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Abstract: The climatic conditions of Crimea are semiarid; therefore, alternative sources of fresh wa-

ter are needed. A significant increase in water use and consumption (due to the intensification of 

construction, industry, tourism, and militarization), along with the cessation of fresh water supplies 

from mainland Ukraine, has reduced the water levels in some reservoirs to critical levels, and cli-

mate change has exacerbated this situation. There has been a significant decrease in precipitation by 

10–15% on the Crimean Peninsula, accompanied by an increase in surface temperature by 0.8 ± 0.1 

°C per 10 years during the period 1991–2020. The analysis of satellite-driven drought severity index 

reveals that the vast area of Crimean steppe is exposed to moderate–high drought risk. According 

to Landsat satellite imagery, there is a decreasing tendency for the water mirror area of all reservoirs, 

with a decrease of 34% on average in 2021 compared to 2015. The retrospective analysis of satellite 

images for 2015–2021 showed that the water surface area of the Simferopol reservoir had decreased 

on average by ~20% compared to 2015. To solve the problems associated with the shortage of fresh 

water, a series of works on the active influences on atmospheric processes was conducted, aimed at 

providing additional artificial precipitation. Two situations were considered, with mixed results: In 

the first case, on the 30th of October 2016, wet soil and standing water areas were detected by radar 

satellite imagery in agricultural fields within a radius of 40 km of the village of Petrovka, Krasnog-

vardiiskyi district, potentially related to the induction of precipitation by active influences on at-

mosphere. Meanwhile, in the second case, the realization of atmospheric precipitation occurred over 

Simferopol on the 29–30th of September 2020, leading to flooding in the city, but an increase in the 

water surface area of the Simferopol reservoir after active influences was not recorded. 
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1. Introduction 

The climatic conditions of Crimea are semi-arid; therefore, in order to comfortably 

support human life, along with productive industry, agriculture, and tourism, alternative 

sources of fresh water are needed (e.g., transit of water through canals from other regions, 

use of underground water resources, desalination, etc.). Sustainable development of the 

region implies a resource-efficient approach and rational water management [1,2].  

The water levels in several Crimean reservoirs have dropped sharply, leading to a 

shortage of fresh water, especially in recent years [3]. Changes in the water content of 

reservoirs have been caused by climate change, aridification of climatic conditions, sea-

sonal variations in runoff, intensive usage of water resources because of tourism intensi-

fication and militarization, and the termination of water supplies from mainland Ukraine. 
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The aridification of climatic conditions and temperature records has been repeatedly 

registered in the southern regions of Ukraine during recent decades [4]. Summer heat (i.e., 

temperatures above 30 °C) has increased, while drought periods take place more often 

and embrace larger territories [5]. The driest periods were in 2016, 2017, and 2020 [6]. Sim-

ilar tendencies in the aridification of climatic conditions are observed in other European 

regions such as the western coast of the Black Sea, covering the Bulgarian, Romanian, and 

Ukrainian coasts [7–9]. A significant warming in the summer, which is almost twice as 

fast as the annual trend of temperature in Georgia during recent decades, was reported in 

[10]. 

Arid and semi-arid areas are particularly exposed to the impact of climate change on 

water resources. Climate change is also associated with changes in the components of the 

hydrological cycle and systems (e.g., changing precipitation patterns, intensity, and ex-

tremes; reduced snow cover; increasing evaporation; changes in soil moisture and runoff) 

[2]. There is a significant natural interannual and seasonal variability in the components 

of the hydrological cycle, with a substantial uncertainty in tendencies due to the regional 

differences. Using Landsat satellite imagery, the monthly water storage for 6743 reservoirs 

worldwide for the period 1984–2015 was obtained. Simultaneously, the reservoir storage 

was diminished substantially for 23% of reservoirs, but for 21% there was an increase [11]. 

According to scenario estimates, by the 2070s, the annual runoff in Southern Europe will 

have decreased by up to 36% [2]. 

A periodic decrease in the water levels of reservoirs on the Crimean Peninsula during 

the period 1984–2020 was reported in [3] with the use of medium- and high-resolution 

satellite images (Landsat and Sentinel). Water reservoirs in this region can be categorized 

as either natural runoff reservoirs or loading reservoirs. The water in the loading reser-

voirs has begun to decrease, and are currently only 20% full (after the cessation of water 

supply from the Crimean canal in 2014). At the same time, reservoirs of natural runoff are 

characterized by a significant correlation between the water body surface area and pre-

cipitation in the watersheds. For example, in 2020, with low recorded water levels, the 

area of the reservoirs reached only about 40% of their nominal area.  

The problem of freshwater scarcity in semi-arid and arid regions is being solved in 

several ways:  

• Usage of groundwater resources from wells. Groundwater is the main source of do-

mestic potable water in semi-arid regions [2,12,13]. Thus, the proportion of ground-

water in a general, balanced water supply exceeds 70% in various countries of Europe, 

including Ukraine. At the global level, this varies from one country to the next; 

groundwater exploitation covers approximately 50% of drinking water needs, 20% of 

the demand for irrigation water, and 40% of the needs of self-supplied industry [14]. 

The groundwater of the Crimean Peninsula, which comes mainly from karst aquifers, 

provides about 40% of the water budget and services about 50% of the Crimean pop-

ulation (1.0–1.5 million people). The demand for water resources increases in summer 

due to the influx of tourists (up to 6 million people), but the average annual demand 

increased dramatically after 2014. In 2018 alone, about 0.12 km3 of water was extracted 

from 1204 artesian wells, while the maximum sustainable withdrawal rate is 0.04 km3 

[14]. For example, wells have been drilled near Simferopol that can provide up to 

10,000 m3 of water per day, but the water is often brackish and requires further treat-

ment [14,15]. However, an increase in the consumption of groundwater resources 

may lead to a decrease in the hydraulic pressure of the aquifer, and to their depletion 

in the near future. 

