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Abstract

:

The problem of shoaling on coastal structures is the result of an event that occurs as part of the natural cycle. In cases where shoaling cannot be detected or prevented, various economic and operational problems may arise and may cause disruptions. In this study, the complex coastal dynamic impact of shoaling on three sequential fishery coastal structures located within the borders of Rize province in the Eastern Black Sea region of Türkiye was examined in terms of bathymetric changes and sediment transport under the influence of the incident wave climate. The effects of these structures on each other were also investigated. With this aim, bathymetric measurements were carried out to examine the impact of waves on seabed erosion and deposition. A serious shoaling problem was identified at one of the harbor launches under investigation, where approximately 13,200 m3 of deposition occurs annually in a relatively small harbor launch area. Such physical problems are thought to be the result of shoaling, the selection of sites that are not viable for fishery-related coastal structures, or the wrong positioning of the breakwater.
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1. Introduction


One of the most important problems faced by structures built on the coast is that of accumulation (sedimentation) or erosion, which occurs because of the disruption of the sediment transport balance. Coastal erosion is a natural process resulting from the dynamic nature of the coastal environment (i.e., the nearshore wave regime and the frequency of storm events), the characteristics of the coastal zone (i.e., the lithology and beach slope), and human impacts (i.e., the removal of coastal ecosystems and the damming of rivers) [1,2,3,4,5]. Even if the shore is in a position of dynamic equilibrium before the construction of the structure, various local erosion or sedimentation problems may occur after the structure has been constructed. The shape, type, size, and extent of the damage caused by these problems are closely related to the wave climate of the region, coastal sediment flow, sediment properties, and the characteristics of coastal structures. The most important sedimentation problem faced by coastal structures that have been built for the development of fishery activities is that the basins of these structures are filled with various solid materials (sediment), such as gravel, sand, and clay. The sediments are transported into the basins, accumulate therein, and cause the basins to become shallower over time, making it difficult, sometimes impossible, for various sizes of boats to berth on these fishery coastal structures. If the structures encounter such shoaling problems, the solutions that will be required to prevent sedimentation will incur some additional costs. Considering that this situation applies in most fishery coastal structures, significant dredging will be required. Thus, a considerable amount of money will be needed. Before these structures are designed, detailed field studies should be carried out to avoid such problems or to minimize the problems that may occur in the future.



Sedimentation has caused various problems on many coasts around the world. A proper understanding of coastal morphological changes is essential for the integrated management and sustainable development of the coastal zone [6]. Many researchers have tried to examine this problem using different methods and tools. Initially, the main problem was obtaining the bathymetric data since analyzing and interpreting the effect of coastal sedimentation is performed using a high-precision bed surface. Some researchers have focused on creating and then using a surface model via traditional methods [7,8,9,10,11,12,13,14,15,16]; however, with the newest survey technology, remote sensing is possible. This technique provides an opportunity to ascertain the seabed morphology with minimum effort. Although remote sensing applications are very common and popular, the various forms have different advantages over each other. In addition, satellite images are sometimes very useful [17,18,19,20,21,22]. Free-of-charge images are a cheap and affordable way to acquire shallow-water data. Another form of remote sensing technology is LiDAR, which offers high precision but is expensive [23,24,25,26]. Employing a photo-based solution using drones (tricopters, quadcopters, hexacopters, etc.) is rarely practical [27].



Previous researchers conducted an experimental study to test the efficiency of the physical model on sediment transport in the nearshore environment [28,29]. Moreover, others tested the results using a numerical model [30,31,32,33,34,35,36,37]. When extra validations are needed, a combined form derived from the various numerical and experimental models can be used to describe the sedimentation problem [38,39,40,41].



Based on the bathymetry survey, traditional ways of mapping are more reliable and precise than remote sensing techniques. Traditional bathymetry survey methods typically involve the use of a single-beam or multibeam echo sounder. These methods have been used for many years and are well established, making them reliable for hydrographic surveys. In this study, the shoaling processes seen in some harbor launches (at Sarayköy, Sandıktaş, and Yanıktaş in Rize, Türkiye) were monitored in the traditional manner (Figure 1). Accordingly, this study was conducted to determine the compatibility and consistency of the surface model obtained through bathymetry and shallow-water surveys carried out periodically, along with the sieve analysis of the sediment samples taken from the same place in each survey period, and the results were compared to existing maps to identify changes in bathymetry. Field studies were carried out to determine the bathymetric changes and monitor any specific scenario by focusing on a particular structure. Thus, in this study, wave–sediment transport interaction was investigated in three sequential fishery harbors. All bathymetric variations were evaluated based on the wave data and granulometry of the sediment samples. Granulometric variations in the sample points gave hints as to where the sediment came from.



1.1. Distribution of Fishery Coastal Structures in Türkiye


The total length of the Turkish coast is 8483 km, including the Black Sea (1719 km), Marmara (1474 km), and the Mediterranean (2025 km) and Aegean (3265 km) coastal regions [42]. There are 358 fishery coastal structures in operation along the entire Turkish coast (including the undefined structures) (Table 1). A fishery harbor (FH) is a place where fishing boats can be tied up, while a harbor launch (HL) is a slipway where boats, barges, and small ships are pulled ashore. Every one of the harbor launches and fishery harbors are described as fishery coastal structures (FCSs). There is a total of 98 FCSs in the provinces of Artvin, Rize, Trabzon, and Giresun in the Eastern Black Sea region [43]. The types of these structures and their distribution are given according to their provinces in Table 2. Rize province has a coastline of 80 km. It has a total of 39 fishery coastal structures, including 5 fishery harbors and 34 harbor launches. Rize province has the greatest number of coastal structures in the Eastern Black Sea region, with a proportion of 39.8%.




1.2. Shoaling Problems on the Turkish Coast


The Eastern Black Sea region has the greatest number of coastal structures in Türkiye. Therefore, fishery coastal structures are of great value for the Eastern Black Sea region. Fishermen are warned to take greater care in the Eastern Black Sea, where fishing is a critical income source for the native population [44]. The occurrence of shoaling in harbor launches is a serious problem since fishing boats cannot maneuver easily in the extremely shallow waters that result. Some fishery harbors and harbor launches, especially in the Mediterranean and Aegean regions, serve the tourism and transportation sectors as well as the agriculture sector, while most of the coastal structures serve the agricultural sector [43]. Fishery coastal structures that are in need of dredging, according to the Ministry of Transport and Infrastructure’s regional directorates, are given in Table 3. As shown in Table 3, 169 (46.6%) of the 363 fishery coastal structures in Türkiye are located in the Black Sea region, with 85 (23.4%) in the Marmara region, 85 (23.4%) in the Aegean region, and 19 (5.2%) in the Mediterranean region. Most of the fishery coastal structures (55.1%) in these regions require dredging. The Black Sea region demonstrates the greatest need for dredging, with 78 FCSs. Fishery coastal structures that are in need of dredging in the Eastern Black Sea region are detailed in Table 4. As can be seen, 50 out of the 98 fishery coastal structures within the boundaries of the Eastern Black Sea region require dredging [45].



