m3] u nepBUYHON MPOIYKIUH
PP [mr C/m*/nenb] juts pasnudubix Touek u aat: @ — Sval 2, PP, 05.07.2001; 6 — Sval 2, Chla, 05.07.2001;
6 — Bar 5, Chla, 16.06.1993; 2— Pech_8, Chla, 15.07.1993; 0 — Kara 1, PP, 02.09.1993; ¢ — Kara_1, Chla,
02.09.1993; orc — KaraE 1, PP, 24.09.1993; 3 —KaraE 1, Chla, 24.09.1993.

CrutonrHas JUHUS — MOJCIIb, TYHKTUPpHAA — Ha6J'IIO)ICHI/IH.

3. Results

Distribution of chlorophyli-a surface concentration. An analysis of the intra-annual variability of the
calculated chlorophyll-a surface concentration and the position of the marginal ice zone has been made, with the
year 2003 taken as an example (Fig. 4, see an insert). As follows from the results, in 2003 the beginning of the
intensive phytoplankton bloom in the Barents Sea occurred at the beginning of May (Fig. 4, ). At this time a
zone of increased chlorophyll-a concentration (1.5—2.5 mg/m?) was clearly distinguishable and bordering with
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the position of pack ice edge represented by the isoline of ice compactness Ci=0.8. It should be noted that the
bloom occurred in so-called marginal ice zone (0.15<Ci<0.8), the chlorophyll-a concentrations under the ice in
the presented results being equal about 0.5—1.0 mg/m® and sometimes even higher. This is an important feature
of the marine ecosystem functioning in the Arctic region [34—36]. According to [36], a spring phytoplankton
bloom begins when the short-wave solar radiation (SWR) at the sea surface reaches the values of about
100 W/m?, and PAR is about 40 W/m?. This level of SWR, required for the onset of the bloom, is determined
both by the thickness of snow on the ice surface and by the ice compactness Ci and is achieved with complete
disappearance of snow and when Ci~0.5. These conditions for the spring phytoplankton bloom are typical for
the entire Barents Sea: the start of bloom is always due to the reaching of the required level of SWR (not less
than 100 W/m?) in open water or in the marginal ice zone in the absence of snow on its surface [36].

According to the results obtained, the peak of the phytoplankton bloom in the Barents Sea occurred
at the end of May — the beginning of June (Fig. 4, b and ¢), with chlorophyll-a concentrations reaching
13—15 mg/m? in the central regions of the sea. The retreat of the ice cover to the northeast led to the splash
of phytoplankton growth along the northwestern coast of the Novaya Zemlya archipelago where the same
pattern was observed: the maximum concentrations were observed along the retreating ice edge. After that,
the maxima of chlorophyll-a surface concentrations in the Barents Sea shifted northward while in the central
regions of the Barents Sea the concentrations became relatively small (0.5—2.0 mg/m?).

The start of the intense phytoplankton bloom in the Kara Sea in 2003 (Fig. 4, d and e) occurred on June
20—25 when the sea gradually began to be released from the ice. Let us note one more interesting detail of the
obtained results: at the beginning of the bloom period in the Kara Sea the maximum surface concentrations of
chlorophyll-a (6—7 mg/m?) were observed almost under the ice cover (Fig. 4, d), in the area between Novaya
Zemlya archipelago and the Yamal Peninsula. Later these increased concentrations were already observed in
the regions less covered with ice (Fig. 4, e).

Mid-late July (Fig. 4, f) and also August and September 2003 were characterized by significantly lower
surface chlorophyll-a concentrations, with an average surface concentration of about 0—2 mg/m* and without
pronounced local maxima.

The results obtained for the spatial distribution of the surface concentration of chlorophyll-a, in general,
were in agreement with the satellite measurements presented in the open access at the website https://oceancolor.
gsfc.nasa.gov for the above-mentioned period.

5.0 1.8

Sice =-5956.1¢ + 1-107 PP=57912¢- 8107 ]
x107 R*=0.19 R*=0.03 x10
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Fig. 5. Interannual variability of the integrated over the entire domain primary production (solid line, [mmol N/s],
left scale) and the total area of sea ice (dashed line, [km?], right scale), both time-averaged over the
hydrological year (from October to September). Year order: 1967 means October 1966—September 1967.

Puc. 5. MexromoBast "3MEHUYNBOCT CPETHUX 33 TUAPOJIOTHUECKUH TO71 (C OKTIOPS MO CEHTAOPH) HHTETPaTbHON
TIEPBUYHON MPOAYKITUH (CTUTONIHAS JTHHUSA, [MMOJIb N/C], TeBas mKajga) 1 CyMMapHOW TUTOIAAH JIbJa (TyHKTUPHAS
nHYS, [KM2], ipaBast ikana) B MojieNibHOM obmacti. Hymepartust siet: 1967 1. o3HadaeT okTs6ps 1966—ceHTs16ps 1967.

