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Abstract

:

The identification of underwater landforms represents an important role in the study of the seafloor morphology. In this context, the segmentation and characterization of underwater dunes allow a better understanding of the dynamism of the seafloor, since the formation of these structures is directly related to environmental conditions, such as current, tide, grain size, etc. In addition, it helps to ensure safe navigation, especially in the context of navigation channels requiring periodic maintenance. This paper proposes a novel method to automatically characterize the underwater dunes. Its originality relies on the extraction of morphological descriptors not only related to the dune itself, but also to the fields where the dunes are located. Furthermore, the proposed approach involves the entire surface of the dunes, rather than profiles or group of pixels as generally found in previous works. Considering the surface modelled by a digital bathymetric model (DBM), the salient features of the dunes (i.e., crest line, stoss trough, and lee trough) are first identified using a geomorphometric analysis of the DBM. The individual dunes are built by matching the crest lines with their respective troughs according to an object-oriented approach. Then, a series of morphological descriptors, selected through a literature review, are computed by taking advantage of the dune salient features, surface representation, and spatial distribution in the fields where they are located. The validation of the proposed method has been conducted using more than 1200 dunes in the fluvio-marine context of the Northern Traverse of the Saint Lawrence River.
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1. Introduction


The occurrence of sedimentary structures on the seafloor surface is related to the interaction between relatively strong or large-scale sustained flows and the sediments present on the water column. Different structures can be associated with distinct hydrodynamical factors, such as the flow velocity, the grain size of sediment transported by the flow, the meteorological conditions, tidal regime, etc. An underwater dune is a sedimentary structure present on the seafloor of shallow marine environments, estuaries, deltas, and river channels. These sedimentary structures can have a high migration rate on the seafloor based on the environmental dynamism [1,2,3,4,5,6,7]. Therefore, the segmentation and characterization of the underwater dunes have multiple purposes. In the context of navigation, the identification of these structures is particularly useful to ensure safe navigation. In addition, it improves efficiency and effectiveness of maintenance activities, such as dredging [8,9,10]. The identification of these sedimentary structures provides realistic seafloor representation to hydrodynamic simulation models involved in flood risk assessment in coastal areas. The recognition of dunes on the seafloor can also be used in the study of the sand banks erosion [11] and in the changes of the morpho-sedimentary dynamics of the seafloor [12]. They also contribute to the temporal monitoring of marine habitats [13].



High-resolution surveys using multibeam echosounders (MBES) allow the production of seafloor digital surfaces, such as digital bathymetric models (DBMs), from which the dunes can be identified. Dune identification and characterization by different experts, such as geomorphologists and hydrographers, is still mostly performed visually from DBMs [14]. However, this task is time-consuming, subjective, and less suited to large volumes of data. Hence, different computer-aided approaches have been proposed to segment underwater dunes from DBMs to alleviate the subjectivity and burden of this task. Generally, these approaches consider a geomorphometric analysis of the seafloor in order to identify the dunes or their salient features. For example, the authors of [15] proposed a method which identifies and segments the dunes in three steps. The first step performs a geomorphon classification [16] of the seafloor, extracting the crest line of the dunes. The second step identifies the dune itself, aggregating specific geomorphon classes. Then, the third step identifies the lee and stoss sides of the dunes. This step also computes dune metrics from equidistant vertical profiles along the dune. The authors of [17] state that a dune can be identified from its salient features, i.e., its crest line and its troughs. Hence, they proposed an approach where crest lines and troughs are first detected as lines from the DBM using mathematical morphology and image processing after an initial geomorphometric analysis of the seafloor. The DBM is segmented into dunes in a second step considering an object-based approach, matching each crest line with its respective troughs. The result is the dune objects segmented in a raster file.



Even if dunes can be automatically segmented, their characterization is mostly accomplished manually. As a result, it is often subjective and inaccurate. Such characterization can also be performed through the computation of morphological descriptors using the profiles of the dunes. An example is the computation of the angles of the sloping sides of the dunes. They are calculated based on the profile of the dune between the line connecting the crest line and the troughs of the dune [15,18]. Since we consider the dune as an object identified on the seafloor by its salient features, it can be characterized by different morphological descriptors related to its full surface rather series of sampled profiles. In addition, the identification of dunes present within the same field helps to correlate their characteristics and, by the same token, to characterize the field. In this paper, we propose an automatic method to (1) extract morphological descriptors towards a comprehensive characterization of the underwater dunes and (2) compute morphological descriptors of dune fields, moving towards a comprehensive characterization of underwater dunes and the fields where they are located. To our knowledge, such a method is currently missing in the literature. Ultimately, the availability of such morphological descriptors will allow a better understanding of the dunes and their development, which represent crucial knowledge for hydrospatial data users [19].



