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Subaquatic channels, situated in lakes, fjords, submarine canyons and on deep-sea
fan systems, exhibit diverse morphometric characteristics controlled by sediment
transport processes, particularly turbidity currents. These processes play a
significant role in transporting sediment, organic carbon, nutrients, and
pollutants and pose hazards to critical infrastructure. This study examines a
balanced set of subaquatic channels across various settings, sizes, and
locations, employing novel data harmonization techniques to address biases
toward larger channels. The analysis reveals consistent scaling relationships,
particularly the dominant role of bankfull width, influencing bankfull depth,
cross-sectional area, wavelength, and amplitude. The aspect ratio (width-to-
depth) emerges as a significant parameter, reflecting a necessary channel
compactness to maintain turbidity currents. Meandering development reveals
relations between width, wavelength, and amplitude, with a preference for
specific ratios. Meandering is most pronounced at channel beginnings,
transitioning to straighter forms downstream, potentially influenced by flow
dynamics and flow confinement. The study broadens the understanding of
subaquatic channel evolution, emphasizing the importance of bankfull width
and providing insights applicable across settings and scales.
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1 Introduction

Submarine canyons and channels, among the largest morphological features on Earth
(Harris and Whiteway, 2011), are shaped by the longest sediment flows, termed turbidity
currents, fostering immense scientific interest (Talling et al., 2022). These turbidity currents
bear a significant role in transporting sediment, organic carbon, nutrients, and pollutants to
the deep-sea (Galy et al., 2007; Kane and Clare, 2019; Pierdomenico et al., 2023). They also
pose a potential hazard to critical infrastructure like undersea cables, which requires an in-
depth understanding of their behaviors (Piper et al., 1988; Talling et al., 2022).

Turbidity currents are not limited to the deep sea alone; they also shape canyons and
channels in fjords and lakes, leading to their broader classification as subaquatic sediment
conduits (Talling, 2014). While advancements in measurement techniques in the last
decades have provided insights into these flows, their direct observation remains a
challenge (Paull et al., 2018; Talling et al., 2023). Therefore, for most subaquatic
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sediment conduits, only bathymetric data of varying resolution is
available (Bührig et al., 2022b). Thus, the analysis of their
morphology, enabled by the ever-growing amount of bathymetric
data, emerges as a crucial approach for understanding the evolution
of these subaquatic sediment conduits and their associated turbidity
currents (Peakall et al., 2012; Konsoer et al., 2013; Shumaker et al.,
2018; Lemay et al., 2020; Bührig et al., 2022b).

Taking inspiration from the morphometric analysis of river
systems, where planform characteristics (wavelength, amplitude,
sinuosity) and cross-sectional characteristics (bankfull width,
bankfull depth, cross-sectional area) correlate and follow power
law scaling relationships (Leopold and Maddock, 1953; Leopold and
Wolman, 1960; Schumm, 1979), a similar avenue has been pursued
for submarine sediment conduits. Notably, the biggest comparative
studies have primarily focused on submarine canyons,
encompassing entire incised cross-sections without differentiating
between channelized sediment conduits within the canyons (Harris
and Whiteway, 2011; Bührig et al., 2022a). These channelized
sediment conduits, both within canyons and valleys (defined up
to the first distinct terrace or levee crest) and outside as leveed or
incised channels, hold particular interest due to their connection
with bankfull geometries and scaling relationships related to the
activity of channel-forming turbidity currents (Lemay et al., 2020;
Covault et al., 2021). Within this context, the aspect ratio,
representing the width-to-depth ratio, exhibits remarkable
similarity across various channelized sediment conduits, further
called channels, following a power law trend (Konsoer et al.,
2013; Shumaker et al., 2018; Lemay et al., 2020) and implying a
preferred geometry shaped by self-correcting feedback mechanisms
in the process of channel formation, particularly for deep-sea leveed
channels (Shumaker et al., 2018).

However, the relationship between bankfull width and cross-
sectional area shows some discrepancy, with contradictory findings
suggesting both decreasing (Shumaker et al., 2018) and increasing
downstream trends (Lemay et al., 2020). Moreover, a width-
wavelength relationship is evident in submarine channels (Clark
et al., 1992; Covault et al., 2021), but debates continue concerning
whether channel sinuosity is more influenced by thalweg gradient
(Clark et al., 1992; Sylvester et al., 2013) or latitudinal settings
(Peakall et al., 2012).

It is important to note that small submarine channels, typically
narrower than 1,000 m and/or shallower than 10 m, are scarcely
reported, leading to a well-recognized bias favoring larger channels.
Consequently, larger channels tend to contribute more data points
to trends than smaller ones, further accentuating this bias (Konsoer
et al., 2013; Lemay et al., 2020). Additionally, data on lake channels
are conspicuously absent from these analyses.

This study seeks to expand the scope of morphometric
analyses beyond the traditionally focused uniform submarine
channels, encompassing a well-balanced selection of subaquatic
systems with varying settings, sizes, sediment supplies, and
locations. To achieve this, crucial methodological
improvements are introduced, employing a consistent
analytical approach across all systems without relying on
measurements from different sources (Konsoer et al., 2013;
Lemay et al., 2020; Bührig et al., 2022a) and employing a
novel data harmonization technique to counteract the
aforementioned bias towards larger channels and ensure

equitable representation of different system types (Konsoer
et al., 2013; Lemay et al., 2020).

The primary objectives of this study are to outline the scaling
relationships prevalent across diverse subaquatic channelized
sediment conduits, determine the validity of known relationships
in differing system types, and ultimately gain insights into the
evolution of subaquatic channels through a comprehensive and
consistent comparative analysis.

