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Abstract: Coastal zones are extremely vulnerable and, at the same time, anthropogenically pressed.
Excessive enrichment of marine waters with nutrients and organic matter can lead to “red tides”,
oxygen deficits, decreasing assimilation capacity, etc. The purpose of this work is to study atmospheric
precipitations as a source of nutrients directly affecting waters of the coastal areas of Crimea and,
ultimately, strengthening eutrophication consequences. In 2004–2008, and from 2015 to present,
samples of atmospheric precipitations have been collected at the Marine Hydrometeorological Station
in Sevastopol. They have been analyzed for the content of inorganic nitrogen, phosphorus, and
silica. For 2009–2014, direct measurements are unavailable and a previously retrieved multiple
nonlinear regression equation has been used to estimate the concentration of inorganic nitrogen
in atmospheric precipitations depending on meteorological conditions, including the number of
precipitations, number of days without precipitations, relative air humidity, wind direction vectors,
and air temperature. Data obtained in this study have revealed that atmospheric precipitations are
one of important inputs of nutrients for local areas. Their relative contribution increases on the
time scale of days, while the role of rivers remains the most important on the annual scale. The
contribution of atmospheric precipitations to the inventory of nutrients becomes more significant in
the summer, when seasonal stratification in the water column prevents vertical mixing of waters, and
the ambient concentration of nutrients in the upper layer of water is minimal.

Keywords: atmospheric precipitation; nutrients; inorganic nitrogen; inorganic phosphorus; silica; sea
water; coastal areas of Crimea

1. Introduction

Major inputs into the inventory of nutrients in the marine environment are from
coastal sources, water exchanges, atmospheric precipitation, and organic matter recycling.
Atmospheric input has been traditionally considered of minor importance, except for spe-
cific cases of oligotrophic offshore waters, when other sources and ambient concentrations
of nutrients are limited [1–5]. Coastal zones have been considered well supported by
nutrients from coast-based sources. The input of nutrients with atmospheric precipitations
has been generally estimated by value of a few percent of the total annual input from all
sources [6,7]. However, is it true for areas neighboring large industrial cities and/or on
with heavy rain periods of hours to days?

Nutrients are important for primary production and productivity. Yet, excessive
production of organic matter results in intensive consumption of oxygen resulting in
“dead zones” with oxygen deprived conditions. This makes the question of sources of
nutrients for marine systems crucially important. The number of “dead zones” increases
exponentially, doubling about every 10 years since the 1960s [8]. Such zones have
been already registered for more than 400 coastal sites worldwide with a total area
over 245,000 km2 [8]. The process of oxygen deprivation is most frequently registered
for inland seas with limited or no water exchange with the ocean and high primary
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production and/or input of organic matter. The Black Sea is an inland and almost
enclosed basin, which is particularly susceptible to the influence of riverine runoff [9].
The shelf and coastal area of this marine ecosystem is profoundly affected by increasing
input of organic matter, nitrogen, and phosphorous compounds from the coast [10,11].
Although the load of main rivers is located in the north-western part of the sea, small
rivers carry about 15% of the Danube’s discharge into other coastal areas and may result
in high local eutrophication. The level of pollution of the Black Sea coastal waters from
mainland is quite acute, especially near large cities [12].

The Chernaya river is one of the largest rivers of Crimea (Figure 1). To make the effect
more profound, it discharges water into the most-inland part of the 8 km long Sevastopol
Bay with a highly restricted water exchange with the open sea.
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Another recognized source of pollution in the coastal area of Sevastopol [16] is 
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emissions to the local atmosphere [18]. About 90% of ammonium emissions are from ag-
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It discharges 1.73 m3 s−1 of discharge on average [13], but it can be much higher in
rainy periods. Estimates of the water balance of Sevastopol Bay have shown that the annual
flow of the Chernaya River is about 70% of the volume of Sevastopol Bay [14]. Apart from
fresh water, the Chernaya river delivers a lot of nutrients collected from farmlands up
the river flow. It delivers 1000 tons of suspended matter on average, 52 tons of mineral
nitrogen, and 6 tons of phosphorus annually [15]. This provides a significant impact on
the state of coastal waters supporting high input of organic matter to the system due to
primary production and resulting in seasonal hypoxia and anoxia in the bottom waters of
the bay due to oxidation of produced and precipitated organic matter.

