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Abstract

The paper studies the variability of the temperature field at the sea surface on different time
scales using hydrological measurements made off the coast of Crimea during 2022-2023
cruises of R/V Professor Vodyanitsky and Copernicus satellite data. It is shown that the intra-
annual temperature amplitude according to in situ measurements in 2022 was 18.2 °C, where-
as in 2023, it was 16.6 °C. The maximum ranges of spatial temperature changes at the poly-
gon (up to 4-5 °C) were observed during periods of intense heating and cooling of surface
waters in April-May and December 2022 and October 2023. On the synoptic scale,
the periods of temperature increases (decreases) corresponded to those of local wind
decreases (increases) with a delay in the temperature response to changes in the wind speed
by 10-12 hours. Satellite data showed differences in the temperature intra-annual cycle and
the level of its synoptic variability in 2022 and 2023 from climate norms. In 2022, the min-
imum and maximum temperatures in the intra-annual cycle were observed two weeks later
than according to climate data. In 2023, the time of occurrence of the minimum corre-
sponded to the climate one, and the maximum was observed two weeks earlier than it had
been expected from the climate data. The main maximum in the level of synoptic tempera-
ture variability was observed in November 2022 and in December 2023, but not in May
as it had been expected from the climate data. It is shown that from 2022 to 2023, predomi-
nantly positive average monthly temperature anomalies against the climate norms were
observed. This reflects the upward tendency in temperature over the past two years.
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N3MeHYuBOCTH TEMIIEPATYPbI HOBEPXHOCTH MOPS
y Oeperos Kpbima B 2022-2023 rogax
110 JAHHBIM IKCIEAULIMOHHBIX U CIIyTHUKOBbIX U3MEPEeHUM

IO. B. Apramonos, E. A. Ckpunanena*, A. B. ®equpko

Mopckoti euopogusuueckuui uncmumym PAH, Cesacmonons, Poccus
* e-mail: sea-ant@yandex.ru

AHHOTAIUA

o raHHBIM THAPOIOTNYECKUX U3MEPEHHH, BBITIOIHEHHBIX y OeperoB Kprima B xoze peiicos
HUC «IIpodeccop Boasuunkuii» B 2022-2023 rr., 1 CIyTHUKOBBIM AaHHBIM COpernicus
HCCIIeIOBaHA M3MEHYMBOCTh MOJSI TEMIEpaTyphl Ha IOBEPXHOCTH MOpPS Ha Pa3HBIX Bpe-
MeHHBIX MacmTabax. I1o HaHHBIM KOHTaKTHBIX M3MEPEHUi MoKa3aHO, YTO BHYTPUTOAOBas
ammmuTyaa Temrepatypsl B 2022 1. coctaBmia 18.2 °C, B 2023 1. — 16.6 °C. Makcumans-
HbIe JMama30Hbl MPOCTPAHCTBEHHBIX M3MEHEHUI TemmepaTypsl Ha nonurone (no 4-5 °C)
HAOIOAAINCh B MEPHOAbl MHTEHCUBHOTO NPOrpeBa U OXJIAXKJICHHS MOBEPXHOCTHBIX BOJ
B ampene — Mae u gexadpe 2022 r. u B okta6pe 2023 r. Ha cuHONTHYECKOM MacmiTade 1e-
PHO/BI TOBBIICHHS! (IOHKEHUS) TEMIIEpaTyphl COOTBETCTBOBAIN TIEPHOJIAM OCIaOJICHHS
(ycmiieHusl) JOKaJbHOTO BETpa C 3ala3/bIBAHUEM pEeakIUH TeMIepaTypbl Ha M3MEHEHUs
ckopocTtd BeTpa Ha 10-12 4. [To ciyTHUKOBBIM JaHHBIM MOKa3aHbl OTJIMYHUSI BHYTPUTOAO-
BOI'O LIMKJA TEMIEPATyphl U YPOBHS €€ CUHONTHYECKOW M3MeHuuBocTH B 2022 u 2023 rr.
OT KJIMMaTH4ecKUX HOpM. B 2022 r. MUHMMYM M MakCHMyM TeMIepaTypbl HaOIIOJaIICh
Ha JIBE HEJIENH TT03KE, YEM M0 KIMMATHIECKUM JaHHBIM, B 2023 T. BpeMsi HACTYIIICHHUS MU-
HUMyMa COOTBETCTBOBAJIO KIMMAaTHYECKOMY, @ MaKCHMyM HaOJIOJaJCs Ha JBE HEIENH
paHbllle, YeM MO0 KIMMATHYeCKUM JaHHbIM. OCHOBHOM MaKCHMyM YpPOBHS CHHOITHUYECKOM
HM3MEHYMBOCTH TeMIlepaTypsl npociexusaics B 2022 r. B Hos0pe, B 2023 1. — B 1ekadpe,
a He B Mae, Kak 10 KJIMMaTHYeCKUM JaHHbIM. [lokazaHo, uto B nepuon ¢ 2022 no 2023 r.
HaOJI0OAAIICh TPEUMYIECTBEHHO MOJIOKUTEIbHBIE CPEIHEMECSUYHbIE aHOMAJIUN TeMIlepa-
TYpBI OTHOCUTEJIBHO KIMMATHYECKHX HOPM, OTPaKaIOIINe TeHACHIIHIO K MOBBIIIEHHIO TEM-
repaTypsl B TEUCHHE TTOCICTHUX IBYX JIET.