The paper is organized into four sections. The first section is a state of the art on the dune formation process, its definition as a sedimentary structure, and the dune morphological descriptors described in the literature. The second section presents the proposed method dedicated to the automatic extraction of morphological descriptors related to dune objects and dunes fields. The third section presents the experimental results related to the application of the method in the Northern Traverse of the Saint Lawrence River. This study zone was chosen since this navigation channel is a well-surveyed area given the presence of dunes fields on the seafloor. The fourth section discusses the experimental results and the method learning outcomes on the studied area, before concluding and providing perspectives for future research addressing the study and analysis of underwater dunes.




2. Underwater Dunes


In this section, we present the underwater dune formation process as well as the morphological descriptors related to this sedimentary structure.



2.1. Formation of the Underwater Dunes


Underwater dunes (henceforward dunes) are the result of sediment transportation through time by a flow. In fact, there is a correlation between the grain size of the sediments and the flow velocity in the resulting sedimentary structure formed on the seafloor (Figure 1). The dune migration and shape are correlated to its nature and to hydrodynamic factors [4,20,21,22,23].



Figure 1 shows that dunes are formed with grain size ranging from gravel to fine sand (i.e., grain size greater than 0.1 mm up to more than 1.0 mm). Dunes are limited in finer sediments, such as silt or very fine sand [4]. According to the dunes classification proposed by the author of [24], dunes have a height ranging from 0.075 m up to 5 m and spacing from 0.6 m to more than 100 m. The height and spacing of dunes usually increase with the flow velocity [8,25]. These and other morphological descriptors shall be further described in the paper. Dunes have a gentle slope facing the current and a steep slope in its direction. A crest line separates these two slope sides, which are bounded by its troughs. The gentle slope is defined as the stoss side and is bounded by the crest line and the stoss trough. The steep slope of the dune is defined as the lee side and is bounded by the crest line and the lee trough. The lee side of the dune indicates the migration direction of this structure. The stoss and lee sides of the dunes are adjacent to each other [1,17,23,26]. Figure 2 illustrates a representation of this sedimentary structure and its related features.



Due to the complex flow dynamics, smaller sedimentary structures, such as ripples, can superimpose on underwater dunes [3,24]. As highlighted by the authors of [1], the presence of superimposed structures on the dunes varies on the grain size sediment and the dimensions of the dune. The superimposed structures can be from a few centimeters high up to a few meters, yielding asymmetric structures. These structures are formed on the dune stoss trough, and they migrate to the crest line of the dune, avalanching on the lee side [26]. In the proposed research, the available data and related 1 m resolution DBM do not have a resolution fine enough to analyze smaller structures that can superimpose on dunes, such as ripples. Thus, they will not be considered in the rest of the paper. Dunes can be found on the seafloor as isolated structures or adjacent to each other. The troughs of an isolated dune bound this structure with the stoss and lee troughs, which are associated with only one crest line. In the context of adjacent dunes, the troughs can be associated with more than one crest line. Indeed, the lee trough of a dune is the stoss trough of the following dune in the field. Figure 3 illustrates the difference between an isolated dune and adjacent dunes.




2.2. Morphological Descriptors of the Dunes


Dunes can be characterized once they have been identified and segmented from the DBM. This characterization is based on different morphological descriptors. In this section, we aim to review and describe the morphological descriptors that can be calculated for each dune object as well as the method used for such calculation. Different morphological descriptors of the dunes can be measured considering the salient features used to compute them on the DBM. These morphological descriptors can be estimated in different ways as discussed by [23,25,27]. Indeed, different definitions are applied, depending on the research field and expert knowledge of the analysis. Thus, a formalization of how to estimate these morphological descriptors for the dunes and which features should be considered is required.



Starting with the crest line, its length can be estimated considering its starting and ending points. Furthermore, these points are used to assess the dune orientation angle. This angle can be estimated in two different ways. The first is the dune migration direction relative to the north, as proposed by the authors of [28], illustrated in Figure 4A. The second is the direction of the line passing through the starting and ending point of the crest line of the dune, illustrated in Figure 4B. This second orientation angle is usually perpendicular to the main direction of the current, although angular variations up to 20° can be observed [29,30,31]. The depth corresponds to the distance between the crest line and the water surface. This measure can be estimated based on the depth values of the crest line that can be found on its corresponding pixels in the DBM. In addition, the height of the dunes can be measured as the shortest distance between a crest line and a line joining both troughs [27]. Figure 4 illustrates the descriptors associated with the crest line.



