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Abstract

In a south wind, coastal upwelling can be observed off the western coast of the Black Sea.
In the same area, the hydrological structure of waters is strongly influenced by river runoff,
which forms a river plume, and a southward longshore current. The paper studies the evolu-
tion of the plume on the northwest shelf of the Black Sea and its interaction with upwelling
based on numerical modelling. The impact of upwelling development under the influence
of the south wind on plume propagation was studied using a three-dimensional sigma-
coordinate numerical model (POM-type) to calculate the circulation in the coastal zone
taking into account the river runoff. The calculations were performed for a rectangular re-
gion for the cases of both uniform depth and typical water stratification of the northwestern
shelf. The last case was sampled for May condition, when, on average, the Danube plume
development is maximal. It is obtained that the joint dynamics of upwelling and river
plume are closely related to the stratification of coastal waters. In the case of unstratified
shelf waters, the thin plume layer enhances upwelling and downwelling on the inshore and
offshore sides of the river plume, respectively. The results allowed studying the peculiari-
ties of river water transformation during winds that cause the development of coastal
upwelling. Estimates of the time of bottom water rise near the coast under the action of
south winds with different wind speeds and shelf water stratification parameters retrieved
from numerical modelling data can be used to develop regional upwelling indices based
on satellite data on the sea surface temperature and wind speed.
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AHHOTaNUsA

Ipu roxHOM BeTpe y 3amagHoro mobepexbs UepHOTO MOps HaOMOgaeTCs MPOSBICHHE
NpUOPEKHOTO amBeUMHTa. B 3TOM ke palloHe CHIIbHOE BIMSHHME Ha THIPOJIOTHYECKYIO
CTPYKTYpY BOJ| OKa3bIBaIOT CTOK PeK, KOTOPBIH (OopMHUpYET peuHO IIIIOM, U BIOJILOEpEroBoe
Te4eHHe, HampapieHHOe Ha IoT. llenbro JaHHOW paboOTH SABIAETCS M3YyUEHHE DBOJIOLMH
IUIIOMa Ha CeBepo-3alagHoM melbpe YepHOro MOps M €ro B3aMMOACHCTBUE C alBEJUIMHIOM
Ha OCHOBE YHCICHHOTO MOJEIMpPOBAaHUWs. BimsHME pa3BUTHS alnBeIUIMHTA 0] ICHCTBHEM
BETpa IOJKHBIX PyMOOB Ha PacHpOCTPaHEHHUE IUIFOMA HCCIEIOBAIOCH C MOMOIIBIO TPEXMEp -
HOW CHTMa-KOOpAMHATHOH dYucieHHOH Monemt POM-tmna anms pacdeTa IHPKYISALUH
B MPHOPEKHON 30HE C YIETOM CTOKa PEKH. PacdeTsl MpoBeNeHH! Il NPSIMOYTOJIBHOM 0 0-
JACTH Il ClIydaeB KaK OJHOPONHON MO0 IIyOWHEe, Tak M TUNHYHOH i1 Mas (Korha
B CPeHEM HaOJIOJaeTCs MaKCHMallbHOE pa3BUTHE IUMoMa JlyHas) cTpaTH(HUKaIUU BOX
ceBepo-3amagHoro menbda. [TomyueHo, 9To coBMeCTHas! AMHAMUKA alBEJUIMHTA U PEYHOTO
IUTFOMa TECHO CBfi3aHa cO CTpaTu(uKaIueil mpubpexHslx BoA. B cioywae HecTparuduy -
POBaHHBIX BOJ LIeNb(a TOHKMII CIIOH IUIIOMA YyCHJIMBAET alBEJUIMHT U JlayHBEJUIMHT Ha Oe-
PEroBoOi M MOPCKOM CTOPOHAX PEYHOTO IUIFOMA COOTBETCTBEHHO. [loyueHHbIe pe3yibTaThl
HO3BOJIMJIM U3YYHUTh OCOOEHHOCTH TpaHC(OPMALMK PEYHBIX BOJ B IMEPHOJ JICHCTBUS BET-
POB, BBI3BIBAIOLINX Pa3BUTHE NPUOPEKHOTO anBe umMHra. OLEHKH BPEMEHHU NOIbeMa MpH-
JIOHHBIX BOJ y Oepera npu AEHCTBUM FOKHBIX BETPOB C Pa3IMYHBIMHU CKOPOCTSIMU BETpa U
napameTpamu CTpaTH(HUKAIMK BOA 1IeIb(a MO JaHHBIM YHCJICHHOTO MOACINUPOBAHHUS MO -
TyT OBITP HCIOJB30BAHBI AN pPa3padOTKH pPETHOHANBHBIX WHAEKCOB aIBEJUIMHTA
Ha OCHOBE CITyTHHKOBBIX JIaHHBIX O TEMIIEpaType MOBEPXHOCTH MOPS U CKOPOCTH BETPaA.

