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Submarine landforms are a critical component of Earth’s geomorphology, essential for understanding
marine geological evolution, ocean dynamics, and marine ecosystems. However, global-scale
classification of submarine landforms has been constrained by the lack of high-resolution data and
insufficient integration of terrain knowledge. In response to these challenges, we propose a terrain
knowledge-based submarine landform framework, which considers morphological features, spatial
relations and undulating characteristics. Utilizing the General Bathymetric Chart of the Oceans at 15 arc
second, a dataset of global submarine landform (GSL) is produced. The dataset includes the submarine
landforms with 6 landform zones and 21 landform types, which reveals the diversity and complexity of
submarine landforms. The comparison with existing 30 arc second global seafloor feature maps reveals
that our dataset can reflect more detailed regional characteristics of the seafloor geomorphology.

This dataset is the first global scale submarine landform dataset at 15 arc second, which offers a new
perspective on submarine landforms, providing key insights into seafloor geology, morphology, and
dynamic processes.

Background & Summary

The ocean covers 71% of the Earth’s surface, spanning approximately 362 million square kilometers"* The sub-
marine landforms located at the ocean floor are “unseen” landscapes, but they are also the major component of
Earth’s geomorphology*. These landforms are of great significance for understanding the history and processes
of submarine geological activities, such as plate tectonics, sediment deposition, and volcanic activity>®, while
also exerting profound influences on ocean dynamics, ecosystem distribution, and resource formation®’-'2
Submarine landforms exhibit remarkable complexity and diversity, ranging from flat abyssal plains to steep
mid-ocean ridges and various seamounts'*!*. Different landforms not only display distinct morphological char-
acteristics but also demonstrate certain clustering effects'*"”. Similar morphological features tend to be spatially
aggregated, while significant differences exist between regions, reflecting the spatial heterogeneity of submarine
landforms'®. Based on these characteristics, submarine landforms can be zoned and classified, providing deeper
insights into their formation mechanisms and evolutionary processes.

With the continuous development of seafloor exploration technologies, there have been qualitative leaps
in the understanding of submarine landforms. Understanding of submarine landforms has evolved alongside
the continuous development®. Early representations of submarine topography were based on low-resolution
bathymetric data, which, while capable of depicting basic morphological features, lacked the detail necessary
to capture finer characteristics of the seafloor'®. However, with advancements in multibeam sonar systems, sat-
ellite altimetry, and other seafloor mapping techniques, the resolution, accuracy, and coverage of bathymetric
data have significantly improved?’-*%. Today, high-resolution global bathymetric datasets, such as those with
15 arc-second resolutions, provide comprehensive and detailed representations of submarine landforms®-2%.
These datasets not only enable the representation of morphological features but also facilitate the quantifica-
tion of their characteristics, offering a robust foundation for the zoning and classification of global submarine
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landforms. Such high-resolution data are indispensable for advancing our understanding of submarine geomor-
phology and supporting quantitative studies of seafloor features.

Quantitative bathymetric analysis methods have evolved as the availability of bathymetric data has
increased®. Submarine terrain analysis has developed its own distinct paradigms, establishing foundational
approaches for quantitative analysis of submarine topography®?°~*2. These approaches incorporate the char-
acteristics of submarine landforms to construct terrain derivatives or indices suitable for capturing seafloor
features®-%¢. These bathymetric derivatives, such as bathymetric position index (BPI), have been widely applied
in fields, such as habitat mapping and the study of the morphological features of marine reserves®-’=3%. The
classification of submarine landforms is becoming more refined and applicable to larger datasets thanks to
semi-automated methods*~**; however, applications at a global scale remain insufficient. Although Harris et al.**
have produced the first digital global map of seafloor geomorphic features, the classification process still
involved considerable manual delineation. Thus, data resolution and the application of quantitative methods
can still be improved.

Terrain knowledge, representing the semantic descriptions of topographic characteristics across various
environments, has been widely applied in both terrestrial and marine geomorphology studies*-!. Building
upon these important foundations, our study introduces a novel regional zoning perspective to further advance
the application of terrain knowledge in submarine landform classification. While previous works have estab-
lished fundamental frameworks for marine geomorphology characterization**%%1, this study focuses spe-
cifically on developing an integrated approach that combines terrain knowledge with quantitative analysis
methods for automated seafloor zoning and classification. This approach aims to complement existing method-
ologies by providing new insights into the systematic organization of submarine landforms at regional scales,
particularly for handling the growing volume of medium-to-high resolution bathymetric data with global
coverage.

In this study, we have achieved terrain knowledge-driven zoning and classification of global submarine
landforms. During the classification process, we incorporated key terrain knowledge, including morphological
features, spatial relations, and undulating characteristics of submarine topography. Leveraging this knowledge,
we developed a global submarine landform classification system that reflects the morphology, undulation, and
spatial heterogeneity of the seafloor. Applying this system, we produced the Global Submarine Landform (GSL)
dataset, which divides global submarine landforms into 6 landform zones and 21 landform types. Compared
to traditional analysis methods, the GSL dataset achieves global coverage with the highest resolution currently
available (15 arc-seconds) and comprehensively reflects large-scale geomorphological features. This dataset can
be applied to studies in marine geology, ocean dynamics, and ecosystem research, providing a robust data foun-
dation for understanding seafloor processes and dynamics.

