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Abstract

The paper uses the results of measurements of salinity, temperature and current velocity
profiles in three expeditions of the R/V Professor Vodyanitsky (22 April — 08 May, 29 June —
10 July, 03-19 September 2021) in the central sector of the northern Black Sea (31°-37° E,
43°-45° N) to study features of the spatial distribution of hydrophysical parameters
in various seasons of 2021 and to compare them with the data of previous expedition studies
in 2016-2019. The horizontal distributions of currents in the spring, summer and autumn
expeditions of 2021 were analysed. The averaged profiles of current velocity, density,
temperature, buoyancy frequency, and kinetic energy were considered. The vertical structure
of water temperature reflects the persistent warming trend of the cold intermediate layer core
derived earlier from the 2016-2019 data. Based on all 2016-2021 measurements, the vertical
profiles of kinetic energy show decreasing values in the upper sea layer in summer and
increasing values in spring, autumn and winter seasons of the year. The profiles can be
approximated by linear relationships that cross zero at a density of 16.75 kg/m3. The seasonal
variability of the average Kinetic energy is traceable to the depth of occurrence of this
particular isopycnic.
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AHHOTaNMA

Ha ocHoBe pesynbTaroB m3MepeHHs NpPOQHIEH CONEHOCTH, TEMIEPATYphl M CKOPOCTH
teuenus: B Tpex skcnenunusix HUC «llpodeccop Bonmsuunkuit» (22 ampens — 08 mas,
29 wmrons — 10 mromns, 03—19 cents6ps 2021 r.) B HEHTPaIbHOM CEKTOpE CEBEPHOW YacTH
Yepuoro mopst (31°-37° B. a., 43°—45° c. 11.) Hcclie0BaHbl 0COOCHHOCTH MPOCTPAHCTBEH-
HOTO paclpeneieHus] THAPO(YHU3NIECKUX MapaMeTpoB B pasnudHble ce30HBl 2021 r. n
MIPOBE/ICHO COIOCTABICHHUE C JAHHBIMH MPEABIAYIIUX SKCHEIUIIMOHHBIX HCCIEIOBaHUII
2016-2019 rr. [Ipoananu3upoBaHbl TOPU30HTANBHBIE pACIPEACICHUS TEUEHUH B BECEHHEH,
JetHed u oceHHell skcneauuusax 2021 r. PaccMoTpeHs! ocpeaHeHHbIe TPOQMIN CKOPOCTH
TE€YEHHUH, TUIOTHOCTH, TEMIIEPAaTypbl, YaCTOTHl IUIABYYECTH, KHHETHYECKOH HHEPIHH.
BepTukanbHas CTpyKTypa TeMIeEpaTypbl BOJBI OTPa)kaeT COXPAHSIOUIYIOCA TEHICHIIMIO
K MOTEIUICHUIO SIpa XOJIOJHOTO MPOMEXKYTOUYHOTO CIIOS, BBISBICHHYIO paHee IO JaHHBIM
2016-2019 rr. Ilo nanHeiM Bcex m3mepenuit 2016-2021 rr., BepTUKaNbHBIE MPOQHIH
KMHETHYECKOW HEPTUH MOKa3bIBAIOT yMEHBIICHHE 3HAUYCHHH B BEPXHEM CJIO€ MOps
B JICTHU MEpUOJ] U BO3pAcTaHWE B BECCHHUH, OCCHHUU U 3UMHHI ce30HBI roaa. [Ipodum
MOTYT OBITh anmpOKCHMHUPOBAHBI TMHEHHBIMU 3aBHCUMOCTSIMH, KOTOPBIE IIEPECEKAIOT
HyJIEBOE 3HAYEHHE NPHU ILIOTHOCTH 16.75 kxr/m>. Ce30HHAas M3MEHUHUBOCTH CpPEIHEM
KMHETHYECKON SHEPTUH MPOCIEKHUBACTCS 0 TIIyOUHBI 3aJIeTaHNs HIMEHHO 3TOH M30ITMKHBI.

