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Abstract

Based on satellite data, E. huxleyi bloom contouring, quantification of particulate inorganic carbon (PIC) production and
increment of CO, partial pressure, (pCO,) in surface water were performed. 18-year (2003—2021) time series of these variables
are obtained for the Norwegian, Greenland and Barents seas. The bloom areas in the North Atlantic—Arctic water are the low-
est in the Greenland Sea varying from 10x103 km? to (20—40)x10° km2. In the Norwegian and Barents Seas they reach in some
years (60—80)x10% km?2 and (500—600)x10? km?, respectively. The total PIC content within E. huxleyi blooms rarely exceeds in
the Greenland and Norwegian seas 12—14 kilotons and 40 kilotons, respectively. In the Barents Sea, in some years, it can be up
to 550 kilotons. The highest level of pCO, within E. huxleyi blooms in surface waters in the Barents Sea was ~350 patm. In the
Norwegian Sea, pCO, in surface waters within the E. huxl/eyi bloom was also close to 350 uatm, but most often it remained about
250 patm. In the Greenland Sea there were only four years of relatively enhanced pCO, (up to 250 uatm), otherwise remaining
below the level of confident determination by our method. As E. huxleyi blooms are generally very extensive, occur throughout the
entire World Oceans (and hence in sum occur all year around), this phenomenon has a potential to both decrease to some degree
the role of the World Oceans as sinkers of atmospheric CO,, and affect the carbonate counter pump.

Keywords: Satellite remote sensing of E. huxleyi blooms, 18-year time series of bloom surface, production of inorganic carbon,
bloom-driven increase in CO, partial pressure, effect of preseeding, the Gulf Stream, influence on ocean-atmosphere CO, fluxes
and carbonate counter pump
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AHHOTaUUsA

Ha ocHOBe CIyTHUKOBBIX TaHHBIX TIPOBENCH aHANW3 LBeTeHus E. huxleyi: KomvuuecTBEHHas OlleHKa MPOMYKIIMU B3Be-
weHHoro Heopranmueckoro yriaepona (PIC) u yBennuenust napuunansHoro aasiaeHust CO,, (pCO,) B TOBEPXHOCTHBIX BOJAX.
BpemenHble psigpl 9THX IepeMeHHBIX ObUTH moTyueHbl it Hopsexkckoro, [pennanackoro u bapenuesa mopeii 3a 18-neTHuii
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nepuon (2003—2021 rr.). [Lromaau BeTeHUS B ceBEpOaTIaHTUYECKUX M apKTUYECKUX BOJAX HAaMMEHbIME B [peHIaHIcKoM
mope — ot 10x103 km? mo (20—40)x 103 km2. B HopBexckoM 1 BapeH1IeBoM MOpPSX OHM JOCTUTAIOT B HEKOTOPHIE rofsl (60—
80)x103 km? 1 (500—600)x10? kM2, cootBeTcTBeHHO. O61IEe conepxkanue PIC B userenun E. huxleyi penxo npespimaer 12—
14 xunotoHH u 40 kunotoHH B [penHnanackoMm 1 HopBexXckoM MopsiX, COOTBeTCTBeHHO. B bapeHiieBoM Mope B HEKOTOpBIe
ronbl OHO MoxeT gocturath 550 kunoronH. Haubonbinee 3nauenune pCO, Bo Bpems uBeteHust E. huxleyi B TOBEPXHOCTHBIX
Bonax bapenuesa mopst coctaBwio ~350 mxkatM. B Hopsexxckom Mope pCO, B TOBEPXHOCTHBIX BOJAX B TIPEAENAX LIBETCHUS
E. huxleyi Taxxe 0b110 6;113K0 K 350 MKaTM, HO 4aiiie ocTaBaaoch okojio 250 mkatM. B [peHnannckom Mope ObLIO TOIBKO Ye-
ThIpE ToJla OTHOCUTENBHO NoBbIIEHHOTO pCO, (10 250 MKaTM), B OCTaJIbHOE BPEMSI OH OCTABAJICSI HVKE YPOBHSI YBEPEHHOTO
ornpeneneHus HaluM MetonoM. [Tockonbky 1iBeteHust E. huxleyi 0ObIYHO OY€HBb OOLIMPHBI, IPOUCXOIAT 110 BceMy MupoBomy
oKeaHy (M, ClieoBaTeIbHO, B COBOKYITHOCTH TTPOUCXOMSIT KPYIJIBIN TOMT), 3TO SIBJIEHNE IMOTEHIIMAIBHO MOXET KaK CHU3UTH IO
HEKOTOpOIi cTerneHu poib MupoBoro okeaHa kak nortoturesns atmocdepraoro CO,, Tak U MOBIUSITE HA KAPOOHATHBII HACOC.

