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Abstract

Purpose. The purpose of the study is to analyze wind conditions leading to the occurrence of coastal
upwelling events off the Southern Coast of Crimea (Katsiveli) in the Black Sea based on
the calculations of wind upwelling index.

Methods and Results. The 6-hour ERAS5 reanalysis data of surface wind speed components, long-term
measurements of seawater and air temperature near the coast in Katsiveli (1992-2021), as well as
satellite maps of sea surface temperature are used. The upwelling index is calculated as Ekman
transport driven by alongshore winds. The index is considered to be positive when the transport is
directed offshore. For the Katsiveli area, this condition corresponds to winds with a western
component. Negative values of the index and onshore water transport correspond to eastern winds.
Calculations of the upwelling index shown that the most favorable wind conditions for upwelling
events are observed in winter (December and January) and summer (June and July), driven by
the high frequency of western winds. The maximum value of the upwelling index is noted in June.
The statistical relationship between the monthly mean upwelling index, water temperature, number of
upwellings, and the frequency and speed of western winds is analyzed for this month. It is found that
the upwelling index in June correlates with the number of low water temperature events (indicative of
upwelling). The correlation coefficient between them is 0.88. During the years characterized by high
frequency and speed of western winds, the number of upwellings increased, whereas it was minimal
when eastern winds predominated. Analysis of the variability of wind index and seawater temperature
based on the 6-hour data shows that high positive values of the index correspond to the onset of
upwellings, while a negative index indicates their cessation.

Conclusions. Good agreement between the wind index variability and the number of measurements at
low water temperature in summer demonstrates the potential of the index for studying wind
conditions resulting in the development of upwelling events, as well as for forecasting their
occurrence.
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Introduction
The Black Sea waters adjacent to the Southern Coast of Crimea are a natural
marine ecosystem [1], and an area for the development of aquaculture [2].
Productivity of the marine waters depends on the concentration of biogenic
elements in the upper photic layer of the sea [3]. Since there are no large rivers in
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this area, the enrichment of surface waters with biogenic elements can be due to
the inflow from deeper layers where their concentration is higher [4]. In winter,
strong winds and winter convection cause the upper layer to mix well, enriching it
with nutrients [5] throughout the entire water area. In summer, however, water
mixing is weakened [6]. At this time, the role of coastal upwelling, an important
factor in ensuring vertical water exchange, increases significantly [7].

Information on the frequency of upwelling events affecting the living
conditions of marine organisms can be used to analyze monitoring results relating
to the vital activity of the marine ecosystem off the coast of Crimea [8, 9]. In
addition, the Southern Coast of Crimea is apopular tourist destination, so
understanding the features and intensity of changes in water temperature during
the summer is also of interest to researchers [10].

Upwelling is defined as the movement of water from deeper layers to the sea
surface. According to Ekman’s theory, which was formulated for the deep sea,
coastal upwelling can be caused by alongshore winds with the coast to the left (in
the Northern Hemisphere) or to the right (in the Southern Hemisphere). In this
case, Ekman transport, which is perpendicular to the wind and moves from
the coast, shifts the upper layer of water towards thesea, resulting in
a compensatory rise in deep waters [11]. The shelf off the Southern Coast of
Crimea is narrow with a steep drop-off, so upwelling here is caused by alongshore
winds. In the Katsiveli area, these are westerly winds. The occurrence and scale of
upwelling depend on the wind speed, duration of action, seasonal stratification of
waters, and dynamic processes in the sea [12-14].

In winter, upwellings in the Black Sea are not recorded by temperature since
the upper layer is mixed [6]. In summer, however, coastal upwelling events can be
clearly visible by the lower water temperature in comparison with the surrounding
warm waters [15-17]. On the Southern Coast of Crimea, thearea of low-
temperature water can extend 60-80 km into the sea [17, 18].

