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Purpose. The geographical and climatic features of the Crimean Southern coast condition 

significant dynamic activity of the water thermal structure. Studies of the temperature vertical 

variability in the absence of the tides’ dominant affect, permit to specify the upwelling structure and 

dynamics as well as the characteristics of waves of various origin. Such hardly-forecasted processes, 

the time scales of which constitute from a few minutes to several days can be revealed and registered 

only by long-term continuous observations. The aim of the study is to analyze the results of long-term 

monitoring of the thermal processes in the coastal zone near the Crimean Southern coast. It was 

performed at the Black Sea hydrophysical scientific polygon. 

Methods and Results. In December, 2012 the observation system for operational control of the water 

temperature vertical distribution was installed at the stationary platform located in the coastal zone of 

the Black Sea (the Blue Bay) at a distance of ~450 m from the coast. The sea depth under the platform 

was ~30 m. Digital temperature sensors having precision better than 0.1 °C were installed with 1.5 m 

intervals in the temperature string of the system. The profiling period was 60 s. The 6.5 year-long 

experiment with the observation system provided statistically significant and duration-unique serious 

of data on variability of the thermal processes in the sea coastal region. By early April 2019, the total 

duration of the system productive functioning was ~900 days. During this period, more than 1300000 

temperature profiles were obtained. Based on the data obtained in 2013, the estimates of a seasonal 

cycle of the temperature synoptic variability are represented. The upwelling events not related to 

the wind impact are considered. 

Conclusions. The long-term data series resulted from the multi-year experiment permit not only to 

specify, but also to change some of the existing ideas of the thermal processes’ evolution features in 

shelf zone of the Black Sea. Noted is the expediency of applying the observation system as a segment 

of the constantly operating network at the coastal polygons for performing hydrophysical 

measurements in the Black Sea.  
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Introduction. Vertical thermal structure of water is one of the most 

informative parameters when monitoring processes and phenomena that determine 

the structure and dynamics of marine environment biogeochemical components, 

the coastal zone state and variability as well as its recreational attractiveness. This 

article presents some results of an experiment on the study of thermal processes in 
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the Black Sea coastal region. In 2012, an autonomous telemetry system for 

the operational control of water temperature vertical distribution was installed on 

the oceanographic platform of the Black Sea Hydrophysical Polygon of RAS, 

located in the southern coast of Crimea. Representative series of vertical 

temperature profiles obtained by the beginning of 2019 allow us to reconstruct 

the dynamics of coastal waters in the variability ranges from small-scale to 

synoptic ones. During the experiment, numerous realizations of upwelling and 

various types of internal waves were recorded. An extensive bibliography is 

devoted to the study of internal waves [1–8], however, the mechanisms that 

generate them, the features of development and dissipation remain poorly studied. 

Internal waves are hardly predictable and relatively short-term processes, which 

can be detected and recorded only through systematic long-term observations. 

The experimental data make it possible to trace in detail the transformation of 

water temperature vertical profiles related to the propagation of single and wave 

bores and internal solitons. One of its significant results consists in the fact, that in 

contrast to previous studies, the data, we obtained during the experiment, was on 

the thermal variability of coastal waters in the considered region not only in 

the warm season but also in autumn-winter and winter-spring periods. 

 

Data acquisition and transmission system. In order to establish a systematic 

operational monitoring of thermal processes in the sea coastal areas, at Marine 

Hydrophysical Institute (MHI) an autonomous telemetric system for the 

operational monitoring of water temperature distribution has been developed. 

The thermal profile line (thermal line) of the system is implemented on the basis of 

the MicroLAN 1 network interface. The interface supports the exchange protocol 

and provides power to all the sensors of the thermal line via one twisted pair bus. 

As temperature sensors the integrated digital thermometers type DS18B20 2 (Dallas 

Semiconductor) were used. After individual calibration of thermometers 

individually, their error within the range from –2 to +35 °C does not exceed 0.1 °C. 

The thermal line diameter is not more than 13 mm. At the lower anchored end of 

the thermal line a hydrostatic pressure meter module based on a piezoresistive 

transducer type MS5535-30C 3 (Measurement Specialties) is installed. 