2 Materials and methods

2.1 Channel definition and datasets

The focus of this study revolves around the analysis of
subaquatic channels, integral components of subaquatic sediment
conduits shaped by turbidity currents. These subaquatic channels
can be situated inside canyons and valleys (channel therefore
defined up to the first distinct terrace or levee crest) or as leveed
and incised formations on deep-sea fans (Lemay et al., 2020).
Geographic settings vary widely, spanning lakes, fjords, and
deep-sea domains, in combination with different attributes such
as proximity to the equator, diverse continental margins, and the
spectrum of flow activity states. In selecting subaquatic channels for
analysis, attention was dedicated to equitable representation, often
in pairs, encompassing a diverse spectrum of settings. This spectrum
included small channels (narrower than 1,000 m and/or shallower
than 10 m) in lakes, Greenland fjords, Canadian fjords and larger
channels such as sea channels, river-associated canyons, canyons
influenced by longshore drift, equatorial canyon-channel-fan
systems, and those distanced from the equator (Figure 1;
Table 1). The bathymetric datasets were sourced from diverse
open sources (given in Table 1), with exclusive reliance on
bathymetric data, avoiding literature-derived measurements.
Geographic coordinates were standardized to the WGS 84
(EPSG:4326) format, establishing a uniform reference point at
the center of each system.

2.2 Measurement of morphometric
characteristics

The determination of morphometric characteristics in
subaquatic channels was conducted using a modified Matlab
script, building upon the methodology outlined by Hasenhündl
and Blanckaert (2022). This script used a centerline of the
subaquatic channels based on the midpoints of bankfull channel
crests (manually mapped, in canyon/valley settings up to the first
distinct terrace or levee crest) (Konsoer et al., 2013; Shumaker et al.,
2018; Lemay et al., 2020). Along the centerline, a channel-centered
curvilinear reference system (s, n, z) was established, characterized
by the s-coordinate corresponding to the downstream distance from
the beginning of each system’s bathymetric data (Hasenhündl and
Blanckaert, 2022) as shown in Figure 2. At the channel head, the
s-coordinate starts at zero, and at the end of the confined channel, s
reaches its maximum value, which also corresponds to the measured
system length (Table 1), as far as bathymetric data are available. The
spatial step size (Δs) along the s-coordinate was chosen individually
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for each system, according to the recommendation of half the
bankfull width (Hasenhündl and Blanckaert, 2022), spanning an
interval from 50 m to 2,400 m (refer to Table 1).

The channel-centered curvilinear reference system provided
cross-sections at Δs intervals, enabling the computation of
characteristics including bankfull width (B), bankfull channel
depth (H), and cross-sectional area (XS) (Figure 2). Longitudinal
characteristics were calculated along the centerline such as radius of
curvature (R), bend apices (where by definition 1/R attains its
maximum magnitude), crossovers (where by definition curvature
is zero), sinuosity (SI, the ratio between the distance along centerline
and the straight distance between two points for the step-length of
20 times median B), wavelength (L) and amplitude (A) (see
Figure 2). The thalweg (automatically determined by the lowest
bed elevation within the cross-section) was used to calculate the
longitudinal bottom profile, along which the thalweg gradient (S)
was derived. An overview of all parameters, morphometric
characteristics and their definitions is detailed within Table 2.

2.3 Harmonization, normalization, and
analyses

In order to address data-size discrepancies (1-Astoria
Canyon: 60 measurement cross-sections; 6-Congo Channel:
2,236 measurement cross-sections) and to afford unbiased
representation to all systems, data harmonization was
introduced. For this process, each system was divided into
deciles based on its measured length along the centerline

(Tables 1, 2), resulting in median values per deciles (assigned
to the midpoint of each decile). This effectively condensed each
system into ten median values for each morphometric
characteristic.

Given the variation in system dimensions, additional
normalization was only required for system lengths and
system depths (Table 2). This normalization extended from
the in the data recognizable channel head (0) to the end of
the visible confined channel (1). Three systems, due to
insufficient bathymetric coverage, underwent individual
normalization ranges, to position the obtained data correctly
within the context of other systems: 3-Capbreton Canyon
between 0 and 0.17, 5-Amazon Channel between 0.19 and
0.82 and 10-Joshua Channel between 0.5 and 0.8.

Morphometric characteristic relationships were established
through the application of least-square linear regressions,
undertaken on log-transformed harmonized data (Lansey, 2023).
This resulted in power-law equations (Clark et al., 1992; Konsoer
et al., 2013; Shumaker et al., 2018; Lemay et al., 2020), with
exceptions for sinuosity and latitude. These were examined using
untransformed linear data, concluding in regression analysis on
semi-logarithmic transformed harmonized data or linear data. The
threshold of coefficient of determination (R2) exceeding 0.1 and a
p-value ≤0.01 (t-statistic, rejecting the non-correlation hypothesis)
was designated as indicative of relevance (Lemay et al., 2020; Bührig
et al., 2022a), as represented by a continuous line, whereas
regressions failing this threshold were delineated with dashed
lines. Relationships with R2 values greater 0.3 were recognized as
meaningful following previous studies (Clark et al., 1992; Konsoer

FIGURE 1
Overview map of the distribution of the 18 subaquatic systems studied (World map from www.naturalearthdata.com).
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TABLE 1 Overview und description of the 18 subaquatic systems studied.