Another recognized source of pollution in the coastal area of Sevastopol [16] is wastew-
ater. There are 35 outlets of wastewater on the coast of the Sevastopol region, providing
about 56 million m3 year−1 (1775 m3 s−1) of wastewater of varying degrees of contam-
ination. In addition to main outputs, there are 11 emergency wastewater outlets at the
coast of Sevastopol. Storm water runoff in Sevastopol Bay contains up to 21.4–78.6 µM
of nitrate, 4.28–1222 µM of ammonium, and up to 37.7–101 µM of phosphate [16]. The
amount of nutrients discharged with wastewater into coastal waters of Sevastopol region
can be up to 1600 t year−1 for ammonium, 550 t year−1 for nitrate, and up to 406 t year−1

for phosphate [17].
The source of nutrients to marine ecosystems with atmospheric wet and dry depo-

sitions is far less accounted for. Yet, exhaust gases, fuel combustion products, and a
continuous increase in the number of transport vehicles are the main sources of nitrogen
oxide emissions to the local atmosphere [18]. About 90% of ammonium emissions are from
agricultural activities [19]. The main natural sources of phosphorus to the atmosphere are
due to the wind erosion of soil in arid areas, generation of biogenic aerosols by terrestrial
vegetation (spores, pollen, plant residues, etc.), destruction of air bubbles on the surface of
water bodies, and volcanic activity. Anthropogenic inputs of phosphorus are associated
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with the production and application of fertilizers, as well as with the metallurgical indus-
try [20]. The presence of silica in atmospheric precipitations is primarily an indication of
terrigenous particles. All these nutrients are removed from the atmosphere and deposited
at the underlying surface with atmospheric precipitations [21].

Jickells (1995) [22] reviewed publications showing a dramatic increase in atmospheric
nitrogen fluxes in the 20th century. The author of [22] argues that atmospheric depositions
may support from 5 to 25% of nitrogen needed for new primary production under condi-
tions of intense stratification in the water column in summer time. Im et al. [23] used the
WRF/CMAQ modeling system to estimate dry and wet atmospheric nitrogen fluxes to be
up to 0.36 Tg (N) year−1 (about 825 kg km−2 year−1) for 2008.

Though nitrogen is often recognized as the limiting nutrient, phosphorus can also limit
the rate of primary production. Mineral aerosols are the main source of phosphorus on the
global scale (82%), with particles of biogenic origin (12%) and combustion products (5%)
playing an important role with depositions far away from the site of dust generation [20].
The contribution of anthropogenic sources to the atmospheric input of total phosphorus
and phosphate can reach 50% for oligotrophic marine ecosystems, in which productivity
can be limited by phosphorus [20].

Unlike riverine inputs, atmospheric depositions affect surface waters directly and
largely bypass marginal filters in river mouths [5]. The importance of atmospheric deposi-
tion for the nutrient budgets in coastal regions can vary greatly [5]. Thus, atmospheric N
depositions contribute about 10% of total N inputs in Jiaozhou Bay, China [24]. It might
account about 20% of nitrogen requirement in reefs of the Bahamas [25] and provide most
of nitrogen inputs to the area off the central coast of Cuba, exceeding the estimated nitrogen
fixation rates [26]. Finally, inorganic phosphorus and silica atmospheric fluxes and their
importance for the ecosystems of coastal regions remain practically unknown.

This study is aimed to quantify the input of nutrients with atmospheric precipitations
and to study its relative contribution to the coastal waters of Crimea on different time scales.

2. Materials and Methods
2.1. Precipitation Sampling

Atmospheric depositions were collected for every individual event of atmospheric
precipitation at the Marine Hydrometeorological Station of Sevastopol (MGS) from 2004 to
2008 (only inorganic nitrogen, 228 samples), and, furthermore, they were collected from
2015 to 2021 (inorganic nitrogen, phosphorus, silica, 514 samples) (Figure 2).
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Samples were collected from the very beginning of every precipitation event including
the initial, most concentrated portion of atmospheric precipitations. Meteorological data—the
wind speed and direction, relative humidity, and air temperature—were registered at the start
of precipitation. The amount of precipitation was also reported.