One of the biggest problems faced by fishery harbors is the shoaling of the entrance and the basin of the structure. After this occurs, dredging is inevitable if the basin or inlet of the fishing coastal structure is to continue its operations. Thus, fishing activities will be interrupted. Various studies have been carried out in many parts of the world, exploring ways to avoid or minimize the shoaling problem [6,30,31,35,40]. Of these previous studies, no comprehensive study was found that included fishery harbors and their vicinity, incorporating a detailed bathymetric survey, sediment samples, and an examination of wave properties. The results of this study are of critical importance in terms of making the right decisions during the design phase of fishery coastal structures that are planned to be built in the future. Thus, this study aims to investigate the shoaling mechanism and the source and possible path of sediment transport, causing the accumulation of deposits in three harbor launches of the Eastern Black Sea region that are exposed to severe shoaling. Shallow-water surveys were first carried out periodically in three selected harbor launch areas. Secondly, closure depths were determined, along with sequential profile changes for each study area, and then the study areas were separately divided into sub-regions for evaluation of the erosion or accumulation rates in the harbor launches. Bathymetric surveys and wave parameters were analyzed at certain time intervals, and sediment samples were acquired at several locations. The results obtained from the field studies were examined by evaluating possible reasons for the shoaling problem and, thus, serve to improve our understanding of the physical mechanisms of shoaling around the harbor launches.





2. Study Area


The Eastern Black Sea region has the highest number of fishery coastal structures in Türkiye. Of the 98 fishery coastal structures, 39 (39.8%) in the region are in Rize province. In total, 17 of these fishery coastal structures, almost half of them, need dredging during certain periods. The distribution of the fishery coastal structures that are in need of maintenance, expansion, repair, and dredging in the Eastern Black Sea region, grouped according to province, is shown in Table 5. Based on this information, 10 of the FCSs in Rize province need dredging in the short term and 7 in the medium term. Since the highest number of FCSs requiring dredging are located in Rize, this region is the focus of the current study. While choosing the fishery coastal structures to be investigated, attention was paid to the fact that they were close to each other in terms of location, they were set at different angles (to observe the efficiency of the various coastal structures under the same wave attack), and the volume of shoaling was different. The closeness of the selected coastal structures to each other will enable several observations (wave height, period, and direction) on these structures. The shoaling problems identified by the fishermen in the selected fishery coastal structures were also taken into consideration in their selection. Considering all these parameters, three fishery coastal structures were selected in the Derepazarı and İyidere districts, which are located within the borders of Rize province in the Eastern Black Sea region. The study area and the selected harbor launches are shown in Figure 2.



The short-, medium- and long-term investment program proposals of three FCSs were selected since they fell within the scope of this study, for which the proposed maintenance, dredging, extension (addition), and priority degrees of fishery coastal structures are shown in Table 6. According to this table, it is evident that Sarayköy harbor launch needs repair, dredging, and extension in the medium term, Sandıktaş harbor launch needs dredging in the short term and extension in the long term, and Yanıktaş harbor launch needs dredging and extension in the medium term. The characteristics of the three selected fishery coastal structures are given in Table 7. Sarayköy harbor launch has a main breakwater of 167 m in length, with a secondary breakwater of 80 m in length, and can accommodate 10 fishing boats. The distance to the city center is 13 km. The length of the main breakwater of the Sandıktaş harbor launch is 290 m, that of the secondary breakwater is 60 m, and it can accommodate 20 fishing boats. The distance to the city center is 10.8 km. Derepazarı Yanıktaş fishery harbor launch has a single breakwater, which is 150 m in length, and can accommodate up to 22 boats.




3. Materials and Methods


3.1. Field Surveys


Field studies are extremely important for the planning, protection, and operation of coastal structures, which make significant economic contributions to the region. A series of field studies was carried out to monitor the shoaling processes of the FCSs, specifically, the source and path of sediment transport, which affects the shoaling. Field surveys were conducted in two areas, one at sea and one on the land, to monitor sediment transport in the vicinity of fishery coastal structures. Initially, we planned to observe seabed changes by conducting a total of three bathymetric surveys (summer–winter–summer), performed once every 6 months. However, the fact that the weather and wave conditions in the sea were not always suitable caused the planned survey periods to change. Therefore, surveys were carried out on the dates specified in Table 8.



In bathymetric surveys, the boat, which is equipped with various instruments, may not be able to access and measure the depths in shallow water. Therefore, the shallow-water measurements were taken manually. Unlike in the sea measurements, the surveys were conducted more often in those parts where the slope changes frequently or abruptly and were less frequent in the regions with flat and constant slopes. A Topcon HiPer V rover (multidirectional GNSS receiver) was used for the shallow-water surveys, and CORS-TR was used as the measurement system. The height correction of the satellite receiver was made according to a reference point with a certain elevation. This correction was repeated for each survey. The most important step in generating bathymetric maps is the comprehensive and reliable sensing of the seabed’s topography. The boat to be operated when taking the measurements should proceed at a speed of approximately 4 knots and have sufficient maneuverability. Therefore, a rubber boat of 3 m in length was used for the sea measurements. Due to the stability and safe driving conditions provided by the boat, the predetermined measurement lines could be followed as accurately as possible. The boat was equipped with the following instruments: a Topcon HiPer V mobile satellite receiver, an Ohmex SonarMite-BTX single-beam echo sounder, an AML Oceanographic BASE X device (which is used to measure the propagation speed of sound in water to ensure high precision in the measurements), and a computer (which is used for the synchronous recording of navigation, depth, and spatial data). Using an echo-sounder, measurements were taken to 10 m in depth with high resolution (accuracy at the centimeter level). With the help of the smart transducer and the bottom-tracking feature, the depths were digitally recorded on the computer with the quality note. The data being received from both the echo-sounder and the SonarMite were simultaneously recorded independently through a timestamp with 1-millisecond precision. Simultaneous position data were collected using the Kordil Navigation Pro software (v2). Depths were converted to the TUDKA (Turkish National Vertical Control Network) system, regardless of the sea level that was measured, while considering the water level changes being recorded simultaneously with bathymetric measurements. Surveying line spacing that was wider than 15 m was not allowed in the measurements, to ensure that the bathymetry changes can be examined with reasonable accuracy (Figure 3 and Figure 4). The preprepared lines of the first survey were tracked for the following surveys. The survey lines were followed using a PC screen on the boat. This procedure ensured that the point iterations of the sea surveys were performed from nearly the same points.



Positioning was performed using the Topcon HiPer V mobile GNSS (Global Navigation Satellite System) instrument using the CORS system. The CORS system consists of fixed observation stations, which are used by many countries and are in certain locations at set intervals to present the spatial coordinates of a particular point to the user, with the necessary corrections being made precisely [46]. With the CORS-TR system, the mobile receiver was positioned on the boat for the sea surveys and on a life jacket for shallow-water surveys. The raw data of the GPS antenna were recorded simultaneously. To confirm whether the initial and final readings were linear or not, the NMEA (American National Marine Electronics Association) GGA message, recorded with the Kordil Navigation Pro software and the RTK antenna elevations extracted from this message, was used.



