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Local and large-scale upwellings in the Kerch Strait and in the Black Sea adjacent waters are consid-
ered based on the contact and satellite data. The spatial scales and the temporal variability characteris-
tics of these phenomena as well as regularities of thermohaline field transformation are identified. It is
shown that a stable northwestern wind generates local upwelling pockets in the southern and central
areas of the Kerch Strait. Quite a rare natural phenomenon when a wind-generated local upwelling
induces temperature rise in the coastal waters is described. The upwelling observed in late September
is accompanied by water temperature growth in the strait. It is revealed that the Black Sea subsurface
waters that flow to the strait within the upwelling circulation system and that are of total suspended
and dissolved organic matters low concentrations, contribute to improving water quality. Large-scale
upwelling is originated in the Feodosiya Gulf; its influence extends to the Kerch Strait and to a wide
strip along the eastern coast of the Crimea. The cycle of this kind of upwelling varies within the range
of 1-8 days. Maximum frequency is typical for an upwelling cycle of about 24 hours. Considerably
variable on interannual scale temporal characteristics of a large-scale upwelling off the eastern coast
of the Crimea and in the Kerch Strait are shown on the quantitative level.
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Introduction. The most significant mechanism, that realizes the water ex-
change between the shelf and the deep-water part of the oceans and seas is associ-
ated with upwelling. This phenomenon, observed in all climatic zones of the World
Ocean and in the seas, is of great practical importance and is intensively studied by
marine scientists of different countries [1-4].

Wind-generated upwelling is a typical phenomenon for the Black Sea and for
the Crimean coast particularly. Therefore, it has been relatively well studied. Many
publications of the Soviet and modern Russian oceanologists [5-9], based on exper-
imental contact and satellite data, as well as on results of numerical modeling [10,
11], are devoted to this phenomenon. The main result of these studies can be formu-
lated in the way below.

Along with upwelling generated by local winds, there is its larger scale view in
the Black Sea, which has not been sufficiently studied. One of the possible mecha-
nisms of this phenomenon is associated with the aquatic environment response to
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atmospheric circulation. It is believed that large-scale upwelling is mainly due to
the effect of the large-scale atmospheric processes over the Azov and Black Seas,
while the role of local winds and coastal current systems is less significant. This
type of upwelling is common throughout the Black Sea perimeter, except its east-
ern coast. Its sources have a spatial scale of tens (up to hundreds) miles, where in
the vertical circulation system the intermediate and deep waters with their own
properties enter the upper layer, substantially changing the structure of hydrophysi-
cal, hydrochemical and hydrobiological elements’ fields [8].
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Fig. 1. The Black Sea zoning scheme of the large-scale coastal upwelling intensity [8]. Studied area —
Area 5

The present work gives the analysis of the aforementioned types of the
upwelling and their manifestation in the thermohaline field in the Kerch Strait wa-
ters and the adjacent water area near the eastern coast of Crimea (Fig. 1), a region
where similar studies have not been carried out before, based on satellite and con-
tact information. For the first time, the structure of the fields of the aquatic envi-
ronment parameters, non-traditional for classical oceanography, — the concentration
of the total suspended (TSM) and dissolved organic matter (DOM) in the local
upwelling region, is considered.

Initial data and methods of research. The cases of local wind-generated
upwelling directly in the Kerch Strait are analyzed on the basis of data from two
joint complex expeditions of the staff of Marine Hydrophysical Institute (MHI) and
the South Scientific Research Institute of Marine Fisheries and Oceanography
(YugNIRO) in August and September 2011.

Statistical data on the temperature field structure on the sea surface and spatial
characteristics of large-scale upwelling are calculated based on the YugNIRO satel-
lite data array [8]. Temporal variability of this upwelling type is obtained on the
basis of the satellite image array analysis in the infrared range for 2000-2015 taken
from the MHI archive [12]. The search for large-scale upwelling zones was carried
out from May to September, when they are most clearly manifested in the tempera-
ture field on the sea surface. For each detected case of this upwelling, the formation
and decay time of the corresponding temperature inhomogeneity were recorded.
The cycle time was determined in hours and then averaged to a day. For each spe-
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cific year, the number of days, when upwelling was observed near the eastern coast
of Crimea, was calculated

The total number of images analyzed was 2211, and in 279 of them, the signs
of large-scale upwelling were traced.

