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Abstract: Global mean sea level has been rising at an increasing rate, especially since the early 19th 

century in response to ocean thermal expansion and ice sheet melting. The possible consequences 

of sea level rise pose a significant threat to coastal cities, inhabitants, infrastructure, wetlands, 

ecosystems, and beaches. Sea level changes are not geographically uniform. This study focuses on 

present-day sea level changes in the Black Sea using satellite altimetry and tide gauge data. The 

multi-mission gridded satellite altimetry data from January 1993 to May 2017 indicated a mean rate 

of sea level rise of 2.5 ± 0.5 mm/year over the entire Black Sea. However, when considering the 

dominant cycles of the Black Sea level time series, an apparent (significant) variation was seen until 

2014, and the rise in the mean sea level has been estimated at about 3.2 ± 0.6 mm/year. Coastal sea 

level, which was assessed using the available data from 12 tide gauge stations, has generally risen 

(except for the Bourgas Station). For instance, from the western coast to the southern coast of the 

Black Sea, in Constantza, Sevastopol, Tuapse, Batumi, Trabzon, Amasra, Sile, and Igneada, the 

relative rise was 3.02, 1.56, 2.92, 3.52, 2.33, 3.43, 5.03, and 6.94 mm/year, respectively, for varying 

periods over 1922–2014. The highest and lowest rises in the mean level of the Black Sea were in Poti 

(7.01 mm/year) and in Varna (1.53 mm/year), respectively. Measurements from six Global 

Navigation Satellite System (GNSS) stations, which are very close to the tide gauges, also suggest 

that there were significant vertical land movements at some tide gauge locations. This study 

confirmed that according to the obtained average annual phase value of sea level observations, 

seasonal sea level variations in the Black Sea reach their maximum annual amplitude in May–June. 
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1. Introduction 

Sea level changes occur at various time scales. Throughout geologic eras, sea levels have changed 

drastically many times, primarily following tectonic processes and glacial cycles [1]. During the Last 

Glacial Maximum (LGM), sea levels were about 130 m lower than today, because of the large amount 

of water held by glaciers and ice sheets [2]. After the major deglaciation (~21,000 years ago), sea levels 

have remained almost stable over the last 2–3 millennia [3,4]. However, with the beginning of the 

industrial age (late 18th to early 19th century), global sea level rise has accelerated [5–9], triggered by 

abrupt changes in temperature, ice cover, precipitation, etc., rather than being part of a natural cycle. 

Furthermore, if considering possible greenhouse gas concentration scenarios, by the end of the 21st 

century, global mean sea levels may rise in the range of 43 cm to 84 cm [10]. 

Regional sea level changes deviate substantially from that of the global mean, and some regions 

even reveal a condition opposite that of the global trend [11]. In this case, in addition to the global 

sea level change and its causes, it is essential to understand the regional variability in rates of this 

change (i.e., its evolution with time and space and its drivers) in order to assess the potential impacts 
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of sea level rise in coastal areas [12]. General forcing for regional (or local) sea level patterns can be 

basically linked to (1) surface warming and cooling of the ocean, (2) exchange of freshwater with the 

atmosphere and land through evaporation, precipitation, and runoff, and (3) changes in the surface 

wind stress [11]. The complex response of the ocean to these forcing mechanisms causes changes in 

ocean circulation (hence density) and mass transport. 

Sea level rise poses a significant threat to areas with low topography such as coasts, islands, and 

deltas. From the past to present, coastal regions have always attracted high interest in terms of their 

social and economic impacts [13]. Increasing human migration to these regions has made the possible 

consequences of sea level rise even more important. Flooding, inundation, storm, erosion, habitat 

loss, ecosystem damage, and contamination of underground water are the most 

damaging/catastrophic effects of sea level rise in coastal areas. The importance of these effects 

depends on the character of the coastal environment. Nevertheless, it is clear that some of them can 

threaten human life and coastal installations [10,14–17]. Eventually, in the near-future, rising sea 

levels and potentially more intense storms will exacerbate possible consequences, and more frequent 

extreme sea level events will occur. Therefore, effective management and sustainable use of coastal 

areas need multidisciplinary studies about the reasons and effects of sea level rise. 

Tide gauges are one of the oldest instruments for measuring sea level changes [8]. A tide gauge 

measures the sea level relative to a fixed point on land, and therefore vertical movement of the point 

affects sea level measurements. It is necessary to perform geodetic measurements to determine sea 

level changes, independent of land movements at tide gauge stations. Ideally, Global Navigation 

Satellite System (GNSS) equipment is attached directly to the tide gauge or located nearby [18]. In 

addition to this, a network consisting of tide gauge stations that are referenced to the same datum 

and have a good distribution is needed to monitor long-term sea level changes. With the development 

of satellite systems, satellite altimetric techniques have been used for sea level measurements. Since 

1993, the modern satellite altimetry record has provided accurate measurements of sea surface height 

with near-global coverage within latitudes of about 60°N and S. This technique is based on high 

precision measurement of the distance between the satellite and sea surface. Sea surface height is 

achieved by combining this information with precise satellite positional data [19]. 