It was necessary to correct the depth values using sound velocity propagation. Hence, the AML Oceanographic BASE-X instrument, which determines the sound velocities in the sea by using properties of the temperature and salinity properties of water, was used in the measurements. According to the density of the aquatic environment, sound velocity propagation (SVP) ranges from 1390 to 1650 m/s. SVP on the water surface, measured at 15 °C and 3.2% salinity, was 1500 m/s. SVP in the sea can be between 1470 and 1500 m/s, on average. The general relation of SVP is calculated as follows:


SVP = 1449.2 + 4.6t − (0.055t2) + (0.00029t3 ) + (1.34 − 0.01t)(s − 35) + 0.016d



(1)




where SVP is the propagation velocity of sound in water (m/s), t represents the water temperature (°C), d is the depth from the sea surface (m), and s is the salinity of the water (0/00).



The root mean square error (RMSE) method was used to check the reliability of measurements in the region where there was no sediment transport. The RMSE value was found to be 0.03 m, which shows that the measurement reliability is quite high in the selected regions.


  RMSE =       ∑   i = 1  n    (  e i  )  2   n     



(2)




Here, ei is the depth for any survey point, while n is the data number.



During data processing, Kordil Geodesy Tools + SonarMagic and PDS2000 software (v.3.9.2.5) were used. The data collected through the time label were combined with the Kordil Sonar Magic software (v.2.6.1) and then corrected using the SVP, offset, and water level heights. Coordinates with the date and time data were transferred to the PDS2000 program. The profiles were examined and unrealistic data were discarded. Finally, the edited profiles were mapped in the PDS2000 plot module.




3.2. Sea Level Measurement


Sea level measurements were taken before and after the surveys. If there were differences larger than 2–3 cm, this difference was evaluated in the data analysis by considering the readings on the instrument elevation during bathymetry measurements. The sea level was measured from a polygon point on a pier located near the study area, just before and after the bathymetry surveys. The actual depth value was determined by correcting the measured sea level, as in the formula given below:


RL = (SL − TD)(SVP/1500)



(3)




where RL represents the real level, SL represents sea level, TD represents the transducer draft, and SVP represents the propagation speed of a sound wave in the sea (m/s).



It is known that the average water level change interval in the Black Sea is small. The authors of [47] reported that the difference between the monthly mean highest and lowest sea level was 19 cm, while the authors of [48] reported that the mean seasonal sea level anomalies of the Black Sea were 20 cm. The author of [49] stated that the tidal amplitudes in the Black Sea were very small (3–9 cm) compared to other seas in the world. Every sea survey took 5–6 h. Thus, bathymetric data were not affected by sea level changes during the survey period.




3.3. Sediment Properties of the Fields


Sediment samples were taken from various depths in each region to represent the upstream, downstream, and inner (basin) and outer parts of the harbor launch. The sampling points of the Sandıktaş, Yanıktaş, and Sarayköy HLs are shown in Figure 5 and Figure 6, respectively. A sieve analysis test was carried out to determine the particle size distribution of the samples, for which 0.5–1.0 kg samples were taken. The sieve analysis test was carried out according to the methods specified for the standard given in [50], and sieves with the sieve mesh diameter specified in this standard were used in the tests. No organic matter was observed in the samples that were taken. By using the obtained data, the particle size distribution (granulometry) curves of the sediment samples were obtained. The d30 and d60 and the effective grain size (d10) on the sieve analysis curve were obtained, and the values of the coefficient of uniformity (Cu = d60/d10) and the gradation coefficient (Cc = (d30)2/(d10.d60)) were calculated. Sediment samples were classified by using Cu and Cc values. The unified soil classification system (USCS) method was used when classifying the soil samples. While making this classification, the standards recommended in [51] were used. In this system, the soil class was determined by using the passing percentages of the 200-micron and 4 mm sieves and the Cu and Cc values. As a result of these evaluations, it was determined that the sediment samples taken from the Sandıktaş and Yanıktaş regions were in the SP (poorly graded sand) and SC–SM (clay sand–silty sand) class, while the samples from the Sarayköy region were in the SP (poorly graded sand) class (Table 9 and Table 10). The average grain size (D50 = 0.37 mm) was closely similar inside, upstream, and downstream of the breakwater. From the coast to the offshore region, the average grain diameter decreased gradually.




3.4. Determination of Off-Shore Wave Conditions in the Study Area


To determine the wave conditions, the third-generation spectral wave hindcast model, SWAN Cycle III version 41.01, developed by [52,53] was applied. The model was adapted to the Black Sea, as suggested by the authors of [54]. The first of the two-input datasets required by the wave hindcast model was the general bathymetric charts of the ocean (GEBCO) bathymetry data [55], which covers the entire Black Sea with a spatial resolution of 30 arc seconds, and the second is the climate forecast system reanalysis (CFSR) wind fields dataset [56]. The CFSR winds have a temporal resolution of 1 h and a spatial resolution of 0.2045° × 0.2045°. For SWAN simulations, a uniform (homogeneous), rectangular (regular) computational area was defined, covering an area of approximately 1170 km by 880 km, including the entire Black Sea. This area covers approximately 8° latitude (40° N–48° N) and 15° longitude (27° E–42° E). The numerical resolution is constrained by 226 and 121 digital mesh points in the x and y directions of the geographic area, respectively, and was created as equal to approximately 0.067° × 0.067°. The spectral field was divided into 24 equal directions in a 360° cycle, and the calculations were performed at 30 logarithmic frequencies between 0.04 Hz and 1.0 Hz. For the output of the model results, the temporal resolution was set to 30 min, and the SWAN model was applied in the third-generation and nonstationary mode. In the model, since the Black Sea is almost enclosed, the boundary condition was not used, and the currents were not examined.



Most of the physical adjustments for the wave model calculations were based on the default adjustments of the SWAN model. However, different settings were preferred in this study for the wind input and whitecapping processes. Ref. [54] examined how the performance of the model would change as a result of the combinations created between different wind input and whitecapping formulations and when the different whitecapping coefficients that were used presented an optimum adjustment for the Black Sea. The physical adjustments recommended by the authors of [54] were used in this study. Accordingly, for the wind input process, the formulations from [57] and those from [58,59] were used for the whitecapping process, and the whitecapping coefficient was set to 1.5. Using the values of λ = 0.25 and Cnl4 = 3 × 107 for the quadruplet wave interactions, the discrete interaction approach used in Ref. [60] was employed. The JONSWAP friction formulation of Cfjon = 0.038 m2 s−3 was used, which was based on that used by the authors of [61]. Depth-induced wave breaking was modeled according to the approach taken in [62], using the values of α = 1 and γ = 0.73. Three-wave interactions were activated based on the approach adopted by the authors of [63]. Thus, a spectral wave modeling technique including both offshore (wind wave growth, whitecapping, and quadruplet wave interactions) and nearshore (bottom friction, wave breaking, and triad wave interactions) physical processes were performed for the period from 1 June 2016 to 8 April 2018, and all the desired wind and wave parameters were accumulated for this time interval at all the chosen locations.