Materials and Methods

Framework of submarine landform driven by terrain knowledge. We identified common terrain
characteristics shared by submarine landforms, such as morphological features, spatial relations, and undulating
characteristics, and used these as the terrain knowledge for our classification framework. First, we delineated
submarine landforms into two zones based on their morphological features: flat landforms and sloped landforms.
For flat landforms, we primarily considered their spatial relations, distinguishing three major zones: continental
shelves, elevated flat landforms, and plains. For sloped landforms, we focused on their undulating characteristics,
further subdividing them into hills, elevated landforms, and depressed landforms. Here, hills represented land-
forms with relatively low undulation and rugged surfaces, reflecting subtle topographic variations. This method
captures the distinct morphological features, spatial relations, and undulating characteristics associated with vari-
ous submarine landforms, integrating these characteristics as geomorphic knowledge into global-scale automated
classification and zoning of seafloor morphology.

Apart from the continental shelf and elevated flat landforms, we further subdivided the seafloor regions. The
submarine spatial region was divided into three bathymetric zones: bathyal, abyssal, and hadal, with further
refinement of landform types within each zone. Considering the significant differences in undulation between
elevated landforms and depressed landforms, we further subdivided these categories into low-relief, mid-relief,
and high-relief based on their undulating characteristics. This hierarchical classification approach captures the
full spectrum of submarine landform features, from subtle undulations to dramatic bathymetric changes, pro-
viding a more comprehensive and detailed representation of seafloor morphology. By integrating bathymetric
zones and undulation intensity, our framework ensures a nuanced and systematic classification of submarine
landforms, enabling a deeper understanding of their spatial distribution and morphological diversity. Figure 1
illustrates the conceptual schematic of the submarine classification system in the framework of this study. For a
quantitative description of the above landform types, refer to Supplementary Table S1. The proposed framework
categorizes submarine morphology into distinct zonal types, with each type exhibiting homogeneous geomor-
phic characteristics™.

The production of GSL dataset involves five main steps, as illustrated in Fig. 2. Our approach is based on the
bathymetric data model. When considering morphological features, we drew inspiration from the concept of
distance accumulation and employed cumulative slope analysis to distinguish between flat landforms and sloped
landforms®. For flat landforms, we utilized spatial topological adjacency relationships to determine their spatial
relations, enabling the identification of continental shelves, elevated flat landforms, and plains. In analysing
the undulating characteristics of sloped landforms, we diverged from traditional window-based computational
methods. Instead, we constructed the base terrain based on the boundaries between flat and sloped landforms.
We calculated the bathymetric relief as the difference between the actual bathymetric values and the base terrain.
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Fig. 1 Conceptual schematic diagram of submarine landform framework in this study. (a) Schematic diagram
of submarine landform. Above name represents the six zones of submarine landform (Plains, Elevated flat
landform, Shelf, Hills, Elevated landform and Depressed landform). Below name is the corresponding type of
flat or sloped landforms. (b) Conceptual framework of submarine landform.

This approach allowed us to accurately capture the undulating features of sloped landforms and further classify
them into low-relief, mid-relief, and high-relief categories.

Bathymetric data and pre-processing. The 15 arc-second GEBCO_2022 grid?’ (https://www.gebco.
net/data-products/gridded-bathymetry-data/gebco-2022) was used as the source of bathymetric data for global
submarine landform classification. The General Bathymetric Chart of the Oceans (GEBCO) was dedicated to
providing the world’s oceans with the most authoritative, publicly available bathymetry datasets*'. Supported by
the Seabed 2030 Project, GEBCO has released a 15 arc-second grid bathymetric model of the seafloor, with plans
for annual updates to enhance its accuracy and coverage®*. The GEBCO_2022 Grid, built upon SRTM15 + V2.4,
incorporates predicted depths based on the V31 gravity model and integrates terrestrial topography with meas-
ured and estimated bathymetric data.

The GEBCO dataset integrates both terrestrial and submarine topographic data. Prior to processing, a land
mask was applied to the dataset, assigning the zero value of bathymetry to all terrestrial areas, thereby generating
a global bathymetric model. This approach mitigates potential edge effects caused by land boundary clipping
and ensures that regions with zero bathymetric values are classified as continental shelves, aligning with funda-
mental geomorphological principles®. To enhance computational efficiency and facilitate parallel processing,
the global dataset was divided into 16 subregions, each spanning 90° in longitude and 45° in latitude, with each
subregion assigned a unique identifier (Fig. 3). During processing, each subregion was expanded by 1° in all four
directions to ensure seamless merging of results. To support accurate slope calculation and area measurement,
the bathymetric data were projected using the Behrmann projection, an equal-area cylindrical projection that
minimizes distortion along the 30° north and south parallels*®. For the Arctic region, the North Pole Lambert
Azimuthal Equal Area projection was employed.

Delineation of flat and sloped landforms. Submarine landforms exhibit significant morphological dif-
ferences, particularly in terms of surface ruggedness and undulation. Various methods have been developed to
characterize these topographic variations®”~*’. Among these, a terrain metric based on accumulated slope features
has proven highly effective in expressing binary topographic differences®”*.

The Accumulated Slope (AS) represents the long-distance relationship of slope gradients between two differ-
ent locations, capturing the cumulative effect of slope variations across a terrain®. The cost distance calculation
is a fundamental spatial analysis technique used to calculate AS. It determines the minimum cumulative cost
required to traverse from a given pixel to the nearest source pixel in a raster. This method is widely applied in
terrain analysis, pathfinding, and resource allocation studies®***%. The core idea is to model the “cost” of mov-
ing across a surface, where the cost can represent physical barriers, slope gradients, or other spatially variable
factors.

