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ABSTRACT

Alluvial ridges are built by preferential channel-belt deposition and control
river avulsions, yet a systematic analysis of their morphology has been miss-
ing. To address this gap, we analyse a globally distributed dataset of 8970
alluvial ridge flanks on 14 different rivers. We establish that ridge height
scales sub-linearly with width (Hagx War>7"), indicating that ridges widen
faster than they increase in height. Ridge dimensions also scale with the
channel. Ridge height inversely scales with depth (Hap o Hy **°), implying
that on deep channels ridges are proportionally smaller relative to channel
size. Because Hup decreases with increasing H);, deeper channels are less
prone to superelevation. This geometric constraint helps explain the down-
stream shift in avulsion potential where upstream reaches are controlled by
superelevation, and downstream reaches are increasingly governed by gradi-
ent advantage. We also characterise ridge flank shapes and show that con-
cave flanks are the most common form. However, the prevalence of convex
and quasi-linear shapes demonstrates that no single idealised profile can
capture the near-channel topography that guides overbank flow. These mor-
phologic scaling laws provide a new systematic description of how alluvial
ridge geometry varies across avulsing river systems and how that geometry
connects to the downstream evolution of avulsion potential.

Keywords Alluvial ridges, gradient advantage, natural levees, overbank
deposition, river avulsion, superelevation.

INTRODUCTION fan-delta building on the Turkwel River (Fro-

stick & Reid, 1986).

Alluvial ridges are elevated landforms built by
preferential sediment deposition within a chan-
nel belt (Fisk, 1944; Allen, 1965). The resulting
topography archives the time-integrated behav-
iour of channel dynamics and influences river
routing by initiating avulsions and guiding them
across floodplains (Mohrig et al., 2000; Edmonds
et al., 2016; Gearon et al., 2024). For millennia,
the well-drained soils of these ridges have also
attracted human settlements, making them criti-
cal sites for archaeological inquiry (Piovan
et al, 2012; Kidder & Liu, 2017). Ridge
cross-sectional morphology varies widely,
reflecting distinct constructional processes rang-
ing from levee-and-splay aggradation on the Rio
Maniqui (Lombardo, 2016) to progradational

Because ridge topography dictates river rout-
ing, it acts as a primary control on avulsion
(Allen, 1965, 1978; Leeder, 1978; Bridge & Lee-
der, 1979; Mohrig et al, 2000; Toérngvist &
Bridge, 2002; Slingerland & Smith, 2004;
Edmonds et al., 2016; Gearon et al., 2024;
Gearon & Edmonds, 2025). Specifically, ridge
morphology controls avulsion potential (A)
(Gearon et al., 2024), which is the product of
two dimensionless ratios: superelevation (f, the
ratio of ridge height Hag to channel depth Hy)
(Mohrig et al., 2000) and gradient advantage
(y, the ratio of ridge flank slope Sap to main
channel slope Sy) (Slingerland & Smith, 1998).
Previous global analyses established that avul-
sions require A > 2, with the dominant driver
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shifting longitudinally from g to y downstream
(Gearon et al., 2024; Gearon & Edmonds, 2025).
However, these studies evaluated A longitudi-
nally near avulsion sites and did not examine
ridge morphology and cross-sectional forms.
This leaves the fundamental scaling, down-
stream geometric evolution and cross-sectional
morphology of alluvial ridges unquantified.

To resolve this geometric gap, we quantify the
morphology of 8970 individual alluvial ridge
flanks extracted from a bare-earth corrected global
digital elevation model (FABDEM v1.2; Hawker
et al., 2022). By evaluating how cross-sectional
form influences avulsion potential, this analysis
yields three primary findings. Firstly, at-a-station,
ridges grow wider faster than they grow taller,
and channel depth grows faster than ridge height.
Second, channel depth and slope govern the
observed downstream morphodynamic shift in
avulsion potential components. Finally, ridge
flank curvature spans a continuous spectrum
from concave to convex, likely reflecting differ-
ences in depositional processes.

Background

Sedimentologists have used the term ‘alluvial
ridge’ for over two centuries, but its meaning
has shifted. Early 19th-century accounts used
the term vaguely for any raised linear landform
and often misidentified features like beach
ridges as alluvial (Brown, 1817; Blowe, 1820).
By the late 1800s, the term gained specificity to
describe fluvially constructed topographic highs
marking former river positions (Hopkins, 1884;
Court, U.S.S, 1893). In the mid-20th century,
Fisk’s work on the Mississippi River clarified
the process-based meaning of alluvial ridges
(Fisk, 1944, 1952; Fisk et al., 1947). He
described how successive overbank floods build
natural levees along a migrating river, which
then coalesce into continuous topographic highs
extending beyond individual meander bends
(Fig. 1B). Fisk thus established natural levees as
the building blocks of alluvial ridges and intro-
duced a key temporal distinction: levees reflect
floods; ridges reflect integrated fluvial history,
including migration.

