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MEXTOAOBBIE USMEHEHUA BUOOIITUYECKUX XAPAKTEPUCTHUK
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Crartbsa nocrynuia B penakumio 05.04.2020, mocie nopadotku 26.04.2020

IpencraieHbl pe3yIbTaThl aHAIM3a MEXTOIOBBIX U3MEHEHUI CPETHEMECSYHbIX 3HAaUeHW OGMOONTUIECKUX XapaKTepy-
CTUK MoBepxHOCTHOTO ciost Box bapentieBa, Kapckoro, benoro, Banrtuiickoro, YepHoro n Kacnuiickoro Mopeii 3a mepuorn
1998—2018 roapl, pacCYMTaHHBIX IO TAHHBIM CITYTHUKOBBIX CKAHEPOB LIBETA.

B xadecTBe OCHOBHBIX pacCMATPUBAIOTCST KOHIIEHTPAIIMS XJIOpO(DWIIa U TTOKa3aTellb paccesTHUs Ha3a/l B3BEIIEHHBIMU Ya-
CTULIAMU, XapaKTePU3yIOLIMe U3MEHUMBOCTh COiepKaHMsl (PUTOTIAHKTOHA U B3BELIEHHOTO BELIECTBA; MPUBJIEKAIOTCS U APY-
TYe XapaKTePUCTUKU, B YaCTHOCTHU, TIOKA3aTeJb MTOTIIOIIEHNST OKPAIIIEHHOTO OPTaHNIECKOTO BEIeCTBA KAaK MHANKATOP PEUHOTO
CTOKa, TAaKXe MapaMeTphbl, XapaKTepU3yIoLI1e [IBETEHUsI MACCOBBIX BUIOB (DUTOIIAHKTOHA, TAKUX KaK KOKKOJIUTOGhOPUIHbIE
uBeteHus: B bapeHiieBom u UepHoM MOpsIX, crHe-3eJIeHbIX Bomopocieil B bantuiickoM. BoibIIMHCTBO OMOONITUECKUX Xa-
PAKTEPUCTUK PACCUUTAHBI C TOMOLIBIO PETMOHAIbHBIX AJITOPUTMOB, BbIBEIEHHBIX Ha OCHOBE JIAHHBIX HATYPHBIX U3MEPEHUI,
BBITIOJTHEHHBIX B UCCIIEAYEMbIX MOPSIX M YIUTHIBAIOIINX PETMOHATBHBIE 0COOEHHOCTH 3THX Mopeii. B kauecTtBe mapamerpa, xa-
PaKTEPU3YIOLIETo KIMMaTUYeCK1e U3MEHEHNsI, TPUBEIEHbI CPETHEMECSITUHbIE 3HAUSHHUsI TEeMITepaTypbl MOBEPXHOCTU MOPSI TTO
JIIAHHBIM CIIyTHUKOBOTO ckaHepa MODIS-Aqua.

Crathsl CONEpKUT ABAa OCHOBHBIX pa3jena: B MepBOM MPEACTaBICHbl JaHHbIE 00 M3MEHEHUSIX, TPOUCILENIINX B BbILICY-
KazaHHbIX MOpsiX B 2016—2018 IT., B cpaBHEHUU ¢ HAOIIONABIIMMKCS SKCTPEMAbHBIMU 3HAUYEHUSIMUA OMOTITUYECKUX XapaK-
TEpPUCTUK; BO BTOPOM Dasjiesie JaHa cUCTeMaTU3alusl U aHaJIM3 DKCTPEMaIbHbIX U3MEHEHUI XapaKTepUCTUK 32 BECh MEPUO],
HaOmoneHnit. BITOMHEHHBI aHAU3 TTOKa3aJl, YTO B TIOCIIEAHUE TOMBI TIPOUCXOMSIT 3HAUUTENIbHBIE U3MEHEHUsI, CBSI3aHHbBIE
B OOJBIIMHCTBE CIY4aeB C LIBETEHUSIMU (DUTOIUIAHKTOHA. PEKOPIHBIN pa3zMax MeXTrodOBbIX M3MEHEHUI 3aperucTpupoBaH
B 10XHOI yactu Kacnuiickoro mops B utosie 2001 r. mocse BceneHus rpedHeBuKa Mnemiopsis — KOHUEHTpaLUs XJiopoduiia
BbIpOCIIa OoJiee ueM Ha ropsiiok. Apyroii ¢pakTop, 00ycIOBIMBAOLINI PEKOPAHYIO U3MEHYMBOCTb OMOONTUYECKUX XapaKTepU-
CTUK, — PEYHOM CTOK.