Since the main focus of this study was on those regions where the relevant fishery coastal structures (FCSs) are located (Figure 2), approximately eight stations were chosen that were located offshore from the harbor launches to represent the wind and wave conditions of each sub-region from west to east. The simulation results were examined, and it was determined that all stations showed a similar feature for each sub-region. For this reason, the results for a selected station in each sub-region were analyzed separately for each year within the 2016–2018 period.





4. Results and Discussion


This section presents the shallow-water surveys and details of the examined areas in the sub-regions and evaluates the bathymetric changes in the harbor launches based on bathymetry difference maps, average water depths, and wave conditions.



4.1. Shallow-Water Surveys


Shallow-water surveys were carried out periodically in three selected harbor launch areas. The measurement areas were determined to be sufficiently large to observe not only the shoaling of the basin in which these structures are located but also the possible path of sediment transport. After the surveys, all data were processed, and the bathymetry maps that were obtained from studies conducted for three different regions are shown below (Figure 7). For each harbor launch, the first survey was taken as a reference, then the depth-difference maps were created by either subtracting from each bathymetry value or adding to each one.




4.2. Determining the Examined Areas


The bathymetric variation around any coastal structure cannot be the same in all locations; in some areas, erosion may occur, while in others, deposition may be more dominant. Therefore, the study areas were divided into certain sub-regions, evaluating the conditions separately for the harbor launches. The area in the vicinity of the Yanıktaş harbor launch was divided into four regions for evaluation. Accordingly, region C represents the basin, region A represents the updrift, region D represents the downdrift of the harbor launch, and region B represents the upper part of the breakwater. The regions are shown in Figure 8, based on the difference map created between the second and third surveys. Two profiles, SEC-350 and SEC-750, are shown in Figure 9. From these profiles, it was observed that the bed changes were negligibly low at depths deeper than −7 m. The northern border line of the regions created for all the selected harbor launches was determined to be between −6 m and −7 m in depth, and areas deeper than those measured within this border were not included in the evaluations.



The line was drawn vertically from the starting point of the main breakwater to the northern boundary line for the Sandıktaş HL. Similarly, vertical lines were drawn from the main breakwater and the shoreline in the downstream region of the breakwater to the northern borderline. The location of the vertical line drawn from the shore downstream of the main breakwater to the northern boundary line was chosen by considering the impact area of the sediment transport. A line parallel to the shore was drawn from the side of the main breakwater to the downstream boundary line. The boundaries of all regions were determined using the lines formed by combining the main breakwater and the secondary breakwater (Figure 10). The profile sections numbered 1150 and 1500 for the Sandıktaş harbor launch are shown in Figure 11. Hence, it was observed that the changes in the seabed were negligibly deeper than −6 m and −7 m.



In Sarayköy’s fishery harbor, five separate areas were created and then evaluated independently. Region A represents the area southwest of the breakwater, region D represents the area east of the breakwater, region C represents the area within the harbor, region B represents the western area, and, finally, region E represents the area outside of the breakwater. Here, a vertical line was drawn between regions A and B from the starting point of the main breakwater to a depth where there was no sediment transport. The locations of the vertical lines drawn upstream and downstream of the main breakwater were decided by considering the impact area of the sediment deposition (Figure 12). It is necessary to make evaluations and comparisons in the context of exposure and shoaling. Hence, the angles of the second part of the main breakwaters with an offshore dominant wave direction were determined, to examine the effects of the positioning of the breakwater.




4.3. Evaluation of Bathymetric Changes in the Harbor Launches


In this section, we present bathymetry difference maps that show the seabed changes between two bathymetries in any survey period for every harbor launch of interest. After that, the polygon area, volume difference, and mean vertical variation were determined for each sub-region in each study area. The deposition/erosion amounts/percentages for each sub-region were computed and discussed, taking into account the mean water depths in the sub-regions, wave roses, the dominant wave direction, and wave conditions.



4.3.1. Sandıktaş Harbor Launch


Bathymetry difference maps were created for the Sandıktaş harbor launch. The depth-based differences between the second and third surveys are shown in Figure 13. The polygon areas, volume differences, and average vertical changes obtained from the bathymetry difference maps are given in Table 11. Thus, deposition/erosion percentages were determined (Table 11) and are shown graphically (Figure 14). The volumes were calculated for the first three surveys in region C as −8085 m3, −5764 m3, and −390 m3, respectively. By taking the first measurement as a reference, the ratio of the difference between the first and second measurement values to those of the first measurement iteration was found. According to this ratio, 28.7% of deposition occurred. Likewise, based on the ratio of the difference between the first and third measurement values to those of the first measurement iteration, 95.2% of deposition occurred.



In the Sandıktaş harbor launch area, erosion only appeared in region A; however, deposition occurred in regions B, C, D, and E. It was clearly observed that the direction of sediment transport was from west to east, due to the dominant wave direction (please see Figure 15). While there was an average of 0.04 m3/m2 of erosion between the first and second surveys in region A, an average of 0.15 m3/m2 of erosion was observed between the first and third surveys. It was seen that the average water depth increased in comparison with the initial position (4.99 m) in subsequent measurements (please see Table 12). While there was 0.5% of erosion between the second and the third surveys in terms of the deposition/erosion percentage, 2.85% erosion was observed between the first and the third surveys. Region B can be characterized as the transition area. Between the first and the second surveys, an average of 0.12 m3/m2 of deposition was observed, and this amount remained constant (Table 11), while the average water depths were 5.63 m, 5.50 m, and 5.53 m, respectively (Table 12). Therefore, seabed changes in the region were not characterized as being stationary.



Regions C and E represent the entrance and downstream side of the breakwater, respectively. Significant deposition was observed in both regions. For the second survey, it was seen that the average water depth in region C decreased from 0.90 m to 0.65 m (Table 12). In region E, the average water level decreased to 3.79 m, decreasing by 0.07 m in the second survey. The average depth of region E decreased to 3.35 m by the third survey. Moreover, region C reached an average of 0.04 m in depth, decreasing by 0.61 m in the third survey. The increment of the average layer thickness was 0.31 m3/m2 (28.7% deposition/erosion ratio) between the first and second surveys, while the value was 0.91 m3/m2 (95.18% deposition/erosion ratio) between the first and third surveys. One of the most important factors causing this interaction is diffraction. Upon reaching the main breakwater, the waves turn toward the inside of the breakwater and continue their movement at a reduced speed, which causes the material they carry to be transported into the inlet and the harbor basin and to settle there. In order to reach this conclusion, wave roses were constructed for different time periods using the wave hindcast data from the station considered within the study region; these are shown in Figure 15 for the Sandıktaş HL. This analysis also shows that the second part of the Sandıktaş HL’s main breakwater formed an angle of approximately 45° with the offshore–dominant wave direction. In addition, the height, period, and direction variations of the waves with respect to the time intervals are plotted in Figure 15. In regions A and B, since the wave conditions between the third and second surveys were higher than the wave conditions between the first two surveys, those regions have been subjected to scouring. In regions C and E, despite the increase in wave conditions, the amount of deposition increased with the effects of refraction and diffraction.