• Usage of submarine groundwater discharges into the sea. Fresh submarine ground-

water discharge is widely valued as a water resource for drinking, hygiene, agricul-

ture, fishing, tourism, culture, or ship navigation [16]. For instance, in Peru, this 

source of water is used for drinking, while it is used for bathing in Tahiti, and for 

irrigation in Greece [17]. A first dam, separating fresh and salty sea water, was built 

in karst galleries near Marseilles, following which fresh water enters the urban water 
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supply system [18]. Similar work has been carried out in the coastal zones of the Med-

iterranean, as well as in other regions [19]. According to preliminary estimates, there 

are reserves of fresh submarine groundwater discharge under the Sea of Azov of 

about 0.5–1.2 billion m3, but this water can only conditionally be used for drinking 

[20,21]. This is low-mineralized water, which can be used only for technical purposes: 

irrigation, heating, and cooling systems. This water can be used as drinking water 

only after filter treatment and disinfection [21]. 

• Large-scale collection of precipitation in the Crimean Mountains, using karst cavities 

as underground water reservoirs (underground water collectors) [22–24]. The maxi-

mum water accumulation occurs in spring (February–March), and by summer the 

water levels begin to decrease in the caves [25]. For example, the accumulated water 

of the caves at the Karasu-Bashi gorge is discharged through narrow karst tunnels. 

The water channels are laid at the cave exits to supply fresh water to Bilogorsk. 

• Desalination of brackish groundwater and seawater. Selection of the appropriate tech-

nology for the desalination of brackish groundwater and seawater should be per-

formed based on water, energy consumption, and brine disposal, as well as environ-

mental risks and cost considerations [26,27]. In particular, there are problems with the 

disposal of concentrated brine. When brine is discharged back into the sea, it may lead 

to an increase in water salinity and a reduction of the desalination plant efficiency. 

Dumping this concentrate can cause it to seep into the groundwater. Membrane-

based desalination technologies are used in treating brackish groundwater in Crimea. 

For example, the desalination plant was built on the seashore in Mykolaivka village 

and is expected to produce 40,000 m3 of water per day (resource: [28]). 

• Reduction in water losses due to evaporation in reservoirs. In semi-arid regions, water 

losses increase due to evaporation from the surface of reservoirs, especially in sum-

mer. Partial coverage of reservoirs with the floating elements is applied to suppress 

evaporation losses [29]. For example, to solve the problem of evaporation in the 

United States, special black plastic balls are used, which cover the surface of reservoirs 

in California [30]. This has helped to reduce evaporation by 85%. In southeastern 

Spain, fabric materials are used to reduce reservoir evaporation by 70–80% in water-

scarce conditions [31]. Additionally, an indirect effect of such protection against evap-

oration is a decrease in the concentration of salts in the water. This reduces soil deg-

radation during irrigation [29,30]. 

As one of the solutions to the problem of the shortage of freshwater on the Crimean 

Peninsula, the aviation works were carried out to actively influence the atmospheric pro-

cesses aiming at artificial increases in precipitation over a specific location [32–35]. In var-

ious countries around the world, the active influences on atmospheric processes are im-

plemented for artificial cloud formation followed by forced precipitation in order to com-

bat frost, suppress the formation of convective clouds, and prevent thunderstorms and 

hail-clouds, fogs, typhoons, and avalanches [32–37]. 

Systematic research on the thermodynamics and microphysics of clouds, coagulation 

processes of cloud, and sediment formation began in the 1940–50s of the 20th century in 

the USSR, the USA, and China. The leading scientists in this field in Ukraine are prof. 

Voloshchuk V.M., Leskov B.N., Pirnach A.M., Polovina I.P., Buikov M.V., Prihotko G.F. 

and others [32,33,38,39]. 

It should be noted that many experimental works, carried out over about 70 years, 

have shown that, on a large scale, active influences on atmospheric processes (artificial 

condensation of steam and the formation of clouds) are practically impossible due to their 

high economic and energy costs. Therefore, local work is possible only with the deposition 

of precipitation from the existing clouds by re-condensing small particles into large ones, 

stimulating their faster fall. [32,33].  

Active influences help to achieve artificial increases in the amount of atmospheric 

precipitation directly over a specific location by 1.5–2.0 times, as well as an increase in the 

seasonal amount of atmospheric precipitation by 15–30% on average, and sometimes 
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more [32–34]. However, to achieve this effect, weather prerequisites are necessary, 

namely, the formation of cloudiness with cumulus and stratocumulus clouds. It is more 

efficient to “seed” the clouds in the cold season in temperate latitudes. with respect to 

active influences on atmospheric processes, the two most widely used types of reagents 

are: 1) refrigerants (substances the evaporation of which causes a sharp local decrease in 

temperature, for example, firm carbon dioxide, liquid nitrogen); 2) ice-forming reagents 

(which perform the function of artificial crystallization nuclei, such as AgI) [32–37]. 

An analysis of the efficiency of active influences on atmospheric processes aiming at 

causing additional precipitation on the Northern Black Sea Coast over the period 1980–

2010 showed that for all clouds from which natural precipitation falls, their amount can 

be increased by 19 mm to 106 mm. Thus, the increase in precipitation may range from 24% 

to 77% during the season from November to March [40,41]. An analysis of active influ-

ences on atmospheric processes over the Crimean Peninsula between 2016 and 2020 is 

provided below. 

High-resolution Sentinel-2 optical and Sentinel-1 radar satellite imagery may provide 

essential information on the spatial and temporal dynamics of the water body surface 

area. The water surface absorbs the energy in the near and middle infrared bands and 

appears as an area with lower reflection values on images of those optical bands. At the 

same time, the radar signal, which is sensitive to surface smoothness, can easily detect 

water surfaces as areas with low backscatter values [42,43].  

This study aims to analyze the features of climate change on the Crimean Peninsula 

for the periods 1900–2021 and 1991–2020 and to assess the dynamics of the area of Cri-

mean reservoirs in the period 2015–2021 using satellite data. Additionally, an analysis of 

the results of active influences on atmospheric processes (from 2016 to 2020) for artificially 

increasing precipitation and subsequently increasing the water level of the Simferopol 

Reservoir is discussed. 