Discussion of the results. Local wind-generated upwelling in the Kerch Strait.
2 to 3 days earlier and during the two expeditions, a stable weak northwestern wind
was observed over the Kerch Strait. It was due to the rear part of the cyclone with
the center in the Caspian lowland region. The first survey was carried out in Au-
gust 1-2 under the western northwestern wind with a speed of 2-6 m/s; the second
one — in September 26-28 under northern northwestern wind with a speed of 3—
5 m/s. In both situations, the vector of the wind flow tangential stress had a pre-
dominant surge component directed to the southeast.

In [13] for the northwestern Black Sea and the Crimean coast, typical wind roses
generating local upwelling at the certain parts of the marine area are shown. According
to this work, in the Kerch Strait and the adjacent Black Sea waters this type of
upwelling is due to the northwestern wind. Its annual repeatability is 18% (according to
results in [14]). That is, the situations considered in the present study correspond to the
specific wind conditions that cause the surge phenomena in the considered water area.

Analysis of the thermohaline field structure based on the materials of both expe-
ditions, made it possible to detect signs of coastal upwelling associated with the wind
surge. In particular, it was revealed that in the upwelling system caused by the off-
shore wind, the subsurface Black Sea waters came to the Kerch Strait to meet the
wind flow from the southern pre-strait area. In August, the upwelling was accompa-
nied by the water temperature decrease, whereas in September the wind surge caused
an opposite effect — warming of practically the entire coastal water column.

See the more detailed consideration of these phenomena below.
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Fig. 2. Temperature (a) and salinity (b) distribution in the upper layer of the Kerch Strait area in
August 1-2, 2011
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On the August survey materials, the surge source area near the Kerch coast of
the Strait is clearly visible in the structure of the temperature field (Fig. 2, a). This
is most marked in the Kerch and Kamysh-Burun bays, in the Pavlovskaya Narrow-
ness and adjacent shallow areas. The minimum temperature fixed here is 24.40—
25.21 C, which is 2-3°C below the background values.

The salinity field analysis (Fig. 2, b) shows that in the upwelling system
caused by the offshore wind, highly saline waters from the bottom layer of the
Black Sea pre-strait area entered the strait. Their salinity reached 17.64-
18.53 PSU, which is 1.6-2.5 PSU higher than the background values.

The upwelling source area from the seaward side was limited by the frontal
section is well shown in the thermohaline field (Fig. 2).

According to instrumental measurement data, near the bottom at the most sta-
tions in the southern part of the strait the vectors of current having velocity of 5 —
25 cm/s were directed to the Kerch coast. It is confirmed by the local surge mecha-
nism caused by the western northwestern wind.

The influence of warm (25.82-26.60°C) and low salinity (12.68-13.67 PSU)
Azov Sea waters extended to the northern parts of the strait (Fig. 2).

The September survey, whose range covered the vast water area of the Kerch
Strait to its southern border, seems most informative (Fig. 3, 4). In this situation,
the wind surge was also accompanied by the waters’ exit from the subsurface struc-
tural zone of the Black Sea to the Kerch Strait. The peculiarity of the case analyzed
is that the strait waters by the end of September turned out to be fairly cooled to
atemperature lower than in the Black Sea waters, the rise of which in the
upwelling system was accompanied by the temperature growth. The changes in the
salinity field at the quantitative level in August and September were similar.
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Fig. 3. Temperature (a) and salinity (b) distribution in the upper layer of the Kerch Strait area in
September 26-28, 2011
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Fig. 4. Temperature () and salinity (b) distribution on the longitudinal section through the Kerch
Strait in September 26-28, 2011

The flow of warm and salty Black Sea waters that entered into the strait is
clearly visible in the schemes of horizontal distribution of temperature and salinity
on the surface, and especially in the bottom layer. Its northern, eastern and western
peripheries were represented by the thermohaline frontal section, located to the
north of the Tuzla Island, appeared in the entire water column (Fig. 3).

In the surge source, the maximum water temperature at the surface and at the
bottom reached 19.90 and 20.55°C, respectively, which is 0.46 and 1.61°C higher
the surrounding background. The similar ratios for salinity are 15.75 and
17.90 PSU; 1.46 and 2.50 PSU.