KiarwueBble ciioBa: ‘{epHoe MOp€E, CKOPOCTb TCUCHUS, IJIIOTHOCTh, TEMIICpATypa, 4acToTa
MJIaBYy4YCCTH, KHHETUYCCKAs DHCPIus, XOJ'IO,I[HBII\/'I HpOMe)KyTO‘IHLIﬁ cIoi

BaaropapHocTtu: paboTa BBIOJHEHAa B paMKax T'OCYyZapCTBEHHOTO 3alaHHs
OI'bYH ULl MI'M nmo temam Ne FNNN-2021-0003 «OmnepatuBHas OKEaHOJOTHA»,
Ne FNNN-2021-0005 «I[IpuOpexxHple HCCIICAOBaHUS»; NaHHBIC Momy4deHel B 116, 117
u 119-m peiicax HUC «IIpodeccop Bonsuunxmii» (LleHTp KOJUIEKTHBHOTO MOJIb30BAHHMS
«HUC TIpodeccop Boasaumkwuity denepanrbHOro rocyaapCTBEHHOTO OIOIKETHOTO
yupexaeHusi Hayku DeaeparbHOrO HCCIIEAOBATENBLCKOTO HeHTpa «MHCTUTYT Ouonoruu
rokHBIX Mopeit nmeHn A.O. KoBanesckoro PAHY).

Jasi nutupoBanusi: Mopozos A. H., Maunvrogckas E. B. IIpocTpaHCTBEHHO-BpEeMEHHAas
W3MEHYMBOCTh THUAPOPU3MUECKAX IapaMEeTpPOB BOA CEBEpHOM wacTH UYepHOro Mops

no gaHHbIM u3Mepenuit 2021 roma // Dkosormyeckas 0e30MacHOCTh NPHOPEKHOH H
menb(poBoii 30H Mopst. 2023. Ne 4. C. 6-18. EDN QEZCBF.

Introduction

Since 2016, Marine Hydrophysical Institute has been conducting annual
expeditionary research in the central sector of the northern Black Sea onboard
the R/V Professor Vodyanitsky. CTD probes (conductivity, temperature, depth) and
measurements of current velocity profiles with the use of a Lowered Acoustic
Doppler Current Profiler (LADCP) are traditionally carried out at hydrological
stations during expeditions [1, 2]. The joint analysis of the CTD and LADCP data
makes it possible to obtain averaged characteristics of the thermohaline structure
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and dynamics of the waters, as well as to assess their spatial and temporal
variability [3-7].

The study on the peculiarities of the Black Sea waters dynamics remains
an urgent task nowadays. LADCP probes make it possible to conduct more detailed
and advanced research of current variability patterns over a wide range of spatial
and temporal scales. The empirical parameters of the horizontal and vertical
structure of the current velocity field obtained in this case may be used to test
the results of water dynamics numerical modelling, interpret remote sensing data
and evaluate various exchange processes.

The vertical thermohaline structure of the Black Sea waters is also the subject
of constant monitoring and studying. In recent decades, significant changes have
been observed, for instance, in the form of a trend towards decreasing salinity of
the surface layer and increasing salinity of the pycnocline [8] or a tendency to
the cold intermediate layer (CIL) core warming [9—13]. At the present stage,
according to the field data, waters with temperatures below 8 °C (the typical
boundary of the CIL) are becoming less common in the Black Sea. The Argo floats
data also show that the volume of cold water in the CIL decreased, the lower
boundary of the layer rose and the layer itself can disappear altogether [14].
Climatic changes in air temperature (in particular, its increase) during the winter
season, which is directly related to the winter convective-turbulent cooling of the
upper layer sea waters and the renewal of the CIL waters, represent one of the
reasons concerning the abovementioned.

Results of the CTD and LADCP probes obtained during three 2021 Black Sea
expeditions are reported and discussed in this paper. The averaged profiles of
current velocity, density, temperature, buoyancy frequency and kinetic energy are
considered. The purpose of the work is to investigate the features of the spatial
distribution of hydrophysical parameters in different seasons of 2021 and compare
them with the data of previous expedition studies in 2016-2019.

Data, tools and methods

The data of the 2021 expeditions onboard the R/V Professor Vodyanitsky
in the central sector of the northern Black Sea (31°-37° E, 43°—45° N) were used:

1) 22 April — 08 May (expedition 116);

2) 29 June — 10 July (expedition 117);

3) 03—19 September (expedition 119).

The CTD probes were performed with the help of the IDRONAUT OCEAN
SEVEN 320PlusM sounding complex. The results were interpolated onto a 1 m
spacing grid. According to the description of devices, the temperature and salinity
measurements have their initial accuracy of 103 °C and 10~ PSU.