Study Region 

The Crimean Peninsula is almost surrounded by the Black Sea and the Sea of Azov 

(area 27·103 km2), and it is linked to the mainland by the narrow Perekop Isthmus. Tonka 

of Arabat lies between the mainland and the peninsula Syvash and is separated from the 

Sea of Azov by a long sandspit [44]. The northern and central part of the peninsula is a 

level plain of the dry steppe; there are forested ranges of the Crimean Mountains (Mount 

Roman-Kosh, 1545 m) in the south and the narrow southern coastal plain.  

Climatic conditions on the peninsula have some variations and therefore three cli-

matic subzones are distinguished [44,45]: 

The Crimean Mountain (CM) has a temperate–continental climate, with pronounced 

seasonality, vertical zonation, a significant recurrence of strong winds, and most of the 

year excessive humidity (annual rainfall is more than 1000 mm of precipitation per year), 

with some variance depending on the altitude and exposure slopes, and proximity to the 

Black Sea. Summers are hot and dry (but with showers), and winters are wet and mild. 

The climate of the southern slopes of the Crimean Mountains is subtropical Mediterra-

nean. The temperate–continental climate of foothill forest–steppe regions (CM1) and 

mountain forest regions (CM2) has specific variances. 

The Crimean Steppe (CS) has a temperate–continental climate with pronounced sea-

sonality. This is a driest region on the peninsula with hot, arid summers and short snow-

less winters with frequent thaws and very changeable weather (the region occupies 2/3 of 

the peninsula area). The temperate–continental steppe (SC1) and coastal steppe (SC2) cli-

mates have certain differences. In the Crimean Plain, the annual precipitation is less than 

350 mm per year in the north of the Crimean Peninsula and 400–500 mm per year in the 

central part of the Crimean Peninsula. 

The Southern Coast of Crimea (SCC) has a subtropical Mediterranean climate with the 

less pronounced seasonality and the influence of breeze circulation. According to climatic 

conditions, the South Coast is divided into two parts: the eastern part (from Alushta to 
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Feodosia) and the western part (from Cape Aya to Alushta). The climate is semi-arid, with 

hot summers and mild winters. About 300–425 mm of precipitation falls during the year, 

less in the eastern part and more in the western part.  

Climatic subzones of the Crimean Peninsula, the locations of meteostations and the 

reservoirs are shown in Figure 1. 

 

Figure 1. Climatic subzones, location of meteorological stations and reservoirs of the Crimean Pen-

insula used in this study. 

2. Materials and Methods 

It should be noted that Ukraine has not had access to the environmental monitoring 

data on the peninsula’s territory since 2014. Since the data from gauging stations are not 

received by the Central Geophysical Observatory of Ukraine (CGO), our research was 

based on the remote sensing data analysis [46,47]. As the water level data is not available, 

we used microwave satellite data to estimate the water body area dynamics of the reser-

voirs and to detect the standing water areas after heavy rain events potentially related to 

the active influences on the atmosphere.  

Sentinel-1 satellite radar (microwave) sensor data was used for surface water area 

detection. Microwave sensors are sensitive to surface structure and roughness; the 

smoother the surface, the lower the signal scattering. The smooth water surface acts as a 

mirror reflector, which makes radar sensing effective for the detection of the boundaries 

of water bodies [48]. The first Sentinel-1 satellite was launched in 2014, and data transmis-

sion started in autumn 2014. All available satellite images for the full-year period from 

2015 to 2021 were analyzed in this study. Fifteen significant reservoirs of the Crimean 

Peninsula that provide water supply to the population were included in the assessment. 

As the scope of this research did not include the development and verification of a 

satellite image processing methodology, we applied the step-by-step procedures, the so-

called Recommended Practices, developed by UN-SPIDER, which have proven effective 

in creating information products based on remote sensing to assess hazards such as floods, 

drought, etc. UN-SPIDER stands for the United Nations Platform for Space-based Infor-

mation for Disaster Management and Emergency Response, and is a platform that 



Sustainability 2022, 14, 9995 6 of 22 
 

facilitates the use of space-based technologies for disaster management and emergency 

response [49,50]. 

Satellite imagery was analyzed using Google Earth Engine API, a web platform for 

cloud remote sensing data processing [46]. The data processing algorithm for surface wa-

ter body area detection was based on the Otsu [51] methodology, which uses image seg-

mentation to obtain a water bodies mask. Using the program code [46], adjusted based on 

[52], all available images acquired in 2015–2021 were analyzed (up to 900–1300 images for 

each of the reservoirs, depending on reservoir’s location). To better identify trends in wa-

ter surface area, we calculated the yearly averaged water mirror area between 2015 and 

2021. 

To assess the climate aridity, satellite-derived vegetation indexes were used to calcu-

late the drought severity index, known as VHI (vegetation health index), based on UN-

SPIDER drought monitoring methodology [47,49]. VHI was calculated as a combination 

of vegetation condition index (VCI) and temperature condition index (TCI). VCI index 

was calculated as the function of Normalized Difference Vegetation Index (NDVI) maxi-

mum and minimum over the long-term period, compared to the NDVI value of the cur-

rent month. Similar to VCI, TCI index was calculated as the comparison of minimum and 

maximum Land Surface Temperature (LST) to the LST of the current month. MODIS sat-

ellite imagery over the period of 2000–2021 was used as a data source for NDVI and LST 

data. Drought severity classification was performed according to the recommended VHI 

threshold values (<10—extreme drought; 11–20—severe drought; 21–30—moderate 

drought; 31–40—mild drought; >40—no drought) [49].  

Additionally, two active influences on atmospheric processes were identified and an-

alyzed: October 29–30, 2016 above the village Petrovka Krasnogvardiiskyi district [53,54]; 

September 29–30, 2020 near Simferopol [55]. The effectiveness of the active influences over 

these regions was analyzed based on: literature sources, available observation data from 

meteorological stations in Simferopol and Dzhankoy, and radar remote sensing data from 

Sentinel-1 satellite imagery. Another UN-SPIDER methodology for standing water and 

wet soil area detection due to floods was applied [55]. The methodology is based on Sen-

tinel-1 data processing to compare the imagery before and after the flood event (heavy 

rain) [46]. As ground-based data, the meteorological observations at Simferopol and 

Dzhankoy stations were used from the period of the application of the active influence to 

the atmosphere. Weather data (relative air humidity, cloudiness, and the amount of pre-

cipitation for 12 h) from 2016 and 2020 were used [56], as well as climatic norms for the 

period 1961–1991 [57].  