Another factor that caused excessive accumulation in region E was the natural rocks found in the sea downstream of the harbor launch. These rocks act as a sand trap by preventing sediment transportation along the coast and causing the material to be retained in that area. This trapped material is transported and accumulated inside the breakwater by small waves coming from the north–northeast direction. The height of the incoming waves for the time interval of the first to the third surveys was higher than for the time interval of the first to the second surveys for H1/100, the average of the highest 100 waves (Figure 16). As the wave height increased, the capacity for sediment transport also increased. Region D was exposed to both deposition and erosion at the same time; however, the seabed changes remained in balance. It was observed that the changes in the average layer thickness and the average water depths remained fixed in each survey.




4.3.2. Yanıktaş Harbor Launch


Yanıktaş HL and its vicinity were divided into regions A, B, C, and D. Figure 17 shows the elevation differences between the surveys. The polygon areas, volume differences, and average vertical changes on the bathymetry difference maps are given in Table 13. Based on the bathymetry maps, average water depth and volume values were obtained for each sub-region by taking a reference survey with regard to the bed elevation. Deposition/erosion percentages were obtained by dividing the differences between these volume values (Figure 18). It was observed that there was no overfilling or erosion in Yanıktaş HL, which means that there were no marked changes to the seabed. Region A represents the upstream region of the breakwater. As a result of the second survey, it was observed that an average of 0.16 m3/m2 of erosion occurred in the sub-region. After the second survey, deposits in the area had slightly accumulated, and there was 0.14 m3/m2 of erosion between the first and third surveys. After the first survey, the deposition material was transported eastward and erosion occurred in the sub-region, then the material returned to the sub-region from the west and accumulated to a small degree (Table 13). The average water depth value was 5.15 m in the first survey, but this value increased to 5.31 m in the subsequent measurement iteration, and then remained stable, with a very small decrease of 0.02 m.



In region B, while there was an average accumulation of 0.20 m3/m2 between the first and second surveys, this value decreased to 0.10 m3/m2 between the first and third surveys (Table 13). There was 5% of deposition between the first and second surveys, whereas this value was halved between the first and third surveys (Figure 18). The average water depth values were 5.13 m, 5.01 m, and 5.04 m at the first, second, and third surveys, respectively (Table 14). Region C represents the basin of the breakwater. The material coming from the west continued to move in the same way, in the direction of net transport, without entering the breakwater. There was very little change in the basin of the breakwater. The average water depths were 2.48 m at the end of the first survey and 2.41 m and 2.50 m in the subsequent surveys, respectively. Seabed changes in the region can be characterized as being stationary. The increment of the dominant wave heights did not affect the shoaling in the breakwater at Yanıktaş HL. Region D was stable between the first two surveys and an average of 0.11 m3/m2 of erosion was observed between the first and third surveys. The average water depth values were 4.39 m, 4.38 m, and 4.51 m at the first, second, and third surveys, respectively (Table 14). Figure 19 shows that the second part of the main breakwater in the Yanıktaş HL formed an angle of approximately 75° with the offshore dominant wave direction. The height of the incoming waves (H1/100) in the period between the first and third surveys was higher than the height of the incoming waves in the period between the first and second surveys (Figure 19). As the wave height increased, the longshore transport flow also increased. This was one of the most important reasons why the shoaling effect seen in the breakwater between the first and third surveys was markedly higher than that in the time between the first and second surveys. Likewise, higher wave heights between the first and third surveys caused greater erosion compared with the first two surveys in Region A. The H1/100 values and the relative wave roses are shown in Figure 19. The height, period, and direction graphs of the waves are shown in Figure 20. Compared to the angle (approximately 45°) for Sandıktaş harbor, the waves reached the harbor area at an angle closer to the perpendicular (approximately 75°), and the areas were less subject to shoaling and refraction effects, resulting in a low level of accumulation/erosion in and around the harbor basin.




4.3.3. Sarayköy Harbor Launch


Sarayköy HL and its vicinity were divided into five sub-regions, which were designated as A, B, C, D, and E. The bathymetric difference maps are shown in Figure 21. Based on the bathymetry maps, the average water depths and volume differences were calculated for each region by taking as a reference the elevation to the seabed surface (Table 15) (Figure 22).



Sediment accumulated in regions A, B, C, and D (especially in region C), whereas erosion occurred in region E. After the second survey, the average depths of regions A, B, and C almost did not change, while erosion occurred in regions D and E. Region C represents the basin of the breakwater. There was an average of 0.18 m3/m2 of deposition between the first and second surveys; also, an average of 0.17 m3/m2 of deposition was observed between the first and the third surveys (Table 15). After the second survey, the water depth decreased from 0.36 m to 0.18 m, then the average water depth value increased to 0.22 m, with an increment of 0.04 m (Table 16). After the second survey, updrift transport continued; therefore, the region remained stable. There were no remarkable differences between the heights of the incoming waves among the surveys, according to the wave analysis (H1/100). However, waves coming from a northerly direction in the period between the first and the second surveys were higher than those in the period between the first and the third surveys (Figure 23). This was a factor affecting the disparity of shoaling in the basin of the breakwater between the first two surveys. The average sediment grain diameter of the basin and entrance of the breakwater were coarser than those upstream and downstream of the breakwater in the Sarayköy HL. This may be caused by the type of material coming from the stream just downstream of the secondary breakwater. It was determined that the second part of the main breakwater of the Sarayköy HL formed an angle of approximately 95° with the offshore dominant wave direction (Figure 23). Wave roses with respect to the time intervals are shown in Figure 23. The height, period, and direction graphs of the waves are shown in Figure 24. In Sarayköy harbor, similar to the situation in Yanıktaş harbor, a low level of erosion/accumulation occurred in other regions except for region C, with the waves reaching the harbor area at an angle perpendicular to the shore. Due to the long length of the main breakwater of Sarayköy harbor, intensely diffracted waves caused a high level of accumulation in region C.






5. Conclusions


The shoaling process was examined in the context of three harbor launches in Rize province in the Eastern Black Sea region. A detailed field study was conducted for the three study areas. Shoaling dynamics and sediment movement in and around the harbors and the effect of waves were analyzed.



The conclusions obtained can be summarized as follows:




	
Although Sandıktaş has the longest breakwater length compared to the other harbors, approximately 13,200 m3 of accumulation occurred inside the breakwater and the entrance of the harbor launch annually. Accumulation of 1100 m3 and 270 m3 was observed at the same location for Sarayköy and Yanıktaş, respectively.



	
No shoaling effect was observed in the Yanıktaş HL, while a serious shoaling problem was found in the Sandıktaş harbor launch due to the location of the harbor launch, the positioning of the breakwater, and the angle between the main breakwater and the dominant wave direction.