ID Channel Type/setting Sediment Location
WGS 84
(EPSG:
4326)

System
length
[km]

Step
size

Δs [m]

Median
B [m]

Median
H [m]

Median
S [-]

Median
SI [-]

Data source Described in

1 Astoria
Canyon

river-associated canyon,
disconnected from
Columbia river, cut and
fill processes

Mud-sand 125.0°W 118 2,000 4,198 206 0.0122 1.32 NOAA National Centers for
Environmental Information
(2004)

Nelson et al. (1970),
Goldfinger et al. (2012)

46.1°N

2 Biobío
Canyon

river-associated canyon,
connected to Biobío
River, moderately active
turbidity currents

Mud-sand 73.8°W 110 900 1,917 168 0.0283 1.24 NOAA National Centers for
Environmental Information
(2004)

Thornburg et al. (1990),
Bernhardt et al. (2015)

36.7°S

3 Capbreton
Canyon

river-associated canyon,
partly disconnection from
Adour River, present
main sediment source is
longshore drift, active
turbidity currents

Fine sand
(some mud)

1.7°W 50.5 250 666 95 0.0126 1.95 Ifremer Geo-Ocean (2018) Brocheray et al. (2014),
Guiastrennec-Faugas
et al. (2020)43.6°N

4 Monterey
Canyon

Canyon, sediment from
littoral cells along shore,
active turbidity currents

Sandy
(some mud)

122.5°W 258.2 200 3,024 145 0.0085 1.39 NOAA National Centers for
Environmental Information
(2004)

Paull (2011), Maier et al.
(2019)

36.5°N

5 Amazon
Channel

Canyon-channel-fan
system, disconnected
from Amazon River,
inactive

Mud rich 47.5°W 522 400 906 39 0.0038 1.63 NOAA National Centers for
Environmental Information
(2004)

Pirmez and Flood (1995),
Pirmez and Imran (2003)

4.9°N

6 Congo
Channel

Canyon-channel-fan
system, connected to
Congo River, active
turbidity currents

Mud rich 8.5°E 1,117.5 500 1,232 101 0.0027 1.47 Ifremer Geo-Ocean (2018) Babonneau et al. (2002),
Dennielou et al. (2017)

5.5°S

7 Gaoping
Channel

Canyon-channel-system,
connected to Gaoping
River, active turbidity
currents

Mud-sand 120.2°E 262 1,000 2,547 281 0.0091 1.64 NOAA National Centers for
Environmental Information
(2004)

Chiang and Yu (2011),
Liu et al. (2016)

21.7°N

8 Danube
Channel

Canyon-channel-fan
system, disconnected
from Danube River,
inactive

Mud rich 31.3°E 354 500 1,221 70 0.0032 1.34 EMODnet Bathymetry
Consortium (2022)

Popescu et al. (2001,
2004)

43.6°N

9 Hudson
Channel

Canyon-channel system,
disconnected from
Hudson River, inactive

Mud-sand 71.2°W 340.5 500 1,960 135 0.0074 1.17 NOAA National Centers for
Environmental Information
(2004)

Stanley and Freeland
(1978), Rona et al. (2015)

38.8°N

10 Joshua
Channel

abandoned channel,
inactive

Mud rich 86.7°W 260.7 300 709 17 0.0015 1.99 U.S. Bureau of Ocean Energy
Management (2023)

Posamentier (2003),
Morris et al. (2024)

27.8°N

(Continued on following page)
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TABLE 1 (Continued) Overview und description of the 18 subaquatic systems studied.

ID Channel Type/setting Sediment Location
WGS 84
(EPSG:
4326)

System
length
[km]

Step
size

Δs [m]

Median
B [m]

Median
H [m]

Median
S [-]

Median
SI [-]

Data source Described in

11 Baker
Channel

no data, comparable with
Surveyor Channel:
glacially influenced
channel in the Gulf of
Alaska, inactive

No data 136.9°W 280.5 1,500 3,533 97 0.0013 1.19 NOAA National Centers for
Environmental Information
(2004)

no literature, comparable
with Surveyor Channel:
Reece et al. (2011)54.2°N

12 Baranov
Channel

no data, comparable with
Surveyor Channel:
glacially influenced
channel in the Gulf of
Alaska, inactive

No data 137.3°W 436.8 2,400 4,891 64 0.0017 1.15 NOAA National Centers for
Environmental Information
(2004)

no literature, comparable
with Surveyor Channel:
Reece et al. (2011)54.9°N

13 Bute Inlet Fjord-setting, fed by
Southgate River and
Homathko River, active
turbidity currents

Sandy 124.9°W 39.84 80 232 11 0.0109 1.13 Geological Survey of Canada
(2008)

Conway et al. (2012),
Gales et al. (2019)

50.7°N

14 Knight Inlet Fjord-setting, fed by
Klinaklini River and
Franklin River, active
turbidity currents

Sandy 125.6°W 35.9 100 202 13 0.0084 1.30 Geological Survey of Canada
(2005)

Conway et al. (2012),
Gales et al. (2019)

50.9°N

15 Kangilleq Greenland fjord-setting,
connected to glacially-fed
gullies, active turbidity
currents

No data 50.8°W 11.6 100 273 21 0.0206 1.51 OMG (2019) Batchelor et al. (2018),
Pope et al. (2019)

70.7°N

16 Ussing Greenland fjord-setting,
connected to glacially-fed
gullies, active turbidity
currents

No data 56.1°W 36.2 100 316 21 0.0101 1.14 OMG (2019) Batchelor et al. (2018),
Pope et al. (2019)

73.9°N

17 Rhine
Channel

Lake-setting (Lake
Constance), disconnected
from Rhine River, inactive

Sandy 9.6°E 16.2 50 140 8 0.0079 1.22 Internationale
Gewässerschutzkommission für
den Bodensee (IGKB) (2015)

Mürle et al. (2004),
Wessels et al. (2015)

47.5°N

18 Rhone
Channel

Lake-setting (Lake
Geneva), connected to
Rhone River, active
turbidity currents

Sandy 6.8°E 13.5 100 265 10 0.0101 1.09 Swisstopo (2016) Girardclos et al. (2012),
Corella et al. (2016)

46.4°N
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et al., 2013; Shumaker et al., 2018; Lemay et al., 2020) and thus
treated in detail.