A method for the determination of additional artificial precipitation depending on 

the intensity of natural precipitation during active influences on atmospheric processes 

was worked out in [41]. Thus, the additional artificial precipitation ΔR (in mm) can be 

determined by the following approximations: 

∆R = 𝑘 ∙ 𝑡 ∙ 𝐼𝑎 , 𝑘 = 55 − 23 ∙ 𝐼𝑛 , 𝐼𝑎 =  −0.277 ∙ 𝐼𝑛
2 + 0.965 ∙ 𝐼𝑛 + 0.097 (1) 

where k is the coefficient of suitability of clouds for active influences, t is the duration of 

the natural precipitation (in hours), Ia is the intensity of artificial precipitation (in mm/h) 

(reliability of the approximation R2 = 0.96), In is the natural precipitation (in mm/h).  

This semi-empirical model makes it possible to determine the potential amount of 

additional precipitation due to active influences on atmospheric processes [41]. However, 

the actual value will depend on the specific weather conditions and on the nature and 

amount of the applied reagent. 

In this study, empirical data from the meteostations Kerch, Yevpatoria, Simferopol, 

Feodosia, and Yalta (namely, averaged monthly surface air temperature (oC per month) 

and precipitation (mm per month)) for the period 1900–2021 were used [58–60]. Addition-

ally, the data from the meteostations Ai–Petri, Alushta and Dzhankoy were used only for 

period 1991–2021 [59,60]. Note that, since 2014, empirical data have not been received by 

the Central Geophysical Observatory of Ukraine (CGO) [59], and therefore for the period 
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2014–2021, data from [60] were used. Location data for regional meteostations and sources 

are presented in Table 1. 

Table 1. Location of the meteostations of the Crimean Peninsula and source. 

Stations Region Code 
Latitude, de-

grees 

Longitude, de-

grees 
Altitude, m Period Source 

Ai–Petri СM1 33998 44.43 34.08 1180 1991–2021 [58] 

Alushta SCC 33959 44.67 34.43 7 1991–2021 [59,60] 

Dzhankoy CS2 33934 45.72 34.40 8 1991–2021 [59,60] 

Kerch CS1 33983 45.37 36.43 49 1900–2021 [59,60] 

Yevpatoria CS1 33929 45.18 33.37 10 1902–2021 *, 1936–2021 ** [59,60] 

Simferopol CM2 33946 44.68 34.13 181 1900–2021 [58,60] 

Feodosia SCC 33976 45.03 35.38 26 1900–2021 [59,60] 

Yalta SCC 33990 44.48 34.17 72 1900–2021 [59,60] 

*—for temperature; and **—for precipitations. 

The period 1900–2021 was used to show long-term trends in surface temperature and 

precipitation, with rapid changes occurring during the period 1991–2020. Moreover, the 

values of the climatic norm of temperature (<T>) and precipitation (<P>) for the period 

1991–2020 were calculated. The respective climatic norms for the period 1961–1990 were 

obtained from [57]. To assess trends in the seasonal course of temperature (Ttrn) and pre-

cipitation (Ptrn), the values of the coefficients of linear trends for a given meteostation in 

each month were calculated, and then averaged over the territory. The trends were com-

puted using the linear least squares regression line. The nonparametric test of Mann–Ken-

dall was used to obtain the statistical significance of trends of meteorological parameters 

(with a significance level of 95%). The research results are based on the data processed 

according to the methods of statistical analysis of meteorological information [61]. The 

calculations’ statistical analysis and graphical design were performed using software 

packages MS Excel and XLSTAT.  

All Google Earth Engine scripts, used for remote sensing data processing, are availa-

ble with this link [46].  

3. Results 

3.1. Climate Change on the Crimean Peninsula.  

According to the analysis of meteorological data for stations with long time series 

(Kerch, Simferopol, Feodosia, Yalta, Yevpatoria), the average annual temperature was 

11.7 ± 0.9 °C, and the average annual amount of precipitation was 382 ± 80 mm/year on 

the plain parts of the Crimean Peninsula for the period 1900–2021. In unison with global 

and regional processes, certain changes in climate have occurred on the peninsula [62,4,7–

10]. The average annual surface temperature has increased by 1.14 ± 0.35 °C every 100 

years, while the annual amount of precipitation has increased by 66 ± 35 mm every 100 

years. The time course of the average annual air temperature and the average annual 

amount of precipitation on the Crimean Peninsula for the period 1900–2021 is shown in 

Figure 2A,B. 
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(A) (B) 
Figure 2. The annual average temperature (A) and the annual amount of precipitation (B) for the 

Crimean Peninsula (1—empirical data, 2—linear trend for the period 1900–2021, 3—±σ from trend, 

4—linear trend for the period 1991–2020). Statistically significant trends (p < 0.05). 

However, in both the southern regions of Ukraine [4,27,63,64] and Crimea, climate 

change has been accelerated in recent decades. There was a more intensive increase in 

temperature by an average of 0.75° ± 0.12 °C every 10 years during the period 1991–2020, 

with the highest rate of 1.21 °C every 10 years being observed at the station Alushta. The 

annual amount of precipitation decreased by an average of 27 ± 15 mm every 10 years (10–

15%) during this period. The respective climatic norms of average annual temperature 

and precipitation, as well as their trends for the periods 1961–1990 [39] and 1991–2020 for 

meteostations in this region, are shown in Table 2. 

Table 2. Comparison of climatic norms of annual average temperature and precipitation and their 

trends for respective the meteostations on the Crimean Peninsula for the periods 1961–1990 and 

1991–2020. 