A large number of works has been devoted to studying upwelling off the coast
of Crimea. The wind conditions associated with upwelling events were studied
based on data from coastal weather stations [19], temperature measurements at
the Hydrophysical Polygon in Katsiveli [20-23], ship measurements [15], satellite
data [16-18], and data from moored buoys [24]. Upwellings were studied based on
numerical modeling in [18, 25, 26]. Statistics on the number of upwellings are
given in [17, 19, 20]. Statistics on the frequency and speed of winds favorable for
upwelling, based on ERAS reanalysis data, are presented in [21].

The wind conditions necessary for upwelling are often studied using the wind
upwelling index, which is calculated based on the Ekman transport [27]. This index
is widely used to study upwelling in different areas of the World Ocean [28-31],
including the Black Sea [32]. There are also improved modifications of the wind
index [33]. A criterion for the wind upwelling development taking into account
the speed and direction of currents in the sea was proposed in [13] and applied in
[14, 24]. A number of studies use the temperature upwelling index [30]. It is
defined as the difference in water temperature between the upwelling zone near
the coast and open waters, usually at a distance sufficient to avoid the influence of
upwelling waters captured by currents or eddies.
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Studies of the conditions for upwelling events using indices have not yet been
carried out for the Southern Coast of Crimea. This paper analyzes the conditions
for upwelling events using the wind upwelling index (Ul) [27]. The paper
compares natural data on the temperature of the upper layer of seawater with index
values. In the future, the index could be used to clarify the features of upwelling
occurrence depending on wind conditions, and to investigate the climatic
conditions affecting the functioning of the coastal ecosystem in Crimea.

The study aims to analyze the wind conditions that lead to coastal upwelling
events off the Southern Coast of Crimea (Katsiveli) in the Black Sea, based on
the calculations of wind upwelling index.

Research data and methods

Water and air temperature. To identify upwelling events, we used
the following data:

— daytime measurements (08:00, 14:00 and 17:00) of seawater temperature Ty
and air temperature Ta (°C) for June 1992-2021, conducted at the Black Sea
Hydrophysical Sub-Satellite Polygon of Marine Hydrophysical Institute of
the Russian Academy of Sciences in Katsiveli, Crimea [34]. Water temperature
was measured near the shore from a pier at a depth of 0.75 m;

— maps of the Black Sea surface temperature from the website archive
(http://dvs.net.ru/mp/index_ru.shtml).
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F i g. 1. Spatial distribution of ERA5 reanalysis data [36] used to calculate wind characteristics
(black dots). Red square indicates the location of the Black Sea Hydrophysical Sub-Satellite Polygon
in Katsiveli

Upwelling. It was defined as a sharp drop in water temperature of 5°C or
more, lasting from six hours to several days [19]. In situ measurements were taken
in Katsiveli. The total number of upwelling events was determined by counting
the number of measurements taken at low water temperatures. This included
measurements at which the water temperature dropped sharply, corresponding to
the onset of upwelling, as well as subsequent measurements at which the low
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temperature was maintained, indicating the upwelling-supporting effect of
the wind. An increase in water temperature and its maintenance at high values
meant the termination of upwelling.

Wind. The study employed 6-hourly ERA5 atmospheric reanalysis data on
the uand v (m/s) wind speed components at a height of 10 m for the period 1979—
2021, with a spatial resolution of 0.25 x 0.25° [35].

Wind characteristics were calculated for each 6-hour period based on wind
speed components averaged over three ERAS grid nodes in the sea area closest to
Katsiveli, with coordinates of 44.25° N and 33.75°; 34° and 34.25° E (Fig. 1).

For simplicity, winds with a positive zonal component in the speed vector will
be called “western’ or ‘westerly’ winds, and those with a negative component will
be called “eastern’ or ‘easterly’ winds.

Wind upwelling index. To estimate the wind conditions necessary for an
upwelling event, the wind upwelling index was used [27]. This index is based on

the calculation of the zonal U™ and meridional V= components of the Ekman
transport V& = (U Bk v Ek) , m?-s™!, which is an integral flow of 1 m width, directed

at a 90° angle to the wind direction:

Ek y Ek T
Uuf=—-—, V=2,

P f

where ©=(t,,1,)is the wind stress: t, =p,C, |V|u, 1, =p,Cy|V|v, U is the zonal
and Vv is the meridional wind speed components V = (u,v) at a 10 m height above
the sea level; p,=1.2 kg-m™ is the air density; p,= 1012 kg-m™ is the sea water

density; C, =1.3-107 is the dimensionless empirical drag coefficient, was taken
as constant; f is the Coriolis parameter.