The Black Sea in southeastern Europe (Figure 1), which is semi-enclosed, has different 

characteristics from other seas. It is an isolated deep body of water (average depth ~1200 m) with a 

restricted saltwater exchange with the Mediterranean Sea through the Turkish Straits System (the 

Bosporus Strait–the Sea of Marmara–the Dardanelles Strait). Unlike the Mediterranean Sea (a 

concentration basin), the Black Sea is an estuarine basin fed by major European rivers [20]. 

Additionally, another feature supported by these conditions is that the Black Sea has a specific density 

stratification separated by a permanent halocline [21]. Due to its geographical location, the Black Sea 

has been of immense strategic importance over the centuries. Its coasts have favorable natural 

conditions in terms of ecosystem, warm climate, fertile soils, etc., so from antiquity to the present, it 

has been a desirable region for human habitation [22]. Consequently, the Black Sea and its coastal 

zone are very sensitive to climate change and anthropogenic forcing, and thus is an area that has 

attracted the considerable interest of scientists. 
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Figure 1. Black Sea with its location. Topographic data were used from the ETOPO1 1 Arc-Minute 

Global Relief Model bedrock data [23]. 

Coastal erosion and saltwater intrusion are major threats for the Black Sea coasts [24–27]. It is 

known that an important part of the most critical coastal erosion areas in Europe is the Black Sea 

coastline [28], and in particular, some coastal zones such as those in Bulgaria, Romania, and Turkey 

have far less protection than in other places. 

Both tide gauge and altimetry observations show that sea level trends in the Black Sea vary over 

time. However, from the beginning of available tide gauge observations in the Black Sea, that is from 

the 1860s to the first decade of the 21st century, on average, an increase in sea level has been generally 

observed, with alternating periods of rise and fall. The Black Sea level has increased by 20 cm in the 

last 100 years [29]. A rise in the mean sea level of 1.83 ± 0.7 mm/year from the mid-1920s to about 

1985 was mentioned in [30,31]. Forty-seven tide gauge observations, which were collected along the 

Black Sea coast except for the Anatolian coast before the year 1985, were evaluated by Boguslavsky 

et al. [32]. Considering the effects of continental discharge, atmospheric pressure, and density 

distribution, they asserted that the Black Sea mean level rate was 1.6 mm per year during the 

observational period. A rate of 2.2 mm/year from 1960 to the early 1990s was also determined by 

Tsimplis and Baker [33]. A rate of increase in the Black Sea level of 27.3 ± 2.5 mm/year for a period of 

six years (1993–1998), determined from satellite altimetry and tide gauge data, was estimated in [34]. 

Sea level change in the Black Sea obtained from along-track altimetry data indicated that sea level 

rose at a rate of 13.4 ± 0.11 mm/year over 1993–2008; in the western and eastern regions, this rate 

became 14.2 ± 0.16 and 12.8 ± 0.12 mm/year, respectively [30]. In the same study, the in situ and 

satellite results were compared and correlation coefficients ranging 0.4 to 0.7 were calculated between 

the tide gauge and altimeter measurements. Minimum values were obtained for tide gauges at the 

western and eastern coasts, whereas maximum ones were at the northern and southern coasts. The 

altimeter-derived Black Sea levels and corresponding independent in situ measurements have also 

been compared in other studies. Reasonable correlations between the data from tide gauges and the 

matching TOPEX/Poseidon along-track passes in the period 1992–1996 were found by Stanev et al. 

[35], which were 0.76, 0.68, 0.65, and 0.51 at the Tuapse, Bourgas, Varna, and Nesebar Stations, 

respectively. From the comparison of data over 1992–1998, the following correlation coefficients were 

achieved by Goryachkin and Ivanov [31], as referred to in Ginzburg et al. [30]: 0.93 for Sevastopol, 

0.92 for Yalta, and 0.77 for Tuapse. High correlation coefficients varying from 0.66 to 0.89 at the tide 

gauge stations along the Black Sea coast (except for Batumi) have also been reported for the changing 

periods during 1993–2014 using gridded altimetry data [36]. 
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Regarding coastal sea level changes, the highest change was recorded at the Poti tide gauge 

station (8.2 mm/year) along the Black Sea coast, whereas the lowest change was recorded at Kerci tide 

gauge station (1.3 mm/year) between 1860 and 1990 [37]. While at the Varna, Constantza, Sulina, 

Odessa, and Sevastopol Stations, the rates of sea level rise were 3.3, 2.7, 3.7, 7.1, and 3.0 mm/year, 

respectively; the mean subsidence rates were about 5.2, 1.1, and 6.5 mm/year at Odessa, Sevastopol 

and Poti, respectively. At Samsun Station, the sea level fell at a rate of −6.9 mm/year from 1963 to 

1977. In order for a comparison with tide gauge records, the altimetry time series at the closest grid 

points to the tide gauge locations along the Black Sea coast were analyzed over the common data 

periods by Avsar et al. [38]. For stations with long-term records such as Poti and Tuapse, the rates of 

sea level changes from the satellite altimetry and tide gauges showed good agreement, and by 

considering the vertical land motion, the results were greatly improved. Kubryakov and Stanichnyi 