The ascent of the warm and saline subsurface Black Sea waters along the
southern underwater slope of the Kerch Strait and their distribution in the compen-
satory current system further to the north, to the central area of the strait, are shown
in Fig. 4. The warmest (20.35-20.65°C) and saline (16.20-17.72 PSU) layer of 2—
5 m thick was observed at the bottom.

As a result, an inversive vertical stratification of the temperature field was
formed in the sections of the southern underwater slope of the strait. Steady strati-
fication in the density field was provided by a positive vertical salinity gradient.
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The absolute increment of temperature and salinity with depth reached 0.53-
1.03°C and 2.02-2.54 PSU (Fig. 4).

The situation described above illustrates a rare natural phenomenon (rather,
rarely fixed instrumentally), when the wind surge is accompanied by the coastal
water column warming up.

A qualitatively different effect (the decrease — increase in the water temperature)
caused by the same mechanism of wind surge is explained by the different temperature
background of the waters of the considered water area during the surveys analyzed.

In both situations, the saline Black Sea waters came out in the shallow Kerch
Strait waters. In August, when the strait is maximum warm, these waters had
a lower temperature. At the end of September, at the beginning of the period of
autumn heat delivery, the background values of the water temperature in the strait
turned out to be lower than the temperature of the Black Sea water penetrating its
shallow water area in the upwelling circulation system.

Analysis of additional data showed that local wind-generated upwelling not
only deforms the thermohaline field structure of the strait's water in a special way,
it also has a corresponding response in the TSM and DOM content fields.
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Fig. 5. Total suspended (a) and dissolved organic (b) matter distribution on the surface in the
Kerch Strait in August 1-2, 2011. The same characteristics (c, d) in September 26-28, 2011

In the upwelling circulation system in the Kerch Strait, which waters (as
a consequence of the permanent anthropogenic press) are characterized by high TSM
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and DOM concentrations, subsurface Black Sea waters with a low (natural) content
of these substances enter. In Fig. 5 it can be seen that, according to materials of the
expeditions analyzed, these waters were occupied by the southern and central water
areas of the Kerch Strait. The content of TSM and DOM here was significantly lower
than in the northern part of the considered water area, which indicates the importance
of wind upwelling as a factor improving the quality of waters in the Kerch Strait.

Note that DOM is considered the most effective indicator of contaminated wa-
ter [15]. Due to the complexity of determining the content of this substance, mass
information about it became possible relatively recently. This parameter has been
lately actively used to assess the quality of waters in coastal ocean and marine are-
as [15, 16].

For the analysis of large-scale upwelling in the considered area, the attention
should be turned to the scheme of Black Sea water area zoning according to the
typical signs of upwelling of this type proposed in [8] (see Fig. 1). According to the
work quoted, the Kerch Strait refers to one of the seven regions of the Black Sea
coastal water area — the area near the eastern coast of Crimea (including the Kerch
Strait, Feodosiya Gulf and Karadag Reserve) with typical hydrophysical signs of
large-scale upwelling.

Large-scale upwelling in the Black Sea is characterized by the following fea-
tures. Within the region of this upwelling type formation at its early stage, a spatial
heterogeneity is usually observed in the water temperature field on the sea surface,
which eventually transforms into separate cold water centers, called upwelling
"centers". In the considered water area most often such formations are located near
the Feodosiya Gulf coast.

At the later stages of coastal cold water source development, cold jets (some-
times called upwelling "rays") propagate toward the open sea and along the coastline,
the peripheries of which have pronounced frontal traits. On the considered section of
the Crimean coast, the extent of frontal formations oriented mainly to the south
reaches ~ 70 miles. As a result, intermediate and subsurface waters with low temper-
ature values and a high concentration of nutrients are carried away to the considera-
ble distances from the shore. The upper layer in the system of ascending circulation
can also get water from the hydrogen sulphide zone of the Black Sea.

Manifestation of the upwelling "rays" in the water temperature field along the
shores of the Crimean Peninsula is illustrated on a satellite IR image (Fig. 6) [12].
These structural features of large-scale upwelling are clearly visible near the eastern
shore of Crimea, along its southern coast and in its west (near the Tarkhankut Cape).