[TonyyeHHbIe pe3ynbTaThl BIIEPBbIE AU KOJTUUECTBEHHbIE MPEICTaBISHUS O TPOUCILEANINX U3MEHEHUSIX OO0 TUUECKUX
XapakTepucTUK B nieprof 1998—2018 rr. B 11ecTt MOpPsIX, pa3aAU4YHbIX IO CBOMM MPUPOJHBIM YCIOBUSM, U CO3IAJIUM OCHOBY JUIS
JalbHENIero aHaau3a, HalpaBJIeHHOTO Ha BbISIBJIEHUE MPOLECCOB U (PaKTOPOB, 00YCIOBUBILUX ITU U3MEHEHUSI.

KiioueBbie ciioBa: OMOONTHUYECKUE XapaKTepUCTUKM, MEXromoBbie n3MeHeHus, bapenueBo, Kapckoe, benoe, banruiickoe,
YepHoe, Kacnimiickoe Mopsi, CITyTHUKOBBIE JaHHbBIE.
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The article presents the results of an analysis of inter-annual changes in the monthly means of bio-optical characteristics in the
surface layer of the Barents, Kara, White, Baltic, Black and Caspian Seas for the period 1998—2018, calculated from data satellite
color scanners. As the main parameters, the chlorophyll-a concentration, Ch/ and particle backscattering coefficient, by, = by,(555),
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characterizing the variability of phytoplankton and suspended matter, are discussed. The other characteristics, such as the absorption
coeflicient of colored organic substance a, = a,(440) as an indicator of river runoff, the parameters that characterize the phytoplank-
ton bloom (coccolithophore blooms in the Barents and Black Seas, of blue-green algae in the Baltic Sea) are also considered. The
monthly means of sea surface temperature, SS7 by MODIS-Aqua data are presented as a parameter characterizing climate change.
Most of the bio-optical characteristics were calculated using regional algorithms, derived from field measurements carried out in the
considered seas and reflecting their regional features.

The presented data revealed significant changes in bio-optical characteristics that occurred in the considered seas in 2016-2018, in
most cases they were associated with phytoplankton blooms. Systematization and analysis of extreme changes in bio-optical character-
istics over the entire observation period found a record change in the southern part of the Caspian Sea in July 2001 after the invasion of
the ctenophore Mnemiopsis — the chlorophyll concentration increased by more than an order. Another factor contributing to the record
variability of bio-optical characteristics is river runoff.

The obtained results provided quantitative data on changes in bio-optical characteristics in the period 1998-2018 for six seas, dif-
ferent in their natural conditions, and provided the basis for further analysis aimed at identifying the processes and factors that caused
these changes.

Key words: bio-optical characteristics, inter-annual changes, Barents, Kara, White, Baltic, Black, Caspian Seas, satellite data.

1. Introduction

The past decade has been characterized by pronounced climate changes, which are manifested, in particular, in
changes in bio-optical characteristics. These changes, in large part, are both a consequence of climate change, and
its indicator. One of the advantages of such an indicator is an opportunity to use satellite ocean color observations for
quasi-simultaneous monitoring of wide water areas and creating a long-term series of data. Such measurements allow
us, among other things, to analyze both seasonal and inter-annual changes.

The Ocean Optics Laboratory Shirshov Institute of Oceanology Russian Academy of Sciences (SIO RAS), since
2002, produces an updateable Atlas of bio-optical characteristics of the seas, surrounding Russia, by data from satel-
lite color scanners. The 10th issue was published in 2018, complete with a monograph [1], it covered the period from
1998 to 2017. The 11th issue, supplemented with data from 2018, was prepared in 2019 [2].