[39] asserted that due to the cyclonic rim current intensification for the period of 1992–2005, the sea 

level was rising 1.5–2 times faster in areas close to the shore than in the offshore (8–9 mm/year versus 

4.5–6 mm/year). The spatial distribution of the Black Sea level trends over 1993–2014 showed that 

rates of sea level change during this period varied from 0.2 to 5.0 mm/year [40,41]. The southeastern 

region indicated a faster rise than in the other parts. Kubryakov et al. [41] pointed out that the spatial 

differences observed in the sea level rise were again related to basin dynamics on account of the 

intensification of cyclonic wind curl (3.2–4 mm/year in the coastal areas versus 1.5–2.5 mm/year in 

the offshore area). 

In order to estimate and model regional sea level change accurately, it is important to detect sea 

level forcing mechanisms. According to Volkov and Landerer [42], the forcing of sea level in the Black 

Sea is dominated by the basin’s freshwater budget (river + precipitation inputs > evaporation output) 

and water exchange through the Bosporus Strait as well as depth-integrated changes in seawater 

density. This means that changes in the water balance are the main factors for sea level variability in 

the Black Sea. First, it requires an investigation of long-term total sea level change in the Black Sea. 

This study presents an analysis of sea level changes in the Black Sea using satellite and in situ data. 

It aims to provide a reliable estimate of the present-day sea level rise using the data from tide gauge 

stations along the Black Sea coast and satellite altimetry. This study including information on 

absolute sea level change obtained from satellite data in the Black Sea, contributes to the relative sea 

level estimates by Avsar and Kutoglu [43]. Sea level observations from satellite altimetry as well as 

tide gauge stations have been used to infer trends in changes in Black Sea levels and their periodicity. 

In addition, in order to determine vertical land motion along the Black Sea coast, the data of six 

continuous GNSS stations, which are nearly co-located with the available tide gauge locations, were 

used in this study. Thus, the contribution of land motion to the coastal sea level change was also 

investigated. 

2. Methodology and Data 

2.1. Method: Harmonic Analysis 

In the study, first, outlier detection was performed using the 3σ-rule. Then, monthly averaged 

time series of the sea level observations were obtained to provide concurrent analysis. The harmonic 

analysis method is preferred for sea level time series analysis, as suggested in Avsar et al. [38] and 

Feng et al. [44]. Harmonic analysis describes periodically recurrent phenomena and allows for the 

analysis of sinusoidal variation with time. Sea level changes have a periodic character. In this context, 

sea level time series exhibit a strong seasonality as well as a linear trend [45]. Accordingly, the 

seasonal variation of sea level time series can be determined by harmonic analysis, which is expressed 

as the sum of a number of sine and cosine terms. Simple linear regression can be used to determine 

the long-term trend in the sea level time series. So, a model including seasonal components (annual 

and semi-annual harmonics) and linear trend was used in this study [44]: 
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where M(t) is the sea level time series; t is the time; t0 is the beginning time (for example for altimetry: 

1 January 1993); M(t0) is the mean sea level at t0; v is the rate of sea level change (linear trend); k = 1 is 

the annual signal; k = 2 is the semi-annual signal; A is the amplitude; ω is the angular frequency; φ is 

the phase; and ε(t) is the unmodelled residual term. Here, in order to estimate trend, phase, and 

amplitude, the least squares method was employed [46]. In order to determine the vertical velocities 

of the GNSS stations in this study, the same approaches as for the sea level changes were used. 

2.2. Satellite Altimetry Observations in the Black Sea 

Satellite altimetry measurements have improved our understanding of how sea levels are 

changing regionally [47]. The Data Unification and Altimeter Combination System (DUACS) is one 

of the processing systems used to produce altimetry sea level products. Here, along-track (L3) and 

gridded (L4) sea level products are processed over different regions and in near real time (NRT) and 

delayed time (DT) conditions [48]. These products were previously distributed by the French 

Archiving, Validation and Interpretation of Satellite Oceanographic Data (AVISO) [49], and are now 

produced and distributed as part of the Copernicus Marine Environment Monitoring Service 

(CMEMS) [50]. In this study, multi-mission (gridded) satellite altimetry data were used to investigate 

mean sea level change throughout the Black Sea. These grid data provide more acceptable sampling 

achieved by pooling measurements in a given range of latitudes and longitudes in comparison to the 

along-track data [51]. Additionally, the merged datasets enable high resolution sea surface height 

measurements [49]. 

The altimetry dataset in this study was daily sea surface heights from 1 January 1993 to 15 May 

2017 for the Black Sea, provided by the CMEMS. These data in delayed-time are gridded (1/8° by 1/8°) 

sea level anomalies (SLA)s computed with respect to a twenty-year 2012 mean. SLAs have been 

estimated by optimal interpolation, merging the measurements from different altimeter missions: 

Jason-3, Sentinel-3A, HY-2A, Saral/AltiKa, Cryosat-2, Jason-2, Jason-1, TOPEX/Poseidon, ENVISAT, 

GFO, and ERS1/2. Necessary geophysical (solid earth, ocean and pole tides, ocean tide loading effect, 

sea state bias, and inverse barometer response of the ocean) and atmospheric (ionosphere, and 

dry/wet troposphere effects) corrections have been applied to the dataset by the data center [48]. 