The average width of the coastal zone near the eastern shore of Crimea, cov-
ered by large-scale upwelling, is 39 miles.

In July-August, the surface water temperature in the the water upwelling
source area (the Feodosiya Gulf) decreases to 6-7°C relative to the surrounding
background. In the Kerch Strait, located on the eastern periphery of the water area
under the large-scale upwelling effect, the water temperature drops by 2-3°C. The
centers of this upwelling type in the studied water area are most often formed in
July.
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Fig. 6. "Rays" of the large-scale upwelling (dark blue color) near the Crimea shores on the satellite
IR image dated July 3, 2003 (11:00 GMT)

Analysis of the upwelling cycle duration showed the following. For the 2000—
2015 period on satellite images near the eastern coast of Crimea, 132 cases of
upwelling with a cycle duration of 1-8 days were recorded. The upwelling with
a cycle of 7 days were not monitored. Below the data on the repeatability of large-
scale upwelling with different cycle times is shown:

Cycle (days) 1 345678
Repeatability (%) 45 23 17 85101

With the 45% repeatability, the short period upwelling with a cycle time of
about a day was most often noted. The upwelling with a cycle exceeding 5 days were
extremely rare. Their total repeatability is 2%.

Analysis of the number of days with signs of upwelling for each specific year
indicates a significant interannual variability in the frequency of the studied phe-
nomenon formation near the eastern coast of Crimea. Thus, in the 2000—-2015 three
gaps with a noticeable difference in the corresponding indicator are distinctly dis-
tinguished. These are: in 2000-2003, annual average (warm period of the year)
duration of time with upwelling was 17 days with an absolute range of variability
of 11-20 days; in 2004-2010, upwelling was observed much less frequently and
these indicators decreased to a minimum of 5 days with an absolute range of varia-
bility of 2-8 days; in 2011-2015, the cases of upwelling were noticeably more fre-
guent, on average for a year the time duration when it was observed and the abso-

lute interval of variability increased to 51 days and to 48-57 days, respectively.

Conclusion. Patterns of the transformation of the fields of a number of ocean-
ological elements in local and large-scale upwelling sources in the Kerch Strait and
adjacent water areas near the eastern coast of Crimea are considered based on the
analysis of the data of the two expeditions and satellite information.

It was revealed that in August and September 2011 a weak steady northwest-
ern wind caused the formation of upwelling source in the south and in the central
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part of the strait. The upper layer was compensated by the flow of subsurface wa-
ters from the Black Sea pre-strait area, which, having risen along the southern un-
derwater slope of the strait, reached its center. In August, upwelling was accompa-
nied by the water temperature decrease by 2-3°C. In September, the Black Sea wa-
ters that emerged on the cooled shallow parts of the strait contributed to the tem-
perature growth by 0.5-1.6°C, as well as to the formation of an inversion stratifica-
tion of the temperature field. In the both situations salinity increased by 1.5-
2.5 PSU.

It is shown that the Black Sea waters coming in the local wind upwelling sys-
tem and possessing a natural concentration of TSM and CDOM contribute to the
Kerch Strait water quality improvement.

In the studied area, along with upwelling generated by a local drift wind, there is
a large-scale upwelling, the formation of which is associated with large-scale atmos-
pheric processes over the Black Sea. In the Kerch Strait and near the eastern coast of
Crimea, it can be manifested in the absence of pronounced local wind factors.

The large-scale upwelling in the considered water area most often originates in
the Feodosiya Gulf. The temperature at the surface in its sources relative to the
background values decreases by 6-7°C in the Feodosiya Gulf and by 2-3 C in the
Kerch Strait. Average width of the alongshore zone, where the upwelling effect is
traced, is 39 miles, and the maximum length of its "rays" oriented to the south
reaches 70 miles. This type of upwelling in the considered water area is most often
observed in July. The duration of its cycle varies in the interval 1-8 days. The max-
imum repeatability (45%) is typical for upwelling with a cycle duration of about
a day. The upwelling with a cycle exceeding 5 days are extremely rare.

It has been quantitatively shown that the time characteristics of large-scale
upwelling at the eastern coast of Crimea and in the Kerch Strait vary significantly
on an interannual scale.
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