The spacing of the dune on a field and its width can also be computed. The spacing can be estimated as the distance between the crest lines of two consecutive dunes, characterizing the distance between these structures in a field. The width of the dune can be measured as the distance between the stoss and lee trough of the dune [27] or as the horizontal distance between its lee and stoss troughs [1,29,32]. Figure 5 illustrates the spacing and the width of the dunes.



We can also estimate different descriptors for the stoss and lee sides of the dune, as their width and sloping angles [18]. These descriptors are illustrated in Figure 6.



Dunes can also be characterized by different index values, which are calculated based on the dune measurements previously described. The dune symmetry index (1) is defined as the ratio between the stoss and lee side widths [18,26,32].


  S  y d  =    W S     W L     



(1)







The symmetry index value usually ranges between 1 and 6. Other definitions of this index may be found in the literature as mentioned by the authors of [29]. The steepness index (2) can be defined as the ratio between the height of the crest line and the width of the dune [29].


  S  t d  =    H C     W D     



(2)







The measurements and indices reviewed above are usually defined using a dune profile. Therefore, these sectional views reduce the characterization of the dune to a 2D interpretation, whereas the dunes are 3D structures. Consequently, such measurements and indices vary along the dune structure. Different descriptors exist to describe the morphology of the dunes, such as the already defined length of the crest line. The dune sinuosity index (3) can be estimated based on the ratio between the length of the crest line (   L c   ) and the geodetic distance (   D C   ) between the crest line extremities [18,29,32].


  S  i d  =    L c     D C     



(3)







The measurements considered in the sinuosity index (3) can be observe in Figure 7.





3. Underwater Dunes Characterization from a DBM


This section aims to describe the proposed automatic method to extract the morphological descriptors of the dunes from the seafloor. Our method is divided into two main processes: dune segmentation and dune characterization. This method considers the seafloor surface modelled by a regular gridded DBM. The processes and phases of our method are illustrated in Figure 8.



The first process (i.e., the segmentation approach) considered in the proposed method is described in [17] with the dune landform formalized by a conceptual model. This model considers that a dune can be identified on the seafloor by three salient features, namely, the crest line, stoss trough, and lee trough. The crest line is the linear feature located in the higher zone of the dune. This feature is the upper bound of both sloping sides of the dune (i.e., stoss and lee sides). The stoss and lee troughs represent the boundary of the dune objects, also represented by linear features. These troughs bound the stoss and lee sides, respectively. In the conceptual model, the stoss and lee sides are considered as two components of the dune object. Phase I of the method identifies the three salient features of the dunes from the DBM. In this phase, a morphometric analysis of the seafloor is carried out using the geomorphon algorithm [16]. Salient features are identified after an analysis of the geomorphometric surface and the DBM. Figure 9 illustrates the dune object identified using Phase I processing while considering the dune salient features and components.



Phase II of the method consists of the extraction of the dune object itself considering the salient features identified in Phase I. In this second phase, the troughs are matched with their corresponding crest lines. This matching is carried out by searching the nearest troughs of the crest lines. This search is conducted in the orthogonal direction of the crest line orientation with a predefined range distance limit. Then, the dune object is created by aggregating the pixels located in the area between the crest line and the troughs. In this phase, mathematical morphology and image processing are used to extract the dune object. The result of Phase II is the dune object identified by the same label as its crest line. Figure 10 illustrates an overview of the segmentation approach from the DBM.



Once the dunes have been segmented from the DBM, the second process of the proposed method consists in calculating the morphological descriptors defined in the previous section. Phase III divides these descriptors in two categories. The first one consists of the descriptors of the dune objects, which use the salient features. Here, the following descriptors are used: dune orientation; depth; width; height; stoss and lee angles; stoss and lee widths; asymmetry; sinuosity; and steepness. The second category consists of descriptors that describe how dunes are distributed in the dune field. For that purpose, we propose the following descriptors: the mean spacing between two consecutive dunes; the standard deviation of the dunes spacing; and the dune density of the field.



The following paragraphs explains the extraction, from the DBM, of the main measures used to calculate the morphological descriptors of the dunes. The approach takes advantage of Phase II results, namely the matching of each crest line pixel with its corresponding pixel on the stoss trough and the lee trough, as further illustrated in Figure 11. Please note the use of the median value instead of the mean value for some descriptors, in order to avoid outliers.



	
The dune orientation is computed using the segment joining the starting and ending pixel of the crest line. We considered the direction facing the lee side of the dune. The segment orientation angle is measured from the north (Om).



	
The depth (PC) of a dune is computed using the depth of each pixel of the crest line, as illustrated in Figure 11A. The minimum value among these pixels (i.e., closest to the water surface) is considered as the dune depth, since this information is valuable to detect dunes representing a risk for safe navigation.