KaroueBsie cioBa: UepHoe Mope, TemMrepaTypa MOBEPXHOCTH MODS, CITyTHHKOBBIE H3Me-
peHUs, KOHTAaKTHBIE U3MEPEHUS, IPOCTPAHCTBEHHO-BPEMEHHAs! U3MEHYHBOCTh

BaaronapHocTu: paboTa BBIIOJIHEHA B paMKax B paMKax T'OCYAApCTBEHHOTO 3a/laHMS
OI'BYH ©OUIl MI'M FNNN-2024-0014. {anHble momydeHbl B LIeHTpe KOIIEKTHBHOTO
mosp30Banus «HayuHo-uccnenoBarensckoe cynuo ,Ilpodeccop Bomsuunkuii™»y dene-
PaIbHOTO TOCYAAPCTBEHHOTO OIOKETHOTO yUpeskaAeHHs Haykn DenepalbHOTO HCCIenoBa-
TeNmbCKOTO HeHTpa «MHCeTHTYT Onoornu 0xKHbIX Mopeit uMeHu A.O. Koanesckoro PAH».
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Introduction

The solution of modern problems related to the rational use of the Black Sea
resources and preservation of its ecosystem requires constant monitoring of the wa-
ters hydrological structure state. Particular emphasis is placed on the investigation
of the temperature field variability, as this parameter represents a pivotal abiotic
factor influencing the marine ecosystem. Works ¥ [1-7] show that seasonal and
interannual variations are the main contributors to the total variability of the sea
surface temperature (SST) field. It is shown that the SST seasonal variability is
largely determined by the advection of waters by the Rim Current (RC) in addition
to heating and cooling processes. Transport of warm waters with the RC from the east
and southeast to the Crimean coast results in an increase in the SST in the winter—
spring period, weakening of intra-annual temperature contrasts and, as a conse-
quence, minimum level of the SST seasonal variability near the Crimean coast [6].
It is established that large-scale atmospheric processes and changes in the RC
intensity influence the SST interannual variability [6, 8-10]. Works [3, 11-17]
demonstrate that in recent years, a notable increase in the Black Sea temperature
can be observed even in the cold intermediate layer.

Works [5, 7, 18-26] show that in addition to seasonal and interannual process-
es, the variability of the Black Sea temperature field is also influenced by a number
of other factors including synoptic eddies, local meteorological conditions and
upwelling. The intensive formation of synoptic meanders and circulations leading
to the formation of temperature anomalies [24-26], as well as the export of
the Azov Sea waters through the Kerch Strait [27], determined a high level of
the SST synoptic variability within the coastal zone of Crimea from the Kerch
Strait to the Heracleian Peninsula [7]. It is important to note that over the past
decade, the hydrological water structure monitoring and assessment of the spatio-
temporal evolution of the temperature field directly off the Crimean coast, where
the anthropogenic impact is most pronounced, have been conducted primarily
on the basis of in situ measurements on R/V Professor Vodyanitsky with a relative-
ly large distance between stations (20-30 km). In this regard, the results of mea-
surements made in 2022-2023 are of particular interest, given that hydrological
surveys off the Crimean coast were conducted on a more frequent grid of stations
and in a number of cruises the surveys were repeated twice. The repeat survey data
obtained during the 122" and 123" cruises of R/V Professor Vodyanitsky in con-
junction with satellite temperature measurements permitted a comprehensive anal-
ysis of the SST field spatial structure and characteristics of its synoptic variability
off the Crimean coast during the summer of 2022 [30].

The objective of the present study is to examine the SST field variability
in the northern Black Sea off the Crimean coast on different time scales. To this end,
data collected during eight cruises of R/V Professor Vodyanitsky in 2022-2023 is
integrated with Copernicus satellite data.