KiouyeBbie cioBa: CriyTHUKOBOE OMCTAHIIMOHHOE 30HAMpPOBaHUe LiBeTeHus1 E. huxleyi, 18-1eTHUIT BpeMEHHOM Psi IUTOIIAAN
LIBETEHU S, TPOMU3BOICTBO HEOPTAaHUYECKOTO YIIEpO/Ia, BhI3BAHHOE LIBETEHUEM yBeJIMYeHue napuuanbHoro nasaeHust CO,, ad-
dekT npeaBapuTeNbHOrO 3aceBa, [onbbcerpum, BiusHue Ha motoku CO, u3 okeaHa B aTMocdepy U KapOOHATHBII HACOC

1. Introduction

The anthropogenically-caused increase in the content of carbon dioxide, CO,, in the atmosphere predominantly
determines the observed global warming [1]. At the same time, the efficiency of the World Ocean, the main reser-
voir of atmospheric CO, sink, gradually deteriorates as the reaction of dissolution of CO, gradually moves towards
saturation. With the ongoing warming of the ocean surface, the dynamic equilibrium shifts between the dissociated
and suspended forms of calcite, CaCOj. This, in turn, causes an increase in the process of acidification of the surface
waters of the ocean [2, 3], which in turn triggers the process of transformation of the biotic system in the ocean along
the chain of biogeochemical reactions [4].

In the marine phytoplankton community, coccolithophores are the main calcifiers, i.¢. producers of suspended
CaCOs;. In this group of microalgae in pelagic waters, the most widespread and effective CaCO; producer is Emiliania
huxleyi [5].

Moreover, some of the CO, molecules released in the calcification reaction [6] are used by E. huxleyi cell for pho-
tosynthesis, thus decreasing the need of the cell in CO, dissolved in water and enhancing the partial pressure, pCO,,
in surface water within the bloom area. As a result, the atmospheric CO, flux into the blooming area should decrease.
Thus, the ability of E. huxleyi to produce particulate inorganic carbon (PIC), and enhance pCO, lends this microalga
a significant role as a climatological factor. For this reason, the study of occurrence of E. huxleyi blooms, their spatial
extent and intensity in the waters of the World Ocean is of importance.

As a rule, the spatial extent (S) of E. huxleyi blooms and their temporal variability [7] are generally very signifi-
cant, and this necessitates the use of remote sensing observations along with shipboard studies.

The start to remote observations of E. huxleyi blooms was prompted by the pioneering work of Holligan et al. [8].
Further on, satellite-based studies were continued and developed in a number of studies.

Based on the application of spaceborne ocean colour data, many of remote sensing observations of E. hux-
leyi were focused on identification of blooms of these algae in some limited locations of World Ocean [9—17].
Somewhat fewer publications were reported on quantifications of both bloom extent and the concentration of
PIC [17—19]. Some articles were focused on establishing the time series of quantified parameters characterizing
coccolithophore blooms [11, 14, 16, 17, 20—23]. The length of the published time series of data on coccolitho-
phore blooms varies significantly, and possibly the longest one (1997—2011) is that reported by [17] for the bloom
areas and cumulative/summated PIC values across the World Oceans. In a latter publication, [7] reported on a
16-year (1998—2013) series of bloom areal extent, .S, and PIC production by E. huxleyi, but solely in subpolar
and polar seas.

It was found that ocean colour remote sensing data could also be used to retrieve E. huxleyi-driven pCO, incre-
ment, ApCO, [24]. The impact of E. huxleyi bloom on CO, fluxes between the atmosphere and ocean was confirmed
in a series of spaceborne case studies performed by Morozov et al. [25] in some North Atlantic and Arctic seas.