	
The width (WD) is defined as the horizontal distance between the dune lee and stoss troughs. To compute this measure, we considered the stoss and lee trough pixels matched with each crest line pixel. Therefore, a width value is computed for each pixel composing the crest line, as illustrated in Figure 11B. The median value among all crest line pixels is considered as the dune width.



	
The height of a dune (HC) also considers the matching between the pixels of the crest line and the troughs. A height value is computed for each crest line pixel as the distance between the crest line pixel and the line joining the stoss and lee troughs (see Figure 4C). The median value among all the crest line pixels is considered as the height of the dune.



	
The stoss and lee angles (αS and αL), as well as stoss and lee widths (WS and WL), are computed in a similar fashion as the measures related to the crest line. The median values computed are considered as the stoss and lee angles, as well as stoss and lee widths of the dune.



	
The sinuosity index (  S  i d   ) is computed considering (3). The geodetic distance (   D C   ) is calculated as illustrated in Figure 7. Please note that the length of the crest line (   L c   ) is not computed as the number of pixels composing the crest line. Instead, the geometric distance between the centers of the pixels is used to increase accuracy given the variability of the crest line sinuosity.



	
The steepness and symmetry indexes are computed for each dune object considering the values previously estimated for the width (WD, WS, and WL) and height (HC), as defined in (1) and (2).






Phase III of the proposed method also extracts the morphological descriptors of the dunes field, as explained in the following paragraphs.



	
The spacing between two consecutive dunes in a field is computed considering the distances between the crest lines of each dune. The computation of the spacing requires a direction. Therefore, the median value of the dune orientation of the objects located on the field is considered here. The spacing is computed for each pixel of the crest lines, as illustrated in Figure 12. Then, the mean value is considered as the spacing (λS) of the dunes of a field.



	
The standard deviation of the spacing (   σ  λ s    ) is computed considering all the spacing values of the dunes on a field. This descriptor is useful to characterize the dunes dispersion on the seafloor surface.



	
The dunes density (   f D   ) is computed using the ratio between the surface of the field covered by dunes (   A  C D    ) and the total surface of the field (   A  f i e l d    ), as described in (4).    f D    is a third-order descriptor mentioned by the authors of [24], therein also called fullbeddedness or fraction of the seafloor covered by dunes.







    f D  =    A  C D      A  f i e l d       



(4)





In Figure 12, two different dune fields are displayed, i.e., a field where the dunes are adjacent to each other (cf. Figure 12A) and a field with isolated dunes (cf. Figure 12B). Therefore, the spacing between the dunes (λS) is more variable in Figure 12B than in Figure 12A. Consequently, the standard deviation (   σ  λ s    ) is expected to be higher for isolated dunes (Figure 12B) than adjacent dunes (Figure 12A). In addition, the fraction of the seafloor covered by dunes (   f D   ) shall be higher in the field with adjacent dunes (Figure 12A) than in the field with isolated dunes (Figure 12B).




4. Characterization of the Dunes of the Northern Traverse of the Saint Lawrence River


4.1. The Northern Traverse of the Saint Lawrence River


The Saint Lawrence River estuary is a high-dynamic environment, of a length of 400 km, with a width of 15 km at upstream (i.e., north of Orléans Island) and 70 km downstream. The dimensions are such that the hydrodynamic conditions prevailing downstream are typically marine and those upstream are typically estuarine. Different physical agents are responsible for the sediment dynamics in the Saint Lawrence, such as tide, waves, and ice [33]. The zone used to validate the proposed characterization method is the Northern Traverse of the Saint Lawrence River. This navigation channel is located in the transition zone between the river estuary and the middle estuary of the Saint Lawrence River with a width of approximately 305 m and a draft of 12.5 m [34]. This navigation channel was chosen for being a well-surveyed and controlled zone. Therefore, it provides some ground truth to further analyze the morphological descriptors computed with the proposed method in the different sectors of the Northern Traverse. The Canadian Hydrographic Service (CHS) and Ocean Group acquired the data used in this paper in the context of the maintenance of the navigation channel. The surveys mainly aimed to detect and dredge the sedimentary structures that could represent a risk for safe navigation. The available data consists of a regular gridded DBM with a resolution of 1 m.



