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Abstract

The paper analyses long-term data of the MHI Oceanological Data Bank for spring-summer
seasons (May—September) of 1986-2000 and 2007-2023 and assesses the conditions of
upwelling occurrence, their duration, influence on the change of temperature and oxygen
regimes and content of nutrients in the water area of Goluboy and Yalta Bays. Fourteen
upwellings were detected during the mentioned periods. The volume of analysed data was
3288 values of depth, temperature, sigma-t, oxygen content and nutrients. Upwellings
recorded in the first period (1986-2000) were observed only in the Yalta Bay water area.
They are characterised by large temperature variations, significant changes in sigma-t and
for May upwellings by very high values of oxygen content. An analysis of the current MHI
database from 2007 to 2023 allowed us to identify upwellings in the waters of Goluboy
Bay, including the area of the stationary oceanographic platform, in July 2007, May 2010,
2012 and 2013, June and September 2013 and June 2021. We compared the temperature,
coastal sigma-t and oxygen content for May and June 2012, 2013 and June 2021 and con-
cluded that the intensity of upwellings had significantly decreased, the reasons for which
are still unclear and may require further research. The paper considers differences in the con-
tent of biogenic nitrogen and phosphorus in the coastal water areas of the Southern Coast of
Crimea during upwellings. These differences were manifested in the increase in the content
of mineral forms of phosphorus and insignificant change in the content of mineral com-
plexes of nitrogen. The analysis of the used database for these periods showed the insuffi-
ciency of target measurements and the need to adjust the monitoring system, especially
in the spring—summer period, when the probability of upwelling is maximum.
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AHHOTaNNA

[Ipoananu3upoBaHsl MHOTOJICTHUE AaHHbIe baHka okeaHonormueckux nanHeix MI'U 3a
BECCHHE-JIETHHE Ce30HbI (Mail — ceHTs10ph) 1986—2000 1 2007-2023 IT., OIICHEHBI YCIOBHS
BO3HUKHOBEHHS! alBEJUIMHIOB, UX MPOJIOJDKUTENILHOCTD, BIMSHAE HA M3MEHEHUE TeMIlepa-
TYPHOTO M KHCJIOPOJHOTO PEXHMOB M COJEp)KaHWE OMOTE€HHBIX JJIEMEHTOB B aKBAaTOPHH
Tomyboro u SnatnHCKOTO 3a7MBOB. B yKa3aHHBIE mMepHoabl 00HapYyKeHO 14 arBeTHHTOB.
O6BeM MMpoaHaTU3NPOBAHHBIX JAaHHBIX COCTaBHI 3288 3HAYEHWH ITyOWHBI, TEMIIEPATYpHI,
IUIOTHOCTH, COZEPKaHUsI KUCIOPOJa M OMOTEHHBIX JIEMEHTOB. ANBEJUIMHIH, 3a()UKCHPO-
BaHHBIC B TepBbId mepuoy (1986-2000 TT.), OTMEUEHBI TOJBKO B aKBATOPHUW SIITHHCKOTO
3aiuBa, U HUX XapaKTepHBI OONBINNE Teperagsl TeMIIEPaTyphl, CyIeCTBEHHBIE H3MEHe-
HUSI TUIOTHOCTH BOJIBI, @ JUIS MAalCKHX alBEJIMHIOB — OYEHb BHICOKHE 3HAUSHHUS COJeprKa-
HUS KHCIopona. AHamu3 coBpeMeHHOU 0a3bl ganHbix MI'U ¢ 2007 nmo 2023 r. mo3Boaui
BBISIBUTH aIBEJUTMHTH B aKBaTOpHUH [0y00TO 3aiiBa, BKIIIOYasl pafioH PacIioIOKEHUsS CTa-
IIMOHapHOW okeaHorpaduyeckoi miardopmsl, B utoae 2007 r., mae 2010, 2012 u 2013 rr,,
utoHe u cenrsiope 2013 . u ntone 2021 r. B pesynsrare cpaBHEHUS TeMIEPaTyphl, IUIOTHO-
CTH TPUOPEKHBIX BOX M COICp)KaHUS B HUX KHcIopoma 3a Mmai, mioHs 2012, 2013 .
v nioHb 2021 I. caenaH BBIBOJ O CYIIECTBEHHOM CHM)KEHWH WHTEHCHBHOCTH AlBEJUIMHIOB,
NPUYUHBI KOTOPOTO TOKa HESICHBI M MOT'YT CTaTh MPEIMETOM JAIbHEHIINX MCCIICIOBaHUM.
PaccmarpuBatoTcsi pa3nudus B COACpKaHUH OMOTEHHBIX a30Ta U (ocdopa B MpHOPEKHBIX
axBaropusix HOxHoro Oepera KpeiMa B mepHoabl POXOXKIAEHHS allBEIUITMHIOB. DTH Pa3iii-
YMs TPOSBUIINCH B YBEJIMUCHHUH COJEpKaHUS MUHepaidbHBIX (opMm docdopa u He3Hauu-
TEJEHOM HM3MEHEHHUH COAEP)KaHUS MHUHEPAIbHBIX KOMIUIEKCOB a30Ta. AHAIN3 HCIIONB3ye-
Moii 6a3bl JaHHBIX 32 YKa3aHHBIE ITEPHOBI TOKA3aJl HEIOCTATOYHOCTD [IEJIEBBIX U3MEPEHU
U HEOOXOAMMOCTh KOPPEKTUPOBKHM CHCTEMbl MOHUTOPHHIA, OCOOEHHO B BECEHHE-JIETHHN
MepHO/l, KOT1a MAKCUMaJIbHA BEPOSTHOCTh BOSHUKHOBEHHSI allBEJIIMHIOB.