D Nelepo, B.A., ed., 1984. [Variability of Hydrophysical Fields of the Black Sea]. Leningrad:
Gidrometeoizdat, 240 p. (in Russian).
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Materials and methods

In 2022 and 2023, hydrological measurements were carried out during the 121,
122, 1231, 124" 125 126%, 127" and 129" cruises of R/V Professor Vodyanitsky
off the Crimean coast within the Russian territorial waters (Fig. 1). Table shows
timing of measurements and number of stations carried out during the cruises.
In consequence of the diminished extent of the survey area in 2022-2023 in com-
parison with that of the preceding cruises, the number of hydrological stations
within the polygon was augmented, thereby facilitating the acquisition of more
comprehensive SST spatial distributions off the Crimean coast. The expedition
time reserve made it possible to carry out repeated hydrological surveys in four
cruises (122", 123", 127" and 129", with the coordinates of the stations remain-
ing almost identical throughout. Hydrological measurements were taken in all sea-
sons in 2022 and in spring, summer and autumn in 2023, providing a comprehen-
sive data set for the assessment of the SST seasonal changes. Seawater temperature
was recorded at each station using IDRONAUT OCEAN SEVEN 320PlusM CTD
measuring system with an error of 0.001°C and a resolution of 0.0001 °C
(http://www.technopolecom.ru/downloads/doc_212.pdf) predominantly during day-
light hours. The temperature field distribution was analysed in the surface layer
at a distance of 2 m. During all cruises, five multi-hour hydrological stations were
carried out at locations indicated in Fig. 1.

In this study, we also used daily averaged data from the SST satellite measure-
ments from 1 January 2008 to 31 December 2023 with an ultra-high spatial resolu-
tion of 0.01° x 0.01° from the Black Sea High Resolution and Ultra High Resolution
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Fig. 1. Map of hydrological stations carried out off the Crimea coast during
the 121%, 122, 1231, 124" 125", 126%, 127" and 129" cruises of R/V Professor
Vodyanitsky
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Timing of measurements and number of stations carried out at the
polygon during the cruises of R/V Professor Vodyanitsky in 2022-2023

Cruise number Date Numper of
stations

121 19.04.2022-14.05.2022 87

1%t stage 07.06.2022-13.06.2022 75
122

2" stage 17.06.2022-23.06.2022 73

1%t stage 16.08.2022-23.08.2022 78
123

2" stage 26.08.2022-31.08.2022 78
124 02.10.2022-22.10.2022 113
125 02.12.2022-25.12.2022 128
126 16.03.2023-07.04.2023 90

1%t stage 14.06.2023-20.06.2023 64
127

2" stage 22.06.2023-05.07.2023 71

1%t stage 05.10.2023-17.10.2023 66
129

2" stage 17.10.2023-25.10.2023 34

Sea Surface Temperature Analysis array ? (product SST_BS_SST L4 NRT_
OBSERVATIONS 010 _006) of Copernicus Marine Environment Monitoring Ser-
vice (CMEMS) obtained using advanced processing algorithms [31]. These data
made it possible to calculate statistical characteristics of spatiotemporal tempera-
ture variability.

Actual wind speed values were selected from continuous records made at each
station using the AIRMAR-220WX shipboard weather station and referred
to the beginning of the hydrological sounding period.

2 Black Sea High Resolution and Ultra High Resolution Sea Surface Temperature Analysis /
E.U. Copernicus Marine Service Information (CMEMS). Marine Data Store (MDS).
https://doi.org/10.48670/moi-00159 (date of access: 25.11.2024).