The Northern Traverse is divided into different sectors. In this paper, nine sectors of the navigation channel are considered with 17 DBMs. Consequently, some sectors have more than one DBM (namely sectors G04, G09, G10, G11, and G14). The DBMs considered in the same sector were acquired at different dates, with a time lapse ranging over a few days to a few years. Even if the DBMs are in the same sector, the sedimentary structures on the surface are different due to the high dynamism of the Saint Lawrence River in the studied zone. In total, 1234 dunes were segmented from the 17 considered surfaces, using the approach proposed by the authors of [17]. This segmentation approach has proven to be efficient with a performance rate of 92% of well-segmented dunes (i.e., true positive). Figure 13 illustrates the location of the different sectors of the Northern Traverse considered in this analysis. It also presents examples of DBMs and segmented dunes for different sectors.



Different configurations of the dunes can be observed in the sectors illustrated in Figure 13. In Sector G04, we can observe more sinuous isolated dunes, with a depth ranging approximately from 13.5 m to 18 m. A few isolated dunes can be observed in sectors G09 and G10, with a depth ranging from approximately 13 m to 16.5 m. In sector G14, adjacent dunes can be observed with a depth ranging from approximately 13 m to 23 m.




4.2. Morphological Descriptors of the Dunes of the Northern Traverse


Once the dunes are segmented (i.e., Phases I and II), the morphological descriptors can be extracted (Phase III), as described in the previous section. In Figure 14, we present the results of the morphological descriptors computation for the 1234 dunes segmented from the 17 DBMs over the nine sectors of the Northern Traverse. Given the large number of dunes, results are displayed as histograms.



The median dune orientation value is approximately 29°, which is in the same direction as the dune migration, as shown in Figure 14A. The depth of the dune objects of the Northern Traverse ranges from 9.95 m to 19.25 m, with a median depth value of 14.02 m, as observed in Figure 14B. The height of the dune objects (Figure 14C) ranges from 3.7 cm to 6.10 m with a median height of 0.74 m, and the width (Figure 14D) varies from 6 m up to 84.85 m with a median width of 21.21 m. The stoss side has a median value of 21 m while the lee side has a median value of 17 m, as observed in Figure 14E. The median value of the stoss angle is 7.68° and the median value of the lee angle is 9.78°, as observed in Figure 14F. Figure 15 presents the histograms with the symmetry, angular symmetry, sinuosity, and steepness indexes of the dune objects.



In addition to the symmetry index (1), the angular symmetry index is calculated using (5).


  S  y d  =    α L     α L     



(5)







The reason for calculating both symmetry indexes is related to the segmentation approach. In fact, the segmentation may partially detect the stoss and lee troughs. Consequently, the stoss and lee sides may be partially extracted as well. Such incomplete identification impact significantly the estimation of the width descriptors of the dunes (i.e., WD, WS, and WL). On the contrary, in such context, the angular descriptors each side of the dune can be reliably estimated. The angular symmetry index ranges from 0.20 to 14.2, with a median value of 1.27, as illustrated in Figure 15B. The value of the symmetry index based on the width ranges from 0.2 to 10.5, with a median value of 1.21 (Figure 15A). The reason for having values lower than 1 is due to the imperfect identification of the stoss and lee troughs in the segmentation approach, as previously mentioned. Therefore, in the proposed method, the angular symmetry index is used to characterize the dune objects. The sinuosity index, as illustrated in Figure 15C, ranges from 1.01 to 6.32, with a median value of 1.11. The steepness index ranges from 0.0025 to 0.1197, with a median value of 0.0398 (Figure 15D).



The morphological descriptors previously computed for each dune object may also be used to characterize the fields where they are located. Indeed, by considering each sector of the Northern Traverse as a field, we can group the dunes by sector and consider the median values of their morphological descriptors to characterize each field. Therefore, Table 1 presents the median values of the morphological descriptors of the dune objects according to the field to which they belong.



As previously mentioned, the median migration direction of the 1234 segmented dunes is 29°. Table 1 shows that, while sectors ranging from G08 to G14 have a migration direction fluctuating around 29°, the migration of sectors G04 and G15 is 57° and 201°, respectively. For G04, the migration direction is still consistent with the flow direction of the channel. However, for G15, this direction is in the opposite direction of the preceding sector (G14), which indicates the dominance of the tidal current over the flow direction of the Saint Lawrence River. The dunes located in the southern sectors (i.e., G04 … G10) are generally smaller in height and width, and are also shallower than the dunes of the northern sectors (G11 … G15). This is consistent with the visual analysis of the Northern Traverse nautical charts, as shall be further discussed in the paper. The descriptors directly associated with the fields (i.e., λS,    σ  λ S    ,    f D   ) are also calculated for the nine sectors of the Northern Traverse, as presented in Table 2.