The calculation involves the following key steps:

1. Cost Raster Creation: A cost raster is generated, where each pixel’s value represents the cost of traversing
that location. The cost can be derived from various factors, such as slope, elevation, or land cover category.

2. Source Pixel Identification: One or more source pixels are defined as the starting points for the cost dis-
tance calculation. These sources represent the locations from which the cumulative cost is computed.

3. Cost Distance Algorithm: The algorithm calculates the minimum cumulative cost from each pixel in the
raster to the nearest source pixel. This is achieved by iteratively summing the costs along the least-cost
path, considering both the cost of the current pixel and the cumulative cost from adjacent pixels. The AS is
calculated as follows:
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Fig. 2 Workflow of the submarine landform zoning and classification process.
Cost(Source) + Cost(a)
AS(a) = D x

2 (1)

where a represents the pixel to be calculated, AS(a) represents the Accumulated Slope (AS) at the location of pixel
a, D represents the distance between this pixel and its neighboring pixels in a specific direction, Cost(Source)
refers to the AS of neighbouring pixels along that direction, and Cost(a) indicates the slope cost value at pixel a.

The initial flat regions for AS calculation were defined based on the assumption that “lower slope indicates
a closer affiliation with flat landforms” Slope derived from DEMs exhibits resolution-dependent uncertain-
ties, where lower-resolution DEMs systematically produce smaller slope for the same terrain®. Since digital
bathymetric models generally have coarser resolution than terrestrial elevation models, this necessitates adopt-
ing a lower slope threshold for submarine applications compared to terrestrial studies. While terrestrial-based
research typically uses thresholds like slope <2° to define flat areas®?, we employed slope <0.5° criterion to
identify initial flat regions, from which AS was used to delineate complete flat landforms. Grid cells with slopes
<0.5° were converted to vector polygons, and those smaller than 10km? were excluded to prevent the inclusion
of fragmented flat areas within predominantly sloped landforms. Then, with slope used as the cost raster, AS at
each grid is calculated on the basis of the principle of distance accumulation® (Fig. 4).

The results of AS reveal the path with the lowest cumulative cost from the initial flat regions to each cell.
Areas with low AS values, on the one hand, reflect their close spatial distance to the initial flat regions, and on
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Fig. 3 Data partition and name of global subregions. Each subregion is named based on the latitude line to
the south and the longitude line to the west of its extent, with a longitude span of 90° and a latitude span of 45°.
For example, s45e90 represents the region with a longitude range between 90°E and 180°E and a latitude range
between 45°S and 0°.

the other hand, indicate that the slope along the lowest-cost path from the initial flat regions is gentle, resulting
in low cumulative costs to reach these locations. In contrast, areas with high AS values may reflect either their
greater spatial distance from the initial flat regions or the presence of high slopes along the lowest-cost path,
which act as “barriers,” leading to higher cumulative costs. By integrating topographic slope characteristics
with the relationship between slopes at different distances, AS effectively reveals the genetic and morphological
homogeneity of the seafloor surface®>.

Based on the results of AS, flat and sloped landforms are delineated using a threshold-based criterion: areas
with AS below the threshold, whose characteristics are closer to those of the initial flat regions, are classified as
candidate flat landforms; whereas areas with values above the threshold, exhibiting larger slope accumulation,
are classified as candidate sloped landforms. For the same initial flat region, the area delineated as flat land-
forms varies depending on the threshold applied. A smaller threshold results in a smaller area of candidate flat
landforms, while as the threshold increases incrementally, the area of candidate flat landforms also expands
gradually. When the threshold is increased by the same increment, the candidate flat landforms area exhibit sub-
stantially greater area expansion in relatively flat surrounding terrain, whereas in rugged terrain, the AS values
increase rapidly, leading to a smaller expansion of the flat landforms area.

Guided by this principle, a dynamic approach is adopted to determine the optimal threshold. For a specific
initial flat region, the threshold is increased at uniform intervals, and the corresponding expansion of the flat
landforms area is calculated after each increment. The inflection point in the area expansion is identified as the
AS threshold for that initial flat region. Beyond this point, the rate of area expansion diminishes, indicating that
the surrounding terrain becomes progressively more rugged. This inflection point thus serves as the critical
threshold for distinguishing flat from sloped landforms. In practice, to prevent the indefinite expansion of flat
regions, a maximum slope accumulation threshold constraint is necessary. Through preliminary visual assess-
ments across diverse test areas, we identified that thresholds not exceeding 5000 capture the spatial extent of
flat landforms. Consequently, this study uses 5000 as the maximum constraint threshold. To enhance computa-
tional efficiency, the analysis employs threshold increments of 500 at equal intervals for calculating regional area
growth. The results were segmented by eCognition with the segmentation scale of 30. The area and average slope
were calculated for the segmented results, and after several iterations, the fragmented patches were eliminated
to get a more integrated result (Fig. 5).

Classification of flat landforms.  For the further classification of flat landforms, we primarily focus on
their spatial relationships. Continental shelves and elevated flat landforms exhibit distinct spatial characteristics,
while the remaining flat landforms are classified as plains.