Atmospheric precipitations were collected with two samplers—a wet-only automatic
precipitation sampler, which was open from the beginning of precipitation to its ending, and
a permanently open sampler to collect the sum of wet and dry atmospheric precipitations.
After sampling, material was quantitatively placed into plastic bottles. According to the
Manual on Atmospheric Pollution Control [27], if precipitations fell within less than 1 h
interval and with constant cloudiness, the sample was collected in one bottle. If the interval
between individual precipitation events was longer than 1 h, atmospheric precipitations
were collected as different individual samples. Additionally, sea surface water samples
were collected in the area of atmospheric precipitation sampling (Figure 2, red point) for at
least 5 days after precipitation took place. We had chosen the site for seawater sampling far
enough from all local coastal sources of nutrients, including the river mouth and outlets.
Moreover, the biogeochemical barrier (marginal filter) of the Chernaya River, Sevastopol
Bay restricted the influence of the waters of the Chernaya River at the sampling area [14].
As many as 270 samples were collected in 2017–2019. Meteorological parameters such as
wind speed and direction were also recorded for those days of seawater sampling.

2.2. Chemical Analysis

Atmospheric precipitation and seawater samples were analyzed in the laboratory of
the Marine Hydrophysical Institute RAS (Sevastopol) for inorganic nitrogen, phosphorus,
and silica concentrations using photometric analysis [28]. The ammonium concentration
was determined photometrically with a spectrophotometer using a modified Sadgi–
Solorzano method [29]. Sodium nitroprusside was used as a catalyst. In a phenol-
hypochlorite reaction, the intensely colored blue compound indophenol was formed.
In the laboratory, 10 mL of each sample was placed in plastic tubes. Then, 0.2 mL of
phenol solution was added and (after mixing) 0.2 mL of hypochlorite solution was added.
Samples and standards with added reagents were placed in a thermostat at 48–50 ◦C for
30 min. After cooling for 30 min in a dark place, the optical density of colored solutions
was measured at a wavelength of 648 nm. Statistics of the results revealed that the
minimum ammonia concentration determined by this method was 0.04 µmol L−1. The
method error was ±12%.

An automatic Skalar San++ flow analyzer was used to determine concentrations
of nitrate and nitrite. The automated procedure was based on the cadmium reduction
method [28]; samples were buffered to pH 8.2 and pumped through a column containing
granulated copper–cadmium to reduce nitrate to nitrite. Nitrite (originally present and
reduced from nitrate) was determined by diazotizing with sulfanilamide and coupling
with N-(1-naphthyl)ethylene diamine dihydrochloride to form a highly colored azo dye,
and its optical density was measured at 540 nm. The minimum concentration determined
by this method was 0.07 µmol L−1. The method error was ±10%.

Inorganic phosphorus and silica concentrations were determined using a Unico
spectrophotometer. The Murphy-Riley method was used to determine the inorganic
phosphorus concentration [28]. The phosphorous–molybdenum complex was reduced
by ascorbic acid in the presence of sulfuric acid and a catalyst, and its optical density
was measured at 880 nm. The minimum concentration of phosphate determined by this
method was 0.05 µmol L−1. The method error was ±10%.

The silica analysis was based on formation of a blue silicomolybdenum complex [28].
Ascorbic acid was used as a reducing agent. To eliminate the interfering effect of orthophos-
phate, oxalic acid was added into the solution, preventing formation of a phosphorous–
molybdenum complex. The minimum concentration of silica determined by this method
was 0.05 µmol L−1. The method error was ±10%.
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2.3. Calculation of the Volume Weighted Mean Concentrations

The monthly and annual nutrients volume weighted mean (VWM) concentrations in
rain were calculated using Equation (1) [30]:

C = ΣCiRi/ΣRi (1)

where

C is the VWM concentration, µmol L−1;
Ci is the nutrient concentration of each sample, µmol L−1;
Ri is the corresponding rainfall amount for each sample, mm.