In the present paper, based on the methodologies developed by Kondrik et al. [7, 24], we investigate the spa-
tio-temporal variations in S, ApCO, and PIC within the blooms of E. huxleyi in the Norwegian, Greenland and
Barents seas over the time period 2003—2021. This selection of seas is dictated by the previous findings (dating back
to 1998—2013) that the E. huxleyi blooms are most extensive and intense as compared to other areas in the North
Atlantic and Arctic [26]. That is why it was of interest to expand the time interval of observations, bringing it clos-
er to the present time in order to examine the contemporary features in the dynamics of the E. huxleyi blooming
phenomenon.
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2. Data sources
2.1. Ocean colour data

To investigate multi-year dynamics of ocean colour features of marine environments, harmonized bridging/
merging of multi-sensor spaceborne data at the desired spatial and temporal resolution are mandatory. The GlobC-
olour product [27] was employed in this study. In the early 2018, the processor has been modified to apply a lower
level of flagging, resulting in a better spatial and temporal coverage. According to the GlobColor User Guide, in 2020
all NASA sensors readings, including new error bars, were updated to R2018.0 in the entire archive. Data spatial and
temporal resolution is 4 by 4 km and 8 days, respectively.

The data used in this study were developed, validated, and distributed by ACRI-ST (European Marine Obser-
vation and Data Network), France. In our case, images in 6 channels (412, 443, 490, 531, 555, 670 nm) were em-
ployed. Although data on spectral remote sensing reflection, R,,()), also can also be found in other data sources (e. g.
OC—CCI (Ocean Color Climate Change Initiative), MEaSUREs (Making Earth Science Data Records to use in
research environments)), however, the consistency of the long time series provided by them suffers more from some
limitations due to problems with sensors [28].

Data resolution and projection. In our analyses, one month and 4 km by 4 km data resolution was used. Given the
latitudinal location of the seas addressed in this study, the EPSG:4326 projection (the WGS84 (World Geodetic System
1984) Coordinate Systems whose unique reference code, the so-called EPSG code which is 4326) was applied [29].

2.2. Sea surface temperature (SST) data

To obtain SST, we applied the NOAA satellite dataset [30] at a 4 km by 4 km spatial and twice-daily (night)
resolution from the Pathfinder v5.3 level 3 collated (L3C) product based on the Advance Very High Resolution Ra-
diometer (AVHRR) measurements over the 1981-present period [31,32].

2.3. Sea surface salinity (SSS) and nitrates, NOy data

SSS and nitrates data at 1° by 1° spatial and daily resolution for the time period 1955—2017 are from the World
Ocean Atlas 2018 (WOA18) [33].

The WOA18 in situ data (more than 15.7 million oceanographic casts made up of 3.56 billion individual profile
measurements), were collected in the World Ocean Database, interpolated over the 1° by 1° and averaged over time
period 1955-2017.

To harmonize the time resolution of the input data, the temporal resolution for SSS, SST, NO; were brought to
that of the GlobColour, that is 8 days.

3. Methodology
3.1 Radiometric parameter and bloom area quantification

Defined as the above water surface upwelling spectral radiance normalized to the atmospherically corrected spec-
tral irradiance, the spectral remote sensing reflection, R, (A), is one of the fundamentally important parameters
provided by a number of satellite products of different processing levels. Being a convolution of light interactions
with all co-occurring water constituents, R, (}) is instrumental in solving inverse problems of marine remote sensing
including the retrieval of the parameters which are the subject of the present study.

The statistical data analysis of the R, () spectral curvature associated with E. huxleyi blooms revealed that the R
maximum can locate at either 510 nm or 490 nm depending upon the phase of the bloom development: the first loca-
tion is inherent in the earlier stages of bloom formation and is due to a joint effect of backscattering of coccoliths and
pigment absorption, while the second location is indicative of a senile bloom that is populated mostly by coccoliths
and mainly died algal cells. These features permitted to accurately delineate E. huxleyi blooms but also draw con-
clusions on their life cycle stage. Additional thresholds for R, spectral values (sr—') [>0.001, >0.008, >0.01, > 0.005,
0.005—0.05, ~0 at respectively 412, 443, 490, 531, 555 and 670 nm] deduced from the aforementioned statistical data
analysis helped improve the efficiency of E. huxleyi contouring [7].

3.2. Cloud masking problem mitigation

To mitigate the problem of cloud-masking and associated loss of data, the following averaging procedure was
applied: R (A) values from pixels adjacent to the cloud-masked one were averaged together with the R.(A) values
from the cloud-masked pixel but taken from the immediately preceding and following 8-day periods. The efficiency
of this approach was evaluated in [7].
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3.3. Quantification of particulate inorganic matter PIM; the BOREALI algorithm