In the Northern Hemisphere, the Ekman transport V& = (U B v Ek) is directed
at a 90° angle to the right of the wind direction. If the coastline is inclined at the o

angle relative to the line of latitude, the V& transport component (perpendicular
to the coastline) is calculated using the zonal and meridional components of
the Ekman transport as V = = V ®coso. ~U ¥ sina.. In this paper, we do not take
into account the small slopes of the coastline from Cape Sarych to Cape Ai-Todor

(Fig. 1). It is assumed that the coastline runs parallel to the line of latitude;

therefore . =0, and vV 5 = v B,

The upwelling index is defined as a transport V= (m®-s'-km™") and calculated
per kilometer of the coastline [29, 30]. In addition, the upwelling index is usually
defined as positive when the Ekman transport is directed offshore. In the present
case, however, the negative transfer is directed offshore, so the index will be

defined as Ul =-V . Positive values of the Ul index correspond to the presence
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of a western wind. In this case, the Ekman transport is directed offshore, creating
conditions for the rise of deep waters (upwelling). Conversely, negative Ul values
correspond to an eastern wind, indicating that the Ekman transport is directed
onshore, creating conditions for the sinking of surface waters (downwelling).

Results and discussion

Seasonal variability of the upwelling index

Calculations of the upwelling index revealed two seasons near the Southern
Coast of Crimea during which the wind most often creates conditions conductive to
upwelling events: winter (December, January) and summer (June, July) (Fig. 2, a).
During these months, the zonal component of wind speed is dominated by
the westerly direction. Dependence of the seasonal variability of the index on
the frequency of westerly winds is clearly evident when comparing Figs. 2, a and
2, b. The correlation coefficient between them is 0.95. Despite the higher wind
speeds in December and January (Fig. 2, c), the absolute value of the upwelling
index in these months is lower than in June (Fig. 2, a). Therefore, on seasonal
timescales, the frequency of winds favorable to upwelling events plays a more
important role than wind speed.

The most favorable conditions for upwelling are observed in June, when
the positive upwelling index reaches its maximum absolute value (Fig. 2, a).
During this month, the frequency of westerly winds exceeds 60% (Fig. 2, b).
A local increase in the speed of westerly winds is also observed in June (Fig. 2, c).
By August, the speed decreases sharply.

Meanwhile, negative values of the upwelling index prevail throughout
the year, caused by winds with an easterly component in the velocity vector
(Fig. 2, a). In other words, downwelling occurs more frequently than upwelling,
which is consistent with long-term water temperature observations conducted at
the offshore stationary platform in Katsiveli [20]. In addition, eastern winds are
faster than western ones in all months (Fig. 2, c). Wind conditions favorable for
downwelling occur most frequently in October (Fig. 2, a, b), as confirmed by
observation data [20].
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Fig. 2. Monthly average values of the upwelling index (a), frequency of western winds (b), speed of
western (green curve) and eastern (black curve) winds (c) near the Southern Coast of Crimea in 1979—
2021

Taking into account the obtained feature of seasonal variability of
the upwelling index, the interannual variability of the conditions for an upwelling
event was analyzed based on the data for June. It was considered that, in June:
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— the maximum positive upwelling index is reached, corresponding to surface
water transfer from the coast and deep-water rise;

— the highest frequency of alongshore westerly winds is observed near
the Southern Coast of Crimea (Fig. 2, b) [21];

— upwelling is well detected by water temperature [17], since in summer
the rising waters from the underlying layers have a lower temperature compared to
the temperature of the heated surface waters;

— stratification in the thermocline, which prevents vertical exchange, has not
yet reached its maximum value, observed in August [6].