Allen later expanded this framework by link-
ing alluvial ridge growth directly to avulsion
(Allen, 1965, 1978). He argued that elevated
ridges increase the likelihood of channel reloca-
tion by raising the local water level relative to
the floodplain and emphasised that ‘levees are
largely responsible for the superelevation of

alluvial ridges above the general floodplain’
(Allen, 1965). Allen’s linkage of ridge superele-
vation to avulsion led to the rule-based ‘Leeder-
Allen-Bridge’ (LAB) models of the late 20th cen-
tury. These models described how lateral chan-
nel migration, levee building and avulsion
together stack channel deposits into vertically
organised, mesoscale units (Allen, 1978; Lee-
der, 1978; Bridge & Leeder, 1979). The LAB
models and their later evolutions (e.g. Mackey &
Bridge, 1995; Heller & Paola, 1996; Tornqvist &
Bridge, 2002; Karssenberg & Bridge, 2008; Mar-
tin & Edmonds, 2022) treated the alluvial ridge
as the atomic sedimentary unit of fluvial basins,
where ridge construction modulates avulsion,
the primary driver of vertical stacking.

Subsequent research dissected the internal
complexity of these ridges and revealed forma-
tive processes beyond simple levee aggradation,
consistent with the original assertion by Fisk.
Smith et al. (1989), for example, detailed how
crevasse splays evolve through multiple stages
into channel networks that construct new avul-
sion belts (Fig. 1C). Mohrig et al. (2000) later
emphasised that this growth forces the channel
to aggrade its bed and banks above the flood-
plain; the resulting elevation difference drives
avulsion (Fig. 1D). Gouw (2007) formalised the
cross-sectional geometry of alluvial ridges in
fluvio-deltaic settings, highlighting that neither
gradient advantage nor superelevation alone
explains avulsion. Van Toorenenburg
et al. (2018) highlighted the life cycle of cre-
vasse splays as a key ridge-building mechanism,
and studies of ancient successions have deci-
phered the genetic links among overbank depo-
sition, ridge growth and avulsion (Hajek &
Straub, 2017; Lee & Gihm, 2023) (Fig. 1E to H).

Because these depositional processes dictate
the final landform, the resulting ridge geometry
is deeply linked to the avulsion cycle (Smith
et al., 1989; Mohrig et al., 2000; Toérnqvist &
Bridge, 2002). Empirically, the lateral extent of
ridges governs avulsion pathfinding (Edmonds
et al., 2016), while ridge topography maintains
kilometre-scale downstream correlations (Gearon
& Edmonds, 2025). Complementing these
field-derived metrics, numerical models con-
strain the underlying physical controls on ridge
formation (Hajek & Wolinsky, 2012; Hajek &
Straub, 2017; Nicholas et al., 2018).

Despite this conceptual progress, a cohesive,
quantitative understanding of alluvial ridge mor-
phology remains elusive. For nearly a century,
the knowledge was built on only a few site-
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Fig.1. Selected conceptual diagrams illustrating the evolution of scientific understanding of alluvial ridge mor-
phology and formation. The panels show a progression from early recognition of ridges as large-scale landforms
built by channel migration and levee-building (A, B), to process-based cross-sections that quantify the geometry
driving avulsion (C, D, E, F), and finally to modern views emphasising their internal complexity and dynamic
evolution through processes like crevasse splay aggradation (G, H). Schematics from: (A) Happ et al. (1940), (B)
Fisk (1952), (C) Smith et al. (1989), (D) Mohrig et al. (2000), (E) Gouw (2007), (F) Hajek & Straub (2017), (G) Van
Toorenenburg et al. (2018) and (H) Lee & Gihm (2023).

specific field studies. The fundamental barrier before the advent of global satellite datasets, and
was practical: systematically measuring these even for more accessible ridges, measuring their
vast, often remote landforms was intractable topography wunder thick riparian vegetation
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was not feasible. We therefore have a poor
understanding of how alluvial ridge morphology
varies across depositional environments and
what controls this diversity.

Restricted by sparse spatial data, early quanti-
tative studies relied on heuristic models of ridge
geometry. The most prevalent form is the expo-
nential decay  profile, derived from
diffusion-based models of overbank sediment
transport (James, 1985; Pizzuto, 1987). This
model produces a simple concave flank and
underpins early alluvial stratigraphy models
(Bridge & Mackey, 1993; Mackey & Bridge, 1995;
Howard, 1996; Toérnqvist & Bridge, 2002). While
originally describing deposit thickness, this
functional form applies equally to surface topog-
raphy, assuming negligible compaction—a nec-
essary constraint for topographic analysis:

h(x) = hoe ™

where h(x) is the ridge height at a distance x
from the crest, hy is the crest height, and 2 is a
decay constant. However, site-specific studies
have consistently shown that this idealised con-
cave model cannot capture the full spectrum of
observed morphologies. Ridge flanks also exhibit
quasi-linear (Cazanacli & Smith, 1998; Adams
et al., 2004; Aalto et al, 2008; Barefoot
et al., 2026), polynomial (Hassenruck-Gudipati
et al, 2022), stretched-exponential (Day
et al., 2008; Swanson et al., 2008) and distinctly
convex ‘shouldered’ profiles (Cazanacli &
Smith, 1998; Ferguson & Brierley, 1999; Aalto
et al., 2008; Pizzuto et al., 2008). This geometric
diversity occurs because flank shape is modu-
lated by local mechanisms, including advective
transport, bedload contributions and vegetation
trapping (Adams et al., 2004; Filgueira-Rivera
et al., 2007; Pizzuto et al.,, 2008; BranB
et al., 2022). Consequently, we do not know the
characteristic shapes of alluvial ridges on avuls-
ing rivers. Establishing a geometric baseline for
their morphology is a critical first step towards
building more accurate models of overbank
deposition and avulsion.