Both issues contain color maps with the mean monthly distributions of the bio-optical characteristics in the Bar-
ents, Kara, White, Baltic, Black, and Caspian Seas. The Atlas also includes diagrams, demonstrating the variability of
their monthly means in different sub-regions, and tables with parameters of the inter-annual changeability of differ-
ent characteristics by year. The set of bio-optical parameters comprises chlorophyll concentration, the particle back-
scattering coefficient and the absorption coefficient of colored organic matter (“yellow substance”), the parameters
of coccolithophore blooms in the Barents and Black Seas, cyanobacteria biomass in the Gulf of Finland of the Baltic
Sea. As the main parameters, we use the chlorophyll-a concentration (Ch/) and particle backscattering coefficient
(byp = by,p(555)), characterizing the variability of phytoplankton and suspended matter; we also included the other
characteristics, such as the absorption coefficient of colored organic substance (a, = a,(440)) as an indicator of river
runoff, the parameters characterizing the phytoplankton bloom (coccolithophore blooms in the Barents and Black
Seas, of blue-green algae in the Baltic Sea for the last ones, we use the coccolithophore plated cell concentration
N and the biomass of cyanobacteria B,,. We have not included the phenological characteristics of the blooms;
the interested reader can find some results on such characteristics in the Barents and Black Seas in [1], section 8.1).

Most of the bio-optical characteristics were calculated using regional algorithms, derived from field measurements car-
ried out in the considered seas and reflecting their regional features. As a parameter characterizing climatic changes, the
MODIS-Aqua data on the monthly means of sea surface temperature SST available since 2003 are included.

The materials in the Atlas allowed us to study inter-annual changes in the above characteristics. The article
contains two sections: the first consider the changes during the period of 2016—2018, compared with the extreme
monthly means; the second present the extreme changes for the entire period of observation and give their system-
atization. The volume of the article does not allow for a detailed analysis of the changes that occurred; we limit by
the most pronounced ones and some general conclusions about the main factors causing them. For the White Sea,
we consider only the Dvina and Onega Bays, for the Baltic — the Eastern part of the Gulf of Finland, for the Black
Sea — the Eastern half.

2. Methods and data

We used Level 2 satellite data from SeaWiFS (January 1998—June 2002) and MODIS-Aqua (July 2002-Decem-
ber 2018) color scanners, available on the website http://oceancolor.gsfc.nasa.gov [3]; the data “cross-linking” was
performed by using joint data from these scanners in the period from July 2002 to 2007 [3]. A description of the used
algorithms can be found in monograph [1].
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The uncertainties estimate was made by comparing data from satellite and field measurements under favorable
weather conditions. The actual errors strongly depend on the quality of the used satellite data. In the Arctic seas, fre-
quent cloudiness prevents the getting data from simultaneous ship and satellite measurements (“match-up”); strong
horizontal heterogeneity and temporal variability make the error estimation almost impossible.

The accuracy of the estimated monthly means depends on the quality of satellite data used and the data coverage
of a given region. This problem was analyzed in [4] by comparing two versions of restrictions on satellite data. The
new stricter restrictions provided us with greater reliability, and the “traditional” version, similar to the previous
releases, gave more complete but less reliable results. The “strict’ restrictions led in many cases to critical data loss
and, in particular, significant gaps in charts. The “soft” restrictions provided fewer gaps in the charts, but with lower
accuracy in the estimate.

The 11th Atlas issue, as well as the previous 10th, used a version with “soft” restrictions. We only consider months
with the acceptable satellite data coverage: for the Barents and White Seas — May-September, the Kara Sea —
June-September, the Gulf of Finland — April-October, the Black and Caspian Seas — March-November. The coc-
colithophore blooms in the Barents Sea we consider in July—September, in the Black Sea — May-June, the cyano-
bacteria bloom in the Gulf of Finland — July-August.

One of the tasks of our work is to identify extreme monthly means in the studied regions. We do that by using
two different options. In Section 3 we analyze the absolute values of the monthly means, in Section 4 — their relative
values (the absolute values for a given region, month and year, normalized to “climatic” values). Term “climatic” we
use for the monthly means averaged over the period 1998—2011 for the Barents, White, Black and Caspian Seas, and
2003—2011 for the Kara and Baltic Seas [1]. A comparison of the results for two versions is presented in Section 4.

3. Variability of absolute values of the monthly means in the studied regions

This Section presents the changes in absolute values of the monthly means of the selected bio-optical character-
istics in each of the considered seas in 2016—2018. The largest changes we compare with the extreme values for the
entire observation period.

3.1. The Barents Sea

The top side of fig 1 (see Insert) shows the seasonal changes in chlorophyll concentration (Ch/), the particle back-
scattering coefficient (by;), and sea surface temperature (SS7) in the three selected sub-regions of the Barents Sea in
May-September 2016—2018. Detailed information about the selected sub-regions of this and other seas under consid-
eration can be found in the monograph [1] and the Atlas [2] (freely available on the website http://optics.ocean.ru [3]).