	
The sediment transport rate was negligibly low at depths greater than −7 m for all study areas.



	
The angle formed by the second part of the main breakwater with the direction of the dominant wave is one of the most important parameters.



	
The location of the harbor launch and the positioning of the breakwater are very important. The construction of a longer breakwater is not the only solution to blocking sedimentation due to shoaling.



	
The direction of coastal sediment transport was from west to east.



	
An additional extension to the main breakwater in Sandıktaş was not sufficiently effective for blocking sedimentation due to shoaling.








The implementation of reliable periodic monitoring studies can significantly contribute to future projects in the area, reduce potential shoaling problems, and ensure the long-term sustainability of the fishing industry in the region.
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Figure 1. Location maps of Türkiye (upper left), the Black Sea regions (lower image), and the Eastern Black Sea, showing the location of Rize (upper right). 
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Figure 2. General view of selected harbor launches in Rize province: Sarayköy, Sandıktaş, and Yanıktaş. 
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Figure 3. Survey lines for the İyidere Sarayköy harbor launch. 
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Figure 4. Survey lines for the Sandıktaş and Yanıktaş harbor launches. 
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Figure 5. The points from which the sediment samples were taken at the Sandıktaş and Yanıktaş HLs. 
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Figure 6. The points from which the sediment samples were taken at Sarayköy HL. 
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Figure 7. Bathymetry of Sandıktaş, Yanıktaş, and Sarayköy HLs on the surveying dates (the n1,2,3, y1,2,3, and s1,2,3 indexes represent the caller identities of Sandıktaş HL, Yanıktaş HL, and Sarayköy HL, respectively). 
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Figure 8. The determined regions for the Yanıktaş HL and the plan view of the cross-section. Regions C, A, and D represent the basin, updrift, and downdrift of the harbor launch, respectively, while region B represents the upper part of the breakwater (negative value refers to the erosion, while positive value refers to the accretion between second and third surveys). 






Figure 8. The determined regions for the Yanıktaş HL and the plan view of the cross-section. Regions C, A, and D represent the basin, updrift, and downdrift of the harbor launch, respectively, while region B represents the upper part of the breakwater (negative value refers to the erosion, while positive value refers to the accretion between second and third surveys).



[image: Water 15 03860 g008]







[image: Water 15 03860 g009] 





Figure 9. The sequential profile changes recorded for the Yanıktaş HL. 
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Figure 10. The determined areas for the Sandıktaş HL and a plan view of the cross-sections. Regions C, A, and D represent the basin, updrift, and downdrift of the harbor launch, respectively, while region B and E represent the upper part and eastward of the breakwater, respectively. (negative value refers to the erosion, while positive value refers to the accretion between second and third surveys). 
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Figure 11. Sequential profile changes recorded for the Sandıktaş HL. 
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Figure 12. The determined areas for Sarayköy HL. Regions A, D, B, and E represent the southwest, east, west, and outside of the breakwater, respectively, while region C represents the inside of the harbor (negative value refers to the erosion, while positive value refers to accretion between the second and third surveys). 
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Figure 13. Bathymetry difference maps of the Sandıktaş harbor launch. Left image: second measurement–first measurement (5 November 2017–7 February 2017—9 months). Right image: third measurement–first measurement (8 April 2018–7 February 2017—14 months). Regions C, A, and D represent the basin, updrift, and downdrift of the harbor launch, respectively, while region B and E represent the upper part and eastward of the breakwater, respectively. (negative value refers to the erosion, while positive value refers to accretion between the surveys). 
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Figure 14. Percentages of deposition or erosion at the Sandıktaş HL. Regions C, A, and D represent the basin, updrift, and downdrift of the harbor launch, respectively, while region B and E represent the upper part and eastward of the breakwater, respectively. 
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Figure 15. Wave roses formed according to the various time periods for the Sandıktaş HL (upper images) and the angle made by the second part of the main breakwater at Sandıktaş with the dominant wave direction (lower image). (negative value refers to the depth below the mean sea level). 
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Figure 16. The height, period, and direction variations of the waves between 7 February 2017 and 8 April 2018 (first survey–third survey) at the offshore location of Sandıktaş HL. 
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Figure 17. Yanıktaş harbor launch bathymetry difference map. The left image shows the differences between the second and first surveys (7 February 2017–20 June 2016—7.5-month period). The right image shows differences between the third and the first surveys (5 November 2017–20 June 2016—16.5-month period). Regions C, A, and D represent the basin, updrift, and downdrift of the harbor launch, respectively, while region B represents the upper part of the breakwater (negative value refers to the erosion, while positive value refers to accretion between the surveys). 






Figure 17. Yanıktaş harbor launch bathymetry difference map. The left image shows the differences between the second and first surveys (7 February 2017–20 June 2016—7.5-month period). The right image shows differences between the third and the first surveys (5 November 2017–20 June 2016—16.5-month period). Regions C, A, and D represent the basin, updrift, and downdrift of the harbor launch, respectively, while region B represents the upper part of the breakwater (negative value refers to the erosion, while positive value refers to accretion between the surveys).
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Figure 18. Percentages of deposition or erosion at the Yanıktaş HL. Regions C, A, and D represent the basin, updrift, and downdrift of the harbor launch, respectively, while region B represents the upper part of the breakwater. 
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Figure 19. Wave roses formed according to the various time periods for the Yanıktaş HL (upper images) and the angle made by the second part of the main breakwater at Yanıktaş HL, along with the dominant wave direction (lower image) (negative value refers to the depth below the mean sea level). 






Figure 19. Wave roses formed according to the various time periods for the Yanıktaş HL (upper images) and the angle made by the second part of the main breakwater at Yanıktaş HL, along with the dominant wave direction (lower image) (negative value refers to the depth below the mean sea level).
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Figure 20. The height, period, and direction variations of the waves between 7 February 2017 and 5 November 2017 (between the second survey and the third survey) at the offshore location of the Yanıktaş harbor launch. 
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Figure 21. Sarayköy harbor launch bathymetric difference maps. The left image shows the differences between the second and the first surveys (29 April 2017–2 June 2016—11 months). The right image shows the differences between the third and the first surveys (4 November 2017–2 June 2016—17 months). Regions A, D, B, and E represent the southwest, east, west, and outside of the breakwater, respectively, while region C represents the inside of the harbor (negative value refers to the erosion, while positive value refers to accretion between the surveys). 
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Figure 22. Percentages of deposition or erosion at the Sarayköy HL. Regions A, D, B, and E represent the southwest, east, west, and outside of the breakwater, respectively, while region C represents the inside of the harbor. 
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Figure 23. Wave roses, formed according to the various time periods, for the Sarayköy HL (upper images), and the angle made by the second part of the main breakwater at the Sarayköy HL with the dominant wave direction (lower image) (negative value refers to the depth below the mean sea level, while positive value refers to that above the mean sea level). 
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Figure 24. Sarayköy HL: wave height, period, and direction graphics. The left image is for the period between 2 June 2016 and 29 April 2017 (from the first to the second surveys). The right image is for the period between 2 June 2016 and 4 November 2017 (from the first to the third surveys). 
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Table 1. Distribution of fishery coastal structures (FCSs), grouped according to region [43]. “Other” includes natural shelters, berthing places, and piers.
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	Region
	Fishery Harbor (FH)
	Harbor Launch