The measurement results are transmitted to the on-board module and broadcast 

over the air in real time to the coastal receiving station. Each message also contains 

data on atmospheric pressure, the measurement channel of which is based on 

a piezoresistive transducer type MS5534C 4 (Measurement Specialties) located in 

the on-board module. The interval between measurements of all parameters is 60 s. 
 
 
1 Available at: https://www.maximintegrated.com/en/app-notes/index.mvp/id/155 [Accessed: 20 

August 2019]. 
2 Available at: https://www.maximintegrated.com/en/products/sensors/DS18B20.html 

[Accessed: 20 August 2019]. 
3 Available at: https://www.amsys.de/downloads/data/MS5535-30C-AMSYS-datasheet.pdf 

[Accessed: 20 August 2019]. 
4 Available at: 

https://www.te.com/commerce/DocumentDelivery/DDEController?Action=showdoc&DocId 

=Data+Sheet%7FMS5534C%7FB%7Fpdf%7FEnglish%7FENG_DS_MS5534C_B.pdf%7FCAT-BLPS0032 

[Accessed: 20 August 2019]. 
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At the end of December 2012, the control system was installed on a stationary 

oceanographic platform of the Black Sea Hydrophysical Polygon. The platform is 

located on the southern coast of Crimea in the Golubaya Bay at a distance of 

~ 450 m from the coast at a point with 44° 23' 38" N, 33° 59' 15" E coordinates. 

Initially, a thermal line with 17 temperature sensors was located on the western 

side of the platform (~ 24 m depth) and worked until late October 2014. In August 

2015, a new thermal line with 19 temperature sensors was installed on the southern 

(seaward) side of the platform. The depth at the installation place was ~ 29.5 m. 

Similar observations on the Black Sea shelf of the Russian Federation were 

carried out earlier. Papers [9–12] present the results of studies obtained on 

the platform of the Black Sea Hydrophysical Polygon, and [13–15] – on an 

anchored buoy station in the sea coastal zone near Gelendzhik. The observations 

were carried out mainly in the summer-autumn period, and their duration was 

limited to several days. During 6.5 years of the experiment with the control system 

the statistically significant unique in duration series of data on the variability of 

thermal processes in the sea coastal region were obtained. As of early April 2019, 

the total time of the system productive work was almost 900 days. During this time 

more than 1300000 temperature profiles were obtained. The most representative 

data series were obtained in the following periods: January – February 2013, late 

June 2013 – January 2014, September 2015 – mid-March 2016, late June 2017 –

early April 2018, October 2018 – February 2019. Interruptions in operation were 

mainly due to an outside cover damage or a thermal line break caused by difficult 

hydrometeorological conditions in the experimental area. The control system 

provides prompt data delivery to users and can be considered as an observational 

component of a unified monitoring system for the Black Sea shelf-slope zone [13]. 

A joint analysis of the experimental results and satellite data will increase 

the reliability of the results of coastal zone remote monitoring. 

 

Results of seasonal thermal variability observations. As the assessments of 

thermal variability seasonal cycle we took averaged monthly temperature values 

interpolated in depth with 1 m step. As can be seen from the graphs in Fig. 1, a 

constructed according to 2013 data, in the summer months the layer with 

the highest temperature variability was expectedly deepened from 12 m horizon in 

June to the bottom layer in August. The most intense fluctuations with root-mean-

square deviation (RMS) of 5.5 °C were observed in September in a wide layer at 

a depth from 10 to 18 m (Fig. 1, b). The average depths of the pronounced 

thermocline in June and July were 12 and 17 m, respectively. The obtained results 

do not contradict the ideas about the transformation of monthly average vertical 

temperature profiles and make it possible to clarify the features of the seasonal 

evolution of thermal processes on the Black Sea southern coastal shelf. 
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a 

 
b 

F i g.  1. Monthly average temperature vertical profiles (a) and monthly root-mean square deviations (b) 

based on the monitoring in 2013. Roman numbers denote the months 
 

The frequency structure of temperature fluctuations was assessed from power 

spectral densities (PSD), which were calculated by the method of averaging 

modified periodograms. In Figure 2 the temperature distribution (Fig. 2, a) and 

temperature PSD in July 2017 at 20 m depth are represented (Fig. 2, b). 