113



Mapmowsanos C. /. u np.

Relationship between primary production and sea ice area. A more general view of the nature of
fluctuations in primary production in the study area can achieved by the analysis of the behavior of integrated
over the entire domain primary production which, alongside with the total area of sea ice, is shown in Fig. 5.
Both two characteristics have been time-averaged over the hydrological year (from October to September).
As can be seen, during the period under study (1966—2005) the trend is negative for the total sea ice area
(trend is significant, p-level = 0.006), i.e. the total area of sea ice in the Barents, Kara and White Seas has been
decreasing during the second part of the 20th century due to the observed climate warming in this period. The
trend is insignificant (p-level = 0.30) for primary production.

It is well-known that the trend's estimate strongly depends on the length of the time series. If we consider
the period of 1966—1992 then it is obvious that both characteristics changed in antiphase and their trends were
significantand opposite, so that with arapid decrease in the seaice total area the phytoplankton primary production
increased significantly. However, since 1993, despite the persisting opposition of the two characteristics, their
trend magnitude had been decreasing, which led to its disappearance for primary production. In 1999—2000
there occurred a 'failure' of this relationship and primary production began to decline along with the continuing
declining of the total sea ice area. Perhaps other limiting factors began to prevail, e.g. reduced PAR due to the
possible increase of cloudiness in the Arctic Ocean. This hypothesis has yet to be verified.

Correlation coefficient between annual values of integral primary production and the total sea ice area
(both averaged over the hydrological year) for the period 1966—2005 is —0.80. The same coefficient but
calculated between primary production and the sea ice area with ice compactness Ci>0.15 is equal to —0.80 as
well, and between primary production and the pack ice area (Ci>0.8) is equal to —0.82. Since the averaging for
a hydrological year mainly characterizes the ice area in winter and primary production in spring when these
characteristics are maximal, then the small ice cover area in the previous winter can be considered as one of
the main reasons for the increase in primary production in the current year. We would like to note that in the
paper [35] where the relationship between the average annual primary production and the total sea ice area for
the whole Arctic Ocean was estimated for 1998—2007, the correlation coefficient was -0.89. However, in the
present work for the same period of 1998—2007 for the region under consideration (the White, Barents and
Kara Seas) such correlation did not hold (see Fig. 5).

In addition, the analysis of the fluctuations in the area of pack ice (ice compactness Ci>0.8) and the
summed area of pack ice and marginal ice zone (Ci>0.15) has shown that the area of pack ice decreased slower.
In other words, less compact ice melted faster. This is naturally explained by the increase of the contact surface
area between water and ice in the process of ice compactness reduction.

As was shown above, during the algae bloom a significant part of primary production was located in the
marginal ice zone with sea ice compactness 0.15<Ci<0.8. Fig. 6 shows the intra-annual primary production
(PP) integrated over the whole model domain, marginal ice zone area (Smiz), and the total sea ice area (Sice)
in certain years of the period under study. The annual curve of Smiz is characterized by two maxima during
a year — a large in spring and a small in autumn. The spring maximum is formed during the melting and
destruction of the ice cover. This process is accompanied by the detachment of individual ice floes from the pack
ice with their subsequent drift in ice-free areas. As a result, the Smiz area first increases, reaching a maximum
in late June — early July, and then decreases to a minimum in August-September as the one-year ice melts. A
small autumn maximum of Smiz is associated with a rapid increase of the area of thin ice at the beginning of
its formation in late autumn. During this process the area of pack ice remains practically unchanged while the
subsequent reduction in the area of thin ice occurs as the thickness and compactness of ice increase. Figs. 6, a
and ¢ show that during any year the peak of primary production integrated over the entire domain occurs almost
synchronously with the maximum of the marginal ice zone area (Smiz). During the vegetation period, which
coincides with the period of the light day in the Arctic (from March to October), the synchronous correlation
coefficient between the Smiz and the integral primary production is equal to 0.87. At the same time, figs. 6, b and
d show that the total sea ice area behaves absolutely differently: a sharp decrease in the total ice area is observed
in spring and leads to the intensive growth of primary production. But in this case the correlation coefficient
between the daily values of the total sea ice area and the integral primary production is only —0.36.

4. Discussion and Conclusions. The estimates of the spatial distribution of the chlorophyll-a concentration
in the surface layer have clarified the effect of sea ice on primary production in the Arctic seas, including
under conditions of a changing climate that leads to a significant reduction of ice cover in the Arctic Ocean.
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Fig. 6. Intra-annual variability of the integrated over the entire domain primary production PP (solid line, [mmol N/s],
left scale), marginal ice zone area (Smiz) and the total area of sea ice (Sice) (both are shown by dotted line, [km?],
right scale) in the beginning and in the end of the study period. @ — PP and Smiz, 1970—1972;

b — PP and Sice, 1970—1972; ¢ — PP and Smiz, 2002—2004; d —PP and Sice, 2002—2004.

