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Purpose. The study is aimed at revealing the structural regularities and variability of the fields of
temperature, salinity, the colored dissolved organic matter and total suspended matter concentrations,
and also the factors that form them in the Sivash Bay. Besides, the results obtained are to be
compared with the already known features of the fields of the values under investigation which are
typical of the Azov-Black Sea coastal zone; and the response in the considered fields to the North
Crimean Canal damming is to be assessed.

Methods and Results. Based on the data of 8 expeditions carried out by Marine Hydrophysical
Institute in 2013-2016, the structural regularities and variability of the fields of temperature, salinity,
the colored dissolved organic matter and total suspended matter concentrations, and the factors that
form the fields of these values in the Sivash Bay were revealed. The quantitative indicators of
changes in the fields of the considered values, which arose after the North Crimean Canal was
dammed, are represented.

Conclusions. In the region under study, a number of constantly acting factors that determine
formation of special, not typical of the coastal area features of the oceanological values fields are
identified, namely: the influence of the Azov Sea and the North Crimean Canal waters, the rivers
inflowing to the water area of the Sivash western coast, the isolated lakes, the swampy shallow bays
and the isolated relatively deep parts of the coastline. Three years after the North Crimean Canal was
dammed, in the northwestern Sivash salinity increased by 20 PSU. The opinion that Sivash is not
atypical sea bay, but a connected with the Azov Sea reservoir with the signs of a salt swamp is
confirmed.
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Introduction

Coastal swamplands are valuable ecosystems that provide habitat for
numerous marine and terrestrial animal and plant species, improve water quality,
stabilize the coastline, prevent coastal flooding, and assimilate atmospheric carbon
[1-5]. Apparently, the Sivash bay (lake) is a unique water body of the Azov-Black
Sea basin. It is characterized by extremely high salinity and a special hydrological
regime, with signs of a sea and salina, ans is insufficiently studied from the point of
view of oceanology, can be attributed to such lands and ecosystems.

The Sivash is a narrow isolated shallow bay located along the western coast of
the Sea of Azov. It is separated from the sea by a meridional oriented spit —
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the Arabatskaya Strelka. In the northeastern part, near Genichesk, the Sivash is
connected to the Sea of Azov by the Tonkiy and Arabatskiy straits. Sometimes
the Sivash is called the Rotten Sea, which includes a system of lagoons and
swamps separating the Crimean Peninsula from the mainland [6] (Fig. 1).

The present paper is aimed to reveal the regularities of the structure and
variability of the fields of temperature, salinity, concentration of colored dissolved
organic matter (DOM) and concentration of total suspended matter (TSM) in
the Sivash Bay; to determine the DOM sources entering the bay, as well as
the places of its deposition; to calculate and analyze the correlation dependence of
the DOM content on salinity for the Sivash and the Sea of Azov; to estimate
the temporal variations in the fields of these values, which are caused by the North
Crimean Canal overlap.

Initial data and research methods
For the analysis, the data from 8 expeditions of Marine Hydrophysical Institute
in the Lake Sivash coastal area in 2013-2016 is used. In 2013, the expeditions were
completed before the North Crimean Canal closure (Fig. 1).
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During the first expedition (June 2013) in the eastern part of the Sivash, along
the Arabat Spit (112 km long), coastal observations (including 11 stations) were
carried out from the southernmost point (the Lvov khutor) to the Tonkiy Strait in
the north. Similar observations (9 stations) were carried out along the eastern coast
of the Arabat Spit in the Sea of Azov. In October 2013 and in June and October
2014-2016 observations were carried out in the northwestern part of the region
under study at 5 stations. The stations were selected according to the physical,
geographical and hydrological features inherent in the coastal zone of the Sivash.
Station a was located in the riverine part of the mouth of the Pobednaya River,
stations b and ¢ — in the marine area of the mouths of the Pobednaya and Salgir
rivers, stations d and e — between the swampy estuaries of these rivers, along
an open section of the coastline (Fig. 1).