Stations 

Temperature, °C  Precipitation, mm/year 

1961–1990 1991–2020 1961–1990 1991–2020 

<T> ±σ, оC/year 
<T> ±σ, 

оC/years 
Ttrn, оC/10 years * <P> ±σ, mm/years <P> ±σ mm/years Ptrn, mm/10 years* 

Ai–Petri 5.7 ± 0.6 6.5 ± 1.0 +0.88 1080 ± 260 990 ± 257 –44 

Alushta 12.1 ± 0.6 13.3 ± 1.2 +1.21 476 ± 103 447 ± 99 –2 

Dzhankoy 10.7 ± 0.9 11.7 ± 0.9 +0.84 417 ± 79 405 ± 128 –3 

Kerch 11.0 ± 0.8 11.9 ± 1.0 +0.87 434 ± 76 430 ± 129 –61 

Yevpatoria 11.5 ± 0.8 12.6 ± 0.9 +0.82 404 ± 78 370 ± 83 –26 

Simferopol 10.6 ± 0.8 11.4 ± 0.9 +0.84 505 ± 93 501 ± 133 –22 

Feodosia 11.9 ± 0.8 12.8 ± 0.8 +0.65 449 ± 99 475 ± 114 –47 

Yalta 12.9 ± 0.8 13.8 ± 0.9 +0.83 628 ± 164 591 ± 144 –22 

* values normalized to 10. 

There are specific trends of seasonal changes of climatic conditions during the last 

few decades. Thus, for the period 1991–2020, there was a tendency towards warming in 

different months of the year ranging from 0.4° to 1.0 °C every 10 years. There was also a 

tendency towards a decrease in preciptiation throughout the year, especially in April, Au-

gust–September, and November (up to 15%), with a slight increase in December–January 

and July by only 4–7%. A comparison of the average monthly temperature and precipita-

tion, as well as their trends for the period 1991–2020 and the climatic norm for the period 

1961–1990 are shown in Figure 3A,B.  
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(A) (B) 

Figure 3. Seasonal variation in temperature (A) and precipitation (B) (the values of the climatic norm 

for the whole region for the periods 1991–2020 (1) and 1961–1990 (2) (scale on the left), the values of 

linear trend for the period 1991–2020 (scale on the right)). Statistically significant trends (p < 0.05). 

Hence, there has been a significant decrease in precipitation by 10–15% on the Cri-

mean Peninsula in recent decades, and an increase in surface temperature by 0.8° ± 0.1 °C 

every 10 years during the period 1991–2020. 

3.2. Climate Aridity Analysis Using the Drought Severity Index of the Crimean Peninsula 

To assess the manifestation of arid climatic conditions and their impact on vegeta-

tion, as well as to define the areas that are more prone to drought conditions, the satellite-

driven monthly drought severity index (VHI) was analyzed over the period 2001–2021 

[49]. According to analyzed data, the most severe manifestation of drought conditions 

during the last five years was observed in June 2020, as shown on Figure 4.  

 

Figure 4. Drought index from summed vegetation health index (VHI) in June 2020. 

0.0

0.4

0.8

1.2

0

5

10

15

20

25

0 1 2 3 4 5 6 7 8 9 10 11 12

T
re

n
d

, 
о
С

/m
o

n
th

 p
er

 1
0 

y
ea

rs

T
em

p
er

at
u

re
, o

C
/m

o
n

th

1 2 3

-20

-10

0

10

0

20

40

60

1 2 3 4 5 6 7 8 9 10 11 12

T
re

n
d

, m
m

/m
o

n
th

 p
er

 1
0 

y
ea

rs

P
re

ci
p

it
at

io
n

, m
m

/m
o

n
th

1 2 3

–

–



Sustainability 2022, 14, 9995 10 of 22 
 

The map shows that the central part of the Crimean Peninsula, which belongs to the 

Crimean Steppe climatic zone, was exposure to severe drought conditions. Most of the 

agricultural lands of the Crimean Peninsula are located in the central part of the peninsula. 

Areas suffering from extreme drought conditions were observed in the northern 

coastline area of the Crimean Peninsula. Some areas in the mountainous part of Crimea 

also exhibited signs of arid conditions, but for the most part, the condition of the vegeta-

tion in this area was satisfactory.  

3.3. Changes in the Water Surface Area of Reservoirs in Crimea According to Radar Satellite 

Data Obtained from Sentinel-1 for the Period 2015–2021.  

In the last few years, the problem of water scarcity in Crimea has become extremely 

important, as water levels in several reservoirs approached critical levels [3]. A compari-

son of the water mirror areas of the reservoirs in Crimea for the period 2015–2021 accord-

ing to radar satellite data obtained from Sentinel-1 [46,47] is presented in Table 3.  

Table 3. Comparison of the water mirror areas of the reservoirs in Crimea in 2015–2021 according 

to radar satellite data obtained from Sentinel-1. 

Reservoir name 
Yearly Averaged Water Mirror Area of Reservoir (ha) 

2015 2016 2017 2018 2019 2020 2021 

The loading reservoirs 

Feodosiya 177.0 164.5 –7% 159.7 –10% 157.9 –11% 150.8 –15% 150.6 –15% 113.9 –36% 

Frontove 341.8 276.2 –19% 235.3 –31% 195.0 –43% 168.8 –51% 169.2 –51% 127.4 –63% 

Yuzmak 124.0 111.0 –11% 105.0 –15% 105.4 –15% 111.3 –10% 117.3 –5% 106.4 –14% 

Mizhhirske 116.2 73.7 –37% 49.2 –58% 52.5 –55% 35.0 –70% 76.1 –35% 21.1 –82% 

Samarlinsk 109.6 99.4 –9% 97.9 –11% 95.9 –13% 96.4 –12% 96.4 –12% 89.0 –19% 

The natural runoff reservoirs 

Chornorichensk 452.8 401.5 –11% 452.2 0% 473.2 +5% 466.6 +3% 349.3 –23% 381.7 –16% 

Bilogirsk 142.6 106.6 –25% 137.5 –4% 108.7 –24% 145.0 +2% 86.2 –40% 106.5 –25% 

Partyzansk 168.1 156.1 –7% 169.6 +1% 165.4 –2% 159.8 –5% 97.0 –42% 110.8 –34% 

Zagorsk 137.2 129.5 –6% 130.0 –5% 127.3 –7% 123.8 –10% 84.5 –38% 101.2 –26% 

Simferopol 282.4 261.0 –8% 269.3 –5% 253.5 –10% 244.6 –13% 175.5 –38% 168.0 –41% 

Shchaslyve  48.1 40.0 –17% 44.5 –7% 43.6 –11% 42.6 –11% 37.4 –22% 42.0 –13% 

Taiganske  116.7 63.3 –46% 55.0 –53% 37.0 –68% 143.4 +23% 85.0 –27% 36.9 –68% 

Isobilnenske  52.5 55.0 +5% 54.8 +5% 53.4 +2% 53.1 +1% 43.6 –17% 37.3 –29% 

Ayanske 28.2 24.1 –15% 26.8 –5% 25.4 –10% 24.3 –14 22.0 –22% 25.3 –10% 

Starokrymske 20.8 17.4 –17% 28.1 +35% 24.7 +19% 31.9 +53% 24.7 +18% 13.2 –37% 

Additionally, the values of their deviations (in %) from their levels for 2015 are given. 