Knawdessie cjoBa: UepHoe MOpe, pETHOI IIIIOM, allBEJUIM HT, YHCJICHHOE MOAEINPOBa-
HHe, ek}, IPUOPEKHAs 30HA, PEYHON CTOK
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Introduction

The northwestem part of the Black Sea is characterized by a vast shelf and
significant river runoff, as well as a variety of morphological types of plumes
in the area of the Danube delta and the Dnieper-Bug Estuary [1]. Therefore,
the northwestem shelf is a unique testing ground for studying the dynamics of river
plumes of various types [2]. The long-term archival hydrological observations of
this region make it possible to verify numerical models of river plumes.

With a southerly wind, upwelling is observed along the western coast of
the Black Sea. The hydrological structure of the waters in this region is strongly
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influenced by river runoff, which is a source of nutrients necessary for phyto-
plankton bloom. In the case of alongshore upwelling in the summer, a decrease
in the oxygen content occurs in the coastal zone, which can cause fish to die [3].
Both of these phenomena are closely related to plume dynamics. Therefore, it is
necessary to understand how the distribution of river waters changes with the de-
velopment of coastal upwelling.

The origin and evolution of upwelling in the Black Sea were studied based
on the analysis of in situ and satellite data [4-9] and numerical simulation [10, 11].
The satellite data make it possible to recognize colder waters [7, 10, 11], but
the high variability and transport of river waters in the region of the northwestern
shelf significantly complicate the study of processes by such methods [12, 13].
Therefore, it is important to use numerical simulation along with in situ and remote
sensing data [14].

The development of upwelling near the northwestern Black Sea coast occurs
under the influence of southerly winds. The long-term statistics of upwelling for-
mation, obtained based on the analysis of remote sensing data on sea surface tem-
perature, showed that during the extended summer period there are from 3 to 10
intense upwelling events with a total duration of 35 to 65 % of the length of
the summer period, respectively [7]. From a comparison of the in-situ and satellite
data analyses, it was concluded that the upwelling evolution has a significant effect
on the river plume propagation [15].

The coastal upwelling occurrence is compensated by the geostrophic current
and the freshwater plume associated with it. The study of the coastal upwelling and
river plume dynamic interaction is of particular interest. River waters with low sa-
linity create pressure gradients that cause surface geostrophic currents that arise
in the coastal zone in an anticyclonic direction (in the Northern Hemisphere)
from the mouth [16]. The river plume can weaken the development of the
upwelling if the wind is too weak to disturb the haline stratification. The
change in the stratification of shelf waters is an important factor that determines
the plume and upwelling dynamics, affecting the plume thickness, the transfer of
desalinated water to the inner shelf area, and the bottom transfer of denser bot-
tom waters towards the coast [17].

Therefore, this work is devoted to the study of joint dynamics of the develop-
ment of upwelling and river plume, identification of patterns of the influence of
upwelling on the transformation of river waters on the sea shelf during the devel-
opment of coastal upwelling.

Materials and methods

The temperature and salinity fields were selected from the MHI
hydrological database (http://bod-mhi.ru/) for wind conditions with wind speeds
of less than 3 m-s™'. Based on the spatial distribution of temperature and salinity
isolines, the river runoff evolution in the Danube Delta region was estimated
and the dy-namics of the river plume was studied. The characteristic time
during which the plume reaches the southern boundary of the northwestern
shelf is about five days, which corresponds to the obtained estimates based on the
approach [2].
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The effect of upwelling development under the action of southerly winds
on plume propagation was studied using numerical modeling based on a three-
dimensional POM-type sigma-coordinate numerical model previously adapted
and tested for the northwestern shelf of the Black Sea to calculate the circulation
in the coastal zone, taking into account the river runoff [18, 19]. The calculations
were carried out for a rectangular area for the cases of both uniform in depth and
typical for the month of May (when on average the Danube plume develops its
maximum) stratification of the waters of the northwestern shelf.

The model parameters were selected in such a way that they corresponded
to the area where the Danube inflows into the Black Sea. The model was adapted
for a rectangular area and the conditions of the northwestern shelf of the Black Sea.
The computational domain coordinates: 28°-31°E u 43°-46°N, the number of grid
nodes along the X axis =51, the number of grid nodes along the Y axis =171,
the grid step is 2 km, the time step is 2 min, the number of sigma horizons is 25.
At the initial moment of calculation, the fresh water inflow is included near
the mouth of the Danube.

