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Abstract

The Stokes drift generated by surface waves affects many physical processes occurring
in the coastal zone of the sea, including heat and salt transport, as well as transport of
pollutants. Taking into account the parameters of sea currents caused by the Stokes drift is
important for a more correct description of the general hydrodynamic structure of coastal
waters. Moreover, sea currents generated by surface waves make a significant contribution
to the processes of accumulation and redistribution of pollutants in the coastal zone of the sea.
The article presents the results of the study of the Stokes drift on the northeastern shelf of
the Black Sea near Gelendzhik for the period from 2003 to 2022. Seasonal and interannual
features of variability of Stokes current velocities and directions have been identified. It has
been shown that from December to April, excluding February, the Stokes transport has
comparable repeatability in directions towards the coast, away from the coast, and towards
the northwest. In February, the main flow tends to the open sea. In May and June, the re-
peatability of currents towards the coastline increases significantly, with the contribution
of currents to the southeast increasing at the beginning of summer. In July, the currents
directed to the southeast and away from the coast become almost identical in terms of
repeatability. From August to November, the proportion of currents directed away from
the coast increases with a gradual decrease in the repeatability of currents towards the south-
east. In multi-year terms, the flow directed away from the coast to the open sea prevails
(repeatability of 34.3%). The same flow has the highest mean velocity (0.053 m/s). Repeat-
ability of the long-shore currents directed towards the southeast and northwest is almost
the same, but the currents towards the northwest are much more intense.
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Ocobennoctu apeiiga Crokca
B MPUOPEKHOI 30HE CEBEPO-BOCTOYHOI0 MOOEpeKbA
YepHoro Mopsi 1o pe3yJibTaTamM MOIeJTUPOBAHUS
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AHHOTALMSA

CrokcoB apeii¢), reHepupyeMBblil TOBEPXHOCTHBIM BOJIHEHUEM, BIIHSET HA MHOXECTBO (H-
3MYECKUX MPOLIECCOB, MPOMCTEKAIONINX B OEperoBoii 30He MOpsi, B TOM YHUCIIE Ha IEPEHOC
TEIUIa U COJIM, a TaKKe TPAHCIOPT 3arpsA3HSIOMIMX BEIICCTB. YUET MapaMeTPOB MOPCKHX
TE4eHUH, BEI3BIBaeMBIX Jpeiidom CTokca, BaskeH st 00Jiee KOPPEKTHOTO OTHICAHUS 00MIeH
THAPOIMHAMUYECKON CTPYKTYpBI NPUOPEKHBIX BoA. KpoMe Toro, Mopckue TeueHus, reHe-
pHUpyeMbIe TTOBEPXHOCTHBIM BOJIHCHHEM, MOTYT BHOCHTH CYIIICCTBEHHBIN BKJIAJ B IPOIECCHI
HAKOIUICHUSI ¥ TepepacIpefe]ICHUs 3arpsA3HsIONIX BEIISCTB B MPUOPEKHOW 30HE MOpSI.
[TpesncTaBneHs! pe3ynbTaThl HCCIEIOBAaHUN CTOKCOBA Apei(a Ha CeBEpPO-BOCTOYHOM IIEIhb-
(e Yepnoro mops B paiione r. I'enenmxuka 3a KimMmaTuueckuil otpe3ok Bpemenu ¢ 2003
mo 2022 1. BrISBICHBI CE30HHBIC U MEXTOJOBBIE OCOOCHHOCTH W3MEHYHUBOCTH CKOpPOCTEit
u HanpapneHuid TeueHuit Crokca. [TokasaHo, 4yTo ¢ AekaOpsi MO anpesib, 3a UCKIIOUYCHUEM
(eBpaiis, CTOKCOB TepeHOC 00J1a/IaeT COMOCTaBUMBIMU TIOBTOPSIEMOCTSIMH 110 HAIPaBJICHH-
aM K Oepery, oT Oepera u Ha ceBepo-3amaj. B (eBpane OCHOBHOM IMOTOK CTPEMHTCS B OT-
KpBITOE MOpe. B Mae 1 nioHe 3HaUYUTEIbHO YBEJTMUNBACTCS MMOBTOPIEMOCTh TEUCHHUH B CTO-
poHy OeperoBoil TMHUM, TIPU ITOM B Hadaje JeTa pacTeT JOJs MOTOKOB, HAIPaBICHHBIX
Ha FOTO-BOCTOK. B MIoe TedeHus ¢ HampaBlieHHEM Ha I0T0-BOCTOK U OT Oepera CTaHOBSTCS
MOYTH OJMHAKOBBIMU 110 TIOBTOpsieMOcTH. C aBrycTa 1o HOSIOpb BBIpAacTaeT JOJIS TeYCHUH,
HaIpaBJeHHbIX OT Oepera, IPH MOCTENEHHOM YMEHBIICHUH MOBTOPSIEMOCTH MOTOKOB
Ha FOT0-BOCTOK. B MHOTOJIETHEM BBIpaKEHUH MPeo0iaiacT MOTOK, HApaBIeHHBIH OT Oepe-
ra B OTKpbITOe Mope (moBTopsieMocTs 34.3 %). DTOT ke MOTOK o0jafgaeT U HauOoIbIIeH
cpenneii ckopocthio (0.053 m/c). TToBTOpsieMOCTH BAOIBOEPETOBBIX MTOTOKOB, HAIIPABIICH-
HBIX Ha IOTO-BOCTOK M CE€BEpO-3alajl, IOYTH OAWHAKOBEI, HO IIPU 3TOM TE€UEHHUS Ha CEBEpo-
3amaj ropasno WHTeHcHBHee. OCHOBHOHM BBIBOA: MOPCKHE TEUCHHS, T€HEpUpPYEMEIC II0-
BEPXHOCTHBIM BOJIHEHHUEM, BHOCSIT CYIIECTBEHHBIH BKJIaJ| B IPOLIECCHI HAKOTUICHHS U TIepe-
pacrpeieNleHus 3arpA3HIONINX BEIIECTB B IPUOPEKHOMN 30HE MOPHL.