KuroueBble cjioBa: mpuOpexHbIi anBestuHr, KOHbIN Oeper Kpbima, TemnepaTypHblii pe-
JKUM, KACIIOPOTHBIN PEKUM, OUOTCHHBIC 3JICMEHTHI

BaaropapHocTH: pabora BBINOJIHEHA B paMKax rocyaapcrsenHoro 3aaanus ®I'BYH OUILL
MI'U o reme FNNN-2024-0016 «McciaenoBanuie MpoCTPaHCTBCHHO-BPEMEHHOM M3MEHYH-
BOCTH OKEaHOJIOTHYECKUX IPOLECCOB B OeperoBoi, NMpuOpeXHON M 1mesb(pOoBOH 30HAX
YepHoro Mopsi MOJA BO3AEHCTBHEM NPHPOAHBIX W AHTPONOTEHHBIX (AKTOPOB HA OCHOBE
KOHTAKTHBIX H3MEPEHUH ¥ MATEMaTHIE€CKOTO MOJCTHPOBAHUS.
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Introduction

The coastal zone of the Southern Coast of Crimea (SCC) is characterized
by significant dynamic activity, as evidenced by numerous cases of upwelling
on the sea surface. Upwelling occurs when, due to the Coriolis force and viscosity,
the longshore wind direction deflects surface water away from the shore and deep
water moves up instead. Generally accepted criterion for determining temperature
upwelling corresponds to cases with a sharp (more than 5 °C) decrease in surface
water temperature [1, 2]. The structure and dynamics of coastal upwelling near
the SCC were described in [3], where the authors consider two types of coastal
upwelling near the SCC — Ekman wind-driven and reverse storm surge ones. Cha-
racteristics of their occurrence conditions for 1980-1985 were given and it was
shown that the most intensive and long-lasting Ekman upwellings were formed
near the urban-type settlement of Katsiveli (Goluboy Bay). The paper also consid-
ers the influence of upwellings on the uplift of the cold intermediate layer core
closer to the surface up to 30 m horizon.

In [4], the authors consider that circulation of the coastal anticyclonic eddy is
one of the internal causes creating conditions for the development of upwelling
near the coast of Crimea even with the absence of wind stress longshore compo-
nent or when it is weak. According to the authors of [4], the main hydrodynamic
processes contributing to the occurrence of upwelling in the SCC water area are
as follows:

— intense western and south-western flows of the Rim Current along the south-
ern shores of Crimea;

— interaction of the Rim Current northern periphery with the shelf relief hetero-
geneities (capes, bays) of the Crimean Peninsula;

— longshore eastern and north-eastern flows of the northern peripheries of anti-
cyclonic dynamic formations, realising the Ekman effect at longshore wind intensi-
fication;

— reverse storm surge winds from the western and northern sectors, normal
to the shore.

The interaction of these factors determines complex structure and dynamics of
coastal waters and influences the process of upwelling formation.