When VWM is calculated, the effect of varying rainfall amounts is accounted for, and
it makes a correct average of nutrient concentrations for rain events over the period of
monitoring [30].

2.4. Calculation of Nitrogen Concentrations Using the Multiple Nonlinear Regression Equation

For the period of 2009–2014, when atmospheric precipitation sampling was not pro-
vided, the multiple nonlinear regression Equation (2) [31] was used to calculate nitrogen
concentrations in atmospheric depositions. This equation accounted for variations in
meteorological conditions.

lnC = 4.55·1.0509·exp−0.065Ri·0.96d0.0449·(0.0009f + 0.9282)·(0.00006Vy3 + 0.0015Vy2 + 0.032Vy + 0.9963)·
(−0.0004Vx3 + 0.0003Vx2 − 0.0009Vx + 0.9946)·(0.0004Ta2 − 0.0109Ta + 1.0518)

(2)

where

Ri—number of precipitations, mm;
d—number of days without precipitations;
f—relative air humidity, %
Vy, Vx—wind direction vectors;
Ta—air temperature, ◦C.

The number of atmospheric precipitations is the most important meteorological pa-
rameter [32], and its variations determine 85% of variations in nitrogen concentrations [21].
This has allowed us to simplify calculations for this work and to limit accounted meteo-
rological parameters to only number of precipitations. Precipitation data for the period
of 2009–2014 have been retrieved from long-term observations at MGS. This equation
of multiple nonlinear regression has also been used to estimate the inorganic nitrogen
input with atmospheric precipitations in some other coastal cities of Crimea (Yevpatoria
and Kerch). Meteorological parameters for these cities have been taken from www.rp5.ru.
(accessed on 27 February 2023) by (LLC) “Schedule Weather”.

Both measured in precipitations and calculated from data on meteorological param-
eters and precipitation from www.rp5.ru values of concentrations are available for Sev-
astopol. These data have been used to assess the consistency of the results of calculation
with analytically determined values (for the open sampler). Our results have shown that
the difference is about 14%. For example, the measured annual flux of inorganic nitrogen
with atmospheric precipitation in 2019 was 23.43 mmol m−2 year−1, and the calculated
value using meteorological data from the archive www.rp5.ru was 26.60 mmol m−2 year−1.
The difference in these values is probably the result of the difference in the measured
and reported amount of precipitation in Sevastopol in 2019: it is 333 mm according to
the website and 308 mm for onsite monitoring. Therefore, data obtained using a multiple
nonlinear regression equation can serve as a good approximation of nitrogen deposition to
estimate the influence of atmospheric deposition on the input of nutrients to coastal waters
with an error of under 15%.

www.rp5.ru
www.rp5.ru
www.rp5.ru
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3. Results and Discussion

Statistics for concentrations of nutrients in atmospheric precipitations and in seawater
after precipitations have taken place are presented in Tables 1 and 2.

Table 1. Statistics for nutrients concentration in atmospheric depositions in Sevastopol.

Nitrogen Phosphorus Silica

Wet-Only Sampler Open Sampler Wet-Only Sampler Open Sampler Wet-Only Sampler Open Sampler

Max, µmol L−1 465.76 799.58 18.17 45.65 34.46 36.79

Min, µmol L−1 17.42 17.00 0 0 0 0

VWM, µmol L−1 71.21 86.44 0.37 1.01 0.77 1.77

St. deviation, µmol L−1 64.81 95.53 1.45 3.98 2.69 4.56

Table 2. Statistics for nutrients concentration in seawater after atmospheric precipitations in Sevastopol.