KaioueBble ciioBa: BeTpoBoe BosHeHHE, CTOKCOB Apeii(, npuOpexHas 30Ha, pacnpocTpa-
HEHHE TIPUMECH, AaHTPOIIOTCHHBIE 3aTPA3HEHUS

BuaropapHocTu: pabota BeinosiHeHa 1o cornamenuo 075-15-2021-941 MunobpHayku PO
«KoMIUTIeKCHBIE MCCIIEIOBAHUS SKOJIIOTHYECKOTO COCTOSHHUS BOJ NMPUOPEKHOM 30HBI CeBe-
po-BocTouHOTO menb(ha YepHOro MOps B paMKax ydacTHsI B MEXIyHapOJHOM IIPOCKTE
DOORS».

Jast nuruposanusi: OcobenHocTH apetida CTokca B IPUOPENKHON 30HE CEBEPO-BOCTOYHOTO
nobepexbs YepHoro mopst o pesyibraram Mojenuposanus / b. B. lusunckuii [u ap.] //
Dkosoruyeckasi 6€30MacHOCTh MPUOPekHOH U 1eab(oBoit 300 Mops. 2024. Ne 1. C. 6-19.
EDN CAVUNO.
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Introduction

Open condition of wave orbital trajectories causes an additional resulting fluid
flow in the upper few meters of the water column (with the highest value at the sur-
face) corresponding to the general direction of wave propagation. This phenome-
non was first described by the English scientist D. Stokes Y and subsequently re-
ceived his name.

Stokes drift affects directly many physical processes occurring in the coastal
zone of the sea [1-4]. Work [5] shows that the trajectories of surface drifters under
conditions of arisen sea with significant wave heights exceeding 1 m are determined
precisely by the Stokes drift and only at relatively low heights (less than 0.6 m)
they are determined by the local wind and main currents. Together with wind cur-
rents, density gradients and tides, the Stokes drift makes a significant contribution
to heat and salt transport, as well as transport of pollutants including micro- and
macroplastics, and oil spills [6-8]. Taking into account the Stokes drift, it is possi-
ble to improve significantly numerical models of the spread of passive pollutants
[9] in order to understand better the environmental consequences of human eco-
nomic activity.

Current velocities caused by the Stokes transport can reach 2% of the local
wind velocity [8] and the contribution of the Stokes transport to the total flow
caused by wind load can be up to 40% [10]. The Stokes drift parameters also
depend significantly on the season and geographical features of the sea area [11].
It should also be noted according to [12] that currents caused by the Stokes transport
have mean velocities of 0.08-0.10 m/s and maximum velocities of ~0.6 m/s
in the Baltic Sea.

Thus, the Stokes drift can influence both hydrodynamic regime and ecological
state of a water body significantly.

Hence, the main purpose of this study is to analyze the basic parameters of
the Stokes drift (velocities and directions) including their seasonal and interannual
variability on the northeastern shelf of the Black Sea near Gelendzhik for a climatic
period from 2003 to 2022. Such estimates have not been previously carried out
for the Black Sea conditions. Additionally, seasonal and interannual patterns
of distributions of wind wave and surface wind parameters were studied over
the same period.

