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ABSTRACT:

Sea level rise causes devastating effects on coastal habitats. For example, coastal erosion and saltwater intrusion are major threats for
the Black Sea coasts. So, determining sea level changes in the Black Sea is important in terms of coastal risk assessment and coastal
planning. In this study, present-day sea level change in the Black Sea is estimated from satellite altimetry and gravity measurements.
Altimetry data demonstrate that the Black Sea level has risen at an average rate of 2.5 + 0.5 mm/year from January 1993 to May
2017. During this period, inter-annual variability of the non-seasonal sea level change is quite strong. Furthermore, mass
contribution to this change for the period 2002-2017 has been detected as 2.3 + 1.0 mm/year from the Gravity Recovery And

Climate Experiment (GRACE) mascon solutions.

1. INTRODUCTION

Recently sea level changes due to global warming have strong
effects on coast environments and living conditions, e.g. in the
Black Sea (Avsar et al., 2015). The Black Sea, located
approximately between latitudes of 41° to 46° N and longitudes
of 28° to 41.5° E, is one of the farthest seas among the seas of
the Atlantic Ocean basin. It has rather limited water exchange
with the Mediterranean Sea through the Turkish Straits System
(the Bosphorus Strait — the Sea of Marmara — the Dardanelles
Strait). Unlike the Mediterranean Sea (concentration basin), the
Black Sea is an estuarine basin that is due to major European
rivers discharge (Jaoshvili, 2002; Stanev et al., 2000).
According to Ozsoy and Unliiata (1997), the excess of river
inflow (~350 kmd/year) and precipitation (~300 km3/year) over
evaporation (~350 km?3/year) is balanced by the net outflow
(=300 km?d/year) through the Bosphorus Strait (Volkov and
Landerer, 2015). Therefore, the forcing of sea level in the Black
Sea is dominated by the basin’s freshwater budget and the water
exchange through the Bosphorus Strait as well as depth-
integrated changes in the seawater density.

In order to predict regional sea level change accurately, reliable
observations revealing sea level forcing mechanisms should be
provided. In this study, we present an analysis of present-day
sea level changes in the Black Sea using satellite altimetry and
gravity data.

2. LONG-TERM SEA LEVEL CHANGES IN THE
BLACK SEA

At seasonal timescale, the variations in river discharges,
precipitation, evaporation and outflow of water through the
straits induce oscillations in the Black Sea level with amplitudes
of ~10 cm (Korotaev et al., 2001). However, considering long-
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term variability of the sea level, both tide-gauge and altimetry
observations show that sea level trends in the Black Sea varies
over time. From the beginning of tide gauge observations of the
Black Sea (in 1875) to the first decade of the 21st century, an
increase in the sea level, on the average, was generally
observed, with alternating period of rise and fall (Ginzbug et al.,
2011; 2013). During the period 1875-1922, the Black Sea level
was relatively stable with a slight tendency to decrease; from
1920 to 1985, there was an increase at a rate of 1.8 mm/year.
Based on satellite altimetry measurements over 1993-1998,
Cazenave et al. (2002) reported that the Black Sea level rose at
a high rate of around 27 mm/year. According to Avsar et al.
(2015), the rate of rise was 3.2 mm/year with analysis of
altimetry data between January 1993 and December 2014.
Changes in the budget of water (water balance) are considering
as the main reason for the basin-averaged sea level changes in
the Black Sea (Ginzburg et al, 2013; Kubryakov et al., 2017;
Stanev et al., 2000; Volkov and Landerer, 2015; Yildiz et al.,
2011). For example, Ginzburg et al. (2013) concluded that the
sea level change in 1993-2002 was well correlated with
variability of the Danube discharge.

2.1 Time Evolution of Sea Level in the Black Sea from
Satellite Altimetry

Weekly mean sea level time series for the Black Sea from
January 1993 to May 2017 have been provided from the French
Archiving, Validation and Interpretation of the Satellite
Oceanographic Data (AVISO; http://www.aviso. altimetry.fr/en/
data.html). This product, computed with Topex/Poseidon and
Jason-1&2&3 altimetry missions, are 2-month filtered data. In
order to compute trend, and filter seasonal (semi-annual and
annual) signals, we adjust by least squares fitting the time series
to the following expression (Avsar et al., 2016):
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where M(t) = sea level time series,
t = time, to=1 January 1993,
a = constant, b = linear trend,
k = 1 annual variation,
k = 2 semi-annual variation,

A = amplitude,
= angular frequency,
#x = phase,

&(t) = unmodelled residual term.

It has been found that over the period 1993-2017 the Black Sea
level has risen at a rate of about 2.5 + 0.5 mm/year. To show up
inter-annual variability of the Black Sea level, the residual sea
level after removing the seasonal signal is presented in Figure 1.
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Figure 1. Sea level time series in the Black Sea from the
satellite altimetry data over 1993-2017 and its linear fit
(Seasonal signals removed)

The satellite altimetry observations from 1993 to 2017 revealed
the standard deviation of ~7 cm for sea level heights in the
Black Sea. The Black Sea level in 2010 was about 20 cm above
the 1993 average, and this was the highest annual average in the
satellite record (1993—present). During this period, the record-
high sea level observed in March 2010, January 2011, and April
2013.