The seasonal variability in fig. 1 in most cases corresponds to the “climatic”, but the absolute values are signifi-
cantly higher. We fixed the highest chlorophyll concentration in the Northern sub-region for the entire observation
period in May 2016 (0.41 mg - m—3) and the highest July monthly mean of by, in the Middle sub-region in 2016
(0.0113 m™!). These record values were associated with phytoplankton blooms: diatom spring blooms in May and
coccolithophore blooms in July and August [1, 5—8]; according to direct determinations, the cell concentration at
several stations in the Middle sub-region exceeded 6 - 10°cell/l. We found the highest monthly means for the whole
Barents Sea of chlorophyll concentration (0.43 mg - m~3) in the Middle sub-region in May 2011 (spring phytoplank-
ton bloom) and the by, coefficient (0.0173 m~!) in the Southern sub-region in September 2009, apparently related to
the Pechora river runoff (see the diagrams in [2], Appendix 2, Section 2.1).

The right side of fig. 1 shows the Ch/and by, monthly mean distributions in June and August 2017. The June map
reveals the phytoplankton spring bloom, presumably diatoms (especially pronounced on the Ch/ distribution but also
the by,, map). On the bottom maps, one can see the coccolithophore bloom both on the b, distribution and less clear
on the chlorophyll map (specific values of chlorophyll concentration are higher in diatoms than in the coccolitho-
phore cells and, conversely, as to the by, coefficient). The SST monthly means in the considered period in almost all
months are noticeably higher than the “climatic” values (see fig. 1).

3.2. The Kara Sea

Fig. 2 (see Insert) shows diagrams for the two sub-regions in the Kara Sea, K1 is the South-Western part of the
Sea, K2 is the North-Eastern part. The border between the sub-regions is drawn from Cape Desire on Novaya Zem-
lya to Dixon Island [1].

As can be seen from fig. 2, the monthly means of chlorophyll concentration in most cases were lower than “cli-
matic” values. We recorded the highest June value for the K1 sub-region (1.23 mg m~) in 2018, but the highest chlo-
rophyll concentration for this sub-region and the whole Kara Sea was 1.49 mg m—3 in July 2002. In K2 the maximum
Chl value was lower (1.29 mg m~3 in September 2015).
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The by, values in K1 were also higher than in K2; the record (0.0110 m~') was fixed in September 2010, the close
value (0.0109 m~') was registered in September 2016. The maximum value in K2 was only 0.0079 m~! in July 2003
(see the diagrams in [2], Appendix 3, Section 3.1).

An important factor determining the spatial distribution of bio-optical characteristics in the Kara Sea is a river
runoff; its distribution in the Kara Sea depends primarily on the prevailing wind direction [1, 9]. The indicator of
the river runoff propagation derivable from satellite data is the yellow substance absorption coefficient a,. Its lowest
values were observed in the K2 sub-region in 2017 (fig. 2, ¢) owing to the prevailing western transport in the summer
of that year [4]. The lowest a, value (0.17 m~!) for the entire observation period was fixed in K2 in June 2010, the
highest (1.22 m~!) in K1 in July 2003.

3.3. The White Sea

The bio-optical characteristics of the White Sea undergo noticeable changes during the considered period. Fig. 3
(see Insert) presents diagrams of changes in the monthly means of chlorophyll concentration, the particle backscat-
tering and the yellow substance absorption coefficients g, in the Dvina and Onega Bays. As seen, these changes are
pronounced and differ in these two regions.

In the Dvina Bay we recorded the maximum monthly means of chlorophyll concentrationsin June 2017 (3.8 mg m=3)
and July 2016 (3.1 mg m~3), in the Onega Bay — in June 2016 (3.5 mg m—3), in July 2017 (3.2 mg m~3), and September
2018 (2.8 mg m~3). The highest Ch/ and by, values for the whole White Sea we found in the Mezen Bay (4.0 mg m3in
June 2015 and 0.0183 m~! in May 2017); the maximum by, value in the Onega Bay was 0.0139 m~! in September 2006;
in the Dvina Bay only 0.0080 m~! in May 2000 and 2009 (see the diagrams in [2], Appendix 4, Section 4.1).

We fixed the extreme a, monthly means for the White Sea over the entire observation period (4.0 m~') in the Dvina
Bay in May 2013; in the Onega Bay, the a, value was only 2.2 m~! (in May 2018). The water temperature in both bays
was abnormally high in May — July 2016 (in the Dvina Bay also in July 2018); in all months, except May 2017, these
values exceeded the “climatic” monthly means (see fig.3).