(HL)
	Other
	Total





	Eastern and Middle Black Sea
	40
	83
	2
	125



	Western Black Sea
	29
	12
	3
	44



	Marmara
	66
	18
	1
	85



	Aegean
	60
	22
	3
	85



	Mediterranean
	16
	1
	2
	19



	Internal Water
	3
	0
	2
	5










 





Table 2. Types of fishery coastal structures and their distribution in the Eastern Black Sea region [43].
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	Province
	Coastline Length (km)
	Fishery Harbor (FH)
	Harbor Launch

(HL)
	Total
	%





	Artvin
	34
	3
	5
	8
	8.2



	Rize
	80
	5
	34
	39
	39.8



	Trabzon
	135
	11
	16
	27
	27.5



	Giresun
	112
	4
	20
	24
	24.5



	Total
	361
	23
	75
	98
	100










 





Table 3. Distribution of fishery coastal structures in need of dredging in Türkiye, grouped according to region [43].
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	Region
	FCSs
	FCS/Total FCSs (%)
	ND
	ND/FCSs

(%)
	ND/Total FCSs (%)





	Black Sea
	169
	46.6
	78
	46.2
	21.5



	Marmara
	85
	23.4
	69
	80.3
	19.0



	Aegean
	85
	23.4
	37
	43.5
	10.2



	Mediterranean
	19
	5.2
	16
	84.2
	4.4



	Internal Water
	5
	1.4
	
	
	



	Total
	363
	
	200
	
	55.1







Note: FCS—fishery coastal structure, ND—needs dredging.













 





Table 4. Distribution of fishery coastal structures in need of dredging in the Eastern Black Sea region, grouped according to province [45].
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	Province
	FCSs
	ND
	ND/FCSs (%)





	Artvin
	8
	2
	25



	Rize
	39
	17
	43.6



	Trabzon
	27
	16
	59.3



	Giresun
	24
	15
	62.5



	Total
	98
	50
	










 





Table 5. Provincial distribution of fishery coastal structures in need of maintenance, dredging, or additional structures in any term [43], e.g., in Rize, 7 harbor launches need dredging in the medium term.






Table 5. Provincial distribution of fishery coastal structures in need of maintenance, dredging, or additional structures in any term [43], e.g., in Rize, 7 harbor launches need dredging in the medium term.





	
Provinces with FCS

	
Short Term

	
Medium Term

	
Long Term




	
Maintenance

	
Dredging

	
Additional Structures

	
Maintenance

	
Dredging

	
Additional Structures

	
Maintenance

	
Dredging

	
Additional Structures






	
Artvin

	
2

	
-

	
1

	
-

	
2

	
3

	
-

	
-

	
-




	
Rize

	
5

	
10

	
14

	
2

	
7

	
8

	
-

	
-

	
-




	
Trabzon

	
2

	
3

	
3

	
-

	
1

	
2

	
1

	
1

	
1




	
Giresun

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-











 





Table 6. Proposed repair, dredging, extension, and prioritization of fishery coastal structures (3 selected harbor launches) [43].
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Name

	
Class

	
District

	
Short Term

	
Medium Term

	
Long Term




	
Maintenance

	
Dredging

	
Extension

	
Maintenance

	
Dredging

	
Extension

	
Maintenance

	
Dredging

	
Extension






	
Sarayköy

	
Harbor Launch

	
İyidere

	
-

	
-

	
-

	
Yes

	
Yes

	
Yes

	
-

	
-

	
-




	
Sandıktaş

	
Harbor Launch

	
Derepazarı

	
-

	
Yes

	
-

	
-

	
-

	
-

	
-

	
-

	
Yes




	
Yanıktaş

	
Harbor Launch

	
Derepazarı

	
-

	
-

	
-

	
-

	
Yes

	
Yes

	
-

	
-

	
-











 





Table 7. Some specifications of the harbor launches of interest.
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	Sarayköy Harbor Launch
	Sandıktaş Harbor Launch
	Yanıktaş Harbor Launch





	Category
	Under operation
	Under operation
	Under operation



	Main breakwater length (m)
	167
	290
	150



	Secondary breakwater length (m)
	80
	60
	0



	Pier capacity
	0
	0
	0



	Boat capacity
	10
	20
	22



	The angle of the main breakwater with respect to north (in degrees)
	55
	100
	90










 





Table 8. Surveying dates of the Sandıktaş, Yanıktaş, and Sarayköy harbor launches.






Table 8. Surveying dates of the Sandıktaş, Yanıktaş, and Sarayköy harbor launches.





	Called ID
	Dates
	Harbor Launch





	s1
	2 June 2016
	Sarayköy



	y1
	20 June 2016
	Yanıktaş



	s2
	29 April 2017
	Sarayköy



	n1/y2
	7 February 2017
	Sandıktaş/Yanıktaş



	s3
	4 November 2017
	Sarayköy



	n2/y3
	5 November 2017
	Sandıktaş/Yanıktaş



	n3
	8 April 2018
	Sandıktaş










 





Table 9. Evaluation of sediment samples according to the USCS soil classification system, sampled from the Sandıktaş and Yanıktaş HLs.






Table 9. Evaluation of sediment samples according to the USCS soil classification system, sampled from the Sandıktaş and Yanıktaş HLs.





	Number of Samples
	Sample

Weight

(g)
	Remaining in Sieve No. 200
	Remaining in Sieve No. 4
	d10 (mm)
	d30 (mm)
	d50 (mm)
	d60 (mm)
	Cu
	Cc
	USCS Soil

Class





	1
	492
	100
	0
	0.27
	0.34
	0.43
	0.50
	1.85
	0.87
	SP



	2
	456
	98.2
	0
	0.16
	0.27
	0.33
	0.36
	2.30
	1.34
	SP



	3
	484
	95.5
	0
	0.12
	0.20
	0.29
	0.32
	2.67
	1.03
	SP



	4
	776
	99.5
	0
	0.21
	0.30
	0.37
	0.41
	1.93
	1.03
	SP



	5
	942
	99.6
	0
	0.16
	0.29
	0.37
	0.42
	2.54
	1.20
	SP



	6
	998
	99.8
	0
	0.21
	0.30
	0.37
	0.41
	1.92
	1.03
	SP



	7
	314
	99.4
	0
	0.14
	0.25
	0.30
	0.32
	2.27
	1.41
	SP



	8
	928
	100
	0
	0.22
	0.28
	0.32
	0.34
	1.56
	1.06
	SP



	9
	416
	99.5
	0
	0.14
	0.23
	0.29
	0.32
	2.34
	1.24
	SP



	10
	292
	95.2
	0
	0.11
	0.15
	0.20
	0.23
	2.05
	0.87
	SP



	11
	162
	90.1
	0
	0.11
	0.13
	0.16
	0.18
	1.72
	0.90
	SC/SM










 





Table 10. Evaluation of the sediment samples according to the USCS soil classification system, sampled from Sarayköy HL.