Table 2 shows that the spacing associated with each field of the Northern Traverse ranges from, approximately, 39 m in sector G10 to 71 m in sector G04. The standard deviation of the spacing ranges from approximately 24 m in sector G14 to 67 m in sector G04. In addition, the coverage of dunes on the seafloor ranges from approximately 86% of the seafloor in sector G14 to 17% in sector G08.





5. Analysis and Discussion


This section aims to discuss and analyze the morphological descriptors extracted from the dune objects of the Northern Traverse with the proposed method. The analysis will focus on the fields of the Northern Traverse rather than on the individual dune objects. Indeed, as the results of the previous section have shown, whether it is the morphological descriptors of the dunes or those of the fields, all contribute to characterize the fields to which the dunes belong.



The Northern Traverse being a navigation channel, the depth of the dunes is an important morphological descriptor of these sedimentary structures. Figure 16 presents the median value of this descriptor for each sector of the Northern Traverse. The sectors are ordered sequentially on the x-axis in accordance with their spatial arrangement in the North Traverse (i.e., G04 is the southernmost sector and G15 the northernmost sector). Moreover, consecutive sectors are equally spaced on the x-axis.



As illustrated by Figure 16, the further downstream the sector (i.e., G04 to G15), the deeper the dunes. Therefore, this is consistent, since the navigation channel is located in the transition zone between the river (i.e., shallower) and the estuarine area (i.e., deeper). This finding is also explained by the dynamism of the navigation channel. As specified by experts of this channel, to ensure a minimal depth of 12.5 m, preventive dredging is carried out twice a year. The preventive dredging depth is different for each sector: 13.3 m for sector G04; 13.8 m for sectors G08, G09, and G10; 13.9 m for sectors G11, G12, and G13; and 14.7 m for sectors G14 and G15. In Figure 16, dunes in sector G12 are deeper than dunes located in the neighboring fields. This is consistent with the expert analysis, since the dunes located in this specific sector are naturally deeper without human intervention. Thus, the depth automatically extracted from the 1234 segmented dune objects of the Northern Traverse by the proposed method is consistent with the expert analysis of the sector and with the general description of the Northern Traverse given by [34].



Figure 17 illustrates the median values of the height and width of the dunes for the sectors of the Northern Traverse. The sectors are sequentially ordered and spaced on the x-axis, as displayed in Figure 16.



Figure 17 shows the height and width of the dunes are correlated. Indeed, the highest dunes are in the same sector as the widest dunes, and the narrowest dunes are in the same sector as the smallest dunes. The descriptors of the dunes fields (i.e., λS,    σ  λ S    ,    f D   ) are illustrated in Figure 18.



The spacing between dunes (λS) and standard deviation (   σ  λ S    ) share similar values in the southern sectors (i.e., G04–G10), as illustrated in Figure 18. However, in the northern sectors (i.e., G11–G15), the value of    σ  λ S     is remarkably lower than the value of λS. Thereby, it shows that the dunes on the southern sectors are more spatially dispersed than the dunes on the northern sectors. This conclusion is supported by the fraction of the seafloor covered by dunes (   f D   ), as illustrated in Figure 18. The southern fields have less than 50% of their surface covered by dunes. On the contrary, the northern fields have more than 50% of the seafloor covered by dunes. By analyzing these three descriptors (i.e., λS,    σ  λ S    ,    f D   ), one can state that the dunes on the northern fields are adjacent to each other, while the southern sectors consist of isolated dunes. This is consistent with the expert knowledge expressed by the professionals responsible for the maintenance of the Northern Traverse. Therefore, this demonstrated that the morphological descriptors, automatically extracted by the proposed method, adequately characterize the dune fields of the navigation channel. Furthermore, such morphological descriptors may be useful to better understand the relationship between the dunes and their hydrodynamic factors. As an example, Figure 19 illustrates the relationship between dunes and the flow current.



Even if Figure 19 is an approximation in terms of current and dune sizes, it is possible to position the sectors of the Northern Traverse based on the dune field descriptor values (cf. Figure 17 and Figure 18). It could be assumed that the flow current increases from sector G08 to sector G15 since dunes in sectors G08 to G12 are smaller than dunes in sectors G13, G14, and G15. The isolated dune objects of the southernmost sector (i.e., G04) may result in a stronger flow current than the sectors located to its north.




6. Conclusions


An automatic characterization method for dunes was proposed in this paper. This method is based on the morphological descriptors of, respectively, the dune objects and the field where they are located. The characterization relies on the dune objects extracted from the DBM by the segmentation approach proposed by the authors of [17]. The proposed method automatically extracts morphological descriptors of the dune objects and the fields where they are located. These morphological descriptors are computed based on the surface of each dune object as well as its three salient features (i.e., crest line, stoss trough, and lee trough). To validate the proposed approach, more than 1200 dunes are characterized over nine fields of the Northern Traverse of the Saint Lawrence River. The dunes and the fields considered in this paper present a significant diversity regarding their characteristics.