The results of determining the regularities of coastal upwelling development
in the Black Sea using satellite data are presented in [5]. The Black Sea water area
was zoned according to the frequency of coastal upwellings. It was shown that
upwellings were more frequently observed in the north-western part of the sea and
much less frequently in the area of Yalta, Feodosiya, Novorossiysk and especially
near the coast of Turkey. These areas are characterised by the absence of
upwellings in certain years. Their occurrence frequency is 1-8 days per month.

Identification of areas with the highest frequency of coastal upwellings during
the warm period for the Black Sea was carried out in [2]. A number of satellite
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images of the entire Black Sea area obtained from AVHRR sensors of NOAA
satellites in 1997-2011 were analysed. The observation time interval was extended
to 2015 for the SCC. Significant interannual variability of the total duration of
upwellings was noted over the period under consideration. For the SCC, estimates
of the interaction of the upwelling with the surrounding multiscale dynamic struc-
tures, such as the area of active anticyclonic eddies formation, under the influence
of the Rim Current southwest of the SCC were presented. As a result, the width of
the developed upwelling can reach 30 km near the SCC. According to the authors
of [2], upwellings are a kind of windows in which the thermocline and subthermo-
cline waters interact with the atmosphere during the warm period of the year.

An analysis of intra- and inter-annual variability of the frequency, speed
and duration of westerly winds contributing to the occurrence of upwellings
near the SCC is presented in [6]. Six-hourly data on wind speed components at 10 m
height obtained from atmospheric reanalysis ERA5 for 1979-2021 and temperature
monitoring data at the Black Sea hydrophysical subsatellite polygon of Marine
Hydrophysical Institute (MHI) were used.

Upwelling is detected as temperature decreases due to the rise of colder deep
waters, most often from April to October, when the surface temperature is higher
than the subsurface water temperature [7]. This is most contrasting in the summer
months, with the highest vertical temperature gradient in the thermocline. Such
upwelling is determined by the sea surface temperature obtained from contact
measurements [1], including thermistor chains installed in shelf zones [8-10],
as well as from satellite data [2, 11, 12].

Using modern methods of mathematical modeling (multi-scale coupled ocean—
atmosphere modeling platform NOW (NEMO-OASIS-WRF) with a resolution
of 2 km), one of the cases of wind-driven coastal upwelling in the Black Sea
near the SCC on 24-25 September 2013 was studied in [13], where the authors ap-
plied this model successfully in order to reproduce a sharp decrease in sea surface
temperature by 10 °C within two days. The increased spatial resolution of the simu-
lation made it possible to identify upwelling features associated with the relief and
shape of the coastline.

The above studies did not assess the impact of upwelling on the water area
oxygen regime, nor did they analyse the associated change in the content of hydro-
chemical parameters, in particular, such ecosystem components as elements of
the main biogenic cycle, with their content affecting the productivity of marine
coastal zone ecosystems significantly [11, 14]. Rise of deep waters saturated
with nutrients provides growth of phytoplankton biomass and other components
of the biosphere [15].

In [16], it was shown that the area of Goluboy Bay was a convenient polygon
for synchronous remote and subsatellite studies of natural oceanological processes
and impact of coastal anthropogenic sources of pollution on the state of the marine
coastal environment. An undoubted advantage of this polygon is the location of
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a stationary oceanographic platform (SOP) in its south-western part at a distance of
430 m from the coast near Katsiveli with a sea depth of 27 m at the sampling
point, which makes it possible to monitor promptly the development of upwelling
in the SCC area based on changes in surface water temperature. In [11], the upwel-
ling that occurred in May 2010 was studied using not only contact methods but also
satellite data. In [16], the authors discuss the results of expedition research con-
ducted on the SOP by the MHI Marine Biogeochemistry Department in 2009-2014
and analyse the impact of upwelling mainly on the content of individual compo-
nents of the carbonate system, dissolved oxygen and elements of the main biogenic
cycle. It was shown that not affecting the content of inorganic forms of nitrogen,
the powerful upwelling observed in May 2014 in the SOP area led to an increase
in phosphate concentration by 3—4 times compared to background values.

In the present study, the conditions of upwelling occurrence in the water area
of Goluboy (including the SOP near Katsiveli) and Yalta Bays, their duration and
influence on the changes in temperature and oxygen regimes and the content of
nutrients were studied. We analysed data for May—September of these periods
as the season of the most frequently occurring upwellings, easily registered due to
the large temperature difference between surface and deep water layers.