2.4 Limitations of the study

Some limitations need to be considered within the context of
this study. Careful consideration was dedicated to assembling a
balanced set of systems with varied settings. Nevertheless, any
selection, no matter how careful, can introduce human bias.
While increasing the system count could enhance result
reliability and reduce the risk of human bias, this was
hindered by the current data constraints. Using exclusively
open bathymetric data could extend in specific settings like
canyons and fjords, but not universally, due to limitations in
systems like lakes and equatorial fans. The attempt to expand to
more systems was hindered by limited data accessibility,
motivated to maintain equilibrium across settings.

The integration of data from diverse sources introduces
differences in resolution, ranging from 2 × 2 m for the 18-
Rhone Channel (133 data points per median width) to 145 ×
145 m for the 8-Danube Channel (8 data points per median
width). The potential impact of resolution variation cannot be
disregarded, as long as there is no uniform bathymetric
database. Consequently, morphometric characteristics highly

sensitive to resolution, such as levee slopes and thalweg position
(Hasenhündl and Blanckaert, 2022), were omitted from the
analysis.

It is essential to recognize that certain relationships might be
influenced by factors beyond the scope of this study. Factors such as
geological context and sea level fluctuations, among other
unexplored elements, could potentially contribute to the observed
relationships, but these aspects remain unexplored within the
confines of this study.

3 Results

3.1 Morphometric characteristics along
systems

The comparative analysis of harmonized morphometric
characteristics shows the broad range of diverse system settings.
Longitudinal profiles demonstrate distinctive system groups
(Figure 3A); the lake systems show concave profiles, while the
canyon-channel systems and fjord systems manifest slightly
concave forms. In contrast, the canyon systems present more
varied profiles, with the 2-Biobío Canyon as the only case of a
convex profile (Covault et al., 2011). The thalweg gradient analysis
(S*, Figure 3B) positions lake systems with the steepest thalweg

FIGURE 2
Definition of the morphometric characteristics [modified from Hasenhündl and Blanckaert (2022)]: user-defined levee or bank crests (right in red,
left in blue) for bankfull channel in a channel (A,B) and canyon/valley setting (C,D). Main morphometric characteristics provided by script: centerline
(magenta) with channel-centered curvilinear (s, n, z) reference system, thalweg (green), cross-sections (grey), bend apices (red dashed), crossovers (blue
dashed), wavelength (L), amplitude (A) bankfull width (B), bankfull depth (H) and cross-sectional area (XS).
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gradients, followed by fjord systems and canyon systems. In
contrast, sea channels showcase the lowest gradients. Notably, the
2-Biobío Canyon appears as an outlier, featuring a rising gradient
downstream due to its convex longitudinal profile.

In terms of geometric characteristics including bankfull width
(B*, Figure 3C), bankfull depth (H*, Figure 3D), wavelength (L*,
Figure 3E), amplitude (A*, Figure 3F) and cross-sectional area (XS*,
Figure 3G), consistent patterns emerge within similar system
settings. Lake systems, characteristically, exhibit the smallest
dimensions, succeeded by fjord systems. A mix of canyon-
channel systems, canyon systems, and sea channels covers
dimensions of intermediate magnitude. The regression analyses,
regardless of coefficients of determination (R2) resultant from the
variability of unit characteristics, expose noticeable trends.
Noteworthy constants are observed in bankfull width and
amplitude (Figures 3C, F), whereas bankfull depth (Figure 3D)
experiences visible decrease towards the channel ends.
Contrarily, wavelengths (Figure 3E) exhibit noticeable increase
towards the channel ends. Cross-sectional areas (Figure 3G)
demonstrate slight decrease, dictated by the comparatively
more effective influence of bankfull width in contrast to the
stronger decrease in bankfull depth.

Sinuosity patterns (SI*, Figure 3H) reveal Canadian fjord
systems marked by higher values at channel beginning,
separating from the majority which peak in mid-system
lengths.

3.2 Morphometric relationships

Comprehensive regressions present significant correlations,
predominantly involving bankfull width (Tables 3, 4). Such
correlations span width-to-depth (Figure 4A, R2 = 0.48), depth-to-
width (Figure 4B, R2 = 0.46), wavelength-to-width (Figure 4C, R2 =
0.49), amplitude-to-width (Figure 4D, R2 = 0.30) and cross-sectional
area-to-width (Figure 4E, R2 = 0.59) relationships. The cross-sectional
area shows substantial correlations to both bankfull width (Figure 4E,
R2 = 0.59) and bankfull depth (Figure 4F, R2 = 0.77), a logical outcome
given its determination by these two characteristics. While significant
correlations between wavelength and amplitude occur (Figure 4G, R2 =
0.55), they fall slightly short of the correlations demonstrated in existing
literature (in Lemay et al. (2020) R2 = 0.90, Table 5).