Interannual variability of the number of upwelling events and
the upwelling index in June
During the period under consideration (1992-2021), 467 measurements
corresponded to upwelling events were recorded in Katsiveli in June. This equates
to 17.3% of the total number of measurements (2,700). There were 74 independent
upwelling events. On average, 2.4 independent upwelling events and 15.6 low-
temperature measurements were observed per month (Table 1). The highest
number of upwellings occurred in June in 1993, 2000, 2001, 2005, 2011 and 2021
(Fig. 3, @). The maximum number was recorded in 2005: 43. A small number of
upwellings or their complete absence were noted in 1999, 2009 and 2016.

Table 1

Monthly average characteristics of upwelling conditions in June, 1992-2021

Characteristic | Average | Maximum | Minimum
Total number of daytime observations of low water
temperature (upwelling) in month, N 15.6 43.0 1.0
Water temperature, Tw, °C 195 238 15.0
Speed of western winds, V, m-s! 31 53 21
Frequency of western winds, P, % 73.0 83.3 39.2
Upwelling index, m3-s™!-km™' 70.0 255 -107.0

The average water temperature in June during the years under study was
19.5 °C. The highest maximum temperature was recorded in 2019 at an average of
23.8 °C per month (Fig. 3, ¢). Temperatures over 22 °C were also observed in
2007, 2009, 2010, 2013, 2016 and 2018. The lowest average temperature was
recorded in 1993 and 2001, at 15 °C.

The most frequent occurrence of winds with awesterly component in
the velocity vector (83.3%) was observed in 2021 (Fig. 3, e), while the minimum
(39.2%) was observed in 2018. The average monthly speed of westerly winds
peaked at 5.3 m-s~!in 2001 (Fig. 3, d). The lowest speed of 2.1 m-s™! was recorded
in 1998.
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The excess of positive values of the upwelling index over negative values
indicates stable wind conditions favorable for upwelling near the Southern Coast of
Crimea in June (Table 1, Fig. 3, b). The maximum number of upwellings, in
combination with low water temperature, occurred in 2001 and 2005, which
correspond to the maximum positive values of the upwelling index (Fig. 3, a, b).
The absence of upwelling in 1999 and 2016 is consistent with the low values of
the upwelling index.

Table 2
Correlation coefficients between the time series (1992-2021): number of observations

of low water temperature (upwelling) N, June average water temperature Tu,
upwelling index Ul, speed V and frequency P of the westerly winds

Time series | Tw | ul | v | P
N -0.84 0.88 0.69 0.71
Tw 1.00 -0.81 —0.68 -0.71
Ul —0.81 1.00 0.83 0.89

There is ahighly significant relationship between thetime series of
the monthly total number of upwelling measurements and the upwelling index.
The correlation coefficient is 0.88 (Table 2). The correlation coefficient of
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the upwelling index with the average water temperature is —0.81, and with
the speed and frequency of western winds is 0.83 and 0.89, respectively.

Therefore, the upwelling index describes effectively the variability of wind
conditions conductive to upwelling based on monthly averages and can be
employed in climate studies in areas where regular measurements are unavailable.

Upwelling events in June 2001 and 2019

The conditions for the occurrence of upwellings in individual years are
considered in more detail in cases:

— high speed and frequency of westerly winds and minimum average water
temperature (2001);

— low frequency of westerly winds and maximum average water temperature
(2019).