10 Ecological Safety of Coastal and Shelf Zones of Sea. No. 4. 2024



Main results

The analysis of the in situ measurement data carried out in 20222023 revealed
a complex pattern of the actual SST horizontal distributions (Fig. 2), which can be
attributed to the combined influence of seasonal, synoptic and diurnal variability.
It is important to note that the accurate accounting of the SST diurnal variations
based on in situ data necessitates continuous measurement of data at each hydro-
logical station for a minimum of one day. However, this is currently unfeasible
within the constraints of the allocated time of cruises. Earlier estimates of the SST
diurnal variations based on in situ and satellite data [32, 33] indicated that it could
reach several degrees and was significantly influenced by the measurement area,
season and local synoptic conditions (cloudiness and wind speed). The data ob-
tained from the SST measurements at the multi-hour hydrological stations carried
out during the 121%t, 126", 127" and 129" cruises also demonstrated that the SST
diurnal variations exhibited notable differences on varying days, across different
seasons and in multiple areas of the polygon, reaching a maximum of 1.6-2 °C.
Conversely, during daylight hours, when the primary measurements were carried
out at the polygon, the changes in the SST did not exceed 0.5 °C.
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Fig. 2. SST distribution according to the measurements carried out in the 121% (a),
122M (b, ¢), 123" (d, e), 124" (f), 125" (g), 126™ (h), 127" (i, j) and 129" (k, I) cruises
of R/V Professor Vodyanitsky
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The SST spatial distributions from all surveys demonstrated that seasonal vari-
ability was most clearly evident in the SST fields. Thus, according to measure-
ments taken in 2022, the SST minimum at the polygon was observed in April —
May (121 cruise), with values fluctuating between 9.3 and 13.4 °C (Fig. 2, a).
The SST values increased to 19.5-23.6 °C in the first half of June (122" cruise,
1% stage) and to 17.5-24.5 °C at the end of June (122™ cruise, 2" stage) (Fig. 2, b, c).
During the second half of August, the maximum SST values were observed, reach-
ing 24.9-27.5 and 25.6-27.5 °C, respectively, during both stages of the 123" cruise
(Fig. 2, d, e). In October (124" cruise), the SST decreased markedly, with values
varying within the polygon from 18.7 to 20.3 °C (Fig. 2, f). In December (125"
cruise), a further decrease in the SST values was observed, with a minimum range
of 9.5-14.5 °C. (Fig. 2, ).

According to measurements taken in 2023, the lowest SST values (8.7-10.2 °C)
were observed in the second half of March and early April (126" cruise) (Fig. 2, h).
During the summer months, specifically the second half of June, there was a notable
rise in the SST values, which reached a range of 20.5-23.5 °C during the 1% stage
of the 127" cruise and increased subsequently to a range of 22.2-25.3 °C during
the 2™ stage of the cruise (Fig. 2, i, j). In the autumn, in October, a decrease in the SST
was observed, with values ranging from 15.5 to 21.5 °C during the 1% stage of
the 129" cruise and from 16.1 to 18.4 °C during its 2" stage (Fig. 2, k, I).

Thus, the minimum SST values were observed in spring 2022 (19 April -
14 May) and 2023 (16 March — 7 April), while the maximum ones were observed
in late August 2022 and in late June — early July 2023. The intra-annual SST ampli-
tude, as determined by measurements conducted in 2022, was 18.2 °C, while
in 2023 it was 16.6 °C.

Against the background of clearly pronounced seasonal changes during each
separate survey, the SST distribution in the polygon water area exhibited notable
spatial heterogeneity. The minimum ranges of the SST spatial changes at the poly-
gon not exceeding 1.5-2 °C were observed at the end of August 2022 (2™ stage of
the 123" cruise) (Fig. 2, ) and in the second half of March and early April 2023
(126" cruise) (Fig. 2, h), when the warmest and coldest surface waters, respective-
ly, were observed over the entire water area. The maximum SST spatial changes
reaching 4-4.5 °C were observed at the polygon in April — May (121 cruise) and
December (125™ cruise) 2022 and in the first half of October 2023 (1° stage of
the 129" cruise), when intensive heating and cooling of surface waters occurred
(Fig. 2, a, g, k).

The changes in the SST revealed at the polygon during each separate survey
under conditions of non-synchronous survey execution can be considered a super-
position of spatial and temporal variability. In order to accurately assess the corre-
lation between the levels of different types of variability, continuous daily averaged
data derived from satellite measurements were employed. Fig. 3, a shows the SST
distribution from satellite data for the period from 1 January 2022 to 31 December
2023 along a 50 m isobath across the entire polygon. A comparison of the SST val-
ues derived from in situ and satellite data for the same day in grid nodes situated
in close proximity to the coordinates of hydrological stations revealed a strong cor-
relation between the change in the SST from in situ data and from satellite data
during the measurement period (Fig. 3, b). The linear relationship coefficient R
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between the series of satellite and in situ SST values reached 0.99 (Fig. 3, ¢)
with statistical significance level o.= 0.01 (99% level of statistical confidence).