Nitrogen Phosphorus Silica

Max, µmol L−1 62.21 1.92 25.48

Min, µmol L−1 0.47 0 0.51

Average, µmol L−1 10.16 0.16 3.73

St. deviation, µmol L−1 8.15 0.17 2.95

The average inorganic nitrogen flux with atmospheric precipitations in Sevastopol
is 24.49 mmol m−2 year−1 for wet-only depositions and 30.17 mmol m−2 year−1 for the
sum of wet and dry depositions. The phosphate average flux in Sevastopol is 0.14 and
0.38 mmol m−2 year−1 for wet-only and the sum of wet and dry depositions, respec-
tively. The difference is about two-fold between silica fluxes with wet-only and the sum
of wet and dry depositions: 0.31 mmol m−2 year−1 for the wet-only depositions, and
0.69 mmol m−2 year−1 for the sum of wet and dry depositions. This large difference in
wet and dry fluxes of phosphorus and silica may be due to deposition of terrigenous
particles resulting from dust transportation from, for example, the deserts of Syria and the
Sahara [33] and the spring and autumn plowing of agricultural fields in Crimea.

We carry out quarterly monitoring of the water quality of Sevastopol Bay. Concentra-
tions of nutrients are routinely determined. We consider the average nutrients concentration
obtained during monitoring in different seasons as ambient concentration in this work. The
ambient concentrations of inorganic nitrogen, phosphates and silica in surface layer of the
bay are presented in Table 3.

Table 3. The ambient concentrations of nutrients concentrations in surface layer of Sevastopol bay.

Nitrogen, µmol L−1 Phosphorus, µmol L−1 Silica, µmol L−1

Spring 3.88 0.03 1.85

Summer 3.54 0.06 2.25

Fall 6.27 0.08 3.80

Winter 7.53 0.04 2.03

The concentration of nutrients in the surface layer of Sevastopol Bay may significantly ex-
ceed the average ambient value after atmospheric precipitations. The maximum concentration
of inorganic nitrogen in the surface water layer after atmospheric precipitation has exceeded
the ambient value 17-fold in summer (62.21 µmol L−1) and 3.5-fold in winter (26.51 µmol L−1).
This difference is 4- and 48-fold for inorganic phosphorus (0.24 µmol L−1 and 1.92 µmol L−1)
and is 11- and 9-fold for silica (25.48 µmol L−1 and 19.18 µmol L−1) in summer and winter,
respectively. The concentration of nutrients in surface waters of the bay usually decreases
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to ambient values in the next 4–5 days after precipitation. However, the content of nutri-
ents in the surface layer of the bay may oscillate, decreasing and increasing again in case of
repeated precipitations.

Such oscillations are most pronounced for the warm period of the year (Figure 3),
when the stock of nutrients in the surface layer of the bay is low, and stratification limits
the intensity of vertical mixing of waters and the inflow of nutrients from deeper layers.
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Similar to inorganic nitrogen, there have been traced oscillations in inorganic phos-
phorus and silica concentrations in the surface layer of the bay after repeated atmospheric
precipitation in the next days (Figure 4).
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Yet, silica concentrations in sea water have been steadily above the ambient value of
2.25 µmol L−1, while phosphate concentrations have oscillated from below the ambient
value of 0.06 µmol L−1 on 28 June and 3 July to high above it on other days in summer
of 2018. In a few days, the content of nutrients decreased. Data observed on July 4 might
represent the advective transport of polluted waters to the observation area.

Opposite to the warm period of the year, the influence of atmospheric precipitations
and oscillations in the nitrogen concentration after atmospheric precipitations are far less
significant than in the cold period of the year (Figure 5).
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The influence of atmospheric precipitation on the content of silica and phosphate in
the surface layer of the bay is also insignificant in winter season (Figure 6). For example,
there was a slight increase in inorganic phosphorus content in the seawater the next day
after precipitation on November 28, while silica concentration, on the contrary, decreased.
The opposite situation was observed after precipitation on 30 November. There was a
traced increase in the silica concentration and decrease in the phosphorus concentration.

At the same time, the concentration of phosphate in the surface layer of the bay
waters exceeded the ambient value (0.08 µmol L−1) throughout the observation period
(28 November 2018–2 December 2018), the silica concentration exceeded the ambient value
(3.8 µmol L−1) only after precipitation on 30 November 2018. Concentrations of nutrients
in atmospheric precipitations on that day did not exceed the volume weighted mean value,
suggesting that that change in the content of nitrogen, phosphorus, and silica in the surface
layer of the bay could probably be explained by intensive vertical mixing.