Quantification of the concentration of particulate inorganic matter in the form of coccoliths (PIM), was per-
formed with the BOREALI (Bio-optical Retrieval Algorithm) algorithm [26] which is a multivariate optimization
procedure permitting, in our case, to restore from R, (A) the concentration vector of co-occurring colour producing
agents, CPAs. As CPAs, we considered water per se, phytoplankton, coined here as Chl-a, PIM (in the case of E.
huxleyi blooms, PIM = coccoliths), and coloured dissolved organic matter, CDOM. Running of the BOREALLI al-
gorithm requires a hydro-optical model of the waters prone to remote sensing, i.e. spectral specific absorption and
backscattering coefficients of each CPA. The inverse problem solution is based on the iterative procedure of assessing
the function f(C) of squares of residuals of the difference between the observed/retrieved and simulated values of
R, Which is the subsurface remote sensing reflectance defined as the upwelling spectral radiance just beneath the
water—air interface normalized to the downwelling spectral irradiance at the same level [34]. Thus, R, and R, are
both the spectral remote sensing reflectance, but R, defined as the ratio of upwelling radiance just above the air-water
interface and the downwelling irradiance at the same level.

As there are parameterizations (equation of their liner dependence) relating R,,,, and R, [35], R, (1) can be ob-
tained from the GlobColour product we used.

Through varying the concentration vector C = [1, Chl-a, PIM, CDOM] (1 stands for water per se), and minimi-
zation at each wavelength of the function f{C), the absolute minimum can be found, e.g. with the Levenberg—Mar-
quardt finite difference algorithm [36]. The value of C obtained on attaining the absolute minimum of the function
A(C) is the solution of the inverse problem. Thus, this technique permits retrieving simultaneously all CPA compo-
nents of the concentration vector C. Simulated spectral values of R,,, were obtained via employing the parameteriza-
tion suggested by Jerome, et al. [34].

The hydro-optical model employed in this study is taken from Kondrik et al. [7]. This model was thorough-
ly validated and showed the following statistical characteristics: correlation coefficient, R = 0.88; linear regression
equation, f{x) = 0.6159x + 6.9197; determination coefficient, R2= 0.77; root mean square error, RMSE = 3.55 x 10°
coccoliths m—3; systematic error, BIAS = 25.30 %; mean absolute error, MAE = 32.30 %.

In addition to PIM (particulate inorganic matter, i.e. the coccoliths) quantification, the results of the BORE-
ALI algorithm application were also used to define more precisely E. huxleyi bloom areas via applying a threshold
of 90x10°coccolithsxm™3 The latter assures the closest correspondence between the bloom surfaces assessed by our
radiometric and BOREALLI algorithms. Besides, it agrees well with the average coccolith concentrations in developed
E. huxleyi blooms reported from the World Ocean [10, 37].

3.4. Determination of inorganic particulate carbon (PIC)

The total content of PIC was determined for each 8 day-time period through multiplication of the carbon
mass per coccolith, m, i.e. PIM, mixed layer depth, MLD, and the bloom area, §. The PIC assessment of over
the entire bloom area was performed through averaging PIC values in each pixel. The value of m was equaled to
0.2 pg[37,7]. The moment, at which the PIC assessment could be ideally performed in each bloom, corresponded
to the situation when two conditions were fulfilled: (a) the bloom attained its largest surface and (b) the spectral
curvature of remote-sensing reflectance, R, (), exhibited a maximum at about 490 nm (bearing in mind that the
location of the maximum at about 490 nm indicates that the bloom is prevalently composed of coccoliths, see
Section 3.1). The relevance of choosing the stage when the bloom area is largest as the moment of determining
PIC content might be underpinned by the following considerations. Given that during the vegetation period, the
typical MLD extent in the target seas rarely exceeds 20 m [38] and the coccolith sinking rate assessed in the liter-
ature is about 0.1 m x day~! [39]; the coccolith concentration determined at the conditions specified above must
be truly representative. However, in real-life conditions, the composition of E. huxleyi blooms is at any time het-
erogenous encompassing the areas with R, (A) peaking at 490 and 510 nm. That is why the BOREALI algorithm
was applied within the entire bloom to 8 day-averaged images permitting to overcome the above impediment and
obtain the desired time series.