The continental shelf, as a submarine landform adjacent to terrestrial regions, exhibits distinct topographic
characteristics®. Unlike most studies that rely solely on a bathymetry threshold of 200 meters to roughly delin-
eate the continental shelf, we incorporated multiple aspects of terrain knowledge to refine its determination.
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Fig. 4 Calculation step of accumulated slope. (a) Schematic diagram of the accumulated slope algorithm.
(b) Initial flat regions as source raster, derived from slope. (c) Slope as cost raster, derived from bathymetric
model. (d) Result of accumulated slope obtained by iterating the algorithm base on (a).

First, the continental shelf typically features a significant slope change at its edge, transitioning from a gentle
slope to a steep incline, with the slope break often marking its lower boundary. Second, from a topological
perspective, the continental shelf is directly adjacent to landmasses or islands. Third, empirical knowledge
suggests that the maximum bathymetry of the continental shelf generally remains around 200 meters. Based
on the division of flat landforms and sloped landforms, we utilized the AS to further refine and determine
the extent of the continental shelf. The AS calculation originates from the low-water line, which in this study
corresponds to the 0-meter contour line, referencing global terrestrial vector boundaries. On the continental
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Fig.5 AS-based dynamic threshold segmentation process. (a) Initial flat regions and AS. (b) Flat regions after
region growing based on dynamic threshold delineation. (c) Segmentation of the result based on (b). (d) Flat
regions after elimination by several iterations.

shelf, the AS increases gradually due to the gentle slope. However, as the terrain transitions beyond the shelf
into the continental slope, the slope steepens sharply, causing the AS value to rise rapidly. We established a
classification threshold based on the corresponding AS value, with areas below this threshold identified as part
of the continental shelf.

In this study, the elevated flat landform is defined as a flat landform situated on elevated landforms, often
surrounded by elevated terrain or located near the top of continental slopes adjacent to continental shelves.
Elevated flat landforms are characterized by positive and relatively large bathymetric relief values (definitions
of elevated landforms and bathymetric relief will be detailed in the following section). Specifically, a flat land-
form is classified as a elevated flat landform if its average bathymetric relief exceeds 500 meters or if its average
bathymetry value is relatively low (typically less than 2,000 meters). The application of terrain knowledge is
crucial in distinguishing elevated flat landforms from other flat landforms, such as continental shelves. While
both may exhibit similar surface characteristics, bathymetric zones, and undulation features, their topologi-
cal relationships differ significantly. Continental shelves are typically adjacent to land or islands, whereas ele-
vated flat landforms are often surrounded by elevated landforms or located near steep continental slopes. This
adjacency to elevated terrain or continental slopes serves as a primary criterion for identifying elevated flat
landforms.

The plain encompasses all flat landforms other than the continental shelves and elevated flat landforms.
Plains are further classified by bathymetric zone: plains at bathymetry of 0-4,000 m are classified as bathyal
plains, those at bathymetry of 4,000-6,000 m as abyssal plains, and bathymetry deeper than 6,000 m as hadal
plains.
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Fig. 6 Problems of traditional calculation of terrain relief and the improved method in this study. (a) Different
window sizes lead to large differences in calculating terrain relief at the same location. (b) Different window
positions result in opposite relief in landforms with the similar undulation characteristics. (c¢) Instead of using
window-based analysis, Bathymetric Relief calculated based on base terrain constructed by TIN.

Classification of sloped landforms.  Undulation characteristics are fundamental features that reflect the
morphological diversity of submarine landforms. These characteristics play a critical role in distinguishing differ-
ent zones of sloped landforms, such as hills, elevated landforms, and depressed landforms. Current methods for
calculating topographic undulation often rely on window-based analyses, such as the Bathymetric Position Index
(BPI) and other similar metrics***. However, these window-based approaches have significant limitations that
affect their accuracy and reliability.

Firstly, the choice of window size introduces considerable uncertainty into the classification results (Fig. 6a).
Different window sizes can cause different relief values, leading to inconsistent interpretations of the same land-
form. Secondly, window-based analyses typically employ a sliding window approach, which can lead to mis-
leading results due to the incomplete coverage of the entire landform units (Fig. 6b). For example, within an
elevated landform, certain areas may exhibit negative relief values (i.e., lower than the average bathymetry of the
window), mistakenly classifying them as depressed landforms. Conversely, areas within a depressed landform
may show positive relief values (i.e., higher than the average bathymetry of the window), leading to their mis-
classification as elevated landforms. These inconsistencies arise from the interaction between slope morphology
and the position of the sliding window.

To address these issues, this study adopts a more robust approach by defining a certain boundary for calcu-
lating relief. Using the boundaries between flat landforms and sloped landforms as a reference, we establish a
base terrain for each sloped landform unit. The base terrain serves as a benchmark for calculating undulation,
and the resulting metric is termed Bathymetric Relief (BR). This method aligns with current mainstream geo-
morphological analyses that focus on terrain units and landform objects, reflecting the semantic characteristics
of landforms (Fig. 6¢).

Bathymetric Relief (BR) is defined as the difference between the bathymetric value of each grid cell within
the boundary of a sloped landform and the corresponding bathymetric value of the grid cell on the base terrain.
It is calculated as follows:

BR(a) = Bathymetry(a) — Bathymetry of base terrain(a) )

where a represents a location of seafloor, BR represents bathymetric relief.