Establishing this baseline is now possible with
the recent availability of a global, bare-earth dig-
ital elevation model (Hawker et al., 2022) and
space-borne lidar altimetry (Neuenschwander
et al., 2020). While this dataset cannot distin-
guish individual, event-scale levees from the
broader, time-integrated ridge structures they
compose, it effectively captures the composite
near-channel topography that guides avulsions

and their pathways (Gearon et al., 2024). We
therefore adopt an inclusive approach, referring
to these discernible aggradational features col-
lectively as ‘alluvial ridges’. We use these data
to provide a systematic characterisation of allu-
vial ridge morphology.

METHODS

Data acquisition and study site
characterisation

The primary dataset consists of topographic tran-
sects from 14 globally distributed river systems
from Gearon & Edmonds (2025). We restrict the
analysis to these systems for a critical reason: the
measured topography reflects pre-avulsion condi-
tions because these rivers experienced avulsion
activity (in the satellite era 1984 CE to the pre-
sent) after DEM acquisition (2011 to 2014)
(Fig. 2). The 14 systems span three geomorphic
settings—fans (n = 3), alluvial plains (n=8) and
deltas (n = 3)—and collectively contain 37 docu-
mented avulsion sites. The depositional setting
(Fan, Alluvial Plain and Delta) for each river
comes from Gearon & Edmonds (2025). These set-
tings represent distinct stratigraphic and bound-
ary conditions, ranging from the rift-margin
deltas of the Linthipe River (Lyons et al., 2011)
and paleo-channel rich Rio Ele floodplain
(Vélezet al., 2019) to the La Nina-controlled cre-
vasse splays of the Rio Cauca (Enciso et al., 2016;
Morén et al., 2017) and the coarse fluvial fans of
Musa River floodplain (Loéffler, 1977). Table S1
lists exact SWORD reach identifiers and bound-
ing coordinates for each analysed segment.

For these 14 systems, we extracted
river-perpendicular elevation profiles from the
30 m resolution Forest and Buildings removed
Copernicus DEM (FABDEM v1.2; Hawker
et al.,, 2022). We located these profiles using
river centrelines and nodes spaced approxi-
mately 200 m apart in the SWOT River Database
(SWORD v16; Altenau et al., 2021). Following
Gearon & Edmonds (2025), we extended profiles
laterally up to 200 times the local channel
width, capping the extension at 50 times for
channels wider than 250 m, and sampled them
at 30m resolution. We defined reaches as sec-
tions between major tributaries, distributaries or
non-avulsion-related morphological changes. If a
reach contained multi-thread planforms or loca-
lised bifurcations, we selected the highest-order
SWORD reach as the dominant hydraulic thread
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Fig. 2. Global distribution of the 14 avulsing river systems analysed in this study with DEM sampling. (A) Loca-
tions of the study sites are marked with white stars. (B-E) Satellite images showing four representative examples
of recent avulsive events: (B) partial avulsion on the Maniqui River, Bolivia (2014); (C) partial annexational avul-
sion on the Ruvu River, Tanzania (2017); (D) full avulsion on the Bemarivo River, Madagascar (2018), and (E) a
progradational crevasse splay on the Musa River, Papua New Guinea (2021). Basemap and all inset imagery are

from Planet Labs PBC.

because it carries most of the discharge. We note
that § and y estimates carry greater uncertainty
at these bifurcated sites because the channel
depth and slope are more ambiguous.

Quantifying hydraulic geometry

The hydraulic parameters of the main channel
used in this study consisted of slope, width and
discharge. We obtained downstream water sur-
face slope of the main channel (Sy) and water
surface elevation from SWOT RiverSP Collection
D for each SWORD-defined reach and node. We
used reach-level SWOT-derived S, where it: (1)
passed the quality filter and (2) agreed within a
factor of three with the FABDEM-derived slope
and the prior SWORD estimate. Where both cri-
teria were met, we replaced the DEM-derived
prior slopes used in Gearon & Edmonds (2025)
with direct SWOT observations; where either
criterion failed, we retained the DEM-derived
prior slope. We then removed remaining outliers
exceeding three scaled median absolute devia-
tions in log space across all reaches. Finally, we
interpolated the cleaned reach-scale slopes to
node spacing using a natural cubic spline in
log,,(Sm) as a function of distance from outlet
(Fig. S1).

Main channel width (W)) was taken from the
SWORD v16 prior, a Landsat-derived width at
approximately mean-annual-discharge condi-
tions from the Global River Widths from Landsat
database (GRWL; Allen & Pavelsky, 2018, Alte-
nau et al., 2021).