Given the importance of upwelling for assessing the ecological state of coastal
waters, further study of this phenomenon, especially its seasonal dynamics with
detailed information on oxygen and nutrient content, is particularly relevant.

The aim of the paper is to assess the intensity and duration of coastal
upwellings formed in spring and summer in the water areas of Goluboy and Yalta
Bays by analysing changes in sigma-t, their temperature and oxygen regimes and
the content of nutrients.

Materials and methods of study

The paper analysed long-term data of the MHI Oceanological Data Bank (ODB)
for 1986-2000 and 2007-2023 in order to assess the conditions of upwelling occur-
rence in the water area of Goluboy (including the SOP near Katsiveli) and Yalta
Bays. We assessed the intensity and duration of upwelling, as well as its influence
on changes in temperature and oxygen regimes, sigma-t and content of nutrients
(inorganic and total phosphorus and inorganic nitrogen) for May—August. The data
analysed for the selected upwellings for the 1986-2000 period (July 1986, May
1987 and 1989, July 1997) comprised 2108 values of all water parameters in-
cluding oxygen and nutrients. The distribution of values by year was found to be
uneven, namely, 580 — in 1986, 575 —in 1987, 666 — in 1989 and 287 —in 1997.

In 2007-2023, upwellings were recorded in July 2007, May 2010, 2012
and 2013, June and September 2013, June 2021. The analysed data comprised
1180 values of the above parameters. The distribution of values by year was found
to be uneven, namely, 384 values of all analysed parameters in 2007, 224 — in 2010,
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137 —in 2012, 323 —in 2013 and 112 — in 2021. Only one upwelling was identified

in the provided database on 7 September 2013 with a maximum temperature differ-

ence of up to 14 °C. In the analysed MHI ODB, upwellings were not recorded

for 2014 (data for July and August only), 2015 (September), 2016 (May and Ju-

ly), 2017 (June and September), 2018 (July), 2019 (July), 2020 (September).

In the 2022 and 2023 spring—summer period (data for May-September), no up-

wellings were recorded in the water area of Yalta and Goluboy Bays, which was

| | confirmed by the conclusion

valta = | of the authors of [5] that
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Results and discussion

In the SCC coastal zone (summer 1986-2000), the characteristics of coastal
waters during the period of upwellings in the water area of Goluboy (including
the SOP near Katsiveli) and Yalta Bays were considered. The duration of upwel-
lings during this period varied from 6 to 28 h with a temperature decrease by 8-9 °C.

The 6 h upwelling observed on 14 July 1986 was accompanied by a decrease
in temperature in the surface water layer by 8.33 °C and an increase in oxygen con-
tent to 7.76 mL/L, while before the upwelling, this value in the surface water layer
was 5.39 mL/L. During the upwelling period, a vertical increase in sigma-t from
13.3 kg/m® near the surface to 14.1 kg/m?® at a depth of 20 m was observed as well
as an increase in oxygen content from 7.76 to 8.12 mL/L, an increase with depth
in phosphates and total phosphorus content about three times, with unchanged
inorganic forms of nitrogen (nitrites and nitrates).

The upwelling duration in the Yalta Bay water area on 25 May 1987 was more
than a day (beginning — 25 May at 7:56 a.m., termination — 26 May at 11:00 a.m.),
with a temperature difference of 8 °C (15.60-7.60 °C). The upwelling was accom-
panied by an increase in surface water oxygen content to 8.65 mL/L (7.04 mL/L
before upwelling). Sigma-t also increased from 12.30 to 14.30 kg/m®. An increase
in phosphorus and nitrite nitrogen content was recorded on the second day of
upwelling at a depth of 5 m. It should be noted that upwelling in May was also
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characterised by a decrease in ammonium content as compared to the previous
period.

The upwelling duration in the Yalta Bay water area on 11 May 1989 was 6 h
with a temperature difference of more than 9 °C. Sigma-t also increased from 13.24
to 14.10 kg/m?® during the upwelling and decreased up to 11.78 kg/m? looking
past it. Of note is the higher oxygen content (8.70-9.01 mL/L) in the bay waters
during the upwelling period, which persisted (8.63 mL/L) even after the upwelling
termination on 15 May 1989. During the upwelling period, an increased content of
total phosphorus was noted at the surface horizon, while the content of nitrates,
phosphates and nitrites did not change at depth.