Due to the different gradient ranges of the respective system types
(Figure 3B), the association with slope showcases a lack of correlations
(Table 3) in comparison to existing literature (Lemay et al., 2020),
exemplified by the width-to-slope relationship featuring an R2 of 0.03
(in Lemay et al. (2020) R2 = 0.35 for leveed channels). Notably,
correlations of no significance are visible in both sinuosity and
latitude, with R2 values ranging between 0.00 and 0.10 and most of
the p-values ≥0.01 (Tables 3, 4; Figure 4H).

Figure 5 enables a comparison, contrasting harmonized data
(Figures 4A, C) with non-harmonized data (Figures 5A, B), both of
which were derived using the same method for determining
characteristics as detailed in Section 2.2. This comparison shows a

TABLE 2 Overview of parameters, morphometric characteristics and their definitions.

Script parameters Definition

s Coordinate along centerline corresponding to the downstream distance from the beginning of each system’s bathymetric data, part
of the channel-centered curvilinear reference system (s, n, z) (Figure 2)

Δs [m] Spatial step size along the s-coordinate in which orthogonal cross-sections are created for the computation of characteristics
(Figure 2)

System length [km] Streamwise length of a channel between mapped beginning and end as measured along the centerline (maximum s-value)

System depth [m] Water depth measured along the channel thalweg

Morphometric characteristic Definition

B [m] Bankfull width of the channel orthogonal to the centerline/s-coordinate, in canyon/valley settings up to the first distinct terrace or
levee crest (Figure 2), also known as characteristic width (Covault et al., 2021)

H [m] Bankfull channel depth, vertical distance between the thalweg and the average elevation of both crests (Figure 2)

XS [m2] Cross-sectional area, integrated area below the line connecting both bounding crests (Figure 2)

SI [-] Sinuosity, ratio between the distance along centerline and the straight distance between two points, calculated over a window equal
to 20 times median B

L [m] Meander wavelength, length of the segment connecting neighboring bend apices (Figure 2)

A [m] Meander amplitude, length of the segment orthogonal to the wavelength-segment connecting with the apex of the current meander
(Figure 2)

S [-] Thalweg gradient, slope along the thalweg/bottom profile

Lat [°] Geographic Latitude at the center of each system, standardized to the WGS 84 (EPSG:4326) format

B/H Aspect ratio

L/B Non-dimensional wavelength

. . .* Harmonized morphometric characteristics, see Section 2.3
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shift of regressions towards larger canyon-channel systems,
attributed to the bigger number of cross-sectional measurement
points (blue markers). Consequently, these regressions converge

with existing literature-derived equations (width-to-depth
coefficient harmonized 36.6 (Figure 4A), non-harmonized 59.2
(Figure 5A), according Shumaker et al. (2018) 93.6–L2, Konsoer

FIGURE 3
Harmonized morphometric characteristics along normalized system length: (A) normalized system depth (longitudinal profile), (B) harmonized
thalweg gradient (S*), (C) harmonized bankfull width (B*), (D) harmonized bankfull depth (H*), (E) harmonized wavelength (L*), (F) harmonized amplitude
(A*), (G) harmonized cross-sectional area (XS*), (H) harmonized sinuosity (SI*) (red–canyons, blue–canyon-channel systems, cyan–sea channels,
green–fjord settings and pink–lake settings).
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et al. (2013) 47.4–L1 and Lemay et al. (2020) 70.5–L3, Table 5). The
coefficients of determination (R2) do not appear to be significantly
influenced by non-harmonized data. For width-to-depth,R2 increases
by 0.01 when using non-harmonized data (Figures 4A, 5A) while for
wavelength-to-width, it decreases by 0.06 (Figures 4C, 5B). As a
result, harmonization is not the primary factor contributing to the
differences in coefficients of determination (R2) observed in Table 5
(E5, E6, E7) when compared to the existing literature. These lower R2

values can be attributed to the greater diversity of systems compared
to the literature.

3.3 Morphometric ratios along systems and
related to thalweg gradient

Regressions within the cross plots along system lengths lack
significant coefficients of determination (R2), due to the variance

in ratios across different channels (Figures 6A, C, E, G). However,
the exponents of these regressions illustrate noticeable trends.
These trends are also influenced by the systems that do not cover
the entire length (3-Capbreton Canyon, 5-Amazon Channel and
10-Joshua Channel). Disregarding these systems results in only
slight changes to the exponents of these regressions, but it does
not alter the overall direction (whether it’s increasing or
decreasing). Consequently, the indicative trend remains
consistent, notwithstanding the acknowledged bias in the
system selection.

The aspect ratio (B*/H*, Figure 6A) increases toward the end of
the channels. This is despite the initially high ratios observed at the
sea channels and some canyons. In the case of the sea channels (11-
Baker Channel, 12-Baranov Channel), these can be explained by
their inactivity and consequently the channel head is no longer
clearly defined. Nevertheless, even in these cases, the aspect ratios
increase slightly towards the end, and they are the only ones that are
notably higher than those in other system settings (Figure 7A). At
the same time the aspect ratio shows a negative correlation with
thalweg gradient, i.e., decreases with increasing thalweg gradient
(Figure 6B, R2 = 0.17).

Conversely, the non-dimensional wavelength (wavelength-
to-width ratio L*/B*, Figure 6C) records a modest increase with
negligible correlation to thalweg gradient (Figure 6D). Likewise,
the amplitude-to-width ratio exhibits no pronounced
correlation with thalweg gradient (Figure 6F) but
demonstrates a slight decline across system lengths
(Figure 6E). The increase in the wavelength-to-amplitude
ratio along the length of the systems is significant
(Figure 6G), indicative of enhanced meandering at system
beginnings transitioning towards straighter channels at the
end of the systems. No correlations with slope are evident in
this context for wavelength-to-amplitude ratios (Figure 6H). In
contrast to the aspect ratio (Figure 7A), for the non-
dimensional wavelength (Figure 7B), amplitude-to-width
ratio (Figure 7C) and wavelength-to-amplitude ratio
(Figure 7D), consistent values are evident across diverse
system settings.