Materials and methods

The study uses such tools as the DHI MIKE SW modern spectral wave model
of Danish Hydraulic Institute and the ERA5 global reanalysis database provided
by the European Center for Medium-Range Weather Forecasts (ECMWF).

The DHI MIKE SW model takes into account basic physical mechanisms of
wave field transformation including wave generation under the influence of surface
wind, nonlinear three- and four-wave interactions, wave energy dissipation resulted
from bottom friction and breaking, as well as diffraction and refraction [13].

1 Stokes G. G. On the numerical calculation of a class of definite integrals and infinite series // Trans-
actions of the Cambridge Philosophical Society. Cambridge, 1847. Vol. I1X, part 1. P. 166-187.
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Non-stationary fully spectral model is used when calculating the Black Sea wave
fields. Spectral frequencies are included in the range of wave periods from 1.6 to
16.5 s. The model resolution in the directions of wave propagation is 15°. The model
is configured to separate the wave field into two components (pure wind waves
and swell waves) and verified based on numerous in situ experiments and satellite
data [14].

The calculation grid with condensation in the coastal zone covers the Black
Sea and the Sea of Azov and consists of 20,000 calculation elements (Fig. 1).
The calculation point indicated in the inset to Fig. 1 is located 4 km seaward of
Gelendzhik at a depth of 40 m.

The performed modeling made it possible to obtain a data array consisting
of the main parameters of pure wind waves and swell waves covering a period of
20 years (from 2003 to 2022). The array includes significant heights of wind waves
and swell waves, as well as the directions of their propagation. The time step is 1 h.

The meridional and zonal components of surface wind velocities and the Stokes
drift were extracted from the ERAS global atmospheric reanalysis array for the same
period and with the similar time step. The Stokes drift is calculated based on
the analysis of two-dimensional wave energy spectra [15].

Thus, we further study the climatic features of the variability of the following
parameters:

— significant heights, as well as directions of propagation of wind waves and
swell waves;

— wind direction and velocity;

— direction and velocity of the Stokes drift at the sea surface.

E T 1 —— R ! T T
lavoN ! _——t i i | | T 1 1
1 Depth, m T 1 | | \ \ \ i —
{ 20 - \ s
. | = \
i 100 - - —
I

Fig. 1. Calculation grid of the Black Sea and the Sea of Azov.
The inset shows the position of the calculation point near Gelendzhik

Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2024 9



Results and discussion

Figs. 2-4 show seasonal features of the distribution of significant heights of
wind waves, swell waves and wind velocities, respectively.

Pursuant to Fig. 2, wind waves of sea directions (from the southeast
to the northwest) dominate from late autumn to mid-spring. November and Febru-
ary with their strong storms in the northeast directions are the exceptions. Wind
waves in the west and northwest directions predominate in May, June and July.
The wave disturbance from the northeast increases significantly from August to
October. At the same time, the open sea brings little risk of storms in August and
September.

Long swell waves experience significant refraction with the restructuring of
the wave front normal to the coast on a relatively narrow shelf with almost parallel
isobaths near Gelendzhik (see the inset to Fig. 1). As a result, all seasons are char-
acterized by the absolute predominance of swell waves in the southwest and west-
southwest directions (Fig. 3).

The region under consideration is under the influence of surface winds in all
directions, with the exception of the southeast ones, in December, January and
March (Fig. 4). The contribution of the northeast wind increases sharply in Febru-
ary. Two main wind directions in April-May are the southwest and the northeast.
Weak winds of the northern sectors with a predominance of the northeast prevail
from June to September. The northeast winds become dominant in October and
November.

Fig. 5 shows generalizing climatic roses for wind waves, swell waves and sur-
face wind constructed over 20 years from 2003 to 2022.

hs,wind sea, M <=0.5[ >0.5- 1 >1-1.5 >1.5-2 [l >2

Fig. 2. Monthly wind wave roses near Gelendzhik

10 Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2024



hs,swell: m

Fig. 3. Monthly swell wave roses near Gelendzhik

vV, m/s <=5 >5-100% >10-15l >15

Fig. 4. Monthly surface wind roses near Gelendzhik
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hs,wind sea» M hs, swell, m V, m/s
<=0.5[l >0.5-10 >1-1.5 >1.5-2 >2 <=5l >5- 100 >10- 151l >15

Fig. 5. Climatic roses: for wind waves (a), for swell waves (b), for the surface wind (c)

Pursuant to Fig. 5, wind waves in the west-southwest and northeast directions
have the greatest repeatability while the strongest waves develop in the south-
southeast-west sector. As in all seasons separately, the swell waves of the west-
southwest and southwest directions dominate in the interannual sense. The prevail-
ing wind is in the northeast directions, the least repeated wind is in the southeast
directions.

