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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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Аннотация
При южном ветре у западного побережья Черного моря наблюдается проявление 

прибрежного апвеллинга. В этом же районе сильное влияние на гидрологическую 

структуру вод оказывают сток рек, который формирует речной плюм, и  вдольбереговое 

течение, направленное на юг. Целью данной работы является изучение эволюции 

плюма на северо-западном шельфе Черного моря и его взаимодействие с апвеллингом 

на основе численного моделирования. Влияние развития апвеллинга под действием 

ветра южных румбов на распространение плюма исследовалось с помощью трехмер - 

ной сигма-координатной численной модели POM-типа для расчета циркуляции 

в прибрежной зоне с учетом стока реки. Расчеты проведены для прямоугольной о б-

ласти для случаев как однородной по глубине, так и типичной для мая (когда 

в среднем наблюдается максимальное развитие плюма Дуная) стратификации вод 

северо-западного шельфа. Получено, что совместная динамика апвеллинга и речного 

плюма тесно связана со стратификацией прибрежных вод. В случае нестратифици - 

рованных вод шельфа тонкий слой плюма усиливает апвеллинг и даунвеллинг на бе - 

реговой и морской сторонах речного плюма соответственно. Полученные результаты 

позволили изучить особенности трансформации речных вод в период действия ве т-

ров, вызывающих развитие прибрежного апвеллинга. Оценки времени подъема при-

донных вод у берега при действии южных ветров с различными скоростями ветра и 

параметрами стратификации вод шельфа по данным численного моделирования мо-

гут быть использованы для разработки региональных  индексов апвеллинга 

на основе спутниковых данных о температуре поверхности моря и  скорости ветра.  

Клю че в ые с ло ва :  Черное море, речной плюм, апвеллинг, численное моделирова- 

ние, шельф, прибрежная зона, речной сток 
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Introduction 
The northwestern 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 northwestern 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 



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–1. 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 и 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 °С, 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 °С, the river discharges corresponded to the climatic 
values for April–May (8000 m3·s–1). On the shelf, a steady southward background 
current was set; its velocity amounted to 5 cm·s–1 [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–1 and the flow rate of 

the river Q equal to 8000 m3·s–1, the plume is extended from the coast in a north- 
easterly direction on the 10th 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–1, 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 °С (Fig. 1, b).  
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F i g .  1 .  Surface salinity (a) and temperature (b) of water from modelling data 
on the 10th day for uniform stratification influenced by the south wind with a speed 
of 5 m·s–1. 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, c) and temperature (Fig. 1, d). 

For the case with stratification, the upwelling acquires a well-developed form 
on the 10th day: the 8 °С 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 10th day it reaches a longitude of 28.9°E 
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F i g .  2 .  Surface salinity (a) and temperature (b) of water from modelling data 
on the 10th day with shelf water stratification influenced by the south wind with 
a speed of 5 m·s–1. The red line (a, 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 10th 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 10th 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, c). 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 2nd–3rd day. On the 3rd day, the bottom waters 
with a temperature of 7–8 °C form a tongue of cold waters, which rises along 

F i g .  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–1. The red line (a, b) denotes 
zonal sections of temperature fields on the 3d (c) and 7th (d) day along 45.18°N lati-
tude 
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the slope of the depths and reaches a depth of 10 m (Fig. 3, c). On the 7th day, 
the 8 °C isotherm reaches a depth of 3 m (Fig. 3, d), and on the 8th day it comes 
to the surface. The 10 °C isotherm emerges on the surface near the coast 
on the 3rd day (Fig. 3, c) 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 7th 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–1.  
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 tad of bottom waters along the shelf slope is directly proportional 
to the product of the difference between the depths of the pycnocline occurrence H0 
and the depth of the rise of the isopycna (isotherm) H1 characterizing the bottom 
waters in the process of upwelling development: 

τ⋅α
−⋅⋅⋅ρ

=
)( 10

ad
HHdft , (1) 

where ρ is sea water density; f is Coriolis parameter; d is bottom layer thickness; 
α is bottom slope angle; τ 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–1, 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 tad is inversely proportional to the wind stress. For the same 
value of the bottom inclination angle α, numerical calculations were carried out 
for the case with shelf water stratification and different south wind speeds – 7 m·s–1 
and 9 m·s–1. At a wind speed of 7 m·s–1, on the 5th day, the 17 PSU isohaline 
reaches the surface (Fig. 4, a), and the tongue of cold water rises along the slope 
to a depth of 5 m, according to the position of the 8 °С isotherm (Fig. 4, b). 
For a wind speed of 9 m·s–1 on the 5th day, saline waters (17 PSU) occupy a larger 
area on the surface (Fig. 4, c), and cold waters (less than 8 °С) are on the surface, 
the width of the upwelling zone along this isotherm is 30 km (Fig. 4, d). 
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F i g .  4 .  Zonal sections along 45.18° N latitude: salinity (a, c) and temperature 
(b, d) of water from modelling data with shelf water stratification on the 5th day 
influenced by the south wind with a speed of 7 m·s–1 (a, b) and 9 m·s–1 (c, d) 

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 tad 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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