3.4. The Baltic Sea

In the Baltic Sea, we only considered the eastern part of the Gulf of Finland, where is a regional algorithm for esti-
mating the cyanobacteria biomass. The algorithm is based on the use of a multiple regression equation that relates to the
biomass of cyanobacteria (B,y,,) to the concentration of chlorophyll Ch/ and the b, coeficient [1, 10].

Cyanobacteria are also called by blue-green algae because of their photosynthetic ability; their bloom regularly
occurs in the Baltic Sea during the summer season. Figure 4 (see Insert) shows seasonal variability of chlorophyll con-
centration, the particle backscattering coefficient, cyanobacteria biomass, and sea surface temperature.

In 2017 we registered the May maximum monthly mean of chlorophyll concentration (4.9 mg m—3); the highest
Chl all-monthly mean was 7.0 mg m—3 in October 2013; the by, — 0.0223 m~"in October 2009. The above values were
not related to cyanobacteria blooming because of the highest biomass monthly mean (673 mg m—2) was registered in
July 2004. The highest July Chl concentration (5.7 mg m™—3), by, (0.0180 m~'), and a low SS7 value of 16.4 °C ac-
companied this record value. We fixed the lowest July SS7 (15.8 °C) in 2017, the highest (21.4 °C) in 2010 (see the
diagrams in [2], Appendix 5, Section 5.1).

3.5. The Black Sea

Fig. 5 (see Insert) shows seasonal changes in chlorophyll concentration, the particle backscattering coefficient,
coccolithophore cell concentration, and sea surface temperature in the Eastern deep-water region (sub-region #7)
and Eastern coastal zone (sub-region #8).

We registered the highest monthly mean of chlorophyll concentration in the sub-region # 8 in March 2017 (0.70 mg
-m™3), in the sub-region # 7 — in May 2001 (0.68 mg - m~?); these values were associated with the spring blooms of diatom:s.

We found the record by, monthly means for the sub-region #8 in May-July 2017 (0.0303 m~!in June) caused by
intensive coccolithophore blooming [3]; in the sub-region #7 the by, values, although high (0.0242 m~') were lower
than in June 2012 (0.0258 m~!) — see the diagrams in [2], Appendix 6, Section 6.1. In both cases, the above values
corresponded to cold winters [1, 11].

In fig. 5, a—c, 2017 stands out by high values of Chl and by, in June with the N, value of about 5.9 - 10° cell/1 in
both sub-regions (6.5 - 106 cell/l in #7 in 2012). On the maps [2], one can see a marked bloom in June 2017, covering
almost the whole sea, while in 2018 was no bloom at all. We also found noticeable blooms in May 2017 (see the map in
[2], Appendix 6, Section 6.2); the N,.. May means were 1.8x10° cell/l in #7 and 2.3 - 10° cell/l in #8.
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For the yellow substance absorption in the coastal zone, we observed an unusual situation — the a, values in 2018
were noticeably higher than in 2017 [12].

3.6. The Caspian Sea

Fig. 6 (see Insert) shows the seasonal changes in chlorophyll concentration Chl, the particle backscattering by,
and yellow substance absorption a, coefficients, and sea surface temperature SST for the North, Middle, and South
sub-regions of the Caspian Sea [1].

We met the highest monthly means in the Middle Caspian in 2017 for the by, coefficient in August (0.0122 m!)
and for a, in September (0.234 m~!). However, the record values of these parameters for the whole Caspian Sea were
observed in the Northern Caspian for by, in September 2014 (0.061 m~") and for a, in September 2005 (0.324 m~!). The
Volga runoff and stirring-up of the bottom sediments in shallow waters caused these values.

We registered the highest chlorophyll concentration for the whole Caspian Sea (4.8 mg - m~3) in the Southern
Caspian in August 2001, associated with the invasion of the ctenophore Mnemiopsis [ 13—15]. The maximum value for
the Northern Caspian was 3.8 mg - m—3 (September 2012), for the Middle — 2.15 mg - m—3 (September 2001) — see
the diagrams in [2], Appendix 7, Section 7.1.

The sea surface temperature in summer 2016—2018 exceeded the “climatic” values, its relationship with the
bio-optical parameters was not found.