The current velocity profile measurements were carried out with the use of
the LADCP based on the Workhorse Monitor WHM300 manufactured by RDI
(operating frequency — 300 kHz, nominal range — 120 m, resolution capability —
4 m). The device operation parameters were set as follows: the LADCP option was
enabled in broad-band mode, which implied high resolution/low range, time discre-
teness of 1 s, depth discreteness of 4 m. During the measurements, the R/V was
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drifting with the speed determined by the marine navigation system (GPS) and
taken into account when processing primary data.

On deep water (over 200 m), the measurements were carried out at horizons of
160—180 m. The measurement sequence included holding the device near the sea
surface at a depth of ~3 m for 5 minutes, its further plunging at a speed of 0.5 m/s
to the depth of sounding, its holding at this horizon for 5 min and subsequent lifting
to the surface at a speed of 0.5 m/s. The measured current velocity profiles
started from a 10-meter depth. The current velocity measurement error is ~3 cm/s
for a single impulse.

In the coastal areas (sea depth up to 100 m), the measurements were carried
out via holding the device near the R/V board for 5 min, the influence of the R/V
hull on the magnetic compass was compensated on the basis of the Bottom Track
and GPS data comparison.

The LADCP data processing was performed with the help of the LDEO
Software, version IX.12. The program is adapted to the measurement conditions of
the Black Sea, it makes it possible to calculate the vertical profiles of the current
velocity at the deep-water stations in a layer extending from ~30 m to the depth of
sounding. At the shallow-water stations (sea depth up to ~90 m), the current
velocity profile is calculated from the data of the ADCP measurement near the R/V
board with the use of specialised software taking into account the influence of
the R/V hull on the device compass readings [15].

To obtain the averaged profiles of hydrophysical parameters, isopycnic
averaging over the set of stations for each expedition was applied in the further
data processing. This is for the necessity to compensate for the dome-shaped
isopycnic surfaces caused by the cyclonic nature of the large-scale circulation
in the Black Sea waters [16].

Results of measurements and their discussion

The field data were obtained in different seasons: spring, summer and autumn
of 2021. Fig. 1 shows the current velocity vectors averaged in the 10-30 m layer.
The hydrological stations were located quite evenly (except for the summer
surveys) in the area of the Rim Current and outside it, closer to the centre of the sea.
The cyclonic nature of the large-scale circulation in the Black Sea waters was
well expressed in all distributions, and the westerly current direction prevailed.
The velocity and intensity of the Rim Current were very high in spring, then they
decreased in summer and increased again in autumn. In each of the expeditions,
an increase of the current velocity was noted in the area of the depth dump by
the southern tip of the Crimean Peninsula (Cape Kikineiz), as the Rim Current
intensifies there. It should be noted that the main stream in all distributions was not
pressed against the continental slope of the Crimean Peninsula, but was shifted
to the southwest.

In the spring expedition, the horizontal distribution of currents revealed
an anticyclonic mesoscale eddy (the Crimean anticyclone) with the typical scale
of ~40 km in the eastern part of the polygon. The measurements at the hydro-
logical stations falling within the eddy zone were carried out on 05.05.2021.
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It was also confirmed by the remote sensing data of sea surface temperature
on 05.05.2021 (Fig. 2), in which the eddy anticyclonic formation was observed.

In the autumn expedition, a powerful alongshore current at velocities of up
to 40 cm/s was observed at the Southern coast of Crimea in the nearshore shelf
zone. The current was moving in the direction opposite to the intense Rim Current
(3040 cm/s). At the same time, this current maintained its direction throughout
the whole water column at the stations with maximum current velocity values.
According to the authors of [17-20], the alongshore flow directed to the east
and northeast (against the Rim Current) accounts for 10—12% in the bimodal
distribution of the nearshore current direction repeatability by the Southern coast
of Crimea. The main reason for the appearance of the so-called countercurrents
is considered to be the formation of coastal anticyclonic eddies during the interaction
of the Rim Current with the coast [20-24] as well as the impact of regional wind
conditions [25]. The recent paper [26] systematised the results of the field studies
on the regional nearshore water circulation peculiarities previously obtained
in various areas of the Black Sea. The features, conditions and duration of
the nearshore current direction bimodality structure by the Southern coast of
Crimea were also considered.