We obtained the maximum long-term average
monthly natural discharge of the main channel
(Qu) from the RiverATLAS dataset (Lehner &
Grill, 2013; Linke et al, 2019), which reports
the flow of the highest month within an average
year (1971 to 2000). Because this monthly value
underestimates bankfull discharge, we applied
the bias correction of Gearon et al. (2024): a
power-law fit between RiverATLAS monthly
maxima and 198 collocated field bankfull mea-
surements (Trampush et al, 2014). The cor-
rected (@, approximates channel-forming
discharge; for application of the scaling relation-
ships reported here, the appropriate input is an
estimate of bankfull discharge. We then esti-
mated bankfull channel depth (Hy) using the
Boost-Assisted Stream Estimator for Depth
(BASED), a gradient-boosted regression trained
on 2562 global measurements of bankfull depth
that takes the corrected Q,;, Wy and Sy as
inputs (Gearon et al, 2024; Gearon &
Edmonds, 2025).
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Quantifying alluvial ridge geometry

To extract alluvial ridge geometry from FAB-
DEM elevation profiles, we defined two bound-
ing features for each river cross-section: a ridge
crest and a flood basin transition point (FTP)
(Fig. 3). We identified the ridge crest as the local
elevation maximum with positive topographic
curvature, typically within 10 channel widths of
the bank. We defined the FTP as the subsequent
local slope break or lowest point before the next
topographic high (Bridge & Leeder, 1979; Nan-
son & Croke, 1992). The profile between these
two points constitutes a ridge ‘flank’. We then
applied three filtering criteria. Firstly, to mini-
mise distortion, we excluded profiles oriented at
low angles to sinuous channel belts. Second, in
areas where the river impinged on one side of
the valley, we analysed only one flank. Third,
we omitted any cross-section with obvious topo-
graphic errors.

Using these bounding points, we calculated
the primary geometric parameters for each
flank. Notation and units for all morphometric
and hydraulic variables used in the following
analyses are summarised in the Appendix A.
Alluvial ridge height (Hag) is the vertical eleva-
tion difference between the crest and the FTP,
and ridge half-width (Wug) is the lateral dis-
tance between them. Together, these yield the
characteristic ridge slope (Sagr=Hagr/Wag). To
contextualise these forms against the channel,
we computed two dimensionless ratios:

superelevation (f=Hagr/Hy) and gradient
advantage (y=Sagr/Swm). From these, we also
calculated the avulsion potential (A=pgy). We
then applied a two-tiered filtering strategy to
the initial set of 9998 flanks. First, to enable
geometric scaling analysis, we removed flanks
with missing data (n=16), insufficient lateral
extent (War<150m, approximately five DEM
pixels, below which ridge slope is dominated
by pixel-scale noise; n=1008), non-physical
values (e.g. Hag < 0) or extreme dimensionless
ratios (e.g. #>20 and y>1000,n=13, Fig. S2).
Filtering reduced the initial 9998 flanks to
8970.

Because FABDEM is a machine learning prod-
uct (Hawker et al., 2022), we compared the ridge
profiles to measurements from ICESat-2 in two
ways. First, we provide a qualitative compari-
son. We compiled 16 high-resolution (~0.6 m
point spacing) cross-sections from ICESat-2
ATLO03 geolocated photon data (Figs 4 and 5).
The associated ATLO8 data product classifies
these photons into ground and vegetation cate-
gories (Neuenschwander et al., 2020), a work-
flow that accurately represents ground
topography in forested terrain (Xing et al., 2020;
Gearon et al., 2024). These cross-sections are
river-perpendicular ground tracks from a variety
of depositional environments (Table 1). Eleven
examples come from rivers within the primary
dataset, whereas five are from additional rivers
selected for morphological variety. For 12 of the
same rivers, we show the FABDEM-derived

i Ridge Crest
1
/ Floodbasin Transition Point (FTP)

Fig.3. Schematic cross-section of an alluvial ridge illustrating the morphometric parameters used in this study.
Ridge height (Hap) and half-width (Wsg) are measured from the crest to the flood basin transition point (FTP).
Ridge slope (Sagr) is the ratio Hap/Wug. Channel depth (H)), channel width (W), and channel slope (Sy) are
reach-scale hydraulic properties. Superelevation p = Hag/H)y, gradient advantage y = Sap/Sy, and avulsion poten-
tial A = By.
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Fig.4. Map views of the 16 ICESat-2 cross-sections shown in Fig. 5. Each panel (A-P) displays the ICESat-2
ground track as a white dashed line. The yellow dot marks the origin point (x =0) of the corresponding profile in
Fig. 5. Inset maps show the country of origin for each profile. All satellite imagery is from Planet Labs PBC, repre-
senting 3 m resolution monthly composites from the same month as the ICESat-2 data acquisition.

topography sampled along the same ICESat-2 Second, we performed a quantitative compari-
track. Ridge crests and flood basin transition son to estimate uncertainty in FABDEM ridge
points are marked on each profile; cross-section elevations. We sampled FABDEM along ICESat-
coordinates are given in Table S3. 2 ATLO8 ground tracks across 14 rivers (~3.9
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Fig.5. Sixteen representative cross-sections derived from ICESat-2 ATLO03 geolocated photon data, illustrating the
diverse morphologies of alluvial ridges. Each profile (A-P) shows above-floodplain height versus along-track dis-
tance and is normalised to begin at the origin (x=0, y=0). The profiles are arranged by increasing lateral extent.
The yellow dot at the origin of each cross-section is georeferenced to the corresponding satellite image in Fig. 4.
Brown points indicate ground elevation photons, whereas green points represent canopy and vegetation returns as
classified by the ATLO8 algorithm (Neuenschwander et al., 2020). Eleven of these profiles (A, B, C, D, E, F, G, H,
K, L, M) are from rivers included in the primary analytical dataset (Fig. 2). Track orientations vary relative to the
channel; along-track distance is used for visualisation.