The most significant decrease in reservoir levels was obtained for the loading reservoirs 

and the Taiganske reservoir due to the transfer of water from there to the Simferopol res-

ervoir. Meanwhile, in some years, for the natural runoff reservoirs, an increase in level 

can be observed (for example, Starokrymske, Isobilnenske, and Chornorichensk).  

There is a tendency for the area of the water surface area to decrease in all of the 

reservoirs analyzed in this study compared to their water surface area in 2015. The water 

mirror area decreased by an average of 34% in 2021. In three reservoirs, the area of the 

water mirror decreased by more than 60% compared to 2015: the Frontove, Taiganske, 

and Mizhhirske reservoirs. The tendency for the water surface area to decrease begins to 

manifest clearly in mid–2019 and continues until 2021.  

The change in the water mirror area of the Simferopol reservoir in 2015–2021 will be 

described more precisely later in this article. 
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3.4. Change in the Water Surface Area of the Simferopol Reservoir for the Period 2015–2021.  

Simferopol Reservoir was constructed in 1954 on the Salgir River with a water mirror 

area of about 317 ha and a water volume of 36 million m2. It is classified as a reservoir 

with a natural runoff, and therefore, the change in its level is due to seasonal changes in 

runoff, climatic conditions, and water use and consumption [3,12]. Significant water use 

and consumption against the background of arid climatic conditions caused a sharp de-

crease in the water level in the reservoir during the period 2015–2021 (a critical approach 

to the permissible lower water level limits).  

A comparison of the average water surface area of the reservoir in 2020 with the sur-

face area in 2010 based on Landsat satellite data [46] is shown in Figure 5A. It can be ob-

served that the water surface area during the last 20 years was the highest in 2010 and the 

lowest was in 2020, when compared using the Deltares Aqua Monitor platform 

(https://aqua–monitor.appspot.com (accessed on 6 June 2022)). A decrease in the level of 

the reservoir, which was associated with the aridification of climatic conditions, has also 

been observed in the past, for example, during the periods 1993–1997 and 2011–2012 

[3,65]. 

  

(A) (B) 

Figure 5. Decrease in the water surface area of the Simferopol Reservoir in 2021 (dark green) com-

pared to 2010 (light green) according to Landsat satellite imagery (A) and dynamics of changes (B) 

for the period 2015–2021 according to Sentinel-1 radar satellite data (the period from 18 September 

to 9 October 2020 is shown in the small graph frame). 

A retrospective analysis of satellite images for 2015–2021 showed that the reservoir’s 

water surface area was reduced by ~20% on average compared to the surface area in 2015. 

The situation was especially critical in 2020–2021. In particular, a significant decrease in 

water level was recorded in winter, and after the replenishment of water levels in April, 

an anomalously low area of water mirror (87 ha) was observed from June until October 

2020, with the minimum area being observed during the period 2015–2021 (see Figure 5B). 

However, in the autumn–winter of 2020–2021, the reservoir was filled due to the transfer 

of water from the Taiganske reservoir to the Simferopol reservoir [66].  

The seasonal changes in runoff are related to variations in precipitation compared 

with variations in the water surface area for the period 2015–2021 (see Figure 5B). As 

shown in Figure 5B, a significant decrease in precipitation was observed during the cold 

period of 2020–2021. 

https://aqua–monitor.appspot.com/
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3.5. Artificially Increasing Atmospheric Precipitation: Analysis of the Crimean Experience. One 

of the Possible Solutions? 

Active impact on atmospheric processes with the aim of artificially increasing atmos-

pheric precipitation is one of the approaches to solving the problem of water resource 

scarcity in a certain region on the Crimean Peninsula. Two situations are considered, 

namely: October 29–30, 2016 above the village Petrovka, Krasnogvardiiskyi district 

[52,53]; and September 29–30, 2020 near Simferopol [54].  

1. Active influences on atmospheric processes in October 2016 

The adverse situation with the shortage of fresh water on the peninsula became com-

plicated during the period 2015–2016. In general, that year was not dry; however, the 

amount of precipitation was lower than usual in the summer of 2016. Only 65–70 mm of 

rainfall was recorded in June–August at Simferopol meteostation (with a climatic norm of 

149 ± 32 mm in 3 months), while 60–65 mm was recorded at Dzhankoy station (with a 

climatic norm of 122 ± 31 mm). In addition, summer temperatures were 1.5–2.0 °C above 

the norm [56]. 

The prevailing weather conditions at the end of October 2016 were used to carry out 

work on the active influences on atmospheric processes with the aim of artificially increas-

ing atmospheric precipitation. The passage of the cold front determined the synoptic con-

ditions on October 29–30 throughout the Crimean Peninsula (the cloud system of the cold 

front consisted of several strips of stratus and stratus-rainy clouds, with an upper bound-

ary of 5–7 km and a width of 50 to 150 km, moving over the territory at a speed of about 

50 km per hour. A satellite image of the cloudiness (Proba–V) during the passage of the 

cold front through the Crimean Peninsula and after exerting an active influences on the 

atmospheric processes on October 30, 2016 is shown in Figure 6 [47].  

 
Figure 6. Satellite image of cloudiness (Proba–V) during the passage of the cold front through the 

Crimean Peninsula and after the active influence was exerted on the atmospheric processes on Oc-

tober 30, 2016. 