HETOP-A/2
5 Hay 2021
= 4

6:22 GHT
MHI RAS

Sea Surface Temperature

43

28 31 34 37 40

Fig. 2. Sea surface temperature on 5 May 2021 from METOP-A/2 data
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Fig. 3 shows the vertical structure of the isopycnically averaged water
temperature against the average profile of density and buoyancy frequency
for three expeditions. Below the upper homogeneous surface layer, a regional
minimum of the buoyancy frequency was observed at a potential density of
~14.5 kg/m® with a maximum of ~15.0 kg/m°. The minimum temperature values
were observed at a potential density of 14.7-14.8 kg/m®: 8.68 °C in May, 8.65 °C
in July, 8.71 °C in September. Earlier, we determined that the CIL, according to
the contact measuring in the same sea area, tends to warm [5], and a criterion for the
CIL boundary was proposed in the form of a temperature of 8.6 °C. However,
according to the discussed data of the 2021 expeditions, it is not suitable. Only the
8.8 °C boundary can be considered.

The root mean square (RMS) profile of the current velocity modulus
in all seasons shows its decrease with depth (Fig. 4, a). At the same time,
in the 30-100 m depth range, the values of the current velocity modulus in spring
and autumn were higher than in summer when large-scale sea circulation weakens
and a seasonal thermocline is formed. Up to a density value of 14.5 kg/m?
corresponding to the minimum buoyancy frequency, the current velocity varied
slightly. In the 40—100 m depths layer (14.5-16.0 kg/m? density range), there was
a sharp (almost twofold) decrease in the current velocity modulus caused
by the transition of a part of kinetic energy into potential one, determined
by the isopycnic surfaces deviation from the horizontal position.
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F i g. 3. Temperature vertical profiles isopicnically averaged over the set of 2021
expedition stations, together with the density distribution (a) and buoyancy
frequency (b). The temperature scale is limited above by the value of 8.9 °C
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buoyancy frequency (b), isopycnically averaged over the set of 2021 expedition
stations

As for the tasks of comparing the results of water dynamics numerical
modelling with the current velocity profiles field measurements, the vertical
distribution of kinetic energy averaged over a certain set of stations is more
suitable. Fig. 4, b shows kinetic energy profiles for all three expeditions considered
in the present paper, isopycnically averaged over a set of stations (see Fig. 1).
A decrease in the upper layer kinetic energy in summer and its increase in spring
and, especially, in autumn were well traced. The profiles can be approximated
by linear relationships crossing the zero value at a density of 16.75 kg/m?. Similar
results were obtained according to the data of the 2016-2019 expeditionary
research (Fig. 5, b). According to Fig. 5, the values of kinetic energy in the upper
layer of the sea (at a density of 14 kg/m?) in summer did not exceed 0.02 J/kg.
The same was observed according to the data of the 2021 summer expedition.

Fig. 5, a shows the isopycnically averaged temperature profiles obtained
from the measurements carried out in 2016-2019 [6]. The renewal of the CIL
waters in its classic form (< 8 °C) took place only in 2017. It was due to the
relatively cold winter of 2016-2017. Since that time, there has been a tendency to
the CIL core warming, which still persists, according to the measurements carried
out in 2020-2021 (Fig. 6). The graphs in Fig. 6 show the air temperature in Kerch
together with the average temperature of the CIL core from the beginning of 2016
to the end of 2021. It can be seen that winter air temperatures did not correspond to
the values of 2017 and did not fall below them.

Ecological Safety of Coastal and Shelf Zones of Sea. No. 4. 2023 13



Density, kg/m?
T

1

=
|

16.5-

e s
»
I .
R Rl i o et 14.5— e
o
mE - o
o e
———————————————————— 15 pu " 1)0L07- 18072016
M.‘ 3)16.11 - 02.12.2016
LT & § 0 i ann
2017 04 05 06 07 w 15.5 - 151 -
2018 08 09 10 5 7) 141226122017
2019 1112 )09.06- 3
Q T 2;290
10)18.11
———————————————————————— 16 i (10
12) 12,07 - 03.08 2019
i ',‘g, *.,,n' 1. .L-:Ai(csu)f -0.0057(a-16.75)
7 2. EK(ag)=-0.017(cg-16.75)
16.5—