© 2026 The Author(s). Sedimentology published by John Wiley & Sons Ltd on behalf of
International Association of Sedimentologists, Sedimentology

85U8017 SUOWIWIOD 8AITe1D 3|cedldde aup Aq peusenob a e ssjoiie YO ‘8sn Jo sa|ni oy AriqiT8ulUO A8|IM UO (SUOTIPUOD-pUe-SLLIRI/LI0D A8 1M ARe1q 1 BUI|UO//:SANY) SUOTIPUOD pue Swe | 8L 885 *[9202/60/0] Uo A%iqiTauliuo A(1M ‘[I1H edeyD 1eeuljofed ULON Jo AiseAIuN AQ #ET0Z PeS/TTTT OT/I0P/Wo0" A3 1M Ake.d Ul juo//Sdny Wwouy pepeoumoq ‘0 ‘T60ESIET



Alluvial ridges on avulsing rivers

Table 1. ICESat-2 illustrative profile locations.

Profile (Lat, Lon) In DEM Avulsion ICESat-2 acquisition

ID River (country) WGS84 analysis? year date

A Rio Utis (Argentina) (—29.75, —62.84) Yes 2017 2020-12-29

B Linthipe River (Malawi) (—13.86, 34.55) Yes 2014 2019-06-09

C Musa River (Papua New (—9.39, 148.89) Yes 2021 2021-06-20
Guinea)

D Rio Sarare (Venezuela) (7.18, —71.28) Yes 2022 2023-07-19

E Rio Zulia (Venezuela) (8.86, —72.33) Yes 2022 2020-07-28

F Anjobony River (Madagascar) (—15.65, 47.89) Yes 2018 2020-10-27

G Mangoky River (Madagascar) (—21.55, 43.61) Yes 1978 2018-12-19

H Rio Cauca (Colombia) (8.20, —74.75) Yes 2021 2020-06-04

I Mustafakemalpaga Stream (40.14, 28.56) No 2002 2020-08-05
(Turkey)

] Rio Sarare (Venezuela) (7.29, —71.42) No 2022 2019-01-18

K Turkwel River (Kenya) (3.09, 36.12) Yes 2019 2022-09-14

L Mangoky River (Madagascar)  (—21.51, 43.65)  Yes 2013 2024-09-07

M Linthipe River (Malawi) (—13.86, 34.57) Yes 2014 2020-09-05

N Morondava River (—20.37, 44.70) No 2000 2024-08-09
(Madagascar)

O Rio Parapeti (Bolivia) (-23.75, —63.20) No 1999 2022-09-14

P Guayuriba River (Colombia) (3.97, —73.39) No 1987 2024-09-16

This table provides supplementary details for the 16 illustrative ICESat-2 topographic profiles shown qualitatively
in Figs 4 and 5. Table entries correspond to panels A through P in the figures. We indicate whether the river
shown in the profile is also one of the 14 systems from Gearon & Edmonds (2025) included in the main quantita-
tive analysis, the approximate year of the most recent avulsion and the ICESat-2 acquisition date of the illustrative

profile.

million points). Because the comparison is con-
strained to the satellite track geometry, it does
not evaluate the specific ridge profiles analysed
here; instead, it assesses the accuracy of FAB-
DEM elevations at the reach scale. For each
ridge flank, we masked in-channel points and
removed anomalous returns where
DEM-altimetry agreement exceeded 5xNMAD.
NMAD is the normalised median absolute devia-
tion (Hohle & Hohle, 2009) and is a robust mea-
sure of scatter that provides an outlier-resistant
estimate of dispersion comparable to the stan-
dard deviation for Gaussian data.

The remaining ~3.7 million floodplain points
yielded a median per-river NMAD of 0.64m
(Fig. 6A). Most observations exhibit low NMAD
(<0.7m) with moderate positive bias (~0.2 to
0.5m), whereas the Fan setting shows substan-
tially higher scatter (NMAD >1m) and includes

the largest outliers, indicating reduced precision
relative to other settings (Fig. 6B). Because cal-
culating H 4g requires subtracting the FTP eleva-
tion from the ridge crest elevation, measurement
errors propagate into the difference. We inde-
pendently derived Hup values from FABDEM
and ICESat-2 across 2296 crest-basin point
pairs, which also yielded an empirical NMAD of
0.64m (Fig. 6C and D). Because Hap is the dif-
ference of two FABDEM elevations, uncorrelated
pixel erTors would propagate as
v2.0.64m=0.91m. The observed NMAD of
0.64m is lower because spatially correlated
DEM errors partially cancel in the crest-to-FTP
difference. This spatial correlation means that
ridge height measurements, which depend on
elevation differences over short lateral distances,
are more precise than per-pixel DEM accuracy
would suggest.