Further information on the data can be found in Copernicus [50]. 

The Black Sea area comprises 3249 altimetric grid points in total. For the evaluation, at each grid 

point, monthly averages were computed from the daily altimetry data, and then the monthly mean 

sea level changes over the entire Black Sea were obtained by averaging spatially. Figure 2 shows the 

evolution over time of the Black Sea level based on the monthly averages from January 1993 to May 

2017. 
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Figure 2. Monthly sea level time series from January 1993 to May 2017. 

2.3. Tide Gauge Records along the Black Sea Coast 

While satellite altimetry data have been available since early 1993, the availability of long-term 

data at many tide gauge stations is still one of the most important reasons for using these stations in 

sea level measurements. The Permanent Service for Mean Sea Level (PSMSL) [52] is a global data 

center that is responsible for the collection, publication, analysis, and interpretation of sea level data 

from global tide gauge station networks like the Global Sea Level Observing System (GLOSS) Core 

Network [53]. Sea level monitoring in Turkey is carried out by the General Directorate of Mapping 

(GDM) within the Turkish National Sea Level Monitoring System (TUDES) [54] stations that are in 

accordance with the GLOSS standards. Nevertheless, note that the amount of obtainable data from 

the tide gauge stations is limited. The poor spatial distribution of tide gauge stations along the coasts 

is a common problem for some areas including the Black Sea. Tide gauge stations have different data 

quality and length of records and inhomogeneous geographical distribution, and most of the data 

records suffer from gaps due to reasons such as equipment failure, power failure, etc., at the stations. 

In this study, data from 12 tide gauge stations (having different data length) on the Black Sea 

coast were used. Seven tide gauge stations (Poti, Batumi, Sevastopol, Tuapse, Varna, Bourgas, and 

Constantza) were chosen from the PSMSL and another five (Amasra, Igneada, Trabzon, Sinop, and 

Sile) were from the TUDES network. Figure 3 shows the locations of all the stations in this study, and 

an overview of the tide gauges is given in Table 1. The Revised Local Reference (RLR) (a common 

datum performed by the PSMSL for each tide gauge station is approximately 7000 mm below mean 

sea level to avoid negative numbers in a sea level time series) data from the PSMSL are the monthly 

averaged time series, spanning from 65 to 140 years in the period of 1874–2013. The TUDES data are 

released every 15 min in the Turkish National Vertical Control Network-1999 (TUDKA-99) datum. 

The TUDKA-99 datum was defined based on the International Terrestrial Reference Frame-1996 

(ITRF96). In the study, the monthly averaged time series of the TUDES data were derived at each 

station. The record with the longest time period among these stations extends to mid-2001 at Amasra. 

The sea level time series from some tide gauge stations have observation gaps, for example, nearly 

13.4% of the records at Batumi and nearly 13.7% of those at Bourgas are void (see Table 1). Figures 

4a–c show the sea level time series at the Poti, Bourgas, and Igneada tide gauges, respectively. 
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Figure 3. Locations of the tide gauges and Global Navigation Satellite System (GNSS) stations used 

in the study. 

Table 1. General information on all the tide gauge stations used in this study. 

Tide Gauge Station 

(Country) 

Location 
Data Period 

Data Gaps 

(%) Latitude Longitude  

Poti (Georgia) 42° 10′ N 41° 41′ E Jan. 1874–Dec. 2013 ~5.7 

Batumi (Georgia) 41° 38′ N 41° 42′ E Jan. 1882–Dec. 2013 ~13.4 

Sevastopol (Ukraine) 44° 37′ N 33° 32′ E Jan. 1910–Dec. 1994 ~3.1 

Tuapse (Russia) 44° 06′ N 39° 04′ E Jan. 1917–Dec. 2011 ~1.0 

Varna (Bulgaria) 43° 11′ N 27° 55′ E Jan. 1929–Dec. 1996 ~4.9 

Bourgas (Bulgaria) 42° 29′ N 27° 29′ E Jan. 1929–Dec. 1996 ~13.7 

Constantza (Romania) 44° 10′ N 28° 40′ E Jan. 1933–Dec. 1997 ~5.0 

Amasra (Turkey) 41° 45′ N 32° 24′ E Jun. 2001–Dec. 2014 ~9.4 

Igneada (Turkey) 41° 53′ N 28° 01′ E Jun. 2002–Dec. 2014 ~5.3 

Trabzon (Turkey) 41° 00′ N 39° 44′ E Jul. 2002–Dec. 2014 ~0.7 

Sinop (Turkey) 42° 01′ N 35° 09′ E Jun. 2005–Dec. 2014 0 

Sile (Turkey) 41° 11′ N 29° 37′ E Jul. 2008–Dec. 2014 0 
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(a) 