Thus, about 30 ± 4 mm of atmospheric precipitation fell within 1–2 days at the Sim-

feropol meteorological station, which is located ~ 70 km south of the site of the active 

influence from October 28 to November 2, 2016, while the climatic norm in October was 
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32 ± 23, and in November 45 ± 26 mm/month (see Figure 7). The monthly climatic norm 

for atmospheric precipitation was almost realized. 

 

Figure 7. The daily variation in cloud cover thickness (1—scale on the left), relative air humidity 

(2—scale on the left) and amount of precipitation (3—scale on the right) at the Simferopol meteoro-

logical station for the period from October 28 to November 2, 2016, as a result the passage of the 

cold front through the Crimean Peninsula and the active influence on atmospheric processes. 

The potential amount of additional precipitation as a result of the active influence on 

atmospheric processes was determined by approximation (1) [41]. On October 30, at the 

Simferopol meteostation, natural precipitation of 8–9 mm in 12 h (0.7–0.8 mm/hour) was 

recorded (see Figure 7). On the basis of approximation, it was determined that an addi-

tional artificial precipitation of about 0.4–0.5 mm/hour (5–6 mm in 12 h) could feasibly fall 

(see Figure 8).  

 

Figure 8. Dependence of intensity of the artificial precipitation (IA is 1), the coefficient of suitability 

of clouds for active influences (k is 2) and the additional artificial precipitation (ΔR is 3) on the 

intensity of natural precipitation (IN), calculated by approximation (1), separately for each of two 

situations (Simferopol, October 30, 2016 (4); Simferopol (5) and Dzhankoy (6), September 30, 2020). 

As shown in [52,53], a particular increase in cloudiness and atmospheric precipitation 

was achieved as a result of the active influence; the intensity of precipitation was 4–6 

mm/h higher than in the cloud zone before the influence (the measurements were taken 

in the area where the active influence was performed).  
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As a result of the analysis of the Sentinel-1 radar satellite imagery for October 30, 

2016, compared to the period October 1–20, 2016 prior to the beginning of the passage of 

the cold front over the territory of the peninsula, wet soil areas and potentially standing 

water areas were detected in some agricultural fields within a radius of 40 km of the vil-

lage of Petrovka, Krasnogvardiiskyi district (see Figure 9) [50].  

 

Figure 9. Map of the wet soil areas (blue color) resulting from the passage of the cold front through 

the Crimean Peninsula and the active influences on the atmospheric processes near Petrovka village, 

Krasnogvardeisky district, on October 30, 2016. 

2. Active influences on atmospheric processes in September 2020. 

Weather conditions in September–October 2020 on the peninsula were characterized 

as warm and predominantly dry, which further aggravated the situation, resulting in a 

shortage of fresh water on the peninsula. Nevertheless, from September 29 to October 2, 

the weather on the peninsula was influenced by the Balkan cyclone and the associated 

cold front [47] (Figure 10). These conditions were used on September 30 for the active 

influence on the atmospheric processes, aimed at achieving additional precipitation and 

filling of reservoirs [54].  
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Figure 10. Satellite images of cloudiness (Proba–V) during the passage of the Balkan cyclone and 

the associated cold, as well as after the active influence on the atmospheric processes on September 

30, 2020. 

The observation data at the Simferopol meteostation for the period from September 

28 to October 2, 2020, show that during the passage of the corresponding synoptic pro-

cesses, and as a result of active influences, an additional increase in cloudiness by 15–20% 

was recorded for 1–2 days, as well as an increase in relative humidity by up to 25–30%, 

and an atmospheric precipitation of 46 ± 7 mm. The monthly total atmospheric precipita-

tion in September 2020 was about 51 mm (with a climatic norm of 37 ± 23 mm/month for 

September in 1961–1990). Thus, almost ~120–130% of climatic norms of the monthly pre-

cipitation fell over Simferopol in September. At the same time, continuous cloud cover 

and a precipitation of 63 ± 8 mm were recorded at the Dzhankoy meteostation (~100 km 

north of Simferopol) from October 28 to November 2, 2020 (with a climatic norm for Sep-

tember of 33 ± 28 mm/month). 

The changes in meteorological parameters (cloud cover, precipitation, and relative 

humidity) due to the specific synoptic processes and the active influences on the atmos-

pheric processes during the Balkan cyclone and the associated cold front at the Simferopol 

and Dzhankoy weather stations for the period from September 28 to October 2, 2020 are 

shown in Figure 11. The cloud cover thickness is presented as a percentage of the amount 

of all observed clouds or their absence.  
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(A) 

 

(B) 

Figure 11. The daily variation in cloud cover thickness (1—scale on the left), relative air humidity 

(2—scale on the left) and the amount of precipitation (3—scale on the right) at the Simferopol (A) 

and Dzhankoy (B) meteorological stations for the period from September 28 to October 2, 2020, as a 

result the passage of the cold front through the Crimean Peninsula and the active influence on at-

mospheric processes. 

The potential amount of additional precipitation as a result of the active influence on 

atmospheric processes was determined by approximation (1). On September 30, 2020 a 

natural precipitation of 16 and 19 mm in 12 h (1.3 and 1.6 mm/hour, respectively) was 

recorded at the Simferopol and Dzhankoy meteostations (see Figure 11). Then, according 

to the approximation, an additional artificial precipitation of about 0.6 and 0.5 mm/hour 

(7 and 6 mm in 12 h, respectively) could feasibly fall (see Figure 8). 

The spatial distribution of atmospheric precipitation and cloud cover were analyzed 

before and after the active influence on atmospheric processes using Sentinel-1 SAR im-

ages. The satellite data were compared from 1st September to 25th September, 2020, and 

the period after active exposure from 30th September to 5th October, 2020 [47,48]. In the 

last decade of September and the first decade of October, the surface area of the reservoir 

increased from 109 ha to 126 ha due to weather conditions. However, after September 30, 

no additional increase in water surface area of Simferopol Reservoir was recorded (see 

small map frame in Figure 5 for the period 18.09–10.10.2020). A slight increase in the water 

body surface in the reservoirs from September 25–26 to October 5–6 was due to weather 

conditions.  
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Heavy rain fell over Simferopol on 30 September 2020, which caused a large-scale 

flood in the city [67]. As a result, flooding zones were recorded on Sentinel-1 radar satellite 

imagery within the city, while an increase in the surface water in the Simferopol reservoir 

was not detected. The map shows the flooding areas marked in blue color, as a conse-

quence of the rainstorm, and the open surface water of the Simferopol reservoir marked 

in dark green (see Figure 12). The work on active influence of atmospheric processes in 

favorable weather conditions on 30 September 2020 did not affect the filling of reservoirs 

with water.  