In the Goluboy Bay water area, the upwelling was recorded on 22 July 1997.
Its duration was 7 h, with a temperature decrease of more than 9 °C. Sigma-t before
its beginning was 10.47 kg/m? and during the upwelling period — 13.02-14.19 kg/m?.
Dissolved oxygen concentration in the surface layer was 5.86 mL/L on 18 July
1997 and 7.27-6.11 mL/L during the upwelling period. The content of biogenic
compounds (phosphates, total phosphorus and nitrites) did not change vertically,
with nitrates content only increased in the surface water layer.

Thus, in the first period under study, upwellings, regardless of their duration
and temperature difference, were always accompanied by an increase in oxygen
content and sigma-t. No such unambiguous conclusion can be made with regard
to nutrients. An increase in the content of only total phosphorus and phosphates
was recorded during three upwellings in July 1986, May 1987 and 1989 in the Yalta
Bay water area and on 20 July 2007 in the Goluboy Bay water area, where
the phosphates content increased almost three times and that of total phosphorus —
one and a half times. The content of inorganic nitrogen did not change with depth
during the upwelling period. A similar situation is described in [15], when under
the influence of a powerful upwelling lasting one day in May 2014 in the SOP area,
the content of inorganic nitrogen did not change, while the phosphates concen-
tration increased 3—4 times compared to the background values. The reason can
include differences in the cycles of these nutrients: for nitrogen, it is the water—
atmosphere system and for phosphorus, it is the water-bottom system. Unlike
inorganic nitrogen, phosphorus has no gaseous forms in water and its ability to
accumulate near the bottom and return to the water column as a result of oxygen
decrease under reducing conditions is well known. These differences are particular-
ly evident in other water areas. Such conditions were recorded in Sevastopol Bay
and described in [17]. Since upwelling is the rise of deep water, an increase
in phosphorus is understandable.

In 2007-2023, the upwelling was revealed in the Goluboy Bay water area
in July 2007, May 2010, 2012 and 2013, June and September 2013, June 2021.
On the SOP, samples were collected at surface, 0.5 and 5.0 m horizons.

The upwelling duration on 20 July 2007 was one day, with a temperature
decrease of about 10°C, sigma-t increase from 9.96 kg/m? (before the upwelling) to
13.86 kg/m® (during the upwelling) and dissolved oxygen concentration increase
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from 5.5 to 7.96 mL/L at 1 m depth. The upwelling was accompanied by an in-
crease in phosphates concentration almost three times (from 1.6 to 4.3 pg/L) and
in total phosphorus — one and a half times (from 4.3 to 7.4 pg/L), with almost
no effect on the content of nitrites and nitrates.

The 24 h upwelling recorded in May 2010 was accompanied by a decrease
in temperature by 7.5 °C, an increase in sigma-t by about two units and a slight
(up to 7.14 mL/L) increase in dissolved oxygen content.

In May 2012, several upwellings were observed: on 24 and 25 May with dura-
tion from 6 to 48 h with temperature decrease by 9.4-10.4 °C, and on 30-31 May
with duration of a day with temperature decrease by more than 9 °C. All three
upwellings of May 2012 were accompanied by an increase of oxygen content
in the surface water layer up to 7.36 mL/L, with its content before the upwelling
at 5.86 mL/L. During all three upwellings, sigma-t increased from 11.91 to 14.07 kg/m?3
(Table). The content of nutrients during the upwelling period in May 2012 was not

measured.

Parameters of coastal upwellings in Yalta and Goluboy Bays found in 1986-2021

Range of
Upwelling Upwelling
date duration, h sigma-t, temperature, oxygen content,
kg/m?3 °C mL/L
14.07.1986 6 11.40-13.40 13.20-21.03 5.39-7.72
25.05.1987 28 12.30-14.30 7.60-15.60 7.04-8.65
11.05.1989 6 11.80-14.10 8.30-17.30 8.63-9.01
22.07.1997 7 10.50-13.23 11.70-22.20 5.89-7.27
20.07.2007 24 10.01-13.96 14.90-25.00 5.50-7.96
27.05.2010 24 11.83-13.47 11.46-18.95 6.68-7.14
24.05.2012 6 11.91-14.03 8.15-18.61 5.86-7.36
25.05.2012 48 12.50-14.03 8.60-17.80 6.74-7.22
30.05.2012 24 12.50-14.07 8.62-18.00 6.74-7.25
25.05.2013 30 12.10-13.89 10.00-18.58 6.54-6.90
28.05.2013 5 12.01-13.78 10.20-18.76 6.25-6.83
01.06.2013 2 11.50-13.46 12.00-20.00 5.95-7.15
07.09.2013 24 11.30-13.79 10.12-21.50 5.60-7.11
02.06.2021 13 12.62-13.60 11.19-17.54 6.30-6.72