 

(b) 

 
(c) 

Figure 4. Three examples of the relative mean sea level changes at tide gauge stations along the Black 

Sea coast: (a) Poti from the Permanent Service for Mean Sea Level (PSMSL); (b) Bourgas from the 

PSMSL; (c) Igneada from the Turkish National Sea Level Monitoring System (TUDES).  
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2.3.1. Vertical Coordinate Time Series of Global Navigation Satellite System (GNSS) Stations near 

the Tide Gauge Stations 

Along the Black Sea coast, the number of GNSS receivers/stations attached directly to the tide 

gauge or located nearby are very sparse. Thus, the GNSS stations (Figure 3) used in this study were 

chosen by considering their proximity to the tide gauges (see Table 3). Data were used from six GNSS 

stations, which are nearly co-located (located within less than 3 km) at a tide gauge station along the 

Black Sea coast. The vertical displacement time series of three (TUAP, VARN, and BUR3) of these 

GNSS stations were provided by the Nevada Geodetic Laboratory (NGL) [55]. Another three stations 

(TRBN, SINP, and SLEE) are continuous GNSS stations from the Turkish National Permanent Real 

Time Kinematic Network (TUSAGA-Active) [56]. Their vertical coordinate time series from 2009 to 

2014 were obtained (data of the related stations were processed using the GAMIT/GLOBK software 

in Avsar et al. [36]). Note that the TUSAGA-Active GNSS network is in ITRF96, while the positions 

provided from the NGL are in the International GNSS Service (IGS)14 reference frame based on the 

ITRF2014. 

3. Sea Level Changes in the Black Sea 

In order to minimize the impact of low-frequency variability, records longer than 50 years 

should be used for long-term sea level trend estimates [8]. However, as mentioned before, although 

tide gauges have a good record length, they have poor spatial distribution, and only measure changes 

in sea level relative to the land to which they are attached. Conversely, although satellite altimetry 

has a short time period, it enables basin-averaged sea level change to be determined. Sea level data 

in the Black Sea (especially for TUDES tide gauge stations) are mostly short-term, but nevertheless 

the time series indicate trends and seasonal fluctuations. 

3.1. Long-Term Trend and Seasonal Variation from Satellite Altimetry Observations 

The linear trend and seasonal components (annual plus semi-annual) of sea level variability in 

the basin average in the Black Sea were obtained through a least-squares fit of Equation (1). Here, in 

order to examine the long-term variability of the time series, the seasonal components were removed 

from the monthly values by simple subtraction of the estimates obtained by least squared fitting of 

seasonal sinusoids with annual and semi-annual periods (Figure 5a). The results show that the sea 

level in the Black Sea has risen at a rate of about 2.5 ± 0.5 mm/year between January 1993 and May 

2017. In addition, the other dominant periodic behaviors (after removing seasonal cycles) in the 

altimetry time series were determined using Cycles Analysis & Timeseries Software (CATS) v1.0 [57]. 

Figure 5b demonstrates the dominant cycles over the Black Sea level time series from January 1993 to 

May 2017. As seen in the figure, the period of January 1993–December 2014 indicates a more apparent 

trend for this sea level time series. An average trend of 3.2 ± 0.6 mm/year over the Black Sea was 

determined for the period 1993–2014. 

The satellite altimetry observations from 1993 to 2014 yielded a standard deviation of 7.5 cm for 

sea level anomalies in the Black Sea. The mean sea level anomaly in 2010 was about 20 cm above the 

1993 average. This was the highest annual average in the satellite record from 1993 to the present, 

with the record high sea level anomalies occurring in March 2010, January 2011, and April 2013. 

Moreover, satellite altimetry data show there have been some strong fluctuations of sea level in the 

Black Sea; the difference between the mean sea level anomalies from December 2009 to January 2010 

was about 15 cm. 
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(a) 

 

(b) 

Figure 5. Monthly sea level time series in the Black Sea from 1993 to 2017 from the satellite altimetry 

data: (a) Non-seasonal sea level time series with its linear fitting. (b) Dominant cycles (red) over the 

detrended and non-seasonal sea level time series (black). 

For the seasonal components of the sea level variations in the Black Sea, the average annual and 

semi-annual amplitudes were detected as 38.02 ± 6.01 mm and 23.74 ± 6.01 mm, respectively, from 

the satellite altimetry. The average annual and semi-annual phases were 147.38 ± 0.17 ° (~4.9th month) 

and 338.04 ± 0.26 ° (~11.3rd month), respectively. Accordingly, the annual cycle of the sea level 

variations measured by the altimetry attained its maximum value in about May. Many studies have 

reported that the mean sea level reaches the highest levels in May–June in the Black Sea [37,58–60]. 

Our results confirm this condition. 

3.2. Coastal Sea Level Changes from Tide Gauge Records 

In the evaluation, the data gaps were excluded, and the data periods of the tide gauges were 

rearranged (see Table 2). However, data with less than four consecutive missing months were used 
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through linear interpolating. Eventually, Equation (1) was used in the analysis of the sea level time 

series from the tide gauge stations. As an example, the trend and harmonic model of the Amasra tide 

gauge station are shown in Figure 6. 