At all stations, the water temperature, salinity, TSM concentration and the colored
DOM content were measured. These parameters were synchronously recorded using
the Kondor optical biophysical probing complex (autonomous multiparameter
hydrobiophysical submersible complex, URL: http://ecodevice.com.ru/ecodevice-
catalogue/multiturbidimeterkondor).

The TSM and DOM content determination is based on optical methods
implemented in the Kondor measuring complex. The fluorescent component of
DOM - a colored dissolved organic matter (fDOM) was considered. The dimension
of this quantity is presented in calibration units - quinine sulfate (QSU) [7, 8].

Since the depth range did not exceed 1 m, the probe was used in “selected”
mode. Therefore, the device sensors were placed in a vessel with selected water
samples.

Discussion of the results

Below some of the physical-geographical and morphometric features of
the region under study, information about which was used in the interpretation of
the data of expeditionary studies are considered.

The Sivash banks are mostly low, gentle, marshy, and salt-covered in summer.
The bottom is a layer of silt up to 5 m thick or more. Its water surface is divided by
four relatively isolated reservoirs — stretches. Stretch I, 11 and 111 are delimited by
shoals, chains of islets, spits and capes. The boundary between stretches 111 and 1V
is represented by the narrowest section of the considered water area —
the Shokalinskiy narrowing (Fig. 1).

The coastal zone of the Sivash is distinguished by a variety of landscapes and
morphometric features that are not characteristic of the open coast of the Azov-
Black Sea basin (Fig. 2). This determines the special structure of the fields of
oceanological elements in the coastal waters of the Sivash Bay, characterized by
pronounced inhomogeneities [9, 10].

A number of constantly acting factors that contribute to the formation of
special properties of fields of oceanological quantities in the studied water area was
identified. These are the largest (~ 100 km) factors. Their impact extends to
the entire bay. They are associated with the influence of the Sea of Azov waters,
penetrating into the Sivash through the Tonkiy and Arabatskyi straits, as well as
the waters of the North Crimean canal, which was put into operation in 1971 and
closed in 2014.
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Fig. 2. Typical areas of the Sivash Bay coast: a — swampy river delta off the Sivash western coast;
b - part of the western coast with a relatively deep shell bottom; ¢ — lake in the floodplains
of the Arabat Spit; d - coastal water area of the reach near the Arabat Spit
(URL: https:/iww.photoukraine.com/russian/articles?id=242)

Small-scale (from ~100 m to 10-30 km), but significant factors can be
attributed to the rivers flowing into the water area along the western bank of
the Sivash; isolated lakes in flooded areas; swampy shallow bays located on
the periphery of the reaches and isolated sections of the coastline with a relatively
deep coast.

In terms of morphometric characteristics and hydrological regime, the western
coast of the Sivash significantly differs from the eastern one. The Crimean rivers
Pobednaya, Salgir, Bulganak, Subash flow into the water area of the western part
of the Sivash Bay [9] (Fig. 1). Boggy and overgrown with dense thickets of reeds
and willows, the mouths of these rivers and the adjacent coastal areas are vast salt
bogs. They are shallow (0.1-0.3 m), with banks and bottom covered with a black
silt layer (Fig. 2, a).

The swamps of the western Sivash are divided by steep, mostly clay rocky and
covered with steppe vegetation coastline sections. The coast here is relatively deep
(0.5-0.8 m) with a shell bottom (Fig. 2, b).

The eastern coast of the Sivash Bay (western coast of the Arabat Spit), along
which observations were made in June 2013 (Fig. 1), is different from the western
coast in terms of physical and geographical conditions. It is not swampy, the banks
and the bottom here are mostly sandy-shell [10].

The eastern coast of the Sivash is characterized by two coastal areas with
different physical and geographical conditions and the properties of the fields of
the analyzed quantities. The shores of the southern narrow (width ~ 300 m) part of
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the Arabat Spit are covered with dense thickets of reeds (floodplain). Further to
the north, along the coast of the wide (7.5 km) part of the Arabatskaya Strelka,
there is a shallow bay, which is the eastern periphery of stretch Il (Fig. 2, d), and
on the eastern periphery of the water area of the northernmost stretch I, there are
the Tonkiy and Arabatskiy straits (Fig. 1).