Fig. 6 shows the so-called whisker boxes giving a visual graphical represen-
tation of certain statistical characteristics (mean distribution, 1st and 3rd quartiles
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Fig. 6. Statistical characteristics of the distributions of:
significant wind wave heights (a), significant swell waves heights
(b), surface wind speeds (c)
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(or 25th and 75th percentiles), 10th and 90th percentiles) of wave height and wind
velocity values separately by month and overall for the year.

The data (Fig. 6) show that wave height distributions are characterized by strong
intraseasonal variability. The strongest wind waves are observed in the winter months
with mean wave heights of ~0.7 m, and weakest ones — in summer (hswind sea ~0.3 m).
The same picture is observed for the swell waves with mean heights slightly
exceeding 0.6 m in winter and 0.2 m in summer. August is the quietest month.
The differences among seasons in wind velocities are not as obvious as in wave
parameters. Mean wind velocities are ~7 m/s in winter, as well as in early spring
and late autumn, and 5 m/s in summer. The weakest wind is observed in May.

Fig. 7 shows seasonal features of the Stokes drift velocities and directions.
Note that in accordance with well-established oceanographic traditions, the di-
rection of the Stokes currents is determined relative to the side of the world to-
wards which they are headed (the direction of waves and wind — from the side).
For convenience of consideration and taking into account the general orientation of
the coastline, the repeatability of the Stokes drift is calculated for four 90° sectors
conditionally defining the following directions of currents: towards the coast,
along the coast towards the southeast, away from the coast, along the coast to-
wards the northwest.

Pursuant to Fig. 7, surface currents caused by wind waves formed both
by large-scale processes throughout the entire Black Sea water area and by local
wind have well-defined seasonal differences. From December to April, excluding
February, the Stokes transport has comparable repeatability in directions towards
the coast, away from the coast and towards the northwest. In February, the main
flow tends to the open sea under the influence of strong northeast winds. In May
and June, the repeatability of currents towards the coastline increases significantly
with the contribution of currents towards the southeast increasing at the beginning of
summer. In July, the currents directed towards the southeast and away from the coast
become almost identical in terms of repeatability. From August to November,
the proportion of currents directed away from the coast increases with a gradual
decrease in the repeatability of currents towards the southeast.

Fig. 8 shows the generalized pattern of sea currents caused by the Stokes
transport.

Pursuant to Fig. 8, the long-term repeatability of the Stokes currents in direc-
tions is as follows: towards the coast — 27.4%, towards the southeast — 20.9%,
away from the coast — 34.3%, towards the northwest — 17.4%. In general, the flow
directed to the open sea predominates climatically. The repeatability of alongshore
flows directed towards the southeast and northwest is almost the same.

Statistical characteristics of flow velocities also show intraseasonal differences
(Fig. 9). The currents directed towards the coast are the strongest ones in Decem-
ber—January (mean velocities ~0.07 m/s), away from the coast — in winter and
autumn, especially in February (more than 0.08 m/s), towards the northwest — from
November to February. The weakest currents are directed towards the southeast
with mean values of 0.04 m/s in winter. The extremely insignificant transport
(mean velocities less than 0.02 m/s) towards the coast and towards the northwest

Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2024 13
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Fig. 7. Monthly roses of the Stokes drift near Gelendzhik

is observed in August, in May — towards the southeast, in July — towards the sea.
In general, currents towards the sea have the highest mean annual velocities
(almost 0.06 m/s). They are followed by currents towards the coast and towards the
northwest (~ 0.05 m/s) and alongshore currents towards the southeast (~ 0.03 m/s).