 

Figure 6. Trend and harmonic model of ~10-year sea level time series at the Amasra tide gauge station. 

After removing seasonal variations, the trend of each tide gauge station along the Black Sea coast 

was derived from the varying record lengths considering the data gaps. The linear variation with 

time and seasonal components of the observed sea level in the tide gauge stations are given in Table 

2. Accordingly, the results show that the rates of the sea level change vary from coast to coast. 

Consequently, nearly all the tide gauge stations (except for Bourgas) indicated rising sea levels. The 

greatest rise along the Black Sea coast was recorded in Poti (7.01 mm/year), and the lowest ones in 

Varna (1.53 mm/year) and Sevastopol (1.56 mm/year). The distribution of the data gaps in the Bourgas 

sea level time series (see Figure 4b) did not allow a reliable trend to estimate for this station, despite 

the interpolation. In addition, Sinop Station showed no significant sea level change. The non-

significant results may be related to the short records, since trend estimations are sensitive to the 

length of the record. It would be unsafe to detect long-term trends from the short datasets [37]. 

As shown in Table 2, the semi-annual amplitudes of coastal sea changes were about 2–3 times 

smaller than the annual amplitudes. Seasonal (annual and semi-annual) sea level change signals 

generally reach their maximum values in May–June. However, the maximum annual amplitude of 

the sea level change at Amasra occurs in April, nearly one month earlier than those of the other 

stations.  
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Table 2. Trend and seasonal components of coastal (relative) sea level changes at the tide gauge 

stations along the Black Sea coast (the longest available data periods of the tide gauges were used for 

the analysis). 

Tide Gauge 

Station 

Data 

Period 

Trend 

(mm/year) 

Annual Semi-Annual 

Amplitude 

(mm) 

Phase  

(°) 

Amplitude 

(mm) 

Phase  

(°) 

Poti 
Aug. 1922 

Dec. 2002 
7.01 ± 0.12 77.42 ± 4.05 157.76 ± 0.05 35.86 ± 4.05 26.52 ± 0.11 

Batumi 
Jan. 1925 

Dec. 1996 
3.52 ± 0.15 78.93 ± 4.43 158.48 ± 0.06 35.19 ± 4.43 22.01 ± 0.13 

Sevastopol 
Sep.1944 

Dec. 1994 
1.56 ± 0.22 79.41 ± 4.58 139.65 ± 0.06 30.07 ± 4.59 16.25 ± 0.15 

Tuapse 
Jan. 1943 

Dec. 2011 
2.92 ± 0.14 70.42 ± 3.85 142.41 ± 0.06 37.00 ± 3.85 29.78 ± 0.10 

Varna 
Jan. 1926 

Nov. 1961 
1.53 ± 0.48 69.54 ± 6.42 152.73 ± 0.09 27.38 ± 6.41 344.06 ± 0.23 

Bourgas 
Feb. 1981 

Jan. 1996 
-7.52 ± 1.33 67.23 ± 8.13 141.78 ± 0.12 20.84 ± 8.12 19.83 ± 0.39 

Constantza 
Jan. 1945 

Dec. 1979 
3.02 ± 0.46 78.14 ± 6.55 127.94 ± 0.08 15.74 ± 6.55 26.34 ± 0.42 

Amasra 
Jun. 2001 

Feb. 2011 
3.43 ± 1.42 30.69 ± 5.71 104.70 ± 0.18 3.47 ± 5.66 340.66 ± 1.63 

Igneada 
Jun. 2002 

Dec. 2014 
6.94 ± 2.18 49.16 ± 11.17 130.14 ± 0.23 16.01 ± 11.22 50.66 ± 0.70 

Trabzon 
Jul. 2002 

Dec. 2014 
2.33 ± 1.75 62.77 ± 8.93 153.45 ± 0.14 27.09 ± 8.93 17.09 ± 0.33 

Sinop 
Jun. 2005 

Dec. 2014 
0.43 ± 2.88 49.04 ± 11.26 135.82 ± 0.23 29.53 ± 11.28 12.06 ± 0.38 

Sile 
Jul. 2008 

Dec. 2014 
5.03 ± 4.84 62.92 ± 12.84 128.86 ± 0.20 22.90 ± 12.84 49.11 ± 0.56 

In many studies, the results showed that tide gauge records along the Black Sea coast were in 

reasonable agreement with the satellite altimeter observations [30,31,35,36]. Nevertheless, in order to 

detect absolute sea level changes in the tide gauge locations, the vertical land motions obtained from 

GNSS measurements should be separated from sea level records [18,36,38]. In this study, 

unfortunately, the data periods of the GNSS time series did not exactly coincide with those of the tide 

gauges (see Table 3). However, the GNSS-derived estimates can give information on the recent land 

motions along the Black Sea coast. Here, the vertical coordinate time series from the nearby GNSS 

stations were analyzed using Equation (1), and thus the vertical velocities of these six GNSS stations 

were estimated. Accordingly, for the Tuapse, Varna, Bourgas, Trabzon, Sinop, and Sile tide gauge 

locations, the GNSS-derived vertical land motions are presented in Table 3, along with the distances 

between the tide gauge and related GNSS stations. The results in Table 3 show land subsidence 

motions at the Tuapse, Varna, Trabzon, and Sile locations. On the other hand, land uplift motions 

were seen at the Bourgas and Sinop locations. Especially for Sile, the high relative sea level rise may 

result from the land subsidence. 
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Table 3. Vertical land motions at the tide gauge locations along the Black Sea coast. 