TABLE 3 Coefficient of determination R2 for the regressions performed on the
relationships between harmonized morphometric characteristics. Bold values
indicate a coefficient of determinations R2 higher than 0.3 and the plots for the
underlined values are shown in Figure 4. The full corresponding plots can be
found in the Supplementary Material.

B* H* XS* S* L* A* SI* Lat

y-axis B* X 0.48 0.79 0.03 0.48 0.35 0.03 0.00

H 0.46 X 0.84 0.03 0.12 0.11 0.00 0.04

XS* 0.59 0.77 X 0.02 0.02 0.02 0.01 0.00

S* 0.03 0.00 0.00 X 0.04 0.04 0.02 0.05

L* 0.49 0.11 0.26 0.17 X 0.55 0.05 0.01

A* 0.30 0.07 0.15 0.13 0.52 X 0.00 0.00

SI* 0.01 0.00 0.01 0.03 0.05 0.03 X 0.06

Lat 0.07 0.10 0.08 0.08 0.02 0.09 0.00 X

B* H* XS* S* L* A* SI* Lat

x-axis

TABLE 4 p-values for the regressions performed on the relationships between harmonized morphometric characteristics. Bold values indicate a p-value ≤ 0.01
(statistically significant) and the plots for the underlined values (selected in combination with coefficient of determinations R2 in Table 3) are shown in Figure 4.
The full corresponding plots can be found in the Supplementary Material.

B* H* XS* S* L* A* SI* Lat

y-axis B* X ≤ 0.001 ≤ 0.001 ≤ 0.001 ≤ 0.001 ≤ 0.001 0.224 ≤ 0.001

H ≤ 0.001 X ≤ 0.001 0.946 ≤ 0.001 ≤ 0.001 0.888 ≤ 0.001

XS* ≤ 0.001 ≤ 0.001 X 0.118 ≤ 0.001 ≤ 0.001 0.263 ≤ 0.001

S* ≤ 0.001 0.946 0.118 X ≤ 0.001 ≤ 0.001 0.024 ≤ 0.001

L* ≤ 0.001 ≤ 0.001 ≤ 0.001 ≤ 0.001 X ≤ 0.001 0.006 0.049

A* ≤ 0.001 ≤ 0.001 ≤ 0.001 ≤ 0.001 ≤ 0.001 X 0.030 ≤ 0.001

SI* 0.224 0.888 0.263 0.024 0.006 0.030 X 0.002

Lat ≤ 0.001 ≤ 0.001 ≤ 0.001 ≤ 0.001 0.049 ≤ 0.001 0.713 X

B* H* XS* S* L* A* SI* Lat

x-axis
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FIGURE 4
Overview of significant relationships of morphometric characteristics (complete relationships figures according to Table 3 can be found in the
Supplementary Material): (A) harmonized bankfull width (B*) versus harmonized bankfull depth (H*), (B) harmonized bankfull depth (H*) versus
harmonized bankfull width (B*), (C) harmonizedwavelength (L*) versus harmonized bankfull width (B*), (D) harmonized amplitude (A*) versus harmonized
bankfull width (B*), (E) harmonized cross-sectional area (XS*) versus harmonized bankfull width (B*), (F) harmonized cross-sectional area (XS*)
versus harmonized bankfull depth (H*), (G) harmonized wavelength (L*) versus harmonized amplitude (A*), (H) harmonized sinuosity (SI*) versus latitude
(Lat) (red–canyons, blue–canyon-channel systems, cyan–sea channels, green–fjord settings and pink–lake settings).
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TABLE 5 Summary of subaquatic morphometric characteristics relationships.

Equation Nr. Reference Relationship (power law) R2

Channel bankfull width (B) from bankfull depth (H)

L1 Konsoer et al. (2013) B = 47.43 H0.94 0.39

L2 Shumaker et al. (2018) B = 93.75 H0.66 0.35

L3 Lemay et al. (2020) B = 70.5 H0.81 0.53

E1 This study B = 36.64 H0.83 0.48

Cross-sectional area (XS) from bankfull depth (H)

E2 This study XS = 25.84 H1.8 0.77

Bankfull depth (H) from channel bankfull width (B)

E3 This study H = 0.11 B0.89 0.46

Cross-sectional area (XS) from channel bankfull width (B)

E4 This study XS = 0.08 B1.86 0.59

Wavelength (L) from channel bankfull width (B)

L4 Clark et al. (1992) L = 11.9 B0.75 0.68

L5 Lemay et al. (2020) L = 2.45 B1.11 0.63

E5 This study L = 14.12 B0.85 0.49

Amplitude (A) from channel bankfull width (B)

L6 Lemay et al. (2020) A = 0.59 B1.09 0.59

E6 This study A = 3.66 B0.81 0.30

Wavelength (L) from Amplitude (A)