The base terrain is constructed based on the boundaries of the sloped landform using a Triangulated Irregular
Network (TIN), which is a digital representation of the surface formed by connecting irregularly spaced points
into a network of non-overlapping triangles®>%. The TIN is generated by interpolating the boundary points of
the sloped landform, ensuring that the base terrain accurately reflects the overall shape and elevation trends of
the landform unit®”. By comparing the bathymetric values of each grid cell within the sloped landform to those
of the corresponding base terrain, BR effectively captures the undulation characteristics of the landform.

The absolute value of BR represents the magnitude of undulation, while its sign indicates the direction of
relief—positive values represent upward convexity (elevated features), and negative values represent downward
concavity (depressed features). Specifically, large positive BR values correspond to elevated landforms, such as
the geomorphic features of seamounts and mid-ocean ridges. Conversely, large negative BR values correspond
to depressed landforms, such as the geomorphic features of trenches and troughs. When the absolute value of
BR is close to zero, it indicates a relatively rough surface with minimal undulation, which we classify as hills.
These hills represent areas with rugged topography but limited elevation changes. By quantitatively classifying
BR based on these criteria, we categorize sloped landforms into three distinct zones: hills, elevated landforms,
and depressed landforms.

Extraction of representative landform features. Submarine landforms exhibit considerable variations
across different scales, with features of varying scales often overlapping and intermingling without clearly defined
boundaries®*®%. This complexity presents significant challenges for feature-based geomorphic classification. The
classification framework we developed establishes a fundamental spatial architecture for submarine geomorphic
distribution. Within this framework, distinct submarine landform features are typically associated with specific
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types of zoned regions. The zoning and classification system thus provides a critical foundation for the identifica-
tion and analysis of complex submarine geomorphic elements.

The extraction of submarine landform features from classification results can be accomplished through mul-
tiple approaches. The fundamental methodology entails selecting and extracting classification layers that match
the target features according to the classification results, subsequently followed by the editing and processing of
the extracted layers. Alternatively, a hybrid extraction approach can be utilized, in which relevant classification
layers serve as constraint areas and are then integrated with other extraction techniques. Taking seamounts,
guyots, plateaus and trenches defined in the IHO standards as examples®, we demonstrated the application of
these extraction methods.

For these four types of geomorphological features, we directly extracted them based on the GSL results, using
Harris's GSFM as a reference and excluding some features with indistinct characteristics. During the identifi-
cation process, we integrated bathymetric data and hillshade visualizations to assist in manual interpretation.
Further segmentation was applied to selected features to refine their boundaries.

Since seamounts, guyots and plateaus often exhibit elevated topographic characteristics, we first extracted
the elevated landforms, elevated flat landforms, and hills layers and merged them. These were then individu-
ally compared with the features of seamounts, guyots and plateaus in the GSFM for identification. Regarding
plateaus, since the GSEM plateau dataset was entirely manually digitized, we selected, segmented, and merged
regions demonstrating the closest spatial correspondence to derive discrete plateau features.

In contrast, trenches exhibit depressed topographic characteristics and were therefore extracted primarily
derived from the classification layers corresponding to depressed landforms. These layers were filtered and seg-
mented by referencing the trench layer from the GSFM dataset, resulting in the final extracted trench dataset.

Data Records

On the basis of the terrain knowledge-based submarine landform framework, the global submarine landform
dataset (GSL)" has been produced. The GSL is stored in a data repository on Zenodo (https://doi.org/10.5281/
zenodo.15378203). The final dataset includes major zoning layers, detailed classification layers and feature
layers. The dataset comprises two levels of classification: major level and detailed level, corresponding to the
zoning and classification results of submarine landforms, respectively. In addition, the dataset includes the rep-
resentative landform features as the complementary datasets for classification layers. The data is presented in an
unsmoothed shapefile format file, and the results can be viewed through ArcGIS Pro. The naming of the data
corresponds to the range it contains, as shown in Fig. 3. Loading “LandformStyleLayer.lyrx” as a symbolic layer
enables the achievement of the same presentation as that in the figures of this paper.

Major level of classification. At the major level, submarine landforms are divided into two broad catego-
ries: flat landform and sloped landform. Building on this, the dataset further partitions the seafloor into six major
zones: continental shelf, elevated flat landform, plains, hills, elevated landform, and depressed landform (Fig. 7).

Detailed level of classification. At the detailed level, the classification refines these six zones based on
additional criteria. For plains, hills, elevated landforms, and depressed landforms, the dataset incorporates bathy-
metric zones, dividing them into three bathymetric zones: bathyal, abyssal, and hadal. Additionally, elevated land-
forms and depressed landforms are further classified based on their bathymetric relief (BR) into three categories:
low-relief, mid-relief, and high-relief (Fig. 8).

Theoretically, this hierarchical classification framework should have 26 distinct landform types. However,
our results include only 21 types due to the absence of certain combinations. The base terrains for bathymetric
relief calculations are typically located in the abyssal zone. Consequently, any feature rising above these base ter-
rains would extend into shallower bathymetric zones (abyssal or bathyal), which leads to the absence of elevated
landforms in the hadal zone. High-relief elevated landforms are confined to the bathyal zone and absent in the
abyssal zone because the bathymetric structure of the deep sea lacks sufficient vertical range to accommodate
such features. Additionally, high-relief depressed landforms are absent in the bathyal zone, as significant depres-
sions are more commonly associated with deeper abyssal and hadal zones. These absences are consistent with
the natural distribution and formation mechanisms of submarine landforms.