Table 10. Evaluation of the sediment samples according to the USCS soil classification system, sampled from Sarayköy HL.





	Number of Samples
	Sample

Weight

(g)
	Remaining in Sieve No. 200
	Remaining in Sieve No. 4
	d10 (mm)
	d30 (mm)
	d50 (mm)
	d60 (mm)
	Cu
	Cc
	USCS Soil

Class





	1
	554
	99.6
	0
	0.28
	0.43
	0.52
	0.58
	2.07
	1.14
	SP



	2
	346
	99.4
	0
	0.28
	0.46
	0.55
	0.60
	2.11
	1.23
	SP



	3
	396
	100
	0
	0.45
	0.66
	0.89
	0.96
	2.13
	1.01
	SP



	4
	308
	100
	0
	0.28
	0.45
	0.54
	0.60
	2.13
	1.19
	SP



	5
	40
	100
	0
	0.15
	0.28
	0.43
	0.50
	3.32
	1.04
	SP



	6
	300
	100
	0
	0.45
	0.57
	0.73
	0.83
	1.86
	0.88
	SP



	7
	236
	100
	0
	0.23
	0.34
	0.47
	0.53
	2.29
	0.97
	SP



	8
	142
	100
	0
	0.25
	0.43
	0.53
	0.59
	2.35
	1.23
	SP










 





Table 11. Sandıktaş HL: areas, volume differences, and the average vertical changes of the sub-regions.






Table 11. Sandıktaş HL: areas, volume differences, and the average vertical changes of the sub-regions.





	
Difference of Period

	
Areas

	
Polygon Area, m2

	
Volume Difference, m3

	
Mean Vertical Variation, m3/m2






	
2. Survey−1. Survey

(n2−n1)

	
Part A

	
37,291

	
−1498

	
−0.04




	
Part B

	
27,000

	
3199

	
0.12




	
Part C

	
9648

	
3021

	
0.31




	
Part D

	
16,483

	
−139

	
−0.01




	
Part E

	
31,873

	
2027

	
0.06




	
3. Survey−2. Survey

(n3−n2)

	
Part A

	
37,581

	
−4097

	
−0.11




	
Part B

	
27,115

	
−127

	
0.00




	
Part C

	
10,653

	
5748

	
0.54




	
Part D

	
16,281

	
181

	
0.01




	
Part E

	
32,682

	
14,038

	
0.43




	
3. Survey−1. Survey

(n3−n1)

	
Part A

	
37,372

	
−5617

	
−0.15




	
Part B

	
27,419

	
3222

	
0.12




	
Part C

	
9871

	
8939

	
0.91




	
Part D

	
16,281

	
69

	
0.00




	
Part E

	
32,075

	
15,971

	
0.50











 





Table 12. Mean water depths according to the sub-regions for the Sandıktaş HL.
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Sandıktaş HL

	
Mean Water Depths (m)




	
A

	
B

	
C

	
D

	
E






	
1. Survey—7 February 2017

	
4.99

	
5.63

	
0.90

	
6.82

	
3.86




	
2. Survey—5 November 2017

	
5.05

	
5.50

	
0.65

	
6.83

	
3.79




	
3. Survey—8 April 2018

	
5.14

	
5.53

	
0.04

	
6.82

	
3.35











 





Table 13. Yanıktaş HL areas, volume differences, and the average vertical changes of the sub-regions.






Table 13. Yanıktaş HL areas, volume differences, and the average vertical changes of the sub-regions.





	
Difference of Period

	
Areas

	
Polygon Area, m2

	
Volume Difference, m3

	
Mean Vertical Variation, m3/m2






	
2. Survey–1. Survey

(y2–y1)

	
Part A

	
53,860

	
−8368

	
−0.16




	
Part B

	
12,555

	
2477

	
0.20




	
Part C

	
6040

	
444

	
0.07




	
Part D

	
72,829

	
1004

	
0.01




	
3. Survey–2. Survey

(y3–y2)

	
Part A

	
54,263

	
921

	
0.02




	
Part B

	
12,743

	
−11.09

	
−0.09




	
Part C

	
6337

	
−493

	
−0.08




	
Part D

	
72,829

	
−9134

	
−0.13




	
3. Survey–1. Survey

(y3–y1)

	
Part A

	
53,902

	
−7790

	
−0.14




	
Part B

	
12,743

	
1331

	
0.10




	
Part C

	
6443

	
14.5

	
0.00




	
Part D

	
72,829

	
−8135

	
−0.11











 





Table 14. Mean water depths, shown by sub-regions, for the Yanıktaş HL.
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Yanıktaş HL

	
Mean Water Depths (m)




	
A

	
B

	
C

	
D






	
1. Survey—20 June 2016

	
5.15

	
5.13

	
2.48

	
4.39




	
2. Survey—7 February 2017

	
5.31

	
5.01

	
2.41

	
4.38




	
3. Survey—5 November 2017

	
5.29

	
5.04

	
2.50

	
4.51











 





Table 15. Sarayköy HL areas, volume differences, and the average vertical changes of the sub-regions.






Table 15. Sarayköy HL areas, volume differences, and the average vertical changes of the sub-regions.





	
Difference of Period

	
Areas

	
Polygon Area, m2

	
Volume Difference,

m3

	
Mean Vertical Variation, m3/m2






	
2. Survey–1. Survey

(s2−s1)

	
Part A

	
23,540

	
2173

	
0.09




	
Part B

	
5827

	
459

	
0.08




	
Part C

	
3301

	
610

	
0.18




	
Part D

	
20,935

	
2917

	
0.14




	
Part E

	
16,158

	
−3384

	
−0.21




	
3. Survey−2. Survey

(s3−s2)

	
Part A

	
25,842

	
−943

	
−0.04




	
Part B

	
6230

	
21

	
0




	
Part C

	
3565

	
−90

	
−0.03




	
Part D

	
21,131

	
−3331

	
−0.16




	
Part E

	
16,241

	
−2724

	
−0.17




	
3. Survey−1. Survey

(s3−s1)

	
Part A

	
23,759.5

	
1255

	
0.05




	
Part B

	
5822

	
440

	
0.08




	
Part C

	
3301

	
539

	
0.17




	
Part D

	
20,935

	
−407

	
−0.02




	
Part E

	
16,094

	
−6070

	
−0.38











 





Table 16. Mean water depths, shown by sub-regions, for the Sarayköy HL.
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Sarayköy HL

	
Mean Water Depths (m)




	
A

	
B

	
C

	
D

	
E






	
1. Survey—2 June 2016

	
3.82

	
4.37

	
0.36

	
2.36

	
4.94




	
2. Survey—29 April 2017

	
3.73

	
4.29

	
0.18

	
2.22

	
5.14




	
3. Survey—4 November 2017

	
3.76

	
4.29

	
0.22

	
2.38

	
5.30
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