The floodplains near the southern part of the Arabat Spit are ~ 0.1-1.5 km
wide. Here, in thickets of reeds, there is a number of small lakes 0.8-1.5 m deep
and several tens to ~ 100 m in diameter, isolated to varying degrees from the coast
and the main water surface (Fig. 2, ¢). These lakes or some of them are probably
former sand pits. These are the deepest, up to 1.5 m, places of the entire studied
coastal zone, distinguished by the special properties of the analyzed quantities.

Water temperature is the most variable in space and time (of all considered)
environmental parameter. The isolation of the coastal areas, their different depths,
bottom color, albedo and absorption capacity of solar radiation under conditions of
limited horizontal exchange cause significant spatial inhomogeneities in the water
temperature field near the Sivash coast.

During the entire observation period on the western coast of the Sivash, in
a bay with a relatively deep coast and a shell bottom, between the mouths of
the Pobednaya and Salgir rivers (station d), a local temperature minimum was
constantly recorded. Due to the high albedo and greater depth, the water
temperature here was 0.4-2.3°C lower than in the shallow-water estuaries covered
with black silt to the north (station b) and south (station e) (Fig. 1).

On the eastern coast of the Sivash, as a result of the different absorptive
capacity of solar radiation, two sections of the coastline with different temperature
regimes — floodplains in the south with a low water temperature of 24-28°C and
an overheated coastal zone of reaches near the northern part of the Arabat Spit with
a high water temperature of 32-35°C (according to observations in June 2013,
Fig. 1, 2) were distinguished.

Daily water temperature fluctuations in the coastal waters of the Sivash are
more intense than in the coastal waters. In summer, the range of daily fluctuations
reached 4-6°C. The temperature minimum was recorded in the morning (06:00—
07:00), the maximum - in the afternoon (14:00-15:00). According to [11], in
the Azov and Black Seas, daily fluctuations in water temperature are less
significant, their maximum range of 2-3°C was observed at the 0.2 m horizon in
the spring-summer period.

A qualitative analysis of the available small sample of observations showed
that the temporal variations in water temperature contained interannual, seasonal,
synoptic and diurnal components. In June — July, the coastal waters of the Sivash
were characterized by high temperatures: in 2013 it varied in the range of 24.3-
35.2°C, in 2016 it was characterized by relatively low values of 25.0-27.9°C.
In October 2014 and 2016 the corresponding indicators were 16.1-17.8°C and 8.4—
8.9°C.

Salinity and fDOM concentration fields. In the coastal waters of the oceans
and seas, salinity and fDOM are interrelated quantities with conservative
properties. They are considered as good indicators of the continental runoff spread
in open water areas [12-17]. Therefore, the analysis of the fields of these quantities
is carried out in conjunction.
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Fig. 3 shows the fields of the horizontal distribution of salinity and fDOM
content for the studied water area, which were obtained from the data of two
expeditions carried out in June and October 2013, before the North Crimean Canal
closure. The validity of combining the empirical data obtained with a difference of
four months into one scheme is based on the property of conservatism, which is
inherent in both salinty and fDOM [12]. When constructing the schemes,
the observational data along the Arabat Spit coast at two stations (stations 3 and 10,
Fig. 4), which differed in extreme values and fell out of the general trend of
anincrease in salinity and fDOM concentration in a southerly direction, were
excluded. An analysis of these local features is given below.
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Fi g. 3. Distribution of salinity, PSU (a) and content of fDOM, QSU (b) on the surface of the Sivash
Bay in June — October, 2013 before the North Crimean Canal was dammed
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F i g. 4. Distribution of salinity, PSU (red line) and concentration of fDOM, QSU (green line) along
the western coast of the Arabat Spit in June, 2013

Excluding the singular points with extrema of salinity and fDOM
concentration, “smooth” distributions of the studied values on the surface were
obtained. They are easy to interpret and, apparently, adequately reflect the state of
the waters of the bay before the North Crimean canal closure. They also give
possibility to identify the main factors and sources that form the structure of
the considered fields in the Sivash.