Puc. 6. BHyTpHuronoBoii Xo1 HHTErpaibHON 110 MOAEIBHON 001acTH IepBUYHOM npoaykimu PP (crutonnas nunus,
[Mmous N/c], neBast mkasa), Iona g MapruHaIbHOM 30HBI JibAa (Smiz) u obmel mwiomanu Jipaa (Sice)
(0b0e 0003HauCHBI yHKTUPHOM JMHKEH, [KM?], TpaBasi [IKaja) B HaYaje i B KOHIIE pACCMATPUBAEMOTO MEPUOLIA.
a — PP u Smiz, 1970—1972; 6 — PP u Sice, 1970—1972; 6 — PP u Smiz, 2002—2004; 2 — PP u Sice, 2002—2004.

The clear relationship between the area of the marginal ice zone and primary production has been obtained: the
moments of their spring-summer peaks coincide completely and they are highly correlated (0.87), proving the
importance of this zone in the functioning of the marine ecosystem. As expected, the interannual variability
of the integrated primary production and the total sea ice area (both averaged over the hydrological year — from
October to September) have demonstrated an antiphase oscillation which means that the reduced sea ice cover
area in previous winter is one of the main reasons for the increase in primary production in a current year.

The drawbacks of the obtained solution are primarily due to the simplicity of the biogeochemical model
being used. It is well-known that in the Arctic regions diatoms constitute a significant part of phytoplankton
biomass. Diatoms are limited not only by PAR and inorganic nitrogen but also by inorganic silicon. Also in
reality there is a change in the prevailing species of phytoplankton during the vegetation period. These aspects
of the functioning of the marine ecosystem lower trophic level are not described by the current biogeochemical
model, in which there is only a 'generalized' phytoplankton limited only by the concentration of nitrates and
shortwave radiation. In addition, the adoption of a constant chlorophyll-to-carbon ratio in phytoplankton is a
rather crude assumption. We should also note that for the correct description of the remineralization process
in such shelf regions as the Barents and Kara Seas it is desirable to use some benthic model that is currently
absent in the model ecosystem block.

The results of section 2.1 were obtained in the framework of the state assignment of FASO Russia (theme No. 0149-
2018-0014). The results of section 2.2 were obtained within the Program of Fundamental Research of the RAS Presidium
149 (theme of the state assignment No. 0149-2018-0027). The results of section 3 were obtained within the grant of
the Russian Foundation for Basic Research (RFBR) (project No. 16-55-76021). The work was supported by the ERA-
Net project EXOSYSTEM (grant agreement 01DJ16016) funded by the Federal Ministry for Education and Research
(Germany). The simulations were performed at the German Climate Computing Center (DKRZ).
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Fig. 1. Model domain and bathymetry. Points mark the locations of five observation stations:
(Sval_2:78.358 N, 27.265 E, 2001), (Bar_5: 71.82 N, 39.97 E, 1993), (Pech_8: 70.08 N, 51.87 E, 1993),
(Kara_1: 74.50 N, 64.10 E, 1993), (KaraE _1: 76.00 N, 73.10 E, 1993).

Puc. 1. MopenpHast 005acTh 1 KapTa DTyOnH. ToukaMi OTMEUEHBI IISTh CTAHINK HaOITIOMCHUI:
(Sval 2: 78,358 N, 27,265 E, 2001), (Bar_5: 71.82 N, 39.97 E, 1993), (Pech_8: 70.08 N, 51.87 E, 1993),
(Kara 1: 74.50 N, 64.10 E, 1993), (KaraE 1: 76.00 N, 73.10 E, 1993).
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Fig. 2. Monthly-mean sea ice thickness in February averaged over the period 1990—2005.
a — PIOMAS data; b — Model results; ¢ — Difference (PIOMAS-Model).

Puc. 2. CpennemecsiuHast TOJIIIMHA Jibjia B (heBpasie, ocpeaHeHHast 3a nmepuoa 1990—2005 .
a — nannele apxuBa PIOMAS; 6 — pesynbrarsl Monend; ¢ — pazHocTtb (PIOMAS-Moneis).
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Fig. 4. Modeled chlorophyll-a surface concentration and the position of 0.8-isoline of the sea ice compactness (ice

edge): a — 01.05.2003; b — 31.05.2003; ¢ — 07.06.2003; d — 20.06.2003; e — 25.06.2003; f— 18.07.2003.

Puc. 4. Paccunrannast moBepXHOCTHAS! KOHIEHTPALHS XJI0poduiia-a 1 MOJ0KeHNE W30JMHUH CITIOYEHHOCTH Jibja 0.8
(xpomka mb1a): a — 01.05.2003; 6 — 31.05.2003; 6 — 07.06.2003; 2 — 20.06.2003; 0 — 25.06.2003; e — 18.07.2003.
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