Representative landform features. We have incorporated several extracted layers of representative land-
form features into the GSL dataset, including a subset of seamounts, guyots, plateaus, and trenches. These features
were identified by referring to the corresponding landform features in Harris's GSFM dataset and complemented
by manual interpretation.

Technical Validation

The Global Submarine Landform (GSL) dataset aims to provide a comprehensive and accurate representation
of the spatial distribution and morphological diversity of submarine landforms worldwide. To validate the GSL
dataset, we conducted assessments from multiple perspectives to ensure its accuracy and usability. The com-
parison was primarily based on expert interpretation of submarine landform types using seabed topographic
data and their derivatives as references, alongside Harris’s Global Seafloor Feature Map (GSFM) as the reference
dataset, which is a widely recognized dataset in marine geomorphology**.

First, visual comparison validation was conducted. Taking partial sample areas as examples, the GSL classifi-
cation layers and representative feature layers were visually compared with those of the GSFM. This allowed for
intuitive assessment of spatial consistency and pattern similarity between datasets.

Second, statistical validation of data was performed. We conducted statistical analyses on classification layers
across different scales (global and oceanic level) to quantify the area proportions of various landform types and
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Fig.7 Global submarine landform zoning result with six major submarine landform zones (The major level).
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Fig. 8 Global submarine landform classification result with 21 submarine landform types (The detailed
level). (a) Global result. (b) Southwest Indian Ridge. (¢) Peru-Chile Trench and Nasca Ridge. (d) Mid-Pacific
Mountains and Hawaiian Ridge. (e) Mid-Atlantic Ridge. (f) Carlsberg Ridge and Chagos-Laccadive Plateau.
(g) Mariana Trench. (h) Mid-Pacific Mountains. (i) Campbell Plateau and Challenger Plateau.
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Fig. 9 Comparison of some regions between GSL and Harris’s GSFM.

analyse their overall trends. This step ensured the quantitative representativeness of the classification results in
reflecting spatial distribution characteristics.

Finally, quantitative validation of comparisons between datasets was implemented. For flat landforms and
sloped landforms, assessments were carried out by means of expert visual interpretation of categories at ran-
domly selected points. For the classification layers of major levels, spatial overlay with GSFM base features and
partial discrete feature layers was performed to calculate the overlapping area.

Visual validation through data comparison. Some representative regions were selected for a qualitative
comparison between the GSL dataset and the GSFM (Fig. 9), including classification layers and feature layers. The
results demonstrate that the GSL dataset captures finer details and more detailed morphological variations in sub-
marine landforms. For instance, the hierarchical classification system used in the GSL dataset effectively reflects
bathymetric and undulation characteristics, enabling the representation of diverse landform zones. Additionally,
the GSL dataset highlights the continuous spatial transitions and topological structures of submarine landforms.
For example, terrain in a given direction may exhibit a gradual transition from plains to hills to elevated land-
forms, or from plains to hills to depressed landforms, with relief varying from low to high. This reflects the natural
gradation of topographic changes and the fuzzy boundaries inherent in submarine landscapes.

The visual comparison of the landform features extracted in this study primarily focuses on the delineated
boundaries. In Harris’s work, the extraction of landform features mainly relied on the observation and manual
digitization of bathymetric contours generated at intervals of 100 meters. In contrast, the landform features
extracted fromthe classification results can be filtered, segmented, and merged to generate relatively objective
landform boundaries.

We take the four types of submarine landform features extracted in this study as an illustrative case. Compared
with Harris’s results, our classification delineates more refined boundaries for these landform features (Fig. 10).
These detailed boundaries can effectively guide the extraction of landform features with higher precision.

For the hybrid extraction scheme, our classification results can also serve as spatial constraints for identifying
relevant landform features. Taking submarine canyons as an example, statistical analysis shows that more than
93.4% of the canyon area in the GSFM dataset is located within sloped landforms. By first extracting submarine
canyons confined to sloped landforms and then applying further processing steps, it becomes possible to elimi-
nate unrepresentative canyon features derived from flat areas, while also reducing the amount of interpretation
and manual editing required.

Statistical assessment of landform compositions. The global seafloor exhibits a rich diversity of sub-
marine landforms, broadly categorized into flat landforms and sloped landforms, which occupy nearly equal
proportions of the seabed (Table 1). This distribution of proportions reflects the more complex and diverse
characteristics of the seafloor, rather than being dominated by flat terrains primarily shaped by sedimentary
processes”!. Plains are the most widespread among flat landforms, while hills dominate sloped terrains, consist-
ent with the general understanding of seafloor morphology*. Elevated landforms and continental shelves have
comparable proportions, whereas depressed landforms and elevated flat landforms are relatively rare. While sea-
mounts and ridges are widely distributed across the ocean floor, a significant portion of these features exhibit
relatively modest relief. As a result, the area occupied by elevated landforms with large relief is smaller compared
to that with smaller undulations. Similarly, depressed landforms, such as trenches and troughs, though spanning
considerable bathymetric ranges, are concentrated in specific regions, leading to their limited overall spatial cov-
erage. The statistical results are generally consistent with Harris’s GSFM in terms of trends, particularly for the
continental shelf corresponding to the GSFM, where the difference in total area proportion is less than 0.1%.