High spatiotemporal resolution of the satellite SST data and good agreement
between the in situ and satellite SST values allow the latter to be used to assess
the relationship between temporal and spatial temperature variability at the poly-
gon. Fig. 4 demonstrates the distribution of the values of spatial RMS deviation of
the SST (SST RMSDs) for each day and temporal RMSD of the SST (SST
RMSDt) calculated at each grid node with a step of 0.01° along the 50 m isobath
for the period from 1 January 2022 to 31 December 2023. The daily averaged val-
ues of spatial SST RMSDs throughout the time period varied from 0.1 to 1.0 °C
(Fig. 4, a). The increase in the level of the SST spatial variability from satellite data
(up to 0.7-0.8 °C) in the second half of April 2022 and the first half of October
2023 (Fig. 5, a) is consistent with in situ measurements. High spatial heterogeneity
of the SST field was also observed in April — May 2022 (121% cruise) and October
2023 (1% stage of the 129" cruise) (Fig. 2, a, k).
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isobath within the measurement polygon based on the satellite data
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Distribution of the SST RMSDt values from satellite data indicated that
they exhibited minimal spatial variability. For instance, the observed variations
within the polygon range from 6.10 to 6.22 °C along the 50 m isobath (Fig. 4, b).
The highest SST RMSDt values (exceeding 6.16 °C) were observed in the eastern
region adjacent to Cape Meganom, within the coastal shelf extension zone.

Thus, the satellite data analysis has revealed that the level of the SST temporal
variability is almost an order of magnitude higher than the level of its spatial varia-
bility in the water area of the polygon. Spatial homogeneity of the distribution of
the SST values at the polygon for each day and high consistency of satellite data
with in situ measurement data give grounds to believe that the changes in the SST
in the water area detected from in situ measurement data during each separate sur-
vey are mostly related to the SST temporal variability caused by synoptic and sea-
sonal fluctuations.

It is observed that the impact of intra-day variability on the SST distributions
was insignificant, as evidenced by data from multi-hour stations. During the day-
time, when in situ measurements were conducted, changes in the SST did not
exceed 0.5 °C while its seasonal fluctuations reached 16.6-18.2 °C. Additionally,
the SST variations at the polygon during the intervals of separate surveys ranged
from 1.5t0 4.5 °C.

Let us examine the specific characteristics of the SST distribution in greater
detail, with a focus on how it varies depending on the time of stations being carried
out during the periods of those surveys when the maximum temperature changes
at the polygon were observed, namely April — May (121% cruise) and December
(125" cruise) 2022 and the first half of October 2023 (1% stage of the 129" cruise)
(Fig. 5, a, e, i). Based on the data of the 121% cruise in April — May 2022, the SST
distribution was characterised by a significant increase of its values at the stations
from west to east. This increase was reflected in a positive trend significant at the 95%
level of statistical confidence (o = 0.05) which shows intensive surface water heat-
ing, i.e. the manifestation of the seasonal signal during the survey period (Fig. 5, a).
Note that measurements in the eastern part of the polygon were made almost two
weeks later than in its western part. Distribution of the SST anomalies (AnSST)
reflecting shorter-period fluctuations of synoptic scale relative to trend showed
an alternation of the SST decreasing and increasing events with a period of 3-4 days
in April — May 2022 (121% cruise). At the outset and conclusion of the survey, neg-
ative anomalies of the SST in relation to the prevailing trend (up to 1.5 °C) were
observed and during the midpoint of the period, high positive anomalies (up to
2.5 °C) were recorded (Fig. 5, b). It should be noted that the period of measure-
ments revealed no sharp local decrease of the SST by several degrees accompanied
by salinity increase, which is typical for upwelling [34, 35]. Furthermore, an exam-
ination of meteorological data revealed the absence of discernible atmospheric
irregularities that could have potentially influenced the observed changes in the SST
(e.g., prolonged intense precipitation, cold atmospheric intrusion with a pro-
nounced decline in air temperature, passage of cyclones) during the course of
this cruise. The aforementioned facts indicate that, under these conditions,
the primary influence on the changes in the SST on the synoptic scale was ex-
erted by the local wind which caused the mixing of the surface water layer.
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According to the distribution of near-water wind speed modulus V| (Fig. 5, ¢), pe-
riods with positive SST anomalies corresponded approximately to the periods of
wind weakening and, vice versa, wind strengthening led to the appearance of nega-
tive SST anomalies. In order to quantify the relationship between changes in the SST
and changes in wind speed at the stations, the mutual correlation functions between
the SST values and wind speed modulus were calculated with statistical signifi-
cance level o = 0.01 (99% level of statistical confidence). It should be noted that
the series of the SST and wind speed were formed depending on the station number
without taking into account the difference in the time intervals between the execu-
tion of neighbouring stations, which can have affected the accuracy of the calculat-
ed cross-correlation function. This discrepancy can be attributed to the fact that
the distance between neighbouring stations at the polygon is, in the majority of
cases, approximately the same. However, the time interval between the execution
of neighbouring stations can vary considerably, up to several hours. Consequently,
the calculation requires the same shift step. Analysis of the cross-correlation func-
tion between the SST values and wind speed modulus showed that the highest level
of feedback with correlation coefficient R up to —0.35 was observed at the phase
shift near five stations (Fig. 5, d). The average time for five stations to be carried
out is 10-12 h, since the average time for neighbouring stations to be carried out,
calculated as the ratio of the total number of hours in the measurement period to
the number of stations to be carried out, is 2-2.5 h. A similar delay of about 10-12 h
in the SST response to wind speed changes was obtained from data from the 122"
and 123" cruises in the summer of 2022 [30].