  

  

a                                                                                  b 

 
F i g.  2. Temperature distribution (a) and density at the 20 m depth (b) based on the observation data 

in July, 2017 (f –2 is the canonical spectrum of internal waves; Fi is the frequency of inertial 

oscillations on the platform latitude; 0 hr corresponds to 00:00 on July 1, 2017)  
 

PSD was calculated for different degrees of freedom v: for the resolution of 

low-frequency mesoscale inhomogeneities v = 32, for high-frequency ones v = 86. 

In Fig. 2, b fluctuation frequencies corresponding to statistically significant energy 

maxima are given. PSD in the low-frequency area contains three such maxima. The 

maximum with Fi frequency, equal to 1/17.07 cph, is caused by inertial 

oscillations, the period of which at the platform latitude is 17.15 hours. In the high-

frequency area local minimum PSD are observed in the vicinity of 2 cph frequency 

and a maximum at 9.1 cph frequency. The slope of the spectrum up to 2 cph 

frequency coincides well with the canonical spectrum of internal waves. The 

average buoyancy frequency was assessed by the relation between the density 

gradient and temperature [16]. At 20 m depth it was ~18 cph. The obtained results 

differ from the data in [12] with a wider spectral composition in the low-frequency 

area, since they are based on long-term observational data. 
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The results of thermal variability observations at different stages of 

coastal dynamic processes evolution. During a long-term experiment, 

representative observational data on the thermal variability of the aquatic 

environment at various stages of coastal dynamic processes evolution, mainly 

upwelling, were obtained. Despite the steady scientific and practical interest in 

such phenomena, their nature remains not fully understood. In any case, 

the division of the Black Sea coastal upwelling into two species, the Ekman and 

surge ones, formed respectively under effect of the alongshore wind and 

the offshore wind, proposed in the monograph [10], seems to be incomplete. 

An analysis of long-term observation results on the Black Sea southern coastal 

shelf shows that there is not always a causal relationship between wind parameters 

and upwelling. As noted in [13], in such radical short-period rearrangements of 

hydrological structure as, in particular, upwelling, the role played by wind and 

currents is not completely known. Articles [13, 14], which analyze the results of 

complex experiments in the northeastern Black Sea part are, in our opinion, 

the most significant publications devoted to clarifying this role. The analysis of 

hydrometeorological conditions at various stages of upwellings development 

allowed authors to confirm the existing theory of their wind nature. Along with 

this, the papers present the results of observations that do not fit into this theory. 

The solution to the problem can be facilitated by the involvement of systematic 

long-term observations at the Black Sea Hydrophysical Polygon for analysis. Some 

of these results are discussed below. 

When describing the upwelling, we used the following concepts borrowed 

from the monograph [10]: upwelling development phase – the interval between the 

time the surface temperature begins to decrease and the time the surface 

temperature reaches its lowest value; intensity – the temperature difference of 

the surface layer at the beginning and in the end of the development phase; 

variation rate of the surface layer temperature during the development period; 

upwelling duration –  the interval between the time the surface layer temperature 

begins to decrease and the time when the surface layer temperature reaches its 

maximum value. Data on wind characteristics are available on the website 

http://dvs.net.ru/mp/data/main_ru.shtml#model of MHI RAS. 

Before full upwelling on June 22–23, 2013 (Fig. 3), a stable northwestern wind 

of 4–6 m/s and a two-layer hydrological structure with a thermocline depth of 

10-13 m were observed. Upwelling began to develop around 07:00 on June 22 

from a temperature decrease in the layer below 8 m. After 6 hours the near-surface 

layer temperature began to decrease noticeably. From 13:15 on June 22 to 03:20 on 

June 23, the temperature at 2 m depth changed from 22.9 to 11.9 °C. The average 

upwelling development rate was ~0.8 °C/h, and its intensity was 11 °C. The largest 

vertical gradient in the development phase was recorded on June 22 at 15:54 at 4 m 

depth and amounted to 5.1 °C/m. Relatively stable upwelling phase lasted for ~2.5 

hours. Starting at 06:40 on June 23, the temperature began to rise. Within 1 h 40 

min the surface layer temperature changed from 12.4 to 21.7 °C. The temperature 

variation rate was ~5.8 °C/h. The temperature profile measurements with 1 min 

interval provided the detailing of heating process. The upwelling relaxation was 

caused by the invasion of a stream of warm water masses with a steep front 

localized in the upper layer to ~12 m depth. Within 2 minutes, from 07:06 to 07:08, 
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the temperature at 5 m depth of the frontal zone changed from 12.1 to 14.9 °C 