4. An assessment of inter-annual changes with a correction for seasonal changes

In this Section, we systematize the extreme changes in the monthly means of bio-optical parameters in different
regions over the entire observation period.

Figures 1—6 show pronounced seasonal changes in the “climatic” values of the considered characteristics (black curves
in the diagrams). To estimate the range of variations in various characteristics related only to inter-annual changes, we
normalize the monthly means for a given region, month, and year by their “climatic” values.

The table shows the maximal and minimal normalized values for the considered sub-regions with the month and
year of their registration. The able also presents the ratios of maximal values to minimal ones (max-to-min ratio) for
normalized and non-normalized values (in parentheses).

The table shows 35 cases for 13 different sub-regions with 3 bio-optical parameters for each. We see that the
max-to—min ratio for non-normalized values in 2 cases is significantly lower than for the normalized. We can explain
such cases owing to calculating the maximal normalized value with the lower “climatic” value than the minimal.
For example, the ag max-to—min non-normalized ratio for the K1 sub-region in the Kara Sea equals 3.7 and the
normalized — 4.9; the discrepancy arises from the seasonal change in the “climatic” values — 0.45 m~! in June and
0.81m~" in September.

The highest value of the max-to-min ratio for the normalized quantities is fixed for chlorophyll concentration in
the Southern Caspian in July — 13.2 (maximum in 2001, minimum — in 1999); the record value of the max-to-min
ratio for the non-normalized quantities is even more — 15.6 (maximum in August 2001, minimum — in July 1999).

Table
Inter-annual variability of bio-optical characteristics in the considered regions:
value — the maximal and minimal normalized parameters; max-to-min ratio — the ratio of the higher
to the lower normalized parameter (in parenthesis for the non-normalized parameters)
by Chl Other parameters
Subregions LS max-to- max-
Year | Month | Value | to-min | Year | Month | Value . . | Year | Month | Value | to-min
. min ratio .
ratio ratio
The Barents Sea (May—Sep) Neoe
2016 May
;101111;1J max | 2013 Sep 1.36 (12.905) 2017 Tune 1.25 (;.g)
(Bar_N) min | 2009 | Aug | 0.69 ' 2003 | May | 0.68 ’
2011 May
Middle max | 2016 July 2.57 a4 2015 Tuly 1.26 1.6 2003 July 1.64 26
Bar M 1 5.6 2.05 2.8
(Bar_M) min 1223 ay | 0ss | O | 1099 | may | 079 | %% 2000 | suy | 064 | P

20



MezxronoBbie H3MeHEHNs] OMOONTHYECKNX XAPAKTEPHCTHK MOBEPXHOCTHOTO CJIOSI MOPEIi. ..

Fin table
2014 July
South max | 2010 Aug 1.38 1.9 2015 Aug 1.17 1.3
(Bar_S) - (2.05) (1.3)
min | 2011 Sep 0.71 2011 Sep 0.91
The Kara Sea (June — Sep) a,
max 2014 June 1.33 2018 June 1.21 2007 | June 2.57
K1 — south-west 2018 1.52 2.4 1.6 4.9 (3.7)
K1 2.0 1.55 o
(K1) min | 2014 Sep 0.63 20 2009 Aug 0.81 (1.55) 2014 Sep 0.52
2012 July
K2 — north-east | max | 2003 July 1.78 2.7 2002 July 1.26 1.6 2002 July 3.37 5.6
(K2) min | 2009 Aug 0.65 (3.0) 2013 July 0.77 (1.9) 2010 | June 0.60 (6.6)
The White Sea (May — Sep) a,
max | 2001 June 1.35 2017 June 1.48 2017 | June 1.45
Dvina Bay 2.45 2008 I 1.7 2.7
(Wh_D) min | 2007 July 0.55 (4.9) 2009 une 0.87 (2.0) 2015 | June 0.53 4.7)
July
2007
Onega Bay max | 2000 May 1.65 2.6 2016 June 1.27 1.4 2017 Aug 1.57 2.45
(Wh_0O) min | 2005 May 0.64 (3.0) 2003 Aug 0.92 (1.55) 2011 Sep 0.64 3.2)
The Baltic Sea (Apr — Oct) Beyan
. max | 2009 Oct 2.18 2013 Sep 2.59 2015 Aug 1.68
Gulf of Finland 2002 Oct 0.59 3.6-3.7 5.8 (4.85) 32
c . .8 (4.
GF i 4.4 . . 34
(GF) min 2013 Tune 0.60 (4.4) 2009 July 0.45 2009 July 0.52 (3.4)
The Black Sea (Mar — Nov) Neoe
#7 max | 2012 June 1.97 6.20 2001 Sep 1.34 L6 2012 | June 3.26
Eastern open part . : ’ 2001 | May- *No
. 16.5 . 2.0 .
(BL7) min | 2004 Nov 0.32 ( ) 2004 Nov 0.84 (2.0) 2003 | Tune | Boom
#8 max | 2017 June 1.98 2001 Sep 1.27 2017 June 3.71
Eastern and south- 4.1 1.6 2001
. May- *No
ern shelf min | 2013 June 0.48 (10.5) | 2011 Sep 0.83 (1.8) 2003 Tun bloon*
(BL_8) 2010 une m
The Caspian Sea (Mar — Nov) a,
North max | 2016 Oct 1.38 1.9 2012 Sep 1.60 2.25 2005 Sep 1.37 2.1
(Casp_N) min | 2003 Mar 0.71 (2.2) 2008 Oct 0.71 (3.5) 2012 Sep 0.66 (2.1)
Middle max | 2017 Aug 1.81 2.6 2017 July 2.21 4.8 2017 July 1.41 2.9
(Casp_M) min | 2012 May 0.70 (2.8) 2012 Sep 0.46 (5.2) 2012 Nov 0.49 (3.0
South max | 2001 Aug 2.07 3.3 2001 July 4.37 13.2 1998 | June 1.35 2.4
(Casp_S) min | 2014 Aug 0.62 (4.0) 1999 July 0.33 (15.6) 2018 Nov 0.57 2.4)