In December 2022 (125" cruise), a relatively weak but significant negative
trend was observed in the SST distribution, which was attributed to seasonal cool-
ing of the waters (Fig. 5, €). In the second half of the survey period, when meas-
urements were made in the shallow part of the polygon east of Cape Meganom
(Fig. 2, g), high negative SST anomalies (up to 3.5 °C) were observed (Fig. 5, f).
During this period, south and south-westerly winds prevailed (180-225°), which,
given the configuration of the coastline, had the nature of negative surge and could
have caused the development of upwelling. At the same time, the analysis of verti-
cal temperature and salinity distributions at the stations in the area of the SST de-
crease showed that this decrease was not traced deeper than 25 m, with the waters
of decreased temperature being characterised by the minimum salinity. If the ob-
served decrease in the SST was caused by upwelling, namely the rise of deeper,
colder and saltier waters, the area would be expected to show an increase in salinity
throughout the subsurface rather than a decrease. It seems reasonable to conclude
that the observed decrease in the SST was caused by the mixing of the upper layer
which occurred as a result of a significant increase in wind speed (Fig. 5, g). Upon
conclusion of the measurement period, a positive SST anomaly (up to 1.3 °C) was
identified in the vicinity of the eastern boundary of the polygon, accompanied by
a notable decrease in wind speed (Fig. 5, f, g). Similarly to the findings of the 121%
cruise data, a significant relationship was identified between the SST and wind
speed modulus with a delay in the response of the SST to wind speed changes of
approximately 10-12 hours. The maximum values of coefficient R reached —0.6
indicating a strong correlation between two variables (Fig. 5, h).
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In the first half of October 2023 (1% stage of the 129" cruise) (Fig. 5, i), a well-
defined negative trend was observed in the SST distribution characterising surface
water cooling. Alternation of positive and negative SST anomalies relative to the trend
was observed (Fig. 5, j). Maximum negative anomalies (—2.5...—3.3 °C) were ob-
served in the coastal zone to the east of Cape Ayu-Dag and in Feodosiya Bay,
while maximum positive anomalies (up to 1.5 °C) — at the sea station on the trav-
erse of Cape Ay-Todor (Fig. 5, j). Wind speed modulus distribution (Fig. 5, k) also
demonstrated alternation of periods of wind speed strengthening and weakening
on the synoptic scale, corresponding to the periods of the SST decrease and in-
crease, with a maximum R value of —0.7 at a shift of about 10-12 h (Fig. 5, I).

Therefore, it was established that the SST variability observed at the polygon
during each individual survey was attributable to two distinct factors: firstly, the mani-
festation of seasonal changes on the intra-monthly scale at non-synchronous meas-
urements; and secondly, the SST synoptic variations caused by changes in the local
wind speed.

Despite the fact that in situ measurements were carried out in all seasons, they
are discrete in nature with large time intervals between surveys. The presented data
are insufficient to illustrate the continuous evolution of the SST field. Furthermore,
they do not indicate the specific phase of the intra-annual SST cycle during which
the voyage measurements were conducted. To clarify these features, continuous
series of daily averaged data of satellite measurements were analysed.

The spatial homogeneity of the distribution of the SST daily averaged values
from satellite data determines the quasi-synchrony of its intra-annual changes
in the water area of the entire polygon. This is illustrated by the SST seasonal cycle
in different areas of the water area under study obtained from daily averaged values
for the period from 1 January 2022 to 31 December 2023 and from daily averaged
climate values for the period from 1 January 2008 to 31 December 2023. The SST
intra-annual distributions in different water areas demonstrate that the SST intra-
annual cycle in 2022 and in 2023 (Fig. 6, a) and its climate intra-annual cycle
(Fig. 6, b) exhibit insignificant variation within the polygon. Some differences
were found only for the SST climate values which decrease by almost 1.5 °C dur-
ing the period of surface water cooling from December to March in the eastern part
of the polygon (35.5°E) compared to the rest of the water area (Fig. 6, b). Lower
surface water temperatures over an extensive shelf in the eastern part of the poly-
gon were also observed from in situ data in December 2022 (Fig. 2, g) and in late
March — early April 2023 (Fig. 2, h). The SST minimum climate values (6.5-8 °C)
are observed from mid-February to mid-March, the SST maximum ones (25 °C) —
in mid-August (Fig. 6, b).