© 2026 The Author(s). Sedimentology published by John Wiley & Sons Ltd on behalf of

International Association of Sedimentologists, Sedimentology

85U8017 SUOWIWIOD 8AITe1D 3|cedldde aup Aq peusenob a e ssjoiie YO ‘8sn Jo sa|ni oy AriqiT8ulUO A8|IM UO (SUOTIPUOD-pUe-SLLIRI/LI0D A8 1M ARe1q 1 BUI|UO//:SANY) SUOTIPUOD pue Swe | 8L 885 *[9202/60/0] Uo A%iqiTauliuo A(1M ‘[I1H edeyD 1eeuljofed ULON Jo AiseAIuN AQ #ET0Z PeS/TTTT OT/I0P/Wo0" A3 1M Ake.d Ul juo//Sdny Wwouy pepeoumoq ‘0 ‘T60ESIET



10 J. H. Gearon and D. A. Edmonds

A

Musa -
Anjobony - |
Mangoky I

Rio Cauca |
Bemarivo |
Rio Chama - |
Rio Sarare 4 ]
=

Linthipe
Rio Sarare
Turkwel

Rio Zulia
Maniqui
Rio Utis

0.0 05 1.0 15
NMAD (m)

2.0

350 - I

300

250

200

Count
1

150

100 ~

50

O T T I T

-6 -4 -2 0 2 4
Hag error (m)

B
1.75 4| @)
1.50 - |
1.25 |
E o 0B O
n 1.00 71
s
Z 0.75 | O @
@ ®°
0.50 - | a® .
O Setting
O Fan
02511 @ © Aluvial Plain
@ Delta
Ooo T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Bias (m)
D 7
20 7
,/
,/
,/
//
/‘/
= 4
E 10+ <
=
w
o)
o
<
L
3
T 0
n = 2296
r2 = 0.82
RMSE = 1.10 m
MAE = 0.76 m
Bias = +0.20 m
~10 A NMAD = 0.64 m
T T T T
-10 0 10 20

Hag ICESat-2 (m)

Fig. 6. Validation of flanks extracted from a bare-earth corrected global digital elevation model (FABDEM) flood-
plain elevations against ICESat-2 ATLO08 altimetry across 14 study rivers (~3.7 million points after excluding
channel zones and gross outliers). (A) Per-river normalised median absolute deviation (NMAD) of FABDEM--
ICESat-2 elevation differences; dashed red line marks the median across rivers (0.64 m). (B) Per-river bias vs.
NMAD; FABDEM elevations are consistently higher than ICESat-2 (bias 0.01 to 0.73m). (C) Histogram of
ridge-height (Har) error from 2,296 crest-trough pairs; median =0.20 m, NMAD = 0.64m, below the theoretical
independent-error bound of 0.91m (v2-0.64 m) because spatially correlated FABDEM errors partially cancel
across crest—trough pairs. (D) Hag from FABDEM vs. ICESat-2 (R* = 0.85); dashed red line is 1:1. Eighty-three per-

cent of flanks exceed the 1 x NMAD detection floor.

To establish internal scaling, we regressed
H,p against Wjup across geomorphic settings
(Alluvial Plain, Fan, Delta). To suppress DEM
noise, we divided measurements into 15 equally
populated quantile bins per environment, reduc-
ing the binned median standard error to 0.03 to
0.07m. To identify external controls, we then
related this ridge form to main channel width
(W) [m]), estimated bankfull depth (Hy [m]),

water surface slope (Sy [-]), and bankfull
specific discharge (Q,;/Wy [m?/s]). To make the
H g o< Wy scaling non-dimensional for a#1, we
normalised both variables by the gravitational

flow-depth scale (Q?‘%”)g, the characteristic depth

imposed by discharge Q,, under gravity g in
wide open-channel flow (Parker et al., 2007;
Wilkerson & Parker, 2011).
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We tracked the downstream evolution of avul-
sion potential (A) through its dimensional com-
ponents (Hagr, Sar, Huy, Sy) and dimensionless
ratios (f, y). We smoothed each profile with a
Savitzky-Golay filter using a window of +Lg,
the along-channel distance at which the autocor-
relation of residual A falls to 1/e (Gearon &
Edmonds, 2025). Lc is effectively the along
channel length of a contiguous alluvial ridge. To
verify that this choice does mnot bias
avulsion-site identification, we repeated the A
extraction across window half-widths ranging
from 0.1 to 2.0 times Ls; median A near avulsion
sites remains elevated above the river median
for 9 of 14 rivers at all window sizes (Fig. S3).
We characterised avulsion sites by averaging p
and y within a tighter window of +0.5L; around
each documented avulsion.

To separate within-river from between-river
structure in the p-y state space, we computed
per-river 1o covariance ellipses and within-river
OLS segments on log-transformed g and y. We
decomposed the between-river variation by
regressing y against Sy; f against Hag and Sag
against Sy,

Curve fitting alluvial ridge flank morphology

Curve fitting the ridge profiles requires mostly
artefact-free data. We isolated archetypal forms
by applying a filter to remove any flank where
large spikes elevated the maximum profile
height more than 5% above the crest. This pro-
duced a subset of 6572 flanks for shape
characterisation.