*No bloom is meant that the mean monthly N, value < 0.510cell/I.

For brevity of the further text, we will use the short names for the sub-regions considered (see table).

5. Conclusion

e We present the results of our analysis of the inter-annual variability of the bio-optical parameters of the sur-
face layer derived from satellite ocean color data for six seas in 1998—2018 by the regional algorithms constructed on
a base of in situ measured data. It is worth emphasizing we consider data, not of individual measurements, but the
monthly means averaged for a large sub-region.

In Section 3 we demonstrate the changes in absolute values of the monthly means of the bio-optical parameters
in different sub-regions in 2016—2018. But fig. 1—6 in this Section show data both in that period and the “climatic”
(the black lines in figures); the last ones allow us to obtain a general idea about the factors determining the bio-optical
characteristics in a given sub-region, including their absolute values and seasonal changes.

As the main factors, we consider two: mass phytoplankton bloom and river runoff. In the considered seas, we
not often observe these factors separately, but in fig. 1—6 we can see several cases of the domination of one of them.
As an example, we can take coccolithophore blooms (CB) in the sub-regions Bar_M (fig. 1, a—b) and Bl_7—8 of the
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Black Sea (fig. 5, a—b). In both cases, CB displays itself by a strongly pronounced peak in the by, values — in August
for Bar_M and June for Bl_7—8. In Chl values, we see the pronounced peak in the Barents Sea in May, caused by
phytoplankton spring bloom, and almost no peak in August (see the explanation in Section 3.5). The similar situation
isin Bl_7—8 but with Chl peak in March and CB in June. The other cases of mass phytoplankton blooms we observed
in the Baltic Sea with cyanobacteria, and in the Southern Caspian after the ctenophore Mnemiopsis invasion (see Sec-
tions 3.4 and 3.6). In the extremal cases of these blooms, we found the high values of both by, and Ch/; in the Southern
Caspian, it was even the highest Chl value for the whole Caspian (4.8 mg m3).

e We observed the manifestation of the river runoff impact in the Southern Barents, the Kara and White Seas, in
the Southern Caspian; this effect is better seen analyzing the “climatic” values. A characteristic feature of river runoff
impact is the high values of the backscattering and absorption coefficients and the similarity of their seasonal changes.
We can see this effect rather clear for both sub-regions in the White Sea (fig. 3) and the Casp_N (fig. 6). In Wh_D we
registered the absolute record value of a, for all sub-regions presented in our paper — 4.0 m~!, in Casp_N — the same
for the by, — 61 m~! (but in this case, we can suspect a significant contribution from the bottom sediments stirring-up
on the shallow shelf).

e One of our tasks is the assessment of the largest ranges of the variability of the considered bio-optical parame-
ters. Such an estimate with the absolute values of the parameters includes both the inter-annual and seasonal chang-
es. The latter in some cases can be rather high (as an example, the ratio of the maximum (in June) to the minimum
(in September) by, “climatic” values in the BL_7 sub-region equals 4.0, the May/August ratio for the a, “climatic”
values in the Wh_D — 2.6). For correction to the seasonal changes, we use the “normalized” values (see Section 4).
The table presents the obtained results; the ratios for the non-normalized values are also given.