Note: The ranges of sigma-t, temperature and oxygen content are given for the surface hori-

zon.
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The overview table of all coastal upwellings detected in the MHI ODB for two
periods 1986-2000 and 2007-2023 makes it possible to compare their influence
on the change of water mass parameters such as sigma-t, temperature and dissolved
oxygen saturation of the SCC coastal water areas on the example of Yalta and
Goluboy Bays. Table does not present data on changes in the concentration of
nutrients during the upwelling period because in the MHI ODB, these elements
were determined only during the upwelling period in May 1987 and 1989, in July
1986, 1997 and 2007 and in September 2013. Nutrients were not determined during
other upwelling periods.

The data in Table show that regardless of the upwelling duration, the change
in oxygen content depends mainly on the change in sigma-t and temperature differ-
ence during the upwelling period. During the identified upwellings, temperature
decreases ranged from 8 to 10.5 °C in May and July, 6.5 to 8 °C in June, with a max-
imum of 11.4 °C in September 2013. The increase in sigma-t resulted from the up-
welling was maximum (by 2.0-2.73 kg/mq) in July 1997 and 2007 and minimum
(by 1.33 kg/m?) in 2021. The maximum increase in dissolved oxygen content was
observed in July 1986 (2.33 mL/L) and 2007 (2.46 mL/L). In May 1987 and 2012,
it was 1.20-1.61 mL/L and the remaining upwellings were characterised by an in-
crease in aeration by no more than 0.58 mL/L.

Figs. 2-5 show changes in coastal water parameters (temperature, sigma-t,
oxygen content) under the influence of coastal upwellings in the Goluboy Bay
water area around the SOP location in the modern period (2012-2021).

When comparing the information presented in Figs. 2, @ and 2, ¢, a clear de-
pendence of oxygen content on water temperature can be seen: at the upwelling,
lower temperatures are accompanied by higher oxygen content. Sigma-t (Fig. 2, b)
increases slightly at the upwelling but in contrast to temperature and oxygen con-
tent, separate decreased sigma-t lenses are observed at the surface and 5 m horizon
up to a value of 12.60 kg/m®. Later, at the upwelling over the whole area until
31 May, the sigma-t field is almost homogeneous with a value of 13.40 kg/m?.
Fig. 2, b also demonstrates that decreased sigma-t lenses location corresponds to
the area of low oxygen concentrations.

The upwelling of 30 h duration recorded on 25 and 26 May 2013 differed
from the upwelling in May 2012 by a decrease in temperature by about 8 °C and
a lower difference in sigma-t from 12.10 to 13.80 kg/m?, which was also reflected
in a slight (6.54-6.86 mL/L) change in the surface water layer oxygen content (Fig. 3).

The upwelling recorded on 28 May 2013 was characterised by a duration of 5 h,
temperature decrease by 8.5 °C and comparable changes in sigma-t and dissolved
oxygen content (see Table). A very short (2 h) upwelling took place on 1 June 2013
(Fig. 3), with a temperature decrease of about 8 °C. It was accompanied by a de-
crease in oxygen content from 7.15 mL/L during the upwelling period to 5.95 mL/L

104 Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2025



e
£ g |
£ E 15
£ g a
8 g
: I
(5]
= 9
W — ME
c ® 136
£ | Z
s g Bize b
fa =3
w
4 12
-
P 3
1% =
) - 5
£ -
& o 8 c
412 ) 5
*
_ ol [
I T T
24 25 26

May 2012

Fig. 2. Parameters of coastal waters: temperature (a),
sigma-t (b) and oxygen content (c) during upwellings from
24 to 30 May 2012 in the Goluboy Bay water area (stationary
oceanographic platform — SOP)

after its termination. Sigma-t at the surface horizon increased to 13.46 kg/m?® during
the upwelling period and decreased to 11.50 kg/m? after its termination.