3.5. Determination of the mixed layer depth (MLD) within E. huxleyi blooms

To retrieve the columnar values of PIM and then PIC, the value of MLD needed to be available across the target
bloom area. In situ determinations of SST and SSS at individual stations are appropriate for our aims because only
spatially continuous MLD are required. This is why we addressed the climatological data provided Montegut et al.
[38]. The reasoning of this selection is given in more detail in Kondrik et al. [7].
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3.6. Determination of ApCO,

The previously established relationship between ApCO, and R, at A = 490 nm [ApCO,=3926.466x R ((490) + 3.22;
R2= (.54, probability that the null hypothesis correct, p <« 0.001, and RMSE = 23.4 patm; total number of in situ data
= 2615 collectively from GLODAP and WOA13] [7] was used to quantify the bloom-driven increments ApCO,. Values
of ApCO, were firstly corrected for the standard temperature (10 °C) and then corrected for the respective background
values of pCO,, (pCO,),, to yield the desired bloom-driven increments ApCO, under the standard conditions. The
above equation was further applied to all detected E. huxleyi blooms to retrieve ApCO, values in each pixel, firstly, at
10 °C. This was then followed by bringing the determined ApCO, values to the actual SST and SSS through employing
equations (S2)—(S8) given in Kondrik et al. (Appendix) [24]. The background partial pressure of CO,, (pCO,), was
numerically assessed at a “standard” temperature 10 °C through making use of the climatological database of the con-
centration of nitrates NO5™ dissolved in waters adjacent to E. huxleyi bloom areas (See Kondrik et al. [24] for details).

4. Results and discussion
4.1. Temporal dynamics of bloom areas, S, and particulate inorganic carbon, PIC, production

Fig. 1 illustrates the identified E. huxleyi blooms as well as their surficial extent and associated PIC values produc-
tion in the seas addressed in this study for the time period 2003—2021.

Fig. 1. Interannual dynamics of E. huxleyi outbursts, respective bloom surfaces (defined with our spectral algorithm) and within-
bloom inorganic carbon contents (designated in blue and red, respectively) as retrieved from space across the target seas over
2003—2021: (a) Barents Sea, (b) Norwegian Sea, and (c¢) Greenland Sea
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4.1.1. Barents Sea

Our space-based observations are indicative that E. huxleyi blooms in the Barents Sea occur annually, although
their intensity is subject to significant variations. In some years (specifically, in 2004, 2011, 2012, 2013, 2016, 2020),
blooms occupied very large areas mounting up to (500—600)x 103 km2. However, such occasions alternate with the
years of remarkably subdued activity of E. huxleyi bloom development, especially during 2017—2019. A somewhat re-
duced blooming activity also fell on 2009 and 2010. However, even in the years of relatively low bloom development,
the bloom areas were about 100x 103 km?2, which is remarkable in itself. The highest levels of PIC production were in
excess of (400—550) kt, but even low levels were, nevertheless, at about (50—150) kt.

It is noteworthy that the values of peak bloom areas do not necessary correspond with the peak values of PIC
production and vice versa, which has a natural explanation: large bloom areas are not necessary densely populated
with coccoliths, and contrarily, even small-size blooms can be relatively efficient in producing PIC.

As Fig. 1 illustrates, there is no clear trend in interannual variations of either E. huxleyi bloom surface or PIC pro-
duction, although some sort of an indication of a quasi-sinusoidal pattern of the conjoint variation in both parameters
can be tentatively supposed.

4.1.2. Norwegian Sea

Similar to the Barents Sea, the pattern of E. huxleyi outbursts was expressly irregular: relatively large blooms
with an area within (40—80)x103kmZalternated with rather long periods of relatively low population growth intensity
of this microalgae. The strongest outburst occurred in 2013, and since then the bloom areas did not exceed some
(20—40)x10°km?

It is possible to suppose that the blooms in this sea are characterized by dense populations of coccoliths because
in all bloom cases the PIC production was appreciably high, in some years exceeding (30—40) kt in the blooms of a
rather moderate surficial extent as compared with e. g. the Barents Sea.

The time series illustrated in Fig. 1 for this sea leaves an impression that since 2013 there is a trend of a gradual
decline in the intensity of E. huxleyi growth in this sea. This impression is reinforced by the declining tendency (over
the time period 1998—2013) in S previously revealed in Kondrik et al. [7].

4.1.3. Greenland Sea

As compared to the Norwegian Sea and especially the Barents Sea, the Greenland Sea is characterized by a far less
significant intensity of E. huxleyi growth and formation of blooms. Over the entire period 2003—2021, there were only
three relatively extensive bloom events in 2008, 2010, and 2014, although all of them were of about (20—40)x103 km?2.
At the same time, small-scale blooms (<10x10° km?) occurred annually. The PIC production was also at low levels:
in the majority of bloom events, it remained at about 3—4 kt, with the exception of 2008, 2010, 2013, and 2014 when
it reached ca. 15 kt, 10 kt, and 6 kt, respectively.