Tide Gauge 

Station 

GNSS 

Station 

Data Period 
Distance 

(km) 

Vertical 

Velocity 

(mm/year) 
Tide gauge GNSS 

Tuapse TUAP 1943–2011 2015–2017 0.05 −1.7 ± 0.5 

Varna VARN 1926–1961 2005–2017 2.1 −1.1 ± 0.1 

Bourgas BUR3 1981–1996 2009–2014 1.5 4.2 ± 0.2 

Trabzon TRBN 2002–2014 2009–2014 2.8 −1.9 ± 0.3 

Sinop SINP 2005–2014 2010–2014 0.8 6.2 ± 2.5 

Sile SLEE 2008–2014 2009–2014 1.2 −3.0 ± 0.6 

4. Discussion 

In the Black Sea, having a limited interaction with the Atlantic Ocean, there are strong temporal 

mass variations due to its wide drainage area covering a large part of Europe and Asia, and sea level 

change is closely related to its hydrological balance. The results of this study confirmed that the Black 

Sea level has continued to rise over the near satellite altimetry era (1993–2017). In this context, 

monitoring sea level change in the Black Sea is critical for determining its long-term variability and 

mitigating its negative impacts. 

Figure 7 focuses on the spatial distributions of low-lying areas surrounding the Black Sea. Since 

coastal slope is the main indicator, these areas are highly vulnerable to sea level rise. In order to 

estimate the vulnerability of these areas, the general characteristic of the regions should be examined 

in terms of soil type, land use, population, income, etc. 

 

Figure 7. Areas with low slope along the Black Sea shore. 

The level of the Black Sea has been rising at a mean rate of ~2.5 mm/year from January 1993 to 

May 2017, although a slowdown of this rate was recorded over the last about three years. 

Nevertheless, in order to confirm this supposition, the dominant cycles in the Black Sea level time 

series should be examined spectrally. Thus, the recent rate of sea level rise can be estimated more 

accurately. Note that, the dominant cycles of sea level change indicate that the Black Sea rose at a rate 

of about 3.2 ± 0.6 mm/year until December 2014. This rate was nearly identical to the global trend, 

which was reported by Legeais et al. [61]; this common tendency may be attributed to global warming 

[30]. Here, it is appropriate to summarize the available literature on the Black Sea level changes for a 

rightful evaluation (Table 4). When considering the rate values in Table 4 as well as the character of 

sea level fluctuations in the Black Sea, the sea level generally tends to rise in the long-term. The 

estimated rates for the short periods were higher than the estimates for the long periods (note that a 

period under five years is not significant for statistics). The rate of sea level rise estimated in this 

study for a period of approximately 22 years was about 1.8 times greater than the rate in the preceding 
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half a century (1920–1985), as quoted from Goryachkin and Ivanov [31]. However, the fluctuations in 

the Black Sea from 1993 to 2014 were not uniform: the sea level rose in general for the period of 

January 1993–June 1999, fell during July 1999–April 2006 (even though it slightly increased from the 

beginning of 2001 to about 2005), and rose again until 2014. Then, it started to fall again; throughout 

the 1993–2017 period mentioned in this study, the mean sea level displayed a positive trend of 2.5 ± 

0.5 mm per year. According to Ginzburg et al. [30], the sea level increase from 1993 to 1999, and then 

decrease from 1999 to 2001 are in agreement with data on the Danube River discharge. In addition, it 

was mentioned in Cazenave et al. [34], Avsar et al. [62], and Vigo et al. [63] that sea level rise over 

1993–1999 showed good correlation with the increase in sea surface temperature in the Black Sea over 

this period. 

Table 4. Estimates of the rate of the basin-averaged sea level rise in the Black Sea. 

Reference Data Type Period  
Value of Rise or 

Linear Trend 

[29] Tide Gauge 1890–1990 20 cm 

[31] Tide Gauge 1920–1985 1.83 mm/year 

[32] Tide Gauge 1873–1985 1.6 mm/year 

[33] Tide Gauge 1960–1990  2.2 mm/year 

[34] Along-Track Altimetry 1993–1998 27.3 mm/year 

[64] In-Situ 1 1944–2003 2.5 mm/year 

[39] Along-Track Altimetry 1992–2005 7.6 mm/year 

[30] Along-Track Altimetry 1993–2008 13.4 mm/year 
1 Steric data and precipitation/evaporation data provided from climatology and meteorological stations. 