There is no significant decrease in the concentration of inorganic nitrogen in the
surface layer for several days after atmospheric precipitation in winter time. The content
of nutrients may even increase in the case of wind engaged mixing of the bay waters. A
weak or no stratification in the water column (Figure 7) supporting more intensive vertical
exchange between the bottom and surface layers of water of the bay, which provides an
input of nutrients to the surface layer, is the most obvious reason of these differences in the
influence of atmospheric precipitations on the content and oscillations of the concentration
of nutrients in surface waters.
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Our results demonstrate that variations in VWM concentrations of inorganic nitrogen
in atmospheric precipitations are inversely proportional to variations in the average annual
number of atmospheric precipitations (Figure 8a). An assessment of this correlation using
Student’s t-test has revealed that the obtained dependence is statistically significant. This
agrees with previous studies [34,35].
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Unlike nitrate, nitrite, and ammonium, which are well soluble in seawater, inorganic
silica and phosphorus are typically in lithogenic forms, and they are less soluble in water.
Therefore, the dependence of the VWM concentration of these elements on the amount of
precipitation is less firm (Figure 8b,c).

Data on variations in VWM concentrations of inorganic nitrogen in atmospheric
precipitations and the average amount of precipitations for the periods of sampling in
2004–2008 and 2015–2021 have been plotted to reveal an inverse dependence of these
values: an increase in the VWM concentrations corresponds to a decreasing number of
precipitations. At the same time, there are quasi-periodic oscillations in both concentrations
and number of precipitations (Figure 9a).
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The values of inorganic nitrogen concentrations in atmospheric precipitations of
Sevastopol in 2009–2014 have been calculated using Equation (2). The average amount of
precipitations and the retrieved nitrogen concentrations reveal the same pattern of temporal
variations as the periods of direct measurements in 2004–2008 and 2015–2021 (Figure 9a).

Variations in the concentration of inorganic nitrogen in precipitation and precipitation
for the period from 2004 to 2021 are shown at Figure 9a, both for the periods of direct mea-
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surement of nitrogen concentration in precipitation in 2004–2008 and 2015–2021 (Figure 9a),
and a combined plots with observational and calculated data for the entire study period of
2004–2021 is shown in Figure 9b.

The data reveal that the calculated concentrations of inorganic nitrogen in atmospheric
precipitations fit well the trend and pattern of variations in observational data (Figure 9).
When three individual periods are analyzed separately (Figure 9a), quasi-periodic op-
posite changes in the concentration of inorganic nitrogen and number of atmospheric
precipitations are easily revealed. When all data are combined in one plot from 2004 to
2021 (Figure 9b), an inverse relationship between the concentration of inorganic nitrogen
and the number of precipitations in Sevastopol can be seen on both the inter-annual and
sub-decadal time scale (Figure 9b). Oscillations in the average amount of atmospheric
precipitations at a sub-decadal time scale is the known feature of the water balance in the
region of Crimea [36]. A shortage of fresh water periodically happens in the region every
5th to 7th year, raising the issue of additional sources of fresh water for portable and agri-
cultural purposes. Yet, the flux of nutrients with atmospheric precipitations remains almost
constant for an individual location, because changes in the concentrations of inorganic
nitrogen and number of atmospheric precipitations are opposite to balance the result of
their multiplication (Figure 9b).

Nutrients loaded from the coast and with atmospheric precipitations support addi-
tional production of organic matter, increasing pressure on coastal waters. An additional
influx of nutrients with atmospheric precipitations can change the C:N:P:Si ratio in the
surface waters of coastal marine ecosystems [33,37–39]. Atmospheric precipitations with
extremely high concentrations of silica and phosphorus (even occasional events) can dra-
matically affect marine ecosystems, changing the structure of biological communities and
the chlorophyll-a concentration. The input of dissolved nitrogen with heavy rainfall in sum-
mer may trigger phytoplankton blooms, resulting in high additional production of organic
matter. Sinking detritus to bottom waters may result in seawater deoxygenation [40].