At the oceanic scale, the composition of submarine landforms varies significantly across different ocean
basins. We analysed seven oceanic regions: the North Pacific, South Pacific, North Atlantic, South Atlantic,
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Fig. 10 Comparison of selected typical submarine landform features extracted from GSL with GSFM.
(a) Seamounts. (b) Guyots. (c) Plateaus. (d) Trenches.

Indian Ocean, Arctic Ocean, and Southern Ocean (defined as the region south of 60°S). In the Pacific, Atlantic,
and Indian Oceans, the proportions of flat and sloped landforms are relatively consistent (Fig. 11a). However, the
North Pacific and North Atlantic have slightly larger proportions of flat landforms compared to their southern
parts. The Southern Ocean and Arctic Ocean exhibit a higher prevalence of flat landforms, with the Arctic Ocean
having the highest proportion (86.6%), likely due to its extensive ice cover and shallow continental shelves”.

In terms of the six landform zones, most oceans follow global trends in landform composition, with the
exception of the Arctic Ocean (Fig. 11b). The Arctic Ocean is unique, with over half of its area covered by con-
tinental shelves, a stark contrast to other oceans. The North Atlantic displays a more balanced composition of
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Landform Zone | Percentage | Landform Zone Percentage
Continental Shelf 9.0%
Flat landform 54.9% Elevated flat landform | 1.9%
Plains 44.0%
Hills 31.1%
Sloped landform | 45.1% Elevated landform 11.9%
Depressed landform | 2.1%

Table 1. Percentage statistics on the area for global-scale submarine landform zones.

landforms, with lower proportions of plains and hills but higher proportions of elevated landforms, depressed
landforms, and elevated flat landforms compared to other regions. The Southern Ocean has the highest propor-
tion of plains (51.7%), while the North Atlantic and Arctic Ocean have plains covering less than 40% of their
seabed. Hills are most prevalent in the South Pacific and South Atlantic, each exceeding 35%, whereas the Arctic
Ocean has a minimal hills area (3.1%). Continental shelves are most extensive in the Arctic Ocean, followed by
the North Atlantic and Southern Ocean, each exceeding 10%. In contrast, the South Pacific and South Atlantic
have continental shelf proportions below 5%. Elevated landforms are most prominent in the Indian Ocean,
North Atlantic, and North Pacific, all exceeding the global average. Depressed landforms are most common in
the Atlantic Ocean, while being least represented in the Southern Ocean and Arctic Ocean.

Quantitative validation through data comparison.  Validation of flat and sloped landforms.  The val-
idation of flat and sloped landforms is conducted using randomly sampled points across the global ocean. This
approach leverages the bathymetric model, slope, and hillshade map to assess the consistency between the inter-
preted morphological features and the GSL classification results (flat or sloped landforms). Hillshade, which sim-
ulates the illumination of the seafloor surface, is particularly useful for identifying subtle topographic variations
and enhancing the visual distinction of landform types’.

We generated 36,000 random points distributed uniformly across the global ocean. For each point, we vis-
ually interpreted its morphological feature using a combination of bathymetric data, slope, and hillshade maps.
The interpretation focused on distinguishing between flat landforms and sloped landforms. The interpreted
results were then compared with the corresponding classifications in the GSL dataset to evaluate the consistency
and accuracy of the automated classification framework.

To quantify the performance of the GSL dataset, we calculated four key metrics: precision, recall, accuracy,
and F1 score. These metrics are defined as follows:

Precision: The proportion of correctly classified flat or sloped landforms among all landforms identified as
such by the GSL dataset.

TP

Precision = ——
TP + FP (3)

Recall: The proportion of correctly classified flat or sloped landforms among all landforms that should have
been identified as such.

TP

Recall = ————
TP + FN (4)

Accuracy: The proportion of correctly classified points (both flat and sloped) among all points.

TP + TN

Accuracy =
4 TP + TN + FP + FN (5)

F1 Score: The harmonic mean of precision and recall, providing a balanced measure of the dataset’s
performance.

Precision X Recall

F1Score =2 X —M8M
Precision + Recall (6)

In the evaluation metrics, TP refers to the cases where the GSL dataset correctly identifies a landform as
either flat or sloped. FP refers to the cases when the GSL dataset incorrectly identifies a landform as flat or sloped
when it is not. TN refers to the cases where the GSL dataset correctly identifies a landform as not being flat or
sloped. FN refers to the cases where the GSL dataset fails to identify a landform as flat or sloped when it should
have.

These results highlight the GSL dataset’s reliability in distinguishing between flat and sloped landforms
(Table 2). The slightly lower precision for sloped landforms may be attributed to the inherent complexity of
steep terrains, which often exhibit highly variable and irregular surface features. Additionally, the morphological
diversity within sloped landforms, such as the presence of both elevated and depressed features within a single
unit, further complicates the identification process. Overall, the high accuracy indicate that the dataset performs
well in minimizing false negatives, ensuring that most true landforms are correctly identified.
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Fig. 11 Composition of six zoning submarine landform zones in different oceans. (a) Composition of flat
and sloped landforms in different ocean regions. (b) Composition of six zoning submarine landform zones in
different ocean regions.

Landform Zone | TP FP TN FN Precision | Recall

Flat landform 18322 | 765 15231 | 1682 | 95.99% 91.59% 93.20% 93.74%
. 0
Sloped landform | 15231 | 1682 | 18322 | 765 | 90.05% 95.22% 92.56%

Accuracy | F1Score

Table 2. Precision Evaluation of flat and sloped landform.