2.2 Water mass changes in the Black Sea from GRACE

Total sea level variation is the sum of steric (the signal caused
by temperature and salinity fluctuations) and mass-induced (the
signal caused by addition/subtraction of water to/from water
column) variations (Chambers et al., 2004; Garcia-Garcia et al.,
2010). Satellite altimetry measures the total sea level variation.
Steric sea level variations can be determined through
temperature and salinity profiles from in-situ measurements or
ocean assimilation models. The mass-induced sea level
variations can be estimated from its time-variable gravity
signals. The Gravity Recovery And Climate Experiment
(GRACE) satellite mission, launched in 2002, enables to
directly observe changes in water mass. Monthly estimates of
the Earth’s gravity field from GRACE are used to construct a
time series of water mass variations (Chambers et al., 2004;
Feng et al., 2013; Garcia-Garcia et al., 2010; Yildiz et al., 2011;
Zhou et al., 2016).

In this study, to estimate water mass variations in the Black Sea,
we use GRACE RLO05 Mascon solutions from the Center for
Space Research (CSR) - The University of Texas at Austin,

spanning from April 2002 to June 2017 (Save et al. 2016). The
GRACE data are monthly mass grids corresponding changes in
equivalent water thickness relative to a time-mean baseline.
Mass Concentration blocks (mascons) are essentially another
form of gravity field basis functions (including spherical
harmonics) to which GRACE’s inter-satellite ranging
observations are fit. Each mascon has a specific known
geophysical location. These data are represented on a 0.5 degree
lon-lat grid, but they represent the equal-area geodesic grid of
size 1°x1° at the equator, which is the current native resolution
of CSR RLO5 mascon solutions. Mascon solutions typically do
not need to be destriped or smoothed unlike spherical harmonic
coefficients. Moreover, they allow a better separation of land
and ocean areas. Nevertheless, here, we consider an ocean mask
in order to minimize leakage along the coastline
(http://lwwwz2.csr.utexas.edu/grace/RLO5_mascons.html).  The
data also have a Glacial Isostatic Adjustment (GIA) correction.

For this study, we cut out the Black Sea data from the global
dataset, and obtain the basin-averaged time series of equivalent
water thickness. For the analysis, the 20 missing solutions in the
GRACE data between April 2002 and June 2017 have been
interpolated. Then, the mass-induced contribution to sea level
change in the Black Sea during the period of 2002-2017 is
derived from the GRACE mascon solutions using Equation (1).
Accordingly, the result shows a rate of the non-seasonal
seawater mass change of about 2.3 + 1.0 mm/yr over the last 15
years.

Figure 2 demonstrates the monthly time series of the Black Sea
level from April 2002 to December 2014 from satellite altimetry
(sea level anomalies) and satellite gravity (equivalent water
thickness). For this period, while the sea level rise from satellite
altimetry is about 3.3 = 1.5 mm/yr, the GRACE observations
indicate sea water mass variations at a rate of 1.6 + 1.4 mm/yr.
According to Figure 2, both observations exhibit similar
fluctuations especially in some time periods. For example, the
mass-induced sea level changes may be major factor for the
increase of sea level in the Black Sea in the early 2010s. Our
results support the idea by suggested Volkov and Landerer
(2015): the observed large fluctuations of sea level in 2011 and
2013 have been driven the freshwater fluxes in the Black Sea.
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Figure 2. The variability of the Black Sea level over 2002—-2014
from satellite altimetry (total) and gravity data (mass-induced)

3. CONCLUSIONS

The aim of the present study was to investigate long-term total
sea level changes in the Black Sea by considering the
contribution of the water mass changes. The basin-mean sea
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level rise from January 1993 to May 2017 is about 2.5 mm/year.
However, the sea level trends in the Black Sea are not constant
over time. The analysis of monthly satellite altimetry and
gravity time series between April 2002 and December 2014
demonstrates a rising trend at a mean rate of ~3.3 mm/year, and
~1,6 mm/year for total and mass-induced sea level changes in
the Black Sea, respectively. In this sense, steric changes can be
expected to contribute to the sea level rise in this basin.
Nevertheless, we confirm that the non-seasonal sea level budget
in the Black Sea is dominated by water mass changes.

This study demonstrated that GRACE data can be used to
estimate non-steric sea level changes in the Black Sea. For the
period of 2002-2017, the GRACE-derived water mass change
shows a rising trend at a rate of about 2.3 mm/year. This change
should be compared with steric-corrected altimetry observations
for more accurate evaluation of the contributions to sea level
change. It is important to identify the contributions at adapting
to potential impacts of the sea level rise.
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