L7 Lemay et al. (2020) L = 7.48 A0.94 0.90

E7 This study L = 31.83 A0.73 0.55

FIGURE 5
Exemplary relationships of morphometric characteristics with original data (not harmonized): (A) bankfull width (B) versus bankfull depth (H), (B)
wavelength (L) versus bankfull width (B) (red–canyons, blue–canyon-channel systems, cyan–sea channels, green–fjord settings and pink–lake settings).
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FIGURE 6
Cross plots of harmonized nondimensional ratios along normalized system length and versus harmonized thalweg gradient: (A) aspect ratio (B*/H*)
along system and (B) versus harmonized thalweg gradient (S*), (C) wavelength-to-width ratio (L*/B*) along system and (D) versus harmonized thalweg
gradient (S*), (E) amplitude-to-width ratio (A*/B*) along system and (F) versus harmonized thalweg gradient (S*), (G)wavelength -to- amplitude ratio (L*/
A*) along system and (H) versus harmonized thalweg gradient (S*) (red–canyons, blue–canyon-channel systems, cyan–sea channels, green–fjord
settings and pink–lake settings).
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4 Discussion

4.1 Relevance of harmonization

The matter of overrepresentation in the dataset, primarily
coming from systems with more measurement cross-sections,
particularly the larger canyon-channel-fan systems, has been an
ongoing concern in previous studies (Konsoer et al., 2013; Shumaker
et al., 2018; Lemay et al., 2020). This problem is especially relevant in
studies spanning across systems of all scales. It is evident from the
comparison between Figures 4A, 5A that non-harmonized data
produces regressions more aligned with literature-derived trends
(Konsoer et al., 2013; Shumaker et al., 2018; Lemay et al., 2020). The
harmonization process, represented in Figure 4, prevents this bias by
ensuring equal weighting to each system.

It is worth highlighting that variations in the number of subdivisions
for harmonization lead to minimal impact on regressions, a conclusion
validated by investigations involving different subdivisions (e.g., 6 parts,
20 parts), as detailed in the SupplementaryMaterial. The selection of ten
subdivisions, based on their representativeness and computational
feasibility, proves robust for harmonization in the present analysis.

4.2 Dominant scaling relationship

Evident from the results is the prominence of bankfull width as a
dominant characteristic in scaling relationships spanning diverse
system settings. Table 5; Figure 4 underscores the robust scaling

relationships between bankfull width and characteristics like
bankfull depth, cross-sectional area, wavelength, and amplitude.

The aspect ratio (width-to-depth ratio), appears as a dominant ratio
(Konsoer et al., 2013; Shumaker et al., 2018). While no pronounced
grouping among different system types is observed, sea channels
distinguish with high ratios (median aspect ratio 59.2), nearing 100:1
(Figures 6A, 7A). This observation extends Shumaker et al. (2018)
identification of a minimum ratio of ~10:1 to a maximum of ~100:1,
spanning diverse settings such as canyons (median aspect ratio 14.4)
deep-sea canyon-channel systems (median aspect ratio 16.5), fjords
(median aspect ratio 16.0), and lakes (median aspect ratio 18.0). The
median aspect ratio, at 16.7 lower than known so far (Konsoer et al.,
2013; Lemay et al., 2020), potentially reflects the balanced system
selection and the occurrence of narrower subaquatic conduits
(width <1,000 m), especially in fjords.

For the non-dimensional wavelength (wavelength-to-width
ratio, Figures 6C, 7B, medians: canyons–3.6, canyon-
channels–4.2, sea channels–8.4, fjords–7.0, lakes–6.8), amplitude-
to-width ratio (Figures 6E, 7C, medians: canyons–0.9, canyon-
channels–1.1, sea channels–1.1, fjords–1.1, lakes–1.1), and
wavelength-to-amplitude ratio (Figures 6G, 7D, medians:
canyons–4.4, canyon-channels–3.5, sea channels–6.3, fjords–6.1,
lakes–5.5), consistent values are evident across diverse systems,
indicative of uniformity in planform appearance of subaquatic
channels. Median values align with those reported by Lemay
et al. (2020). Additionally, the lack of correlation with gradient
(Figures 6D, F, H) suggests that system settings exert minimal
influence on planform characteristics.

FIGURE 7
Box-plot of harmonized nondimensional ratios for different system settings and for all systems: (A) aspect ratio (B*/H*), (B) wavelength-to-width
ratio (L*/B*), (C) amplitude-to-width ratio (A*/B*) and (D) wavelength-to-amplitude ratio (L*/A*). Lower and upper box boundaries 25th and 75th
percentiles, respectively, line inside box median, whiskers extend to the most extreme data points.
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The hypothesized influence of latitude on sinuosity, proposed by
Peakall et al. (2012), remains unconfirmed. The current results, lacking
of any correlation between these characteristics (Figure 4H; Tables 3, 4),
imply the importance of other factors, like flow dynamics (dense basal
layer) (Sylvester et al., 2013; Paull et al., 2018; Pope et al., 2022) in
determining sinuous channel forms. Furthermore, no dominant
influences can be identified from the different sediment conditions
(Table 1) in the systems. Sandy systems, including lakes, fjords and
some canyons, show similar ratios to those observed in mud-sand and
mud-rich systems found in canyons and canyon-channel systems
(Figure 7).

Collectively, these trends in morphometric scaling lay a
groundwork for subaquatic channel models, highlighting
similarities of channel morphology across diverse settings,
irrespective of location, latitude or sediment supply.