Comparison of the SST seasonal cycle in 2022 (Fig. 6, a) with its climate sea-
sonal cycle (Fig. 6, b) revealed that the SST minimum and maximum in that year
were observed in the second half of March and in late August, respectively. This is
approximately two weeks later than the climate data would suggest. The SST max-
imum (27.5 °C) and minimum (8-9 °C) values were higher than the climate ones
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Fig. 6. Distribution of SST daily averaged values for the period from 1 January
2022 to 31 December 2023 (a) and its daily averaged climate values from 1 January to
31 December (b) at different meridians at grid nodes located above the 50 m isobath
according to the satellite data. Heavy curves on fragment a are smoothed by a 31-day
moving average

by almost 2.5 and 1-1.5 °C, respectively (Fig. 6). It is noteworthy that the data from
the in situ measurements indicate that the SST maximum values were also observed
in the second half of August in 2022, reaching 27.5 °C (Fig. 2, d, e).

In 2023, the time of occurrence of the SST minimum according to satellite data
corresponded to the climate values. Furthermore, the SST values were found to be
1-1.5 °C higher than the climate ones, with an average of 8-9 °C (Fig. 6). The max-
imum SST values (26.5 °C) were observed in late July — early August, approximate-
ly two weeks earlier than according to climate values, and were almost 1 °C lower
than in 2022 and 1.5 °C higher than the climate values (Fig. 6).

Daily averaged satellite data enabled an assessment of the SST synoptic (intra-
month) variability in both 2022 and 2023 as well as identification of differences
from the climate norms. According to [7, 22], climate annual cycle of the level of
the SST synoptic variability, i.e. the SST RMSD values on a synoptic scale (SST
RMSDsyn), in the northern Black Sea is characterised by a semi-annual periodicity
with maxima in May (main maximum) and October and minima in February —
March (main minimum) and August. Our data indicate that the SST RMSDsyn
main maximum values occurred in November 2022 (1-1.1 °C) (Fig. 7, a), rather
than in May, as indicated by the climate data, and in 2023 — in December (1.2—
1.25 °C) (Fig. 7, b). The second, weaker increase in the level of the SST synoptic
variability in 2022 and 2023 was observed not in October, as in the climate data,
but in July, with the SST RMSDsyn values reaching 0.95-1.05 °C in 2022 and
1-1.1 °C in 2023 (Fig. 7). It is noteworthy that the SST variability high range
at the polygon in the first half of October 2023 revealed by the in situ measure-
ments (Fig. 2, k) is consistent with the increase in the level of the SST synoptic
variability in October 2023 from satellite data (Fig. 7, b).
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Fig. 7. Intra-annual variation of the SST RMSDsyn values based on the satellite data
in 2022 (a) and 2023 (b) along the 50 m isobath within the survey area

In 2022 and 2023, the SST RMSDsyn minimum values (0.4-0.5 °C) were
observed in March. The second decrease in the level of synoptic variability was
observed in August — September (SST RMSDsyn ~ 0.85-0.9 °C in 2022 and
0.9-0.95 °C in 2023) (Fig. 7). In general, the periods of lowering of the level of
the SST synoptic variability, as indicated by satellite data, corresponded to the cli-
mate intra-annual cycle and periods of maximum cooling and heating of surface
waters in 2022 and 2023. According to in situ measurements, the minimum ranges
of the changes in the SST at the polygon associated with synoptic variations were
also observed in late August 2022 and in the second half of March — early April
2023, when the warmest and coldest surface waters, respectively, were observed
throughout the water area (Fig. 2, e, h).