4.2. Temporal dynamics of pCO, and ApCO, within E. huxleyi blooms through 2003—2021

Fig. 2 illustrates for the time period 2003—2021 the quantified interannual variations of marine surface water
enrichment with CO, partial pressure within E. huxleyi blooms in the seas addressed in this study.

4.2.1. Barents Sea

The increase of pCO, in surface waters within E. huxlyei blooms in the Barents Sea was most significant among
the seas targeted in this study. In some years (2003, 2011) the resultant, [(pCO,) , + ApCO,], partial CO, pressure
was as high as ~350 yatm. Many years were marked by the respective values appreciably above 300 uatm, and they
practically never dropped below 250 patm.

As Table 1 illustrates, the mean maximum increase in pCO, within E. huxleyi blooms in the Barents Sea over the time
period 2003—2021 constituted 62.5 %, whereas the maximum was 97.4 %. Such an assessment of the above maximum
mean-yearly values [ApCO,/(pCO,) ] provides a clear vision of the CO, emission in the atmospheric boundary layer.

4.2.2. Norwegian Sea

The increase in pCO, in surface waters during the E. huxlyei bloom in the Norwegian Sea was the second highest
after the Barents Sea. Indeed, only in one single year, 2011, the resultant, [(pCO,) , + ApCO,], partial CO, was also
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Fig. 2. Temporal variations in mean-monthly values in both (pCO,) ,,, uatm — gray bars, and [(pCO,), + ApCO,],
uatm — orange bars in the Barents, Norwegian, and Greenland Seas (a, 6, ¢, respectively) during 2003—2021

close to 350 patm, and only four times (in 2003, 2006, 2016, and 2018) it exceeded 300 uatm, whereas most often it
remained about 250 uatm. Remarkably, the above years of large bloom formation in the Norwegian Sea correspond,
at least partially, with the years of extensive blooms in the Barents Sea.

The mean relative increment in pCO, driven by E. huxleyi blooms over the time period 2003—2021 is 46.4 %, and
the maximum value of this parameter over the same time interval was 88.8 %.

4.2.3. Greenland Sea

The Greenland Sea is the least active in terms of both production of extensive E. huxleyi blooms (Fig. 1) and
enrichment of surface waters with dissolved CO, (Fig. 2). There was only four years of relatively enhanced growth of
this alga: in 2008, 2010, 2013, and 2014. In those years pCO, within the bloom area reached 250 patm, remaining in
other years below the level of confident determination by our method.
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Table 1

Interannual variations in maximum mean-yearly values of the E. huxleyi bloom-driven increase
in CO, partial pressure, ApCQO,, in surface water over the bloom area with respect
to the respective background value, (pCO,),, i.e. [ApCO,/(pCO,),]x100 %. Notes:
1. the data are absent for some outbursts in the target seas as the respective
ApCO, values proved to be lower the assessed retrieval error of 23.4 patm [7]. 2. the mean (*)
and maximal (**) values of [ApCO,/(pCO,);]*100 % over the time period 2003—2021
do not consider the years of near-zero values of this parameter

Year [ApCO,/ (pCO,) ,] max (%)
Barents Sea Norwegian Sea Greenland Sea
2003 81.4 88.8 20.9
2004 66.1 48.3 12.4
2005 49.2 25.4 13.4
2006 45.9 79.1 29.2
2007 77.0 32.2
2008 40.9 36.9 69.5
2009 60.8 21.0 22.8
2010 46.1 48.2
2011 97.1 54.2
2012 97.0 22.6 31.3
2013 76.4 37.8 33.5
2014 58.2 16.8 25.8
2015 58.1 444
2016 88.4 56.5
2017 39.7
2018 66.4 66.8 23.7
2019 34.7 56.7
2020 45.0
2021 58.2 54.2
Time period 2003—2021 mean* 62.5 46.4 30.1
Time period 2003—2021 max™ 97.1 88.8 69.5

This situation found its reflection in the data illustrated in Table 1: the mean increase in pCO, within E. huxleyi
blooms in the Greenland over the time period 2003—2021 did not go beyond 30.1 %, whereas the maximum did not
surpass 70 %.

4.2.4. Intra-annual variations of E. huxleyi blooms

Although this is beyond the major focus of our present study, we also considered the intra-annual variations of
FE. huxleyi blooms throughout the time period of our spaceborne observations.