According to [16], the concentration of inorganic nitrogen in the river runoff of
the Sevastopol region is 30,887 µg L−1, and phosphates is 695 µg L−1. This is mostly
due to an influx of nutrients from the main regional rivers. The total runoff of these
rivers is 245,858,106 m3 year−1 (https://nbcrs.org/regions/sevastopol/vodnye-resursy-
nalichie-rek-ozer (accessed on 27 February 2023)). Based on these data, the annual load
of nutrients into the coastal areas of Crimea is about 7594 t year−1 for inorganic nitrogen
and about 171 t year−1 for inorganic phosphorus. The total load of nutrients with
wastewaters to Sevastopol region bays [16] is about 1478 t year−1 for inorganic nitrogen
and 308 t year−1 for phosphate. According to official data (http://www.depcxsev.
ru/sevastopol_region.php), the area of the city’s bays is 216 km2. Then, the load of
nutrients with atmospheric precipitations at the surface of the Sevastopol water area is
about 94.11 t year−1 for inorganic nitrogen and 1.27 t year−1 for inorganic phosphorus
(Table 4). The total input of inorganic nitrogen to the coastal waters of Sevastopol is
provided for 82% by rivers, 16% by wastewater discharge, and 1% by atmospheric
precipitations. For inorganic phosphorus, these values are 35.5%, 64%, and 0.5% by
rivers, wastewater, and precipitation, respectively. These results suggest the very minor
contribution of atmospheric depositions to the annual budget of nutrients in coastal
waters. This leads to one general and widely accepted conclusion on the minor role
of atmospheric deposition of nutrients in primary production of organic matter and
an equally minor role of this contribution of nutrients to biogeochemical processes in
coastal waters.

https://nbcrs.org/regions/sevastopol/vodnye-resursy-nalichie-rek-ozer
https://nbcrs.org/regions/sevastopol/vodnye-resursy-nalichie-rek-ozer
http://www.depcxsev.ru/sevastopol_region.php
http://www.depcxsev.ru/sevastopol_region.php
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Table 4. Contribution of various sources of nutrients to their annual budget in coastal areas.

River Input,
t Year−1

Wastewater,
t Year−1

With Atmospheric Precipitations,
t Year−1

Inorganic nitrogen 7594 (82%) 1478 (16%) 94.11 (1%)

Phosphates 171 (35.5%) 308 (64%) 1.27 (0.5%)

However, atmospheric precipitations do not fall uniformly throughout the year, and
the river runoff also varies significantly between seasons. Atmospheric precipitations
often happen in strong short-term events at the time scale of hours to days. Therefore,
the contribution of different sources of nutrients to their annual budget varies at a shorter
time scale from hours to seasons. The Crimean river’s runoff accounts for about 35% of its
annual value in winter, about 44% in the spring, about 12% in the summer, and about 9% in
the fall [41]. The flux of nutrients with wastewater within the year is rather uniform. The
flux of nutrients with atmospheric precipitations is 93.5 t season−1 for inorganic nitrogen
and 1.41 t season−1 for inorganic phosphorus in summer. These nutrients’ fluxes are
113.9 t season−1 and 2.14 t season−1, respectively, in fall (Table 5).

Table 5. Contribution of various sources of nutrients to their seasonal budget in coastal areas.

River Input,
t Season−1

Summer/Fall

Wastewater
Load,

t Season−1

With Atmospheric Precipitations,
t Season−1

Summer/Fall

Inorganic nitrogen 911.3 (66%)/
683.5 (58%)

369.5 (27%)/
(32%)

93.5 (7%)/
113.9 (10%)

Phosphates 57.8 (42%)/
43.3 (35%)

77 (57%)/
(63%)

1.41 (1%)/
2.14 (2%)

Thus, the contribution of atmospheric precipitations in the summer–fall period in-
creases many-fold and from 1 to 7% for inorganic nitrogen in summer and even to 10% in
winter. For inorganic phosphorus, the contribution also increases several-fold from 0.5 to
1.2% in summer, and further to 1.8% in winter.

An assessment of possible contribution of a single event of atmospheric precipitations
to the daily budget of nutrients has revealed that the maximum flux of both inorganic nitro-
gen and inorganic phosphorus with precipitations may reach 10.9 t day−1 and 1.34 t day−1,
respectively, in winter. Assuming that the flux of nutrients with wastewater within the
year is rather stable, the daily load should be about 4 t day−1 for inorganic nitrogen and
0.8 t day−1 for phosphate (Table 6).