To quantify overall curvature, we standardised
the 6572 archetypal flanks to a common refer-
ence frame (crest at the origin, FTP at zero ele-
vation) and fit a second-order polynomial
(h(x)= aglobalxz + Bx + C) to each smoothed, nor-
malised profile. We selected a quadratic model
because it is the lowest-order polynomial capa-
ble of capturing continuous curvature. The lead-
ing coefficient (agpe) isolates the dominant
curvature of the flank: its sign determines the
direction of concavity, whereas its magnitude
quantifies the intensity over the entire flank.
Using dgjopa, we classified the flanks into
three discrete forms: concave (agopq> 0.1),
quasi-linear (—0.1 <a,p1<0.1) and convex

(aglobal < _0-1)-

Alluvial ridges on avulsing rivers 11

To test whether these geometries vary system-
atically by depositional setting, we computed a
chi-squared test on the resulting contingency
table (concave, quasi-linear, convex x fan, allu-
vial plain, delta), using Cramér’s V to quantify
the categorical effect size (Agresti, 2002;
Table S4).

RESULTS

The varied forms of alluvial ridge topography

Alluvial ridges vary in form across all river
planform types. The 16 ICESat-2 transects span
seven single-thread (Fig. 4A, C, D, E, H, I and J)
and nine multi-thread rivers (Fig. 4B, F, G, K, L,
M, N, O and P), and their cross-sectional profiles
trace a morphological continuum from concave,
levee-like forms to kilometre-scale macroforms
indistinguishable from the depositional systems
they construct. Single-thread rivers produce the
most levee-like profiles: sharp-crested, concave
flanks that decay monotonically from the chan-
nel to the flood basin. This geometry matches
the canonical natural levee described by
Fisk (1944), Allen (1965), Ferguson & Brier-
ley (1999), Adams et al. (2004), BranB
et al. (2022) and others. The Rio Utis in Argen-
tina, part of the aggrading Chaco fan system
(Iriondo, 1993; Lombardo, 2016), is the clearest
example, with narrow, symmetric flanks on both
sides of the channel (Figs 4A and 5A). Other
single-thread systems share the concave decay
but differ in symmetry and internal structure.
The Rio Sarare in the Venezuelan Llanos has
sharp-crested, linear flanks that rise directly
from an inundated flood basin (Nordin & Perez-
Hernandez, 1989; Figs 4D and 5D). The Rio
Cauca, also a fan system, is subject to episodic
La Nifa flooding (Enciso et al., 2016) and modi-
fied by dyke infrastructure (Bocanegra &
Stamm, 2021), is wider, more asymmetric and
more rugose than either the Utis or Sarare
(Figs 4H and 5H).

Some ridges, on both single-thread and
multi-thread rivers, develop convex shoulders
near the channel and flanks that extend many
channel-widths into the flood basin (Figs 4G, H,
J, K, L, M, O, P and 5G, H, ], K, L, M, O, P).
High sediment flux from the Owen Stanley
Range builds the broad, low-relief linear forms
of the Musa River (Fig. 5C, Loffler, 1977). The
Rio Zulia has a convex deposit adjacent to the
active channel, with a local road forming a
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12 J. H. Gearon and D. A. Edmonds

smaller left-bank peak (Fig. 5E). The Parapeti
has high crest curvature that transitions into a
sigmoidal decay (Fig. 50).

In the dataset, braided rivers produce the
broadest and most internally complex ridge
forms. On the Morondava River in Madagascar,
in-channel braid bars are flanked by ridges with
contrasting morphologies: one concave, the
other convex (Figs 4N and 5N). Similar com-
pound ridges characterise the semi-arid Mada-
gascan rivers in the dataset. Two Mangoky
transects illustrate different expressions of this
complexity: one crosses a channel abandoned
before 1978, preserving the full paleo-channel
form with steep inner banks and asymmetric
flanks (Fig. 5G; Brooke et al., 2020), whereas
another shows an active channel whose left con-
vex flank hosts a secondary channel on its crest
(Fig. 5L).

Where multiple generations of channelized
flow have occupied the same corridor, modern
ridges overprint older landforms to produce
palimpsest topography. The Mustafakemalpasa
Stream transect includes a former channel pre-
served as a raised triangular feature adjacent to
the active ridge (Figs 4I and 5I). The wider Rio
Sarare transect (Figs 4] and 5]) crosses an active
ridge studded with former channel courses,
floodplain lakes, and paleo-channel fills as well
as an abandoned ridge, which notably has very
concave flanks in comparison to the active
thread. They are separated by a flood basin. The
Linthipe River profile records two scales of
development: a larger, wider ridge with smaller,
younger levees flanking the modern channel
(Fig. 5B). Overbank topography in these systems
is an amalgam of temporally distinct deposi-
tional events rather than the product of a single
channel.

At the largest scale, alluvial ridges grade into
the fans or deltas they construct. The Linthipe
River in Malawi and the Guayuriba River in
Colombia show  multiple, superelevated,
kilometre-scale convex macroforms (Figs 4M, P
and 5M, P). These profiles define one end of the
morphological continuum, where individual
levee forms are no longer distinguishable from
the composite depositional system.