When comparing the data presented in Figs. 2 and 3, it can be noted that
in May 2013 the observed upwellings were characterised by a smaller temperature
difference, sigma-t and oxygen content changes than in May 2012.

On 7 September 2013, the upwelling of 24 h duration was recorded in the Golu-
boy Bay water area, with a temperature difference of more than 10 °C (from 21.5
to 10.12 °C), sigma-t increase from 11.34 to 13.79 kg/m? and subsequent decrease
after the upwelling to 5.6 mL/L with an increase in dissolved oxygen content to
7.11 mL/L (Fig. 4). In addition, the phosphates content doubled as at the upwelling
in July 2007. This is also noted in the findings of [15], where the upwelling of May
2014 was described.

Higher upwelling intensity of on 7 September 2013 compared to May and June
of the same year can be related to the effect of such a climatic factor as wind.
In [6], in which the duration of winds favourable for the upwelling occurrence was
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Fig. 5. Parameters of coastal waters: temperature (a),
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2 June 2021

studied, it was shown that the longest duration (from 6 h to several days) of wester-
ly winds had been recorded from 29 August to 8 September 2013.

The duration of the upwelling on 2 June 2021 was about 13 h (Fig. 5).

Fig. 5 shows that the upwelling of June 2021 can be characterised by minimal
values of temperature difference (by about 6.5 °C), minimal change in sigma-t
(by 1.33 kg/m?®) and the slightest change in oxygen content (by 0.16-0.42 mL/L).
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Analysis of the information presented in Figs. 2-5 makes it possible to con-
clude that during the upwelling on 2 June 2021, the temperature decrease was
the lowest one since 2012. This is probably why the distribution of oxygen content
across all horizons (6.56—6.72 mL/L) was fairly uniform and sigma-t variation was
negligible (from 12.62 to 13.52 kg/m?).

According to the MHI ODB data, analysis of seasonal dynamics of upwelling
occurrence in the SCC coastal water areas showed that eight upwellings were
recorded in May, three — in July, two — in June and only one — in September.

The reasons for our finding of a slight decrease in upwelling intensity
in the spring—summer period from 2012 to 2021 remain unclear, as more intense
upwelling was observed in September 2013. In consideration of the intricacy of
the processes that occur in the SCC coastal water areas, which are subject to factors
of diverse natures, it is evident that further observations and the enhancement of
the monitoring system are imperative to address the raised queries.

Conclusion

Based on the analysis of the MHI ODB in situ data for two periods 1986-2000
and 2007-2023, assessments of the influence of coastal upwellings on changes
in temperature and oxygen regimes and content of nutrients in the Goluboy Bay
water area, including the SOP in Katsiveli, and in the Yalta Bay water area were
obtained. The maximum frequency of upwelling occurrence in the spring—summer
season was confirmed.

It is shown that as a factor of change in water aeration, the upwelling con-
tributes to the increase in dissolved oxygen content at any duration of its effect
as a result of the accompanying temperature difference and change in sigma-t.

The upwellings recorded during the first period were noted in the Yalta Bay
(three upwellings) and Goluboy Bay (one upwelling) water areas. They were
characterised by large temperature differences, significant changes in sigma-t, and
for the May upwellings — by very high oxygen content both before and after
the upwelling. The reasons for such variability of parameters of the identified
upwellings have still been unclear.

The analysis of the data for the second period (2007-2023) showed that
the formed upwellings were detected in the Goluboy Bay waters, including
the SOP area. Comparative analysis of information on the upwelling intensity
for May and June 2012, 2013 and June 2021 made it possible to identify a signifi-
cant decrease in the upwelling intensity based on changes in coastal water parame-
ters (temperature, sigma-t and oxygen content), the reasons for which remain
unclear and can be further studied.

It was concluded that the rise of deep water resulted from the upwelling con-
tributed to the increase in the content of mineral forms of phosphorus and affected
insignificantly the concentration of mineral complexes of nitrogen. The assumption
that the difference in changes in the content of these biogenic complexes under
the effect of the coastal upwelling is associated with differences in the systems of
their circulation and requires further research.
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The analysis of the used database for these periods showed the insufficiency

of target measurements and the need to adjust the monitoring system, especially
in the spring—summer period, when the probability of upwelling is maximum.
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