 

Figure 12. Map of standing water areas and water surfaces areas of Simferopol reservoir near Sim-

feropol city as a result of the passage of the cold front through the Crimean Peninsula and the active 

influence on atmospheric processes on 30 September 2020. 

Thus, in the first case, on 30th of October 2016, the wet soil areas were recorded at 

agricultural fields within a radius of 40 km near the village of Petrovka, Krasnogvardiiskyi 

district. Meanwhile, in the second case, the realization of atmospheric precipitation, oc-

curring over Simferopol on 29–30th of September 2020, led to flooding in the city, but no 

increase in the water surface area of the Simferopol reservoir following active influence 

was detected by means of satellite remote sensing [68]. 

4. Discussion 

Use of Satellite Images for Analysis of the Environmental Situation at the Localized Level 

The changes in water surface area may strongly depend on the case-specific context, 

as was demonstrated by [69]. Studies developing the global-scale tool Deltares Aqua Mon-

itor (https://aqua–monitor.appspot.com (accessed on 06 June 2022)), which, with the use 

of the Google Earth Engine [46], have analyzed satellite imagery from multispectral Land-

sat satellite data with a resolution of up to 30 m. The application of planetary-scale big 

satellite data analytics over the long period of earth observation may bring light to the 

documented and undocumented changes in surface water bodies due to anthropogenic 

and climate and natural drivers at the localized scale [43,69]. The Deltares Aqua Monitor 

platform allows users to zoom to the selected water body and compare the yearly mean 

surface water body area starting from 1985 until 2021. Similar trends of decreasing water 

surface area in the reservoirs of Crimea were observed on the basis of Landsat data anal-

ysis using this platform [69].  

https://aqua–monitor.appspot.com/
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We used the same approach to compare the yearly averaged surface water body area 

as a proxy to define the tendency in water level and reservoir storage, while using Syn-

thetic Aperture Radar (SAR) sensor data from the Sentinel-1 satellite [47]. Sentinel-1 data 

have a higher spatial resolution of 10 m, higher repeat observation frequency, and are not 

limited by cloud coverage, compared to Landsat data. This makes Sentinel-1 data an ef-

fective tool for the monitoring of water bodies, especially at the localized level. The ad-

vantage of Landsat data is the availability of long-term time series covering a time frame 

of more than 40 years [47].  

At the same time, the water surface area can change significantly in the course of 

months, particularly due to the local weather conditions such as rainfall, and it largely 

depends on the regime of water resource management, water intake, and runoff levels. 

Thus, in order to better understand the causality of water surface dynamics and to assess 

the effectiveness of the applied water management measures, a detailed day-to-day rec-

ord of water surface areas is essential [3,43,44,69].  

Detailed surface water variations for the Simferopol reservoir are shown in image 5B. 

Over the summer and autumn seasons in 2020, a prolonged period of low water was rec-

orded. Then, starting from mid-December, there was a sharp increase in the area of water 

bodies, which might be explained by the transfer of water from the Taigansk reservoir. 

Starting from March 2021, a sharp decrease in water surface area was observed, reaching 

its lowest value over the last 5 years. Such a detailed temporal analysis of the dynamics of 

water surface area makes it possible to link the local events or factors with a manifestation 

of their consequences  

To estimate water storage in lakes and reservoirs, measurements of both surface wa-

ter area and bathymetry can be performed. In the context of the limited access to the area 

for the field assessment, interesting results were achieved through the combination of sat-

ellite imagery with the digital elevation model [70,71], which could be a subject for further 

research. 

5. Conclusions 

The climatic conditions of Crimea are semi-arid; therefore, alternative sources of 

fresh water are needed (transit of water through canals, from other regions, use of under-

ground water resources, desalination, etc.). Significantly increasing water use and con-

sumption (intensification of construction, industry, tourism and militarization) and the 

cessation of fresh water supplies from mainland Ukraine has reduced the water level in 

some reservoirs to a critical level, while climate change has exacerbated this situation. 

There has been a significant decrease in precipitation by 10–15% on the Crimean Peninsula 

in the last decade, against an increase in surface temperature by 0.8° ± 0.1 °C every 10 

years during the period 1991–2020.  

The analysis of satellite-driven drought severity index revealed that the vast area of 

Crimean steppe is exposed to moderate or high drought risk.  

According to Sentinel satellite imagery, there is a decreasing tendency for the area of 

the water mirror in all reservoirs analyzed in this study compared to the water surface 

area in 2015. The water mirror area decreased by 34% on average in 2021. In three reser-

voirs, the area of the water mirror decreased by more than 60% compared to 2015: the 

Frontove, Taiganske, and Mizhhirske reservoirs. The decreasing tendency for the water 

surface area began to manifest clearly in mid 2019 and continued until 2021. Additionally, 

a retrospective analysis of satellite images for 2015–2021 showed that the water surface 

area of the Simferopol reservoir had been decrease by an average of ~ 20% compared to 

2015. 

To solve the problems associated with the shortage of fresh water, a series of works 

on active influences on atmospheric processes were conducted aimed at additional artifi-

cial precipitation. Two situations were considered that had mixed results. Therefore, after 

the active influences, on 30th of October 2016, wet soil areas were detected in agricultural 

fields within a radius of 40 km of the village of Petrovka, Krasnogvardiiskyi district, and 
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while the atmospheric precipitation occurring over Simferopol on 29–30th of September 

2020 led to the flooding in the city, an increase in the water surface area of the Simferopol 

reservoir was not recorded. 

The lack of fresh water negatively affects the agriculture productivity and soil qual-

ity, leading to financial losses and changes in traditional farming. In general, the complex-

ity of the situation is associated with inefficient management decisions of the occupation 

authorities along with the intensification of militarization of the Crimean Peninsula. 
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