Table 6. Contribution of a single event of atmospheric precipitation to the budget of nutrients.

River Input,
t Day−1

Wastewater Load,
t Day−1

With Atmospheric Precipitations,
t Day−1

Inorganic nitrogen 29.5 (66%) 4 (9%) 10.9 (25%)

Phosphates 1.9 (47%) 0.8 (20%) 1.34 (33%)

Based on the value of winter river runoff (35% of the annual value), the daily load
of nutrients by the rivers is about 29.5 t day−1 for nitrogen and about 1.9 t day−1 for
phosphorus. The contribution of atmospheric precipitation into the daily load of nutrients
(especially with the observed dust transport from deserts) can reach 25% for inorganic
nitrogen and 33% for phosphate during high water seasons. These values are in good
agreement with other published data. Thus, Richon et al., (2018) [42] applied numerical
modeling to reveal that atmospheric deposition may account, on average, for 10% of nitrate
and for 5–30% of inorganic phosphorus external inputs into the Mediterranean Sea. Some
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researchers [43,44] indicated that direct deposition of nitrogen onto the water’s surface
(not including the contribution of nitrogen to the landscape and then exported to estuaries)
contributes between 1% and 40% of the total nitrogen input to an estuary.

When different locations are compared, the calculated values of the inorganic nitrogen
concentration in the atmospheric precipitation in the coastal cities of Crimea (Evpatoria and
Kerch) for the registered amount of atmospheric precipitations resulted in different values of
nitrogen fluxes. Data on the calculated fluxes of inorganic nitrogen (mmol m−2 year−1) in
Kerch and Yevpatoria, as well as measured fluxes in Sevastopol, in 2018–2020 are presented
in Table 7.

Table 7. The input of inorganic nitrogen with atmospheric precipitation, mmol m−2 year−1.

Year Sevastopol (Measured) Evpatoria (Calculated) Kerch (Calculated)

2018 35.31 43.72 46.11

2019 23.43 35.68 27.61

2020 24.20 36.88 26.64

One of the reasons for the difference in these values can be the difference in the
amount of precipitation between individual locations (Kerch vs. Sevastopol, for example).
The effect of atmospheric load to the budget of nutrients in coastal waters can vary from
at least 1.5-fold for other equal conditions. Yet, the river runoff is far less in Kerch as
compared to Sevastopol, and the amount of municipal wastewaters are also far less in
Kerch as compared to Sevastopol because the population of Sevastopol is about 5-fold of
that in Kerch. This makes the atmospheric input of nutrients in the Kerch region far more
important as compared to Sevastopol and Yevpatoria.

4. Conclusions

The concentration of nutrients in the surface layer of coastal areas, as we have demon-
strated for Sevastopol Bay, may significantly exceed the ambient value after atmospheric
precipitation. Atmospheric precipitations provide a significant input of nutrients into
coastal waters. This is especially true and easily recognized on a shorter time scale of hours
to days, while the role of the river load is important on the annual time scale. Thus, the
input of nutrients with atmospheric precipitations on an annual basis does not exceed a
few percent of their total input, but it can reach 25% for inorganic nitrogen and 33% for
phosphate for the period of the rain events. The influence of atmospheric precipitations
becomes more significant in summer when seasonal stratification in the water column
prevents vertical mixing of waters, the concentration of nutrients in the upper layer of
water is minimal, and the riverine input is also minimal.

It has to be taken into account that a substantial additional production and flux of
organic matter may occur because the primary production processes also follow temporal
variations in the content of available nutrients on the time scale of days. Another important
issue related to the atmospheric input of nutrients is spatial and temporal variations in this
input. This makes a long-term monitoring of atmospheric wet and dry precipitations to
reconstruct regression equations for nutrients and to further study behavior of wet and
dry forms nutrients from atmospheric precipitations important. Such regression equations
are especially important for the analysis and modeling of the laterally resolved inputs of
nutrients and their consequences.
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