4.3 Subaquatic channel evolution

The analysis suggests that a certain compactness of channel is
necessary for sustaining turbidity currents across all systems, indicated
by aspect ratios ranging from ~10:1 to ~100:1 (Figures 4A, 6A, 7A). This
implies a balance between bankfull channel width, where erosion occurs
due to dense basal layers (Paull et al., 2018; Pope et al., 2022), and channel
depth, characterized by clear water entrainment and possible overspill. At
these aspect ratios, erosion and deposition is probably in balance to
maintain turbidity currents in autosuspension (Parker et al., 1986;
Heerema et al., 2020; Talling et al., 2022). This equilibrium parallels
the interaction between channel geometry and flow discharge, similar to
fluvial systems, as postulated in prior research (Konsoer et al., 2013; Traer
et al., 2018).

Contrary to previous interpretations, the correlation between aspect
ratio and thalweg gradient does not reflect a downslope widening of
channels (Lemay et al., 2020). Instead, it captures a mosaic of separate
systems situated across different gradient ranges, indicating individual
system variations rather than uniform downstream development
(Figure 6B). The observed aspect ratio increase downstream
(Figure 6A) is attributed not to widening, but to decreasing bankfull
depth (Figure 3D). This study, like Lemay et al. (2020), is based on unit
channels and not composite systems, differs in that it considers channel
evolution along with cross plots (Figure 6), allowing interpretation along
systems, which is not possible with cross plots alone (Lemay et al., 2020).

Consequently, width arises as a relatively stable morphometric
characteristic, unchanging through channel evolution. Width dictates
other characteristics such as maximum bankfull depth (Figure 3B),
wavelength (Figure 3C), and amplitude (Figure 3D) (Shumaker et al.,
2018). Gentle increases in non-dimensional wavelength (wavelength-to-
width ratio, Figure 6C), coupled with pronounced decreases in the
amplitude-to-width ratio (Figure 6E) and noticeable increases in the
wavelength-to-amplitude ratio (Figure 6G), suggest that meanders are
more pronounced at the channel beginning, evolving over its lifespan.
This evolution is pronounced in older parts that are frequently traversed
by turbidity currents. Further downslope, where not all turbidity currents
pass through (Heerema et al., 2020) and which are also younger by
possible avulsions (Kolla, 2007), planform shapes gradually become
straighter, and their depths decrease.

This channel evolution, previously attributed to large canyon-
channel-fan systems (Pirmez and Flood, 1995; Babonneau et al., 2002),

occurs as a more widespread phenomenon encompassing channelized
sediment conduits across various settings, such as canyons, fjords, and
lakes. Notably, the growth of meanders is constrained to wavelengths
around 10 times the width (median 5.1, Figures 6C, 7B) and amplitude
ratios of up to 3 times the width (median 1.1, Figures 6E, 7C), irrespective
of system size or setting. Factors like sediment supply (sandy: fjord, lakes,
some canyons; mud rich: canyon-channel systems), which influence clay
content (Lemay et al., 2020), or sediment-related turbidity current speed
(Talling et al., 2023) appear insignificant, while flow stratification or
secondary cell changes (Peakall and Sumner, 2015; Azpiroz-Zabala et al.,
2017) appear as potential driving factors. In fjord and lake systems,
confinement within these settings could additionally limit meander
expansion compared to deep-sea systems.

In essence, these findings support existing theories concerning the
age and development of subaquatic channels (Konsoer et al., 2013;
Shumaker et al., 2018; Jobe et al., 2020). Subaquatic channels, marked by
an initially straight course defined by a fixed bankfull width, evolve by
deepening due to recurrent overspills of turbidity currents. Meandering
initiates once a certain bankfull depth is reached, at which the turbidity
current is confined by the channel. Lateral movements start with the
development of meanders, as can be seen further upstream the channel
in higher amplitude-to-width ratio (Figure 6E) and lower wavelength-
to-amplitude ratio (Figure 6G). This insight expands the understanding
of channel development, applicable universally across different settings
and scales.

5 Conclusion

The morphometric characteristics of 18 subaquatic channels have
been analyzed, covering diverse systems, from lakes, fjords, canyons to
deep-sea channels, aiming to reveal scaling relationships, validate
existing ones, and gain insights into the evolution of these diverse
systems. The methodology introduced critical advancements, including
novel data harmonization to mitigate size-based bias, and an analytical
approach applicable across diverse systems without relying on
literature-derived measurements. This enabled a balanced selection
of subaquatic systems encompassing varied settings, sizes, and
locations, spanning a wide-ranging set from lakes to deep-sea channels.

Bankfull width emerged as a dominant morphometric
characteristic in scaling relationships, exhibiting strong
correlations with bankfull depth, cross-sectional area, wavelength,
and amplitude. The aspect ratio, representing width-to-depth ratio,
demonstrated consistent trends across various systems, reflecting a
certain compactness of channels is necessary for turbidity currents
to sustain (minimum aspect ratio of ~10:1 to a maximum aspect
ratio of ~100:1). Planform ratios like non-dimensional wavelength,
amplitude-to-width ratio, and wavelength-to-amplitude ratio
displayed uniformity across systems, constrained by specific
ratios of wavelength and amplitude, irrespective of settings.

Moreover, the channel width remains stable during evolution.
Meanders are more pronounced at the channel’s start and evolve over
time, particularly in sections older and frequently flown through by
turbidity currents. Further downstream, channels straighten and
become shallower but not wider. Meander growth is constrained by
specific ratios of width to wavelength (around 10 times the width) and
amplitude (up to 3 times the width). These findings support existing
theories about subaquatic channel development, where meandering
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begins after a certain channel depth is reached. This evolution is not
limited to large systems but applies to various settings and scales.

The findings underline the universal significance of bankfull
width in shaping subaquatic channels and suggest common
mechanisms driving channel evolution. The study methodology
and insights pave the way for more precise models and deepen
the understanding of diverse subaquatic channels.
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