Precision | Recall

Overlapping area (m?) | 30986455.87 | 1535281.52 | 1262032.20 | 95.27% 96.08%

Table 3. Precision evaluation of continental shelves between GSL and GSFM.

Validation of classification layers.  To further validate the accuracy and reliability of the GSL classification lay-
ers, we conducted a comparative analysis with the GSFM, which provides a comprehensive representation of
submarine landforms and serves as a reference for evaluating the our dataset.

Due to differences in the classification frameworks between the GSL dataset and the GSFM, a direct quan-
titative comparison is not feasible. Instead, we conducted an overlay analysis using the GSFM’s two primary
layers—base layers and feature layers—to assess the consistency and precision of the GSL dataset.

The comparison with the GSFM base layers includes continental shelves, slopes, abyssal plains (with subcate-
gories such as plains, hills, and mountains derived from window-based relief analysis), and hadal zones. For con-
tinental shelves, a direct overlay comparison was performed, and the results revealed high accuracy, as reflected
in the precision and recall values shown in Table 3. Minor differences were primarily attributed to differences in
data resolution and methodological approaches.

For other landform zones, we conducted an overlay analysis between the GSFM categories and the six land-
form zones in the GSL dataset (Fig. 12a). The comparison revealed significant correlations between specific land-
form categories in the GSEM and the GSL dataset, with high overlap proportions. In the GSFM’s abyssal zone,
plains, hills, and mountains showed significant overlap with the GSL dataset’s plains (88.8%), hills (44.6%), and
elevated landforms (38.7%), respectively. In the hadal zone, GSFM landforms predominantly overlapped with GSLs
depressed landforms (39.9%). These high overlap proportions demonstrate strong consistency between the two
datasets, despite differences in classification methods and resolution. As the composite geomorphic features located
at continental margins, most continental slopes in the GSL dataset were classified as elevated landforms, with the
remaining portions categorized as elevated flat landforms (flat terrain at the top of continental slopes) and hills
(terrain at the base of continental slopes). This reflects the elevated nature of continental slopes within the seafloor.

The window-based analysis used in the GSFM tended to overestimate the proportions of hills and mountains.
For example, 47.4% of the GSFM hills corresponded to plains in the GSL dataset, while only 44.6% matched
the GSL hills. Similarly, 45.3% of the GSFM mountains aligned with hills in the GSL dataset, and 38.7% corre-
sponded to elevated landforms. These discrepancies highlight the structural differences between the two classi-
fication systems.

For the feature-based comparison, we selected 12 landform types from the GSFM and overlaid them with the
six major zones in the GSL dataset (Fig. 12b). Fans and ridges are predominantly found in plains, reflecting their
association with flat or gently sloping terrains. Spreading ridges show a relatively even distribution, with nearly
half located in hills, highlighting their transitional nature between flat and elevated terrains. More than half of
the ridges, guyots, escarpments, seamounts, and canyons are distributed in elevated landforms, consistent with
their characteristic steep and prominent topographic features. Over 70% of trenches are located in depressed
landforms, aligning with their deep, concave morphology. These distribution patterns demonstrate that the GSL
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Fig. 12 Percentage of overlapping area between GSL landforms and GSFM landform categories.
(a) Comparison with the base layers in GSFM. (b) Comparison with the feature layers in GSFM.

dataset accurately captures the spatial characteristics of submarine landforms, as evidenced by its consistency
with the GSFM’s feature-based classifications. The results reflect an alignment with known submarine geomor-
phological distribution trends, further validating the reliability and precision of the GSL dataset.

Usage Notes

Diverging from conventional classification of submarine landforms, the GSL introduces a novel perspective in
submarine landform, offering a fresh cognitive approach to understanding seafloor features. This classification
approach effectively captures the diverse and complex morphological features of seafloor terrain. It has the
potential to be applied in other marine fields, aiding in an improved understanding of ocean processes. The ter-
rain knowledge-driven framework for submarine landform research proposed in this study can also be applied
to regional-scale studies and offers valuable insights for submarine geomorphology research. The methods and
framework presented here are adaptable to high-resolution local bathymetric data and can be applied to subma-
rine landform studies at various scales.

Users are encouraged to utilize our dataset as a base map for visualizing and analysing submarine landforms,
which can provide a reliable foundation for representing the diversity of seafloor morphology. For the extrac-
tion of submarine landform features, the method developed in this study, which extracts four types of landform
elements directly from the classification layers, provides a feasible solution. In addition, we encourage users to
integrate specialized extraction techniques for specific submarine landform types with our classification results,
applying hybrid extraction schemes to further refine results according to particular research objectives.

The dataset is also well-suited for conducting more in-depth research on the spatial distribution and landscape
characteristics of submarine landforms, which will provide a comprehensive framework for exploring their geo-
morphic features and patterns. Additionally, we encourage integrating this dataset with other marine datasets to
facilitate interdisciplinary research across various fields, such as marine geology, biodiversity, and ocean dynamics.

Code availability

The procedures in this study are completed via ArcGIS Pro, Python with arcPy and eCognition. The code based
on python with arcpy has been uploaded into Zenodo (https://doi.org/10.5281/zenodo.153782037°) along with
the data, and the execution of this code requires the support of the arcpy environment.
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