In addition to the peculiarities of seasonal and synoptic variability, continuous
series of satellite data enabled the assessment of the interannual changes in the SST
over a two-year period. Given that the SST interannual variability level in the area
under study is comparable to that of its synoptic variability [7], the daily averaged
SST values were taken on a monthly basis for each month of both 2022 and 2023.
This allowed for the minimisation of the manifestation of synoptic variability. Sub-
sequently, the SST monthly averaged anomalies (AnSST) for 2022 and 2023 were
calculated as the difference between the actual SST value and the SST climate
annual averaged value for the specified month. Distribution of these anomalies,
excluding the manifestation of seasonal and synoptic variability, made it possible
to identify the differences of monthly averaged SST values in 2022 and 2023 from
the climate norm and to assess the SST interannual variations. The AnSST distribu-
tions in different areas of the polygon showed that interannual changes in the SST
as well as its intra-annual cycle are qualitatively similar throughout the water area
(Fig. 8, a). Estimates of the linear relationship of the AnSST series at different grid
nodes showed their high spatial consistency with correlation coefficients R ~ 0.90-
0.99 with statistical significance level o= 0.01 (Fig. 8, b).
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The AnSST distributions demonstrated that the discrepancies between the SST
monthly averaged values derived from satellite data between 2022 and 2023 and
the climate norms reached a magnitude of nearly 2 °C. The SST values were ob-
served to exceed the climate values during the period from January to February
2022, from August 2022 to April 2023 and from August to December 2023.
The SST maximum positive anomalies (1-1.3 °C) were observed in December
2022 and January 2023 as well as in November — December 2023 (Fig. 8, a).
The SST values were lower than the climate ones only from March to July 2022
and from May to July 2023. The SST maximum negative anomalies (in their mag-
nitude) observed during the 2022 and 2023 periods were recorded in May, with
the values in 2023 (-0.7...-1 °C) exhibiting a decrease of approximately 100% com-
pared to those observed in 2022 (—1.8...—2 °C) (Fig. 8, a). In general, the series of
the SST monthly averaged anomalies for 2022—2023, with a predominance of their
positive values, reflect a trend towards the higher SST during the last two years
(Fig. 8, a).
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Conclusions

The SST variability on different time scales was estimated based on the hydro-
logical measurements made off the Crimean coast of during 2022-2023 cruises of
R/V Professor Vodyanitsky and Copernicus satellite data. The results of the survey
demonstrate that the SST minimum values were recorded in April and May 2022
and March and April 2023. Conversely, the SST maximum values were observed
in late August 2022 and late June — early July 2023. The SST intra-annual ampli-
tude was 18.2 °C in 2022, while in 2023 it was 16.6 °C.

The data demonstrate that the minimum ranges of changes in the SST
at the polygon (1.5-2 °C) were recorded in late August 2022 and in the second half
of March — early April 2023, when the warmest and coldest surface waters, respec-
tively, were observed throughout the water area. The maximum changes in the SST
(up to 4-4.5 °C) were observed in April — May and December 2022 and in the first
half of October 2023, when intensive heating and cooling of surface waters
occurred.

It is demonstrated that the SST field spatial heterogeneity was associated with
seasonal heating or cooling of water, which manifested on the intra-monthly scale,
and with the SST synoptic variations determined by local atmospheric conditions.
The SST increase (decrease) periods on the synoptic scale were found to corre-
spond to periods of weakening (strengthening) of the local wind, with the SST re-
sponse to wind speed changes delayed by 10-12 h.

A high level of agreement between the SST satellite and in situ measurements
was observed, as indicated by correlation coefficient R ~ 0.99. The present study
revealed notable differences in the intra-annual cycle of the SST daily averaged
values from satellite data in 2022 and 2023 when compared to the climate norms.
In 2022, the SST minimum and maximum values were higher than the climate ones
by almost 2.5 and 1.5 °C, respectively, and were observed about two weeks later
than according to climate data. In 2023, the SST maximum and minimum values
were higher than the climate ones by almost 1.5 °C; at that, the time of occurrence
of the SST minimum corresponded to the climate data and the SST maximum was
observed approximately two weeks earlier than according to the climate data.

The intra-annual cycles of the level of the SST synoptic variability were found
to deviate from the climate norm. In 2022, the main maximum was observed not
in May, as follows from the climate data, but in November, while in 2023 — in De-
cember. The second increase in the level of synoptic variability in 2022 and 2023
occurred in July, not October, as indicated by the climate data. The periods of
decreased level of the SST synoptic variability in 2022 and 2023 corresponded to
the climatic intra-annual cycle and were observed in March (main minimum) and
August — September. In accordance with the data obtained from in situ cruise meas-
urements, the SST minimum synoptic variations were also observed in late August
2022 and in the second half of March — early April 2023.

The satellite data indicate that the SST monthly averaged anomalies relative to
the climate norms were predominantly positive from 2022 to 2023. The SST max-
imum positive anomalies (1-1.3 °C) were observed from December 2022 to Janu-
ary 2023 and in November — December 2023.
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