We obtained the highest ratio for the normalized values of the by, values in the Bl_7 sub-region — 6.2 (for the
non-normalized 16.5); in the Bl_8 it equals 4.1 (10.5). For the Ch/ values, the maximum ratio equals 5.8 (4.85) in the
Gulf of Finland, for the a, ratio — 5.6 (6.6) in the K2 sub-region; in the K1-4.9 (3.7).

e In this work we did not plan to estimate the trends. This is a serious problem with many difficulties, such as
an unsatisfactory quality of initial data, strong variations of analyzed parameters, and insufficiently long series of
observations [ 16—18]. For a preliminary assessment of the inter-annual trends, we compared the average annual (sea-
sonal) values in 2012—2018 with the “climatic” values. It turned out that the differences between the average values
within the above periods exceed 10 % only in a few cases. For chlorophyll concentration in the Northern Barents, we
obtained 12.5 %, the Dvina Bay — 11 %, the Gulf of Finland — 14 %, and the Northern Caspian — 21.5 %. For the
by, coefficient, in the Northern and Middle Barents — 13 and 20 %, and the Northern Caspian — 17 %. The differ-
ences are positive, and it seems we can expect a weak positive trend. The appearance of new scanners with improved
characteristics and advanced processing algorithms gives hope of increasing the coverage of regions by satellite data,
enhancement of their quality, the possibility to get correct estimates of trends, and the wider use of satellite data for
assessment of the ongoing climate change [19—22].

6. Financing

This research was performed in the framework of the state assignment (theme No. 0149—2019—0003).
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Fig. 1. Seasonal changes of the monthly means of Chl/
concentration (a), the particle backscattering coefficient
August by, (b), sea surface temperature SST (c) in the sub-regions
of the Barents Sea in 2016—2018; the black lines show
the «climatic» values (averaged throughout 1998—2011).
Right — the monthly mean distributions of the Chl (d)
and by, (e) values in June and August of 2017.
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Fig. 2. Seasonal changes of the monthly means of Chl concentration (a), the particle backscattering coefficient by, (b),
the yellow substance absorption coefficient a, (c), sea surface temperature SS7 () in the sub-regions of the Kara Sea in
2016—2018; the black lines show the «climatic» values (averaged throughout 2003—2011).
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Fig. 3. Seasonal changes in the monthly means of Chl concentration (a), the particle backscattering coefficient by, (b),
the yellow substance absorption coefficient a, (c), sea surface temperature SS7 () in the sub-regions of the White Sea
in 2016—2018; the black lines show the «climatic» values (averaged throughout 1998—2011).
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Fig. 4. Seasonal changes of the monthly means of Ch/ concentration (a), the particle backscattering coefficient by, (b), of
Cyanobacteria biomass B,,, (), and sea surface temperature SS7 (d) in the Gulf of Finland of the Baltic Sea in 2016—2018;
the black lines show the «climatic» values (averaged throughout 2003—2011).
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Fig. 5. Seasonal changes of the monthly means of Ch/ concentration (), the particle backscattering coefficient by, (b), the
coccolithophore cell concentration (c), sea surface temperature SS7 (d) in the subregions #7 and #8 of the Black Sea; the
black lines show the «climatic» values (averaged throughout 1998—2011).



K cratbe Konenesuu O.B., Carune H.B. MexXroqoBble U3BMEHEHUSI OMOONTUYECKUX XapaKTEPUCTHUK. ..

Kopelevich O.V., Sahling 1.V. Interannual changes of the bio-optical characteristics...

- ]
R RN
I
W z3
—
NS

" A
B o SSRGS

~—_1 7228,

R

_.
<
=
o
o

2011).

the black lines show the «climatic» values (averaged throughout 1998

~2018;

Fig. 6. Seasonal changes of the monthly means of Chl/ concentration (a), the particle backscattering coefficient by, (b),
2016

the yellow substance absorption coefficient a, (c), sea surface temperature SS7'(d) in the sub-regions of the Caspian Sea in