Figure 3 reveals that in the North and Norwegian Seas the earliest monospecific blooms of E. huxleyi occur in
early June. Further on, they advance northward to the Greenland Sea (beginning of July), and arise in the Barents
Sea by the beginning of August. On some specific years, the onsets of E. huxleyi blooming were found to be shifted
to somewhat later dates, namely, up to mid-July in the North Sea, mid-August in the Norwegian Sea, and early
September in the Barents Sea. Nevertheless, in all target seas the major blooming events occur once a year, and ex-
clusively during the warm time period.

The intra-annual localization of the bloom within a concrete sea does not remain sedentary but can dis-
place. Thus for instance, the blooming in the North Sea is often initially located at its northwestern boundary
(in the vicinity of the northern extremity of Scotland) but further on it moves out ward forking along the British
coastline and towards the southern coastal zone of Norway. Only after that the bloom starts extending over the
central North Sea.

55



Frolova A.V., Pozdnyakov D.V., Morozov E.A.
Dponosa A.B., [ozouskos J.B., Moposos E.A.

Norwegian Sea

Greenland Sea

Barents Sea

Jan 1 Febl Marl Apr 1 Mayl Junel Julyl Aug 1 Sept 1 Oct 1 Nov 1 Dec 1
Month

Fig. 3. Intra-annual variations of timing of E. huxleyi peak bloom onset in the target area

The bloom in the Norwegian Sea forms in the central and southern shore zone nearly simultaneously with the
aforementioned blooming neighboring Scotland. Further on the bloom gradually displaces to the northern part of
the Norwegian Sea.

The above temporal sequence is presumably dictated by the Gulf Stream specific features. Indeed, its main
branch splits in the region of the north-western Scotland to further proceed to the southern coastal zone of Norway,
and to the central North Sea along the coast of Scotland and England. The other (weaker) branch of the Gulf Stream
(detached from the main stream at lower latitudes) moves to Greenland and rounds it.

Prior to starting the aforementioned chain-like movement from the North Sea further north to the Norwegian,
Greenland and Barents Seas, the bloom emerges at the very southern extremity of the British Islands and then
develops along the western and north-western coast of this Island State, rounds it and goes on the way discussed
above.

Not illustrated here, our data have not revealed any definite tendency in variations regarding the duration of
blooming periods. At the same time, some factors (such as the enhancement or decay of MLD) can significantly
affect the blooming duration and even result in bloom suppression Pozdnyakov et al. [41]. This might be an explicit
indication that the conditions for E. huxleyi growth were very unfavorable in those years and seas.

4.2.5. Discussion

Comparing the data presented above on variations of bloom surface .S, PIC production as well as pCO, enhance-
ment within E. huxleyi blooms in three target seas, several sea-specific features can be identified.

Firstly, the incidence of peak blooms in the Norwegian and Greenland seas was irregular. They arose in “batch-
es” preceded and followed by the periods of significant decline in E. huxleyi population growth.

In the Norwegian Sea, peak blooms occurred in the same years as in the Barents Sea, albeit in the latter sea the
years of peak blooms were much more numerous. Contrarily, in the Greenland Sea, the years of those few peak
blooms recorded in our study, completely differ from those in the other seas. It might be tentatively conjected, that
at least some the pick blooms in the Barents Sea were initiated through the mechanism of “preseeding” [40]. The
latter implies that E. huxleyi living cells from intense blooms in the Norwegian Sea were transported by the Gulfst-
ream further north, up to the Barents Sea and then triggered therein a new vast bloom. Obviously, the “preseeding”
mechanism is not the only one conditioning the outbursts of E. huxleyi in the Barents Sea as well as in all other ma-
rine locations of this phenomenon: a favorable combinations of multiple environmental factors, such as SST, SSS,
alkalinity/acidity, water column stratification, water movements (currents, eddies, fronts, advection), availability of
nutrients and trace metals, viruses, microzooplankton grazing, seeding, water surface illumination, wind and wave
driven surface water mixing, large-scale atmospheric baric formations and air mass transport, atmospheric CO, par-
tial pressure (pCO,), and teleconnections [41]. Clearly, the situations favoring the massive outbursts of E. Auxleyi in
the Barents Sea occur regularly/annually.

Unlike the Barents Sea, the “preseeding” mechanism as such is not enough to trigger E. huxleyi blooms in the
Greenland Sea: the weaker branch of the Gulf Stream that reaches this sea does not bring enough cell “seeds” to start
new blooms, and their origin resides in the influence of the aforementioned environmental factors.