For the first version of the calculations, a homogeneous stratification was set:
salinity of the shelf waters was 18 PSU, the temperature was 18 °C, and the salinity
of the inflowing water in the area of the Danube mouth was 6 PSU, the water tem-
perature at the mouth was 10 °C, the river discharges corresponded to the climatic
values for April-May (8000 m3-s™"). On the shelf, a steady southward background
current was set; its velocity amounted to 5 cm's™! [19]. For the second version
of the calculations, the climatic values of temperature and salinity near the area of
the Danube delta for May were used: on the surface, the shelf water temperature
was set to 15.75 °C, the salinity was 12 PSU, the temperature at the bottom was
6.5 °C, the salinity was 18.25 PSU [20]. The thermocline was at a depth of 20 m,
the halocline was at a depth of 12 m, and the bottom depth was 40 m. The river
discharge, temperature, and salinity were the same as in the first version of the cal-
culations.

Results

Under the influence of the south wind at a speed of 5 m-s™! and the flow rate of
the river Q equal to 8000 m?-s~!, the plume is extended from the coast in a north-
easterly direction on the 10™ day (Fig. 1).

At the same time, the development of coastal upwelling blocks the propagation
of the alongshore current of desalinated waters from the plume area to the south.
To understand the role of stratification, we compared the results of calculations
for the cases without stratification (Fig. 1) and the cases with stratification (Fig. 2).
For the case without stratification, the upwelling develops after 3—5 days, but it
does not manifest itself in the surface temperature field due to uniformity of its
depth distribution (Fig. 1, b). Nevertheless, the alongshore current directed to
the north develops at a speed of 5-10 cm's™!, which blocks the initial propagation
of the plume to the south, and over time, the plume extends into the inner shelf ar-
ea, which is traced both by salinity (Fig. 1, a) and by water surface temperature,
since the temperature of river waters is lower than the temperature of shelf waters
by 8 °C (Fig. 1, b).
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Surface salinity (a) and temperature (b) of water from modelling data
on the 10" day for uniform stratification influenced by the south wind with a speed
of 5 m's™!. The red line (a, b) denotes zonal sections of salinity (C) and temperature
(d) fields along 45.18° N latitude

The plume width determined from the position of the 16 PSU isohaline along
the transect line at 45.18°N is approximately 25 km; in the temperature field,
this corresponds to the plume boundary along the 16 °C isotherm (Fig. 1, a, b).
At the same time, the thickness of the plume is about 5 m, which is seen in the zon-
al sections of the fields of salinity (Fig. 1, ¢) and temperature (Fig. 1, d).

For the case with stratification, the upwelling acquires a well-developed form

on the 10" day: the 8 °C isotherm, which characterizes the bottom waters, reaches
the surface up to 28.6°E (~ 20 km from the coast), except for the area in the region
of the river delta (Fig. 2, b).

The upwelling pushes the plume toward the shelf, position of the 10 °C
isotherm shifts to the east, and on the 10" day it reaches a longitude of 28.9°E
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Fig. 2. Surface salinity (a) and temperature (b) of water from modelling data
on the 10" day with shelf water stratification influenced by the south wind with
a speed of 5 m's™!. The red line (@, b) denotes zonal sections of salinity (c) and tem-

perature (d) fields along 45.18°N latitude

(Fig. 2, b) ~ 55 km from the shore, which in the salinity field corresponds to
the position of the 17 PSU isohaline characterizing the bottom waters of the shelf
(Fig. 2, a). Thus, due to small contrasts between the temperature of the river and
the waters of the shelf, the plume identification from satellite data on the sea sur-
face temperature does not contribute to the statistics of upwellings and plumes.
When analyzing the results of numerical modelling, the salinity field is used in this
case. In addition, unlike the first case without stratification (Fig. 1, d), the plume is
not distinguished in the temperature field and on the zonal section (Fig. 2, d).
On the 10™ day, the plume elongates to the northeast, and the width of it along
the 16 PSU isohaline increases compared to the first case and amounts to 30 km.
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On the zonal section along 45.18°N it can be seen that on the 10™ day the rise
of bottom waters (18 PSU isohaline) reaches a depth of 17 m, the 17 PSU isohaline
comes to the surface at a distance of ~ 8 km from the shore (Fig. 2, ). In contrast
to the plume waters, the position of the bottom waters is clearly distinguished
on the zonal sections in the temperature field: the 7 °C isotherm reaches a depth
of 10 m, and the 8 °C isotherm comes to the surface at a distance of 8-10 km
from the shore (Fig. 2, d).