Along the coasts, complex ocean dynamics occur at shorter spatial and temporal scales. For 

example, tides are much more complex near the shore than in the open sea. Moreover, the high 

frequency variations due to atmospheric pressure and tides must be taken into account in these areas. 

Over shorter periods, sea levels rise faster at the coasts than offshore [65]. The main feature of sea 

dynamics in the Black Sea is the cyclonic rim current flowing along the continental slope, and it leads 

to lower sea level in the interior of the basin and higher sea level along the coast [40]. Table 5 presents 

an extensive review of the rates of the sea level changes at common tide gauges from different studies. 

Although the data periods are different, the results obtained in this study showed similar 

characteristics with Alpar et al. [37] and Avsar et al. [38], especially for Poti and Tuapse. At Poti 

Station, a high sea level trend has been generally estimated. This relative sea level rise may have 

resulted from subsidence at the Poti coast [30]. At Tuapse, ground subsidence may be a determinant 

in the sea level rise at this station [38]. While our results indicate that the rate of sea level rise during 

1945–1994 slowed down at the Sevastopol tide gauge station, the trend estimates in Alpar et al. [37] 

and Kubryakov and Stanichnyi [39] were higher. The trend estimates in this study were calculated 

after removing the seasonal cycles. Thus, there was a small discrepancy in the trend estimates along 

the southern coast of the Black Sea compared to Avsar et al. [38]. 
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Table 5. Estimates of the rates of sea level changes at some tide gauge stations along the Black Sea 

coast (the data periods from [37] are approximately known, except for Samsun). 

Tide Gauge 

Station 
Period Reference  

Linear Trend of 

Sea Level Change 

Linear Trend of 

Vertical Land Motion 

Poti 
1890–1950 [37] 8.2 mm/year −6.5 mm/year 

1993–2013 [38] 4.1 mm/year  

Constantza 1860–1990 [37] 2.7 mm/year  

Odessa 
1870–1960 [37] 7.1 mm/year −5.2 mm/year 

1993–2005 [39] −4.2 mm/year  

Sevastopol 
1870–1960 [37] 3.0 mm/year −1.1 mm/year 

1993–2005 [39] 8.3 mm/year  

Tuapse 1993–2011 [38] 4.3 mm/year  

Figure 8 depicts the coastal areas in the Black Sea, which would be under water if the sea level 

rises 1 m. As previously outlined, coastal erosion is also a remarkable problem along the Black Sea 

coastline. The observed rise rates (see Table 2) along the Black Sea coast and the basin-averaged rate 

(from the gridded altimetry data) of the sea level rise may be significant for the threat of coastal 

erosion. It has been estimated by Allenbach et al. [24] that a 50 cm rise in sea level might lead to about 

a 50% reduction in the Black Sea beach area. According to Goryachkin and Ivanov [31], the shore 

might retreat 1–2 m for a rise in the sea level by 1 cm [41]. 

 

Figure 8. Coastal areas under water (marked in red), if the sea level rises 1 m. 

5. Conclusions 

Numerous studies have been carried out to determine the long-term variability of sea level in 

the Black Sea. These studies, based on altimetry and tide gauge data, have revealed that the level of 

the Black Sea has risen. Our study dealt with recent sea level changes in the Black Sea over a time 

period for which data from tide gauges and satellite altimetry are available. The mean rate of the sea 

level rise has been estimated as 2.5 ± 0.5 mm/year over the entire Black Sea by using the gridded 

satellite altimetry data covering January 1993–May 2017. During this period, it was seen that inter-

annual variability of non-seasonal sea level change was quite strong (with a standard deviation of 

about 6.7 cm). In addition, coastal sea level changes were analyzed from 12 tide gauge stations along 

the Black Sea coast. However, most tide gauge data are not up to date and the spatial distribution of 

the stations is sparse. Nevertheless, using the available data, relative sea level changes along the Black 

Sea were assessed, and the results generally reflect a rise in the sea level. The highest rate of rise (7.01 



ISPRS Int. J. Geo-Inf. 2020, 9, 185 16 of 19 

 

± 0.12 mm/year) was at the Poti tide gauge station. These results, combined with the vertical rates of 

GNSS stations, showed that at some tide gauge locations, there were significant vertical movements. 

This study suggests that a regional network of tide gauge stations with a suitable spatial distribution, 

along with co-located continuous GNSS stations along the Black Sea coastline, should be established. 

Continuous geodetic measurements can be used to monitor vertical land movements to estimate 

absolute sea level changes independent of vertical motions of the land. 

The results of this study demonstrate that accurate modeling of sea level changes depending on 

time and location in the Black Sea, which is semi-enclosed, is crucial for risk assessments related to 

sea level rise, analysis of coastal change, and planning of coastal area use. Local, regional, and 

national patterns of potential consequences of sea level rise should be assessed, and coastal 

vulnerabilities should be identified in this region. The implications of sea level rise should be 

considered for population location, economic, infrastructure, and construction planning. This issue 

should be regarded as higher priority in coastal management. The related governments and local 

authorities should design long-term policy for coastal planning. The necessary precautions for 

reducing the effects of sea level rise should be implemented for all coastal areas. 
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