The first contribution of our paper is the automatic extraction of the morphological descriptors of the dune objects segmented from a DBM. This automatic extraction with the conceptual model of the dunes prevents the subjectivity of manual calculation. Our method is also more suited to large volumes of data being significantly less time consuming than characterizing dunes visually. The study of dunes located on a field and the characterization of the field itself are useful for the description of the seafloor, as discussed in previous section. The second contribution of the paper is the automatic characterization of the dune fields. Indeed, our method proposes the standard deviation of the spacing (   σ  λ S    ) as a new descriptor of the fields, complementing those available in the literature (i.e., dune density and spacing of the dunes). In addition, this descriptor can be accurately assessed by taking advantage of the salient features of each dune object. As a result, the characterization of the fields is not only conducted by means of field descriptors, but also by means of individual dune descriptors. As demonstrated, the proposed method provides a reliable and efficient solution to segment and characterize the dune fields and objects from the seafloor surface.



Future work will be dedicated to assessing the performance of the method in contexts other than fluvio-marine, namely marine and fluvial. In addition, its application using DBM at different resolution will also be investigated. Another research direction will concern the use of additional data, such as grain size for different dune fields, backscatter data (as considered by the authors of [36]), current velocity, and tidal information. If these multiple datasets are available with the DBM of the seafloor, it may be possible to improve the characterization method. In correlating the hydrodynamic and environmental factors with dune objects and dune fields, morphological descriptors are used. The correlation between the morphological descriptors discussed in this paper and dune shapes mentioned in the literature (e.g., linear, sinuous, barchan, etc.) may also be investigated further. Finally, the spatiotemporal migration of the underwater dunes may be considered in future research. Indeed, the descriptors computed with the proposed approach may be useful towards the identification of the same dune objects through different surveys.
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Figure 1. Correlation between the flow velocity, grain size sediment, and the sedimentary structure formed (adapted from [4]). 
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Figure 2. Dune profile with the crest line, the lee and stoss troughs, and lee and stoss sides. 
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Figure 3. Isolated dunes (A) and adjacent dunes (B) on the seafloor. The red lines represent the troughs and the magenta lines represent the crest line of the dunes. 
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Figure 4. Descriptors estimated for the crest line of the dunes. The crest line is displayed in magenta and the troughs in red. XS and XE represents, respectively, the starting and ending points of the crest line. In (A,B), LC represent the length of the crest line. The migration direction of the dune relative to the north (Om) is presented in (A). The orientation angle (OC) of the crest line of the dune, usually perpendicular to the current, is presented in (B). The height (HC) and depth (PC) of the dune are illustrated in (C). 
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Figure 5. Width and spacing of the dunes. In (A), the width is represented by the distance between the dune stoss and lee troughs (WT). In (B), the width is represented by the horizontal distance between the dune lee and stoss troughs (WD). In (C), the width is represented by the spacing measured between two consecutive dunes at their crest lines (λD). 






Figure 5. Width and spacing of the dunes. In (A), the width is represented by the distance between the dune stoss and lee troughs (WT). In (B), the width is represented by the horizontal distance between the dune lee and stoss troughs (WD). In (C), the width is represented by the spacing measured between two consecutive dunes at their crest lines (λD).



[image: Geosciences 12 00089 g005]







[image: Geosciences 12 00089 g006 550] 





Figure 6. Measurements for dune stoss and lee sides. WS, WL, αS, and αL represent, respectively, the width of the stoss side, the width of the lee side, the angle of the stoss side, and the angle of the lee side (adapted from [18]). 






Figure 6. Measurements for dune stoss and lee sides. WS, WL, αS, and αL represent, respectively, the width of the stoss side, the width of the lee side, the angle of the stoss side, and the angle of the lee side (adapted from [18]).



[image: Geosciences 12 00089 g006]







[image: Geosciences 12 00089 g007 550] 