Fig. 10 shows interannual variability of the Stokes drift velocities. According
to the data, despite the climatic dominance of flows directed towards the sea,
currents towards the coast can prevail in some years (e.g., in 2004 and 2021).
The mean annual repeatability of the Stokes drift by 90° sectors is as follows:
towards the coast — 23.4-34.7%, towards the southeast — 16.1-25.5%, away from
the coast — 24.8-44.1%, towards the northwest — 12.6-23.3%. The mean annual
current velocities vary as follows: towards the coast — 0.037-0.054 m/s,
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Fig. 8. Climatic roses of currents caused
by the Stokes drift
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Fig. 9. Statistical characteristics of Stokes drift velocities
by distribution sectors: a — towards the coast; b — to the south-
east; ¢ — away from the coast; d — towards the northwest
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Fig. 10. Repeatability (a), mean (b) and maximum (c)
Stokes drift velocities by distribution sectors

towards the southeast — 0.025-0.035 m/s, away from the coast — 0.039-0.061 m/s,
towards the northwest — 0.033-0.059 m/s. The maximum velocities are an order of
magnitude higher than the mean values. Intraannual maximum velocities also vary
widely: towards the coast — 0.18-0.34 m/s, towards the southeast — 0.12-0.22 m/s,
away from the coast — 0.19-0.42 m/s, towards the northwest — 0.20-0.34 m/s.
The maximum Stokes drift velocity amounting to 0.42 m/s was observed in 2012
with the currents directed towards the open sea.

Conclusion

The performed research results in the analysis of the Stokes drift main parame-
ters (velocities and directions) on the northeastern shelf of the Black Sea near
Gelendzhik over a long period of time from 2003 to 2022 and the study of the sea-
sonal and interannual patterns of distribution of wind wave and surface wind pa-
rameters.

Main results.

Wind waves. Wind waves of sea directions (from the southeast to the north-
west) dominate from late autumn to mid-spring. November and February with their
strong storms in the northeast directions represent some exceptions. Wind waves
in the west and northwest directions predominate in May, June and July. The wave
disturbance from the northeast increases significantly from August to October.
At the same time, the open sea brings little risk of storms in August and September.
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The strongest wind waves are observed in the winter months with mean wave
heights of ~ 0.7 m, and weakest ones — in summer (0.3 m).

Swell waves. All seasons are characterized by the absolute predominance of
swell waves in the southwest and west-southwest directions. The swell waves
with mean heights slightly exceed 0.6 m in winter and 0.2 m in summer.

Wind. The region under consideration is under the influence of surface winds
in all directions, with the exception of the southeast ones, in December, January
and March. The contribution of the northeast wind increases sharply in February.
Two main wind directions in April-May are the southwest and the northeast. Weak
winds of the northern sectors with a predominance of the northeast prevail from
June to September. The northeast winds become dominant in October and Novem-
ber. Mean wind velocities are ~ 7 m/s in winter, as well as in early spring and late
autumn, and 5 m/s in summer. The weakest wind is observed in May.

The Stokes drift. From December to April, excluding February, the Stokes
transport has comparable repeatability in directions towards the coast, away from
the coast and towards the northwest. In February, the main flow tends to the open
sea. In May and June, the repeatability of currents towards the coastline increases
significantly with the contribution of currents towards the southeast increasing
at the beginning of summer. In July, the currents directed towards the southeast and
away from the coast become almost identical in terms of repeatability. From August
to November, the proportion of currents directed away from the coast increases
with a gradual decrease in the repeatability of currents towards the southeast.

The table shows the interannual characteristics of the Stokes currents.

In multi-year terms, the flow directed away from the coast to the open sea pre-
vails. The same flow has the highest mean velocity. Repeatability of the longshore
currents directed towards the southeast and northwest is almost the same, but
the currents towards the northwest are much more intense.

Long-term characteristics of the Stokes drift by wave directions

Flow direction Repeatability, % | Mean velocity, m/s M\?;r;(m?’(imgm
Towards the coast 27.4 0.046 0.27
Towards the southeast 20.9 0.030 0.17
Away from the coast 34.3 0.053 0.28
Towards the northwest 17.4 0.045 0.26
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Note that the Stokes drift is only part of the complex hydrodynamic picture
characteristic of coastal waters. Experimental observations and numerical modeling
carried out by A. Isobe et al. made it possible to establish that under the influence
of the Stokes transport, large plastics were mostly transported and accumulated
in the coastal zone of the sea, processed into smaller forms (microplastics) and sub-
sequently transported into the open sea. Thus, we can conclude that sea currents
generated by surface waves make a significant contribution to the processes of ac-
cumulation and redistribution of pollutants in the shelf zone of the sea and deter-
mine largely the ecological state of coastal waters.

Final remark. Average currents can be generated in the field of groups of waves
at the ocean surface. Such currents differ in their pure form from the Stokes drift
induced directly by the waves. Naturally, this results in certain errors in the esti-
mates of the Stokes transport values. Nevertheless, we believe that the indicated
inaccuracies are, let’s say, a kind of a systematic error and do not affect the climat-
ic features of variations in the Stokes drift greatly.
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