The evolution of coastal upwelling over time is shown in Fig. 3. For calcula-
tions with stratification typical for May conditions, the development of coastal
upwelling is observed already on the 2™-3™ day. On the 3™ day, the bottom waters
with a temperature of 7-8 °C form a tongue of cold waters, which rises along
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Fig. 3. Surface salinity of water from modelling data with shelf water stratifica-
tion influenced by the south wind with a speed of 5 m-s™'. The red line (a, b) denotes
zonal sections of temperature fields on the 3¢ () and 7" (d) day along 45.18°N lati-
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the slope of the depths and reaches a depth of 10 m (Fig. 3, ¢). On the 7® day,
the 8 °C isotherm reaches a depth of 3 m (Fig. 3, d), and on the 8" day it comes
to the surface. The 10 °C isotherm emerges on the surface near the coast
on the 3" day (Fig. 3, ¢) and masks the position of a plume with a temperature of
10 °C in the temperature field. The waters with a temperature of 10—11 °C occupy
the entire alongshore coastal area and are well manifested in the surface tempera-
ture field (Fig. 3, a). Over time, the 10 °C isotherm shifts to the east and
on the 7% day reaches 28.6°E ~ 35 km from the coast (Fig. 3, b).

The development of upwelling in time was also analysed based on the variabil-
ity of the isohaline positions in the zonal section through the plume region along
45.18° N. The rise time of bottom waters, characterized by a salinity of 17 PSU,
along the entire coast was on average 5 days for a wind speed of 5 m-s™.
At the same time, the rise of bottom waters occurs along the coastal slope and, after
5 days, their transfer develops in the surface Ekman layer to the shelf area. Based
on numerical simulation data, it is possible to obtain detailed estimates of the rate
of water rise during the development of coastal upwelling for various values of
wind speed, bottom slope angle, and shelf water stratification parameters. The ad-
vection time t,¢ of bottom waters along the shelf slope is directly proportional
to the product of the difference between the depths of the pycnocline occurrence Ho
and the depth of the rise of the isopycna (isotherm) H; characterizing the bottom
waters in the process of upwelling development:

t :pfd(Ho—Hl)
ad B

(1)
o-T

where p is sea water density; f is Coriolis parameter; d is bottom layer thickness;
a is bottom slope angle; T is wind stress. The equation (1) gives a theoretical esti-
mate of the advection time as a function of the bottom slope and wind stress.
For the parameters characteristic of the northwestern shelf and the wind stress cor-
responding to a wind speed of 5 m's™!, we obtain a value of 3 days. If the time of
action of the south wind is less than the advection time according to the formula
(1), in this case less than 3 days, then cold waters do not have time to reach the sur-
face. Thus, upwelling will not manifest itself in the sea surface temperature field,
which must be taken into account when analyzing satellite data.

The advection time t,q is inversely proportional to the wind stress. For the same
value of the bottom inclination angle o, numerical calculations were carried out
for the case with shelf water stratification and different south wind speeds — 7 m's™!
and 9 m's™!. At a wind speed of 7 m's™!, on the 5" day, the 17 PSU isohaline
reaches the surface (Fig. 4, @), and the tongue of cold water rises along the slope
to a depth of 5 m, according to the position of the 8 °C isotherm (Fig. 4, b).
For a wind speed of 9 m's™! on the 5% day, saline waters (17 PSU) occupy a larger
area on the surface (Fig. 4, ¢), and cold waters (less than 8 °C) are on the surface,
the width of the upwelling zone along this isotherm is 30 km (Fig. 4, d).
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(b, d) of water from modelling data with shelf water stratification on the 5" day
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Conclusions

The results obtained made it possible to study the features of the river water
transformation during the action of winds that cause the development of coastal
upwelling. The plume propagation due to Ekman transport is analyzed depending
on the shelf water stratification and wind speed. It was found that the joint
upwelling and river plume dynamics is closely related to the stratification of
coastal waters. In the case of unstratified shelf waters, a thin layer of plume en-
hances upwelling and downwelling on the inshore and offshore sides of the river
plume, respectively. The upwelling intensity increases when the plume reaches its
boundary. In this case, the maximum transport of water towards the shelf is 1.5
times greater than the Ekman transport. After the plume passes through the
upwelling region, the water transport is regulated by alongshore density variations.

The regularities of plume dynamics obtained under the conditions of upwelling
development manifest themselves in the field of sea surface temperature, which
makes it possible to use model estimates of the advection time t,q for interpreting
satellite data on sea surface temperature. The estimates of the rise time of bottom
waters near the shore under the action of southerly winds with different wind
speeds and shelf water stratification parameters based on numerical modelling data
can be used to develop regional upwelling indices based on satellite data on sea
surface temperature and wind speed.
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