Figure 7. Measurements considered in the computation of the sinuosity index.    L c    represents the length of the crest line and    X S   ,    X E    the starting and ending point of the crest line, respectively.    D c    represents the geodetic distance between the crest line extremities (adapted from [29]). 
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Figure 8. Proposed method for automatic extraction of dune morphological descriptors and field of dunes morphological descriptors. 
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Figure 9. The dune object identified using its salient features and components. In (A), the dune object on the seafloor is schematized. In (B), the dune object is schematized as identified on the DBM grid. The crest line is in magenta, the trough lines are in red, the stoss sides are displayed in green, and the lee sides are displayed in blue. 
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Figure 10. Data and results for the dune segmentation approach proposed by [17] for the sector G14 of the Northern Traverse. (A,B) illustrate, respectively, the DBM and the salient features of the dunes identified in Phase I; the crest lines are displayed in red and the troughs in blue. In (C), the dune objects segmented in Phase II are presented. Please note that each segmented dune illustrated in (C) are represented with a different color. 
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Figure 11. (A) schematized the extraction of the depth associated with each pixel of the crest line. (B) illustrates the estimation of the width for each cell of the crest line of the dune. The crest lines are in magenta, the trough lines are in red, the stoss sides are displayed in green, and the lee sides are displayed in blue. As previously mentioned, we can observe that for each crest line pixel, our extraction method matched a stoss trough pixel and a lee trough pixel in the morphological descriptors computation. 
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Figure 12. Spacing between the crest lines of two consecutive dune objects. The crest lines are in magenta, the trough lines are in red, the stoss sides are displayed in green, and the lee sides are displayed in blue. λS represents the spacing between dunes while  s  and  e  represents, respectively, the starting and ending point of the crest lines. (A) presents adjacent dunes in a field and (B) presents isolated dunes on a field. The dunes in A are more equally spaced than in (B), considering the spacing (λS) between these objects calculated for each pixel of the crest lines. 
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Figure 13. Considered sectors of the Northern Traverse of the Saint Lawrence River as well as 3D representations of some DBMs and segmented dunes (colored objects superimposing the DBM surfaces). To better observe the dunes on the seafloor, a vertical exaggeration of 5 is used in the 3D representations. 
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Figure 14. Histograms of the morphological descriptor values. Please note that in (A–D) the descriptors of the dunes are in blue. In (E,F), the stoss descriptors are in blue and the lee descriptors are in red. The additional color (i.e., orange) results from the superposition of the red and blue colors. 
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Figure 15. Histograms of the symmetry indexes. (A): the symmetry index calculated with the width of the stoss and lee sides of the dunes. (B): the angular symmetry index calculated with the angles of the stoss and lee sides. (C): the sinuosity. (D): the steepness values of the dunes. 
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Figure 16. Median-depth of the dunes per sector. Please note that consecutive sectors are equally spaced. Since sectors G05, G06, and G07 are not considered, sectors G04 and G08 are more distant than the other consecutive sectors. 
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Figure 17. Median height and width of the dunes per sector. 
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Figure 18. In the left, the spacing (λS) between the dunes and the standard deviation (   σ  λ S    ) per sector. In the right, the fraction of the seafloor covered by dunes (   f D    ) per sector. 
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Figure 19. Relationship between the dune fields and the flow current (adapted from [1,35]). The fields of the Northern Traverse were placed on the figure based on the size of the dunes. 
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Table 1. Morphological descriptors of the fields of the Northern Traverse sectors. Om is the median orientation, Pc the minimum depth of the crest line, Hc is the median height, WD is the median width of the dunes,   S  i d    is the sinuosity of the dune, and   S  y a    is the angular symmetry of the dunes.
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	Sector
	Om (°)
	PC (m)
	HC (m)
	WD (m)
	    S  i d     
	    S  y a     





	G04
	57.18
	13.52
	0.60
	16.97
	1.16
	1.49



	G08
	33.69
	13.71
	0.43
	20.81
	1.11
	1.43



	G09
	21.92
	13.94
	0.54
	8.49
	1.10
	1.34



	G10
	20.22
	14.25
	0.48
	12.00
	1.10
	1.10



	G11
	21.80
	14.03
	0.78
	23.42
	1.10
	1.16



	G12
	23.33
	16.47
	0.84
	21.00
	1.11
	1.52



	G13
	27.21
	14.94
	2.45
	34.00
	1.09
	1.25



	G14
	36.19
	14.42
	2.64
	36.00
	1.09
	1.24



	G15
	201.48
	15.15
	1.66
	28.00
	1.10
	1.54
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Table 2. Spacing between the dune objects (λS), standard deviation (   σ  λ S    ), and fullbeddedness (   f D   ) for the nine dunes fields of the Northern Traverse.
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	Sector
	λS (m)
	     σ  λ S     ( m )    
	     f D    ( % )    





	G04
	70.95
	66.66
	29



	G08
	39.47
	35.16
	17



	G09
	48.35
	48.80
	18



	G10
	38.78
	41.58
	46



	G11
	38.47
	28.42
	61



	G12
	46.29
	29.29
	51



	G13
	47.13
	28.35
	76



	G14
	48.51
	23.55
	86



	G15
	52.72
	26.41
	62
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