Regarding the temporal sequence of E. huxleyi outbursts in the target seas, the blooms first appear in the Norwe-
gian Sea, then in the Greenland Sea, and only after that in the Barents Sea. This is in full agreement with the findings
reported earlier by Kondrik et al. [7], who have hypothesized that, concertedly with environmental forcing, the Gulf
Stream conditions the propagation E. huxleyi blooms from the English Chanell and western coastal zone of England
into the North Atlantic and Arctic.
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The E. huxleyi-driven PIC production is expressly sea-specific: it is the highest in the Barents Sea (maximum val-
ues reached hundred thousand kilotons), whereas in the Greenland Sea, most often, it varied within several kilotons,
and only on a couple of occasions it exceeded 12—14 kilotons. The Norwegian Sea occupies an intermediate position
in this regard.

Data reported in Table 1 are strongly indicative that E. huxleyi blooms can significantly contribute to CO, partial
pressure in surface water within the bloom area. Indeed, in the case of the Norwegian, and especially the Barents
Seas, the recorded maximum increment can nearly double the respective background value. As mentioned above,
this can reduce the absorptive capacity of the marine surface water with regard to atmospheric CO,, and this was
confirmed by Morozov et al. [25] for the North Atlantic: on average, the column-average content of CO, in the
atmosphere over the E. huxleyi blooms showed an increase by about 1—2 ppmv. Fig. 2 and Table 1 illustrate that at
least in the Norwegian Sea and especially the Barents Sea there is no distinct tendency towards a decrease of this
phenomenon during the time period 2003—2021. It is also noteworthy, that our data have demonstrated that there
was no direct proportion between the bloom surface and the respective increment of ApCO,, as the letter is regulated
by the actual density of coccoliths within the bloom.

A comparison of §, PIC and ApCO, values reported in this study with the respective data by Kondrik et al. [7]
shows that the latter estimations are appreciably underestimated. Given that methodologically both studies are ab-
solutely identical, the reason of this inconsistency should reside in the input satellite data. Indeed, we utilized the
GlobColour product: in 2020 all NASA radiometric characteristics were reevaluated/updated to R2018.0 version for
the entire archive (including new error bars), whereas Kondrik et al. [7] used the OC CCI database. Obviously, the
refined GlobColour radiometric sensitivity proved to be higher, which permitted to obtain more accurate estimates
of the desired parameters.

5. Concluding remarks

Based on the previously developed remote sensing methodologies and retrieval algorithms, 2003—2021 time se-
ries of E. huxleyi bloom extent, .S, concentration of particulate inorganic carbon, PIC, and CO, partial pressure
increment, ApCO,, in surface water within the bloom were obtained for the Norwegian, Greenland and Barents seas.

The obtained time series for the three seas revealed no trend in the temporal dynamics of the above parameters.
E. huxleyi bloom in the Barents Sea occurs annually, although its intensity was subject to significant fluctuations,
ranging between ~ 600x103 km? and ~ 50x103 km?2. In the Norwegian Sea, the pattern of outbursts of E. huxleyi
was expressly uneven: relatively large blooms with an area of ~ (40—80)x103 km? alternated with fairly long peri-
ods of relatively low growth intensity of this microalgae. There were only three relatively extensive blooms in 2008,
2010 and 2014, although they all had an area of about (20—40)x103 km?. At the same time, small-scale blooms
(<10x103 km?.) occurred annually.

The E. huxleyi-driven PIC production was expressly sea-specific: it was the highest in the Barents Sea (maximum
values reached hundred kilotons), whereas in the Greenland Sea, most often, it varied within several kilotons. The
Norwegian Sea occupies an intermediate position in this regard.

The increase of pCO, in surface waters within E. huxlyei blooms in the Barents Sea was most significant among
the seas targeted in this study. In some years (2003, 2011) the resultant, [(pCO,) , + ApCO,], partial CO, pressure was
as high as ~350 patm and practically never dropped below 250 uatm. The level of pCO2 in surface waters during the
E. huxleyi bloom in the Norwegian Sea was the second highest after the Barents Sea, but most often it remained about
250 patm. The Greenland Sea is the least active in terms of both production of extensive E. huxleyi blooms (Fig. 1) and
enrichment of surface waters with dissolved CO, (Fig. 2).

The influence of E. huxleyi blooms on the hydrochemistry was nevertheless obviously significant in terms of en-
riching the marine surface water with both suspended carbon and dissolved carbon dioxide. So that, this phenomenon
has a potential to both decrease the role of the World Oceans as sinkers of atmospheric CO,, and affect the carbonate
counter pump.
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