[ ! I ? I ! 1 LR
7 8 9 10 0 0.01 0.02 0.03 0.04 0.05
Temperature, °C Kinetic energy, J/’kg

a b

F i g 5. Vertical profiles of temperature (@) and kinetic energy (b), isopycnically
averaged over the set of stations, for 12 expeditions of 2016-2019

14

1 |

— 71 1 1 1 1 1 1
2015 2016 2017 2018 2019 2020 2021 2022

8 4 ol 8.8
’ -
] -7t
o~ o = -84 O
4 - - 1 .
o 0 2@ i 8
£ 1 N -8 32
= é i
0 » i £
7 - 76 Vv
4 %
/* L
-4 — 7777 72
2015 2016 2017 2018 2019 2020 2021 2022
Time, year

F i g. 6. Mean daily (grey line) and mean monthly
(green line) air temperature in Kerch (a), mean values
of the minimum water temperature in the profiles
at the stations for the 2017-2021 expeditions and
mean monthly winter air temperature in Kerch (b).
Lines / and 2 are approximating functions

Ecological Safety of Coastal and Shelf Zones of Sea. No. 4. 2023



Accordingly, the decrease in the temperature of the CIL waters and their renewal
were not observed. Dashed line / shows the earlier proposed relationship [5], accor-
ding to which the temperature of the CIL increases after its renewal in 2017. The ap-
proximating function has the following form: {Tmin)(¥) = 7 + 1.4 (1 — exp(—(¢ — 2017))),
where ¢ — time period, year. Taking into account the new data of expedi-
tionary measurements, the updated relationship is as follows (dashed line 2):
(Tmin)(£) =T + 1.75 (1 — exp(—(t — 2017)/1.5)).

Conclusions

According to the CTD and LADCP probes in three 2021 expeditions, spatial
distributions of hydrophysical parameters were obtained in the northern Black Sea.
The current velocity horizontal distribution in all seasons was dominated by westerly
directions with the clearly expressed Rim Current, which was not pressed against
the continental slope of the Crimean Peninsula, but was shifted to the deep sea.
The Rim Current velocity reached 50 cm/s in spring, then decreased in summer
and increased again in autumn. The average values of the current velocity at a depth
of 40 m were 26 cm/s in spring, 21 cm/s in summer and 27 cm/s in autumn.
The maximum current velocities were observed in each of the expeditions in the area
of the depth dump by the southern tip of the Crimean Peninsula (Cape Kikineiz).

In the spring expedition, the horizontal distribution of currents revealed
an anticyclonic mesoscale eddy (the Crimean anticyclone) with the typical scale
of ~40 km in the eastern part of the polygon. In the autumn expedition, a powerful
alongshore current at a velocity of up to 40 cm/s was observed by the Southern
coast of Crimea in the nearshore shelf zone. It was moving in the direction opposite
the intense Rim Current (3040 cm/s) and maintained its direction throughout
the whole water column.

As aresult of the CTD and LADCP data joint analysis, averaged vertical profiles
of current velocity, density, temperature, buoyancy frequency and Kinetic energy
were obtained. The vertical structure of the water temperature reflects
the continuing warming tendency of the CIL core. The minimum temperature
values were 8.68 °C in May, 8.65 °C in July, 8.71 °C in September, i. e. waters
with temperatures below 8 °C (the typical CIL boundary) were not observed.
The CIL temperature increases after its renewal in 2017 in accordance with
the following time relationship: (Tmin)(t) =7 + 1.75 (1 — exp(- (t — 2017)/1.5)).

The RMS profile of the current velocity modulus in all seasons shows
its decrease with depth. At the same time, up to a density value of 14.5 kg/m?,
the current velocity varied slightly. In the 40-100 m depths layer (14.5-16.0 kg/m?
density range), there was an almost twofold decrease in the current velocity modulus,
which was caused by the transition of a part of kinetic energy into potential one.

A decrease in kinetic energy of the upper layer in summer and its increase
in spring and, especially, in autumn were well traced in the vertical profiles.
These profiles can be approximated by linear relationships that cross the zero value
at a density of 16.75 kg/m?. Similar results were obtained according to the data
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of the 2016-2019 expeditionary research. The values of kinetic energy in the upper
layer of the sea (at a density of 14 kg/m?) in summer did not exceed 0.02 J/kg,
according to all the measurements carried out in 2016-2021.
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