FABDEM profiles sampled along these same
ICESat-2 ground tracks reproduce the first-order
ridge morphology on all 12 rivers (Fig. 7). Con-
cave flanks appear on the Rio Utis (Fig. 7A),
broad convex shoulders on the Linthipe River
(Fig. 7B,M), and compound multi-crested forms
on the Mangoky River (Fig. 7G,L), all resolved at

30 m resolution. Where channels remained sta-
ble between DEM acquisition (2011 to 2014) and
ICESat-2 overpass (2019 to 2024), the two data-
sets track within the 0.64-m NMAD established
in Fig. 6 (e.g. Fig. 7A, E and F). Where profiles
diverge, two categories of mismatch emerge.
Some arise from DEM processing: FABDEM’s
hydroflattening  algorithm introduces non-
physical flat regions where it detects standing
water (e.g. Fig. 7F and G), and localised eleva-
tion spikes from unremoved structures appear in
individual transects (e.g. Fig. 7B, D, F and J).
Others record real geomorphic change between
acquisition epochs.

On the Turkwel River, an ICESat-2 transect
from September 2022, 3years after a December
2019 avulsion, captures the new channel
already superelevating above its former course,
while FABDEM preserves the pre-avulsion
topography (Fig. 7K). On the Musa River, an
avulsion between acquisition epochs placed the
ICESat-2 transect across both the pre-avulsion
channel and the new channel’s incipient ridge
(Figs 4C and 7C). The dense jungle environ-
ment of the Musa River and the observed aggra-
dation around the abandoned course are
consistent with a retrogradational avulsion
where a downstream blockage causes an
upstream-migrating dechannelisation wave that
annexes and reroutes into a pre-existing chan-
nel (cf. Edmonds et al., 2022). On the Linthipe
River, extreme upstream deforestation has
accelerated sediment delivery to Lake Malawi
over the last 40years, and Landsat imagery
records delta progradation that reshaped the
floodplain between epochs (Fig. 7B and M;
Ministry for Natural Resources, Energy and
Mining, 2018). These temporal offsets are geo-
morphic signals, not DEM errors. This profile-
to-profile variability is why we quantify ridge
geometry statistically across thousands of flanks
(Fig. 6) rather than rely only on individual
transects.

Common morphologies of alluvial ridge
flanks

The 6,572 FABDEM profiles exhibit a continu-
ous spectrum of flank curvature ranging from
strongly concave (dgopa>0.1) to quasi-linear
(0.1 < agiopar £ 0.1) to strongly convex
(agiobar < —0.1) (Fig. 8). The continuous distribu-
tion of these a,opq; values is unimodal and posi-
tively skewed (mean =0.616) (Fig. 8A). Because
positive coefficients denote concavity, this skew
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Fig. 7. Comparison of flanks extracted from a bare-earth corrected global digital elevation model (FABDEM) (red)
and ICESat-2 ATLO03 ground photon medians (black) across 12 study rivers. Each panel shows one river-
perpendicular transect; panel letters correspond to those in Figs 4 and 5. Panels G and L show separate reaches of
the Mangoky River; panels B and M show separate reaches of the Linthipe River. DEM acquisition dates (2011 to
2014), avulsion dates and ICESat-2 acquisition dates are annotated on each panel. The median per river normal-
ised median absolute deviation between the two datasets is 0.64 m (Fig. 6). FABDEM artefacts include hydroflat-
tening, where the algorithm flattens detected water surfaces into non-physical plateaus (e.g. F, G, L), and localised
elevation spikes from unremoved structures (e.g. E, D, J, H). Other profiles show generally close agreement
between the datasets (e.g. A, B). Panels where the profiles diverge more broadly (e.g. C, D, K, M) correspond to
locations where channels migrated or avulsed between the DEM acquisition and the ICESat-2 overpass. Cross-

section coordinates are provided in Table S3.

suggests the concave flank is the dominant mor-
phological archetype.

High-resolution ICESat-2 altimetry indepen-
dently validates this concave dominance
(Fig. 8B). The validation dataset (n=28) also
yields a positive mean curvature (agiopa = 0.243).
While the FABDEM and ICESat-2 distributions
are statistically distinct, the difference between
their means produces a negligible effect size
(Cohen’s d<0.2; Cohen, 1988). This minor
effect size confirms that both topographical data-
sets capture the same underlying geometry.

Concave flanks are also the most common
class in each setting individually: 56% on fans
(n=1,003), 64% on alluvial plains (n=4,629),
and 55% on deltas (n=940). Within alluvial
plains, the concave fraction ranges from 47%
(Musa) to 78% (Rio Utis), a wider spread than
the 8-percentage-point difference between the
three settings. A chi-squared test rejects inde-
pendence between curvature class and geomor-
phic setting (y*=88.2, P<107%) but setting
explains <1% of curvature variation (Cramér’s
V = 0.08; Table S4).
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Fig. 8. Distribution and archetypes of alluvial ridge flank curvature. (A, B) Histograms of the global curvature
coefficient (agjoha1) for the flanks extracted from a bare-earth corrected global digital elevation model (n=6,572)
and ICESat-2 (N=16 cross-sections, n=28 profiles) derived datasets, respectively. Positive values indicate
concave-up curvature, whereas negative values indicate convex-up curvature. Red bars denote convex flanks, and
blue bars denote concave flanks. The dashed black line indicates zero curvature (a linear flank), and the dashed
orange line shows the mean of each distribution. (C-E) Each panel shows five examples of each class type,
selected by quadratic fit and