Upwellings in June 2001. In June 2001, the lowest average water temperature
(15 °C) and the highest average wind speed (5.3 m-s™') were observed during
the study period. Two independent upwellings were recorded in this month
(Fig. 4, c). The first, which was accompanied by a sharp drop in temperature from
17 t0 9.3 °C, developed on 5 June during the day with a stable southwesterly wind
(Fig. 4, a). The upwelling occurred after an increase in wind speed to 16 m-s™!. At
the same time, the upwelling index reached an unusually high value of
3600 m*-s~!-km™! (Fig. 4, b). The upwelling ended on 10 June when the wind
direction changed to the southeasterly.
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Similar wind conditions (a prolonged southwesterly wind with speeds over 6-
10 m-s™') caused long-term upwelling from 23 to 30 June, resulting in a decrease in
water temperature of almost 10 °C (Fig. 4, a, c). The onset of upwelling at Katsiveli
is clearly visible in the 24 June satellite image (Fig. 5, a). On 26 June, a short-term
weakening of the western wind (no more than half a day) was followed by an
increase in the surface water temperature near the shore. On 27 June, when
the western wind increased to a speed of 10 m-s!, the temperature dropped again to
10 °C. Positive values of the index during the third ten-day period of June are
consistent with a decrease in water temperature during this period (Fig. 4, b).

Fig. 5. Sea surface temperature at 11:03 GMT on June 24, 2001 (NOAA 16) (a) and at 14:22 GMT
on June 4, 2019 (NOAA-19) (b) taken from the satellite map archive (available at:
http://dvs.net.ru/mp/index_ru.shtml)

Upwelling events in June 2019. According to coastal measurements,
the maximum average water temperature of 23.8 °C was observed in June 2019
(Table 1). The only upwelling occurred at the beginning of the month, from 3 to 5
June (Fig. 6, ¢). During this period, the temperature fell from 22 to 14 °C. This was
caused by a sharp increase in the westerly wind to 5 m-s™! (Fig. 6, a). The decrease
in water temperature on 4 June is clearly seen in the satellite image (Fig. 5, b).
No upwelling was observed during the remaining days of the month.
The northwesterly winds observed at the end of the month, from 27 June, were
accompanied by only a slight decrease in temperature.

This situation, characterized by asmall number of upwelling events, was
associated with the low frequency of westerly winds (Fig. 6, a). During the month,
the northeasterly wind contributed to asurge of warm surface water towards
the shore and its subsequent descent (downwelling). The upwelling index was
negative for most of the month (Fig. 6, b).

An analysis of June data from all years (1992-2021) showed that the wind
speed leading to upwelling in June mostly exceeds 5-6 m-s™!, with an index value
exceeding 520 m-s~!-km™. This wind speed is consistent with the results obtained
in [13]. It should be noted that these values may increase with agrowth
in the thickness of the heated sea layer and increased stratification of waters in
the thermocline in July and August.
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According to daytime measurements, the air temperature in June was generally
higher than the water temperature. In the absence of upwelling, the difference is 1-
5 °C; with upwelling, it increases to 10 °C or more.

Conclusion

This paper studies the wind conditions necessary for upwelling to occur near
the Southern Coast of Crimea, in the Katsiveli area, using the wind upwelling
index. This index represents the value of Ekman water transfer towards or away
from the coast depending on the direction and speed of the alongshore wind.

It was found that conditions for an upwelling event vary by season. In
December, January, June and July, the average upwelling index is positive, and
the Ekman transport is mainly directed offshore due to the high frequency
of westerly winds. This creates favorable conditions for the development of
upwelling. In other months, the index is negative. The Ekman transfer of water to
the coast predominates, which creates conditions for the development of
downwelling.

A comparison of the interannual variability of the monthly average values of
the upwelling index and the number of in situ coastal upwelling observations in
June showed a high correlation between these characteristics, with a correlation
coefficient of 0.88. Analysis of 6-hour observation data demonstrated good
agreement between upwelling index values and measured water temperature.
A decrease in temperature starts with a sharp increase in westerly wind speed. High

PHYSICAL OCEANOGRAPHY VOL.32 1SS.3 (2025) 321



positive values of the wind index, corresponding to high wind speeds, precede
the appearance of low sea surface temperatures in summer. Stable westerly winds
can support long-term upwelling. A weakening of the westerly winds or a change
in wind direction to the east leads to the termination of upwelling.

The results of this paper demonstrate the potential for using the wind index to
study and forecast coastal Ekman upwelling, as well as for climate studies along
the Southern Coast of Crimea. However, further analysis of wind-driven upwelling
processes on hourly and daily time scales is actual.
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