(~1.4 °C/min). By 08:15 on June 23, the temperature at 2 m depth reached 21.7 °C 

and the upwelling ended. Its duration was ~25 hours. Approximately 1.5 days after 

the end of the upwelling, a stable two-layer thermal stratification of waters with 

the upper quasi-mixed layer thickness of 9 m and a temperature gradient in 

the thermocline of 10.7 °C/m was formed in the area under study. 

 

 
 

 

F i g.  3. Temperature distribution and isotherm 12 °C (white line) in the full upwelling in June 22-23, 

2013 

 

 
 

 

F i g.  4. Temperature distribution and isotherm 9.8 °C (white line) in the full upwelling on October 

19, 2013 (a); temperature time series on horizons 2, 12 and 24 m (b) 
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Before the beginning of full upwelling on October 19, 2013, a hydrological 

structure, quasi-isothermal throughout its depth, with (16  0.2) °C temperature and 

a weak southern wind were observed. The temperature distribution in various 

upwelling phases is shown in Fig. 4, a. Immediately before the upwelling, the wind 

velocity increased to 12 m/s and its direction changed to the northern one. 

The upwelling development began at 01:48 on October 19 from the bottom layers. 

By 03:00 a cold water front reached the upper layer with phase delays 

approximately the same for all observation horizons. By 09:30, the temperature at 

all horizons had decreased to the minimum values (9.4 0.1) °C. A steady low 

temperature regime was observed for 30 minutes. During the formation of 

the leading upwelling front, the largest temperature gradient was observed at 12 m 

horizon and amounted to ~3 °C/h. At 10:00 a sharp increase in temperature began 

in the layer from 12 m to the surface (Fig. 4, b). At the same time, the wind 

parameters did not vary significantly. Upwelling relaxation took place at a high 

rate. Within 3 minutes, from 10:05 to 10:08, the temperature at 5 m horizon 

changed from 9.8 to 13.4 °C (~3 °C/min). The formation of the upwelling trailing 

edge is well traced by the behavior of 9.8 °C isotherm (Fig. 4, a), which has shifted 

from the surface to the bottom layer within 50 min. 
 

 
 

 

F i g.  5. Temperature distribution and isotherm 8.5 °C (white line) in the full upwelling on December 

9–10, 2013 

 

 As in the previous case, before the full upwelling on December 9–10, 2013 

(Fig. 5) a hydrological structure, quasi-isothermal over the entire depth, with 

(11,8  0,2) °C temperature and a north-western wind, the velocity of which did not 

exceed 6 m/s, were observed. In the morning of December 9, the wind direction 

changed to south-western, its velocity reached 12 m/s and from 06:30 cold water 

began to flow into the bottom layers. At 09:00 at the surface layer temperature of 

12.1 °C the development phase of full upwelling began, at the end of which at 

05:30 on December 10 the surface layer temperature dropped to 8.3 °C. Relatively 

stable phase lasted for ~3.5 hours. Around 09:00 on December 10, with a relatively 

slow increase in temperature at the horizons above 10 m, the upwelling relaxation 

began. At 11:09, the relaxation rate increased sharply: within 3 minutes 

the temperature of layer above 5 m increased by ~ 1 °C. The upwelling ended by 
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13:00, its duration was ~28 hours. After the upwelling development phase ended 

and until it was completely relaxed, a northern stable wind of 10 m/s velocity was 

observed. 

Before the full upwelling on July 28 – August 6, 2017 and during the process 

of its development a weak wind of variable directions was observed. In Fig. 6 

the temperature distribution before upwelling and during the phase of its 

development is represented. Upwelling was preceded by a downwelling with 

(25  0.3) °C temperatures. Just prior to upwelling, low-temperature water clusters 

began to flow into the bottom layer. The fronts of the clusters are clearly visible in 

Fig. 6. The upwelling development phase began on July 28 at 10:20 and ended on 

July 29 at 20:50. During this period, an increase in the south-western wind was 

observed, its velocity reached 12 m/s. The temperature in the near-surface layer 

decreased from 25.2 to 9.2 °C. The average rate of temperature variation was 

~0.5 °C/h and the upwelling intensity was 16 °C. The largest vertical gradient in 

the development phase was recorded on July 28 at 11:41 at 21 m depth and 

amounted to 3.4 °C/m. 