Before the North Crimean Canal closure, salinity in the Sivash increased from
north to south from 10 PSU near the Tonkiy Strait to 40 PSU in the area of
the most remote isolated stretch V. The maximum freshening (10-20 PSU,
Fig. 3, a) was experienced in the northwestern part of the bay, where the Dnieper
water discharge point was located. The western bank of the Sivash was freshened
with irrigation water, which was drained from irrigated lands, rice paddies and
ponds of five large fish farms.

One of the salinity field features in the Sivash Bay is the absence of signs of
a freshening effect in river estuaries. For the entire period, in the mouths of
the Pobednaya and Salgir rivers, in the immediate vicinity of the reed wall, lenses
of freshened water, typical of the mouths of rivers flowing into the sea, were not
observed. From the mouth of the Pobednaya River to the Salgir mouth, salinity
increased gradually (Fig. 3, a).

At the same time, the influence of the runoff of these rivers was clearly
pronounced near the western coast of the Sivash in the fDOM concentration field.
Below it is shown that the river runoff is the main source providing the dissolved
organic matter input into the Sivash, which settles in the estuarine zones in the west
of the studied water area, forming the main maxima (52-57 QSU) in the large-scake
field of this substance concentration. The minimum concentration of
the background field fDOM is typical for the western part of the Sivash Bay.
In the Tonkiy Strait and the shallow bay of stretch Il adjacent to it from the south,
as in the adjacent water area of the Sea of Azov, the fDOM content did not exceed
25-27 QSU (Fig. 3, b). This is shown in Fig. 4 in detail.

In October 2013, at the sea edge of the Pobednaya River mouth (station b) and
the Salgir River mouth (station f), in the immediate vicinity of the reed wall,
the absolute maxima of this value concentration were observed in the Sivash Bay.
It was 56 and 52-57 QSU, respectively. In relatively deep areas between
the mouths of the Pobednaya and Salgir rivers, the fDOM content was decreased,
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37-40 QSU (Fig. 1; 3, b). A similar structural feature, but with a lower background
concentration of fDOM, persisted in 2014-2016.

According to data for October 2013, at the mouth of the Pobednaya River in
the fDOM content field, a powerful frontal section with a length of ~ 7 km with
a concentration at the boundaries of 510 QSU (station a) and 56 QSU (station b)
and a horizontal gradient of 65 QSU/km was monitored. Judging by the difference
in fDOM concentration at the front boundaries, at the Pobednaya River mouth
settles up to 90% of this substance contained in river water.

An abrupt decrease in the fDOM content at the boundaries of the Pobednaya
River mouth is one of the main features of a natural marginal filter — a barrier zone
on which a significant amount of suspended and dissolved substances of both
natural and anthropogenic origin, contained in river water, is deposited [18-21].
Apparently, marginal filters with similar parameters exist in the mouths of other
rivers (Salgir, Bulganak and Subash), flowing into the water area along the western
coast of the Sivash Bay. Unfortunately, there are no observations in the riverine
part of their mouths.

Observations carried out in the northwestern part of the Sivash in 2014-2016
made it possible to estimate changes in the fields of the analyzed quantities, which
were caused by the overlap of the North Crimean Canal in June 2014. The trend of
a sharp increase in salinity in the waters of the northwestern part of the Sivash was
already discovered according to the results of the first expedition after the canal
closure in June 2014. The average salinity for this part of the Sivash water area in
2014 was 31 PSU. Compared to 2013, it increased by 14 PSUs. In 2015, the rate of
salinity increase fell to 5 PSU per year, and by the end of this year it reached
36 PSU. In 2016, the salinity growth slowed down to ~1 PSU per year. Three
years after the North Crimean Canal closure, the salinity of the waters in the area
under consideration increased from 17 to 37 PSU.

After the channel was closed, which was accompanied by an increase in
salinity, the average concentration of fDOM in the northwestern Sivash, equal to
40-50 QSU in 2013, decreased to 24-36 QSU.

Below we return to the series of observations along the western coast of
the Arabat Spit (Fig. 4). The information from station 3 and 10 was used to
construct large-scale background salinity and concentration fDOM fields.

The salinity and concentration fDOM distribution in the area under
consideration reveals the main regularity of the meridional structure of the fields of
these characteristics in the Sivash Bay. If the data of station 3 and 10 is not taken
into account, an increase in both values is seen from the Tonkiy Strait to
the southern area of the bay (stretch IV, Fig. 1).

Extremes recorded at station 3 and 10 are not accidental. They reflect the real
state of waters of special sections of the coastline and confirm the variety of
properties of fields of oceanological quantities in the Sivash Bay.

At station 3, made in the floodplains near Arabatskaya Strelka in one of
the isolated lakes (Fig. 1; 2, ¢), the minimum salinity of 11 PSU and the maximum
concentration fDOM 55 QSU were noted against the general background. Salinity
at the nearby stations was 37 and 33 PSU, fDOM concentration was 35 and
31 QSU (Fig. 4).
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The low salinity recorded in the lake may be associated with intense rains that
preceded and accompanied the expeditionary research. The lakes are also likely to
be fed by groundwater [10]. The high fDOM concentration in lakes is due to
the special hydrochemical and hydrobiological conditions inherent in such rare
water bodies.

Station 10 is located on the coast of a shallow (0.1-0.2 m) flat-bottomed bay
stretched in the meridional plan, which is bounded in the south by a cape, in
the north by the Genicheskiy Kut peninsula, and in the west by a chain of islands
and shoals (stretch 11, Fig. 1; 2, d).

As a result of the high absorptive capacity of solar radiation, with a low albedo
(muddy shores and the bottom of a dark brown color), the waters of the bay are
maximally warmed up and saline. The water temperature in June reached 33-35°C.
Due to local intense evaporation, the water salinity was 10-29 PSU higher than that
of the nearby stations (Fig. 4).

Despite the anomalously high values of thermohaline indices, the fDOM
concentration in the bay waters was 25 QSU and did not differ from
the background content of the analyzed substance in coastal waters near
the northeastern part of the Arabatskaya Strelka (station 7-11, Fig. 4).

The vectors of the horizontal gradient in the fields of both values had a well-
pronounced southward-directed component, which at a qualitative level indicates
the absence of a negative relationship between salinity and concentration fDOM in
the Sivash waters, which is characteristic of the marine environment (Fig. 3, 4).

At a quantitative level, this relationship is demonstrated in Fig. 5, a. It shows
the straight line of the correlation dependence fDOM(S), calculated from the results
of observations along the Arabat Spit for the Sivash in June 2013. Station 3 and 10
data, reflecting special properties on local sections of the coastline, was excluded
from the original sample (Fig. 4).
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F i g. 5. Graphs of correlation dependence of the fDOM concentration on salinity: a — in the Sivash
Bay; b —in the Sea of Azov
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It can be seen that in the Sivash Bay waters there is a direct correlation
between salinity and fDOM concentration, which is not typical for the sea, with
a coefficient R = 0.61 (Fig. 5, a).

In the Sea of Azov, the correlation relationship fDOM(S) is inverse and close,
R =-0.84. Along the Arabat Spit in the Sea of Azov, salinity increased southward
from 9.4 PSU in the area of the Tonkiy Strait to 12.2 PSU in the south of the sea,
while the fDOM concentration of decreased from 27-30 QSU to 22 QSU (Fig. 5, b).

The freshened continental runoff of shelf waters of the oceans and seas
is characterized by a close inverse correlation dependence of the
concentration of dissolved organic matter on salinity and fDOM(S) with
the coefficient R = -0.68 ... —0.95 [12-18]. That is, in the Sea of Azov, the values
under consideration are related by a dependence typical for the marine
environment, while for the waters of the Sivash the correlation dependence
fDOM(S) is qualitatively different.

TSM concentration field. The Sivash waters are distinguished by the unusual
properties of the TSM concentration field. This value is mainly determined by
shallow depths, the nature of the soil and the wind. Under conditions of low wind
and calm weather, the bay waters are transparent and contain 1-2 mg/L of TSM.
This value field reacts to an increase in the wind very quickly; in a moderate wind,
the TSM concentration reaches 40-42 mg/l, and the waters acquire a brown color.
For comparison: according to MHI observations, the typical TSM concentration in
the Black Sea waters near the coast of Crimea with weak and moderate winds
doesn’t exceed 0.8-2.0 mg/l.

Conclusion

Based on the data of 8 expeditions carried out by Marine Hydrophysical
Institute in 2013-2016, the factors that form the fields of temperature, salinity,
fDOM and TSM concentration in the Sivash Bay were identified. The regularities
of the structure of the fields of these quantities are analyzed, the correlation
dependence between salinity and fDOM content is considered. The response in
the salinity and fDOM concentration fields to the North Crimean Canal closure was
tracked.

In the region under study, a number of constantly acting factors that determine
the formation of special, not typical for coastal sea areas, properties of fields of
oceanological guantities, was identified. These include: the influence of the Sea of
Azov waters, penetrating into the Sivash through the Tonkiy and Arabatskiy straits;
the North Crimean Canal waters (until the moment of its closure); rivers flowing
into the water area along the western bank of the Sivash; isolated lakes in flooded
areas; swampy shallow bays located on the periphery of the reaches and isolated
relatively deep sections of the coastline. The scale of the impact of the detected
factors in the fields of the considered values is from 100 m to the size of the entire
water area of the Sivash Bay, 10-100 km.

The water temperature field was characterized by significant spatial
heterogeneity. On the western coast of the Sivash, in a bay with a relatively deep
coast and a shell bottom, between the mouths of the Pobednaya and Salgir rivers,
a local temperature minimum was constantly recorded. Due to the high albedo and
greater depth, the water temperature here was 0.4-2.3°C lower than
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the temperature of the shallow-water estuaries covered with black silt located to
the north and south. On the eastern coast of the Sivash, as a result of different
absorptive capacity of solar radiation, two sections of the coastline with different
temperature regimes were distinguished. They are floodplains in the south with
a low water temperature of 24-28°C and an overheated coastal zone of stretches
near the northern part of the Arabat Spit with a high water temperature of 32—-35°C.
Daily fluctuations in water temperature in the coastal waters of the Sivash are more
intense than in the coastal waters. In summer, their range reached 4-6°C.

It was found that before the North Crimean Canal closure, in June — October
2013, salinity in the Sivash increased from north to south from 10 PSU in
the Tonkiy Strait area to 40 PSU in the south, in the area of the most remote stretch
IV. The maximum freshening was experienced in the northwestern part of the bay,
where the Dnieper water discharge point was located. Three years after the North
Crimean Canal closure, water salinity in the northwest of the Sivash increased from
17 to 37 PSU.

The main supply of fDOM to the Sivash is provided by the flow of four rivers.
This substance is deposited in the estuarine zone, forming concentration maxima of
52-57 QSU near the western coast of the bay. The mouth of the Pobednaya River
is a natural marginal filter that traps up to 90% of fDOM contained in river water.
The minimum concentration of the background field fDOM is typical for
the northeastern part of the Sivash. In the Tonkiy Strait, as in the adjacent water
area of the Sea of Azov, the fDOM content did not exceed 25-27 QSU.

A local maximum fDOM concentration 55 QSU at a low salinity of 11 PSU
was recorded off the eastern coast of the Sivash in the isolated lake waters.
A number of such lakes are located in the floodplains near the southern part of
the Arabat Spit.

It is shown that salinity and fDOM concentration in the Sivash Bay waters are
connected by a direct correlation dependence, with the coefficient R = 0.61, which
is not typical of the marine environment. In the western part of the Sea of Azov
adjacent to the Sivash, the correlation relationship fDOM(S) is inverse (R =-0.84),
which is characteristic of coastal waters of the oceans and seas freshened by
continental runoff.

The TSM concentration field is mainly determined by the shallowness of
the Sivash Bay, the nature of the soil and the wind. Under conditions of low wind
and calm weather, the bay waters are transparent and contain 1-2 mg/l of TSM.
The field of this value reacts very quickly to wind intensification, and in moderate
wind its concentration reaches 40-42 mg/I.
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