The upwelling relaxation began at 02:00 on July 31 with temperature increase 

in the sea upper layer. In the first half of the day on August 2, a strong northeastern 

wind blew at 12 m/s velocity, causing drift transport and, as a result, a sharp 

increase in the water temperature in the bottom layer occured. By 11:00 on 

August 5, the surface layer temperature reached 25 °C and the upwelling ended. Its 

duration was ~8 days. 
 

 
 

F i g.  6. Temperature distribution and isotherm 9.3 °C (white line) during the development phase of 

upwelling on July 28 – August 06, 2017 

 
During the experiment the numerous realizations of nonlinear internal waves – 

single and wave bores, internal solitons – were also observed. Descriptions of such 
processes in the literature are relatively rare, since systematic long-term 
measurements with high temporal resolution are required for studying their dynamics 
[17]. In the area where the experiment was carried out the bores were observed 
earlier, however, these observations are few in number and were carried out mainly 
in the summer periods [1, 6]. In the experiment under consideration the long-term 
observations provided the registration of dozens of bore implementations in different 
seasons of the year. In Fig. 7 an example of a single benthic bore recorded on 
October 18, 2014 is given. Before the start of bore, a quasi-isothermal vertical water 
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structure (Fig. 7, b) and a weak wind were observed. In the morning of October 18, 
the northern wind sharply intensified, its velocity reached 15 m/s. Within 1 h 
the temperature in the bottom layer decreased from 18.6 to 9.9 °C. The formed 
bottom thermocline (Fig. 7, c) persisted for 3 h, after which the stratification 
weakening began. By 20:30 (Fig. 7, d) the hydrometeorological conditions that 
preceded the bore were set. 

As already mentioned, in the works devoted to the analysis of thermal 
processes on the Southern coast of Crimea shelf, mainly the results of observations 
in the summer seasons were used. In the experiment under consideration 
representative series of data were also obtained in the autumn-winter and winter-
spring periods. Although the results of the analysis of some of these data were 
considered above, we give here as an example of thermal activity in the cold 
season the monitoring data obtained in November 2015. Figure 8 shows a fragment 
of time series of temperature profiles from November 10 to 18. Three full 
upwellings were recorded during this period. The first upwelling lasted from 23:40 
on November 10 to 19:00 on November 11, the second – from 05:00 to 18:30 on 
November 13, the third – from 14:00 on November 16 to 03:00 on November 17. 
Upwellings were formed under conditions of the western wind sharp 
intensifications up to 15 m/s. After each upwelling the trains of nonlinear internal 
waves were observed. 

 

 
a 

 

 
 

                               b                          c                              d 
 

F i g.  7. Temperature distribution at passing of the near-bottom solitary internal wave on October 18, 

2014 (a) and the temperature profiles before (b), during (c) and after (d) its passing 
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F i g.  8. Full upwellings in November, 2015 

 

Conclusions. Over 6.5 years of observations at the Black Sea Hydrophysical 

Polygon of RAS, located in the Southern coast of Crimea, long-term series of 

systematic data on the water vertical thermal structure have been obtained. Year-

round observations were carried out with high spatial-temporal resolution, and their 

results not only clarify but also change some of the existing ideas about the features 

of thermal processes evolution in the Black Sea shelf zone. In contrast to previous 

observations performed in this region, the representative data on the water 

temperature variability in cold periods of the year were obtained in this experiment. 

The considered realizations of thermal phenomena constitute only an insignificant 

part of the obtained materials. Their more detailed analysis requires the use of 

a complex of hydrometeorological parameters and is beyond the scope of this 

paper. The experiment results allow us to justifiably suggest the possibility and 

expediency of using the observation system as a segment of a constantly operating 

network of coastal test sites for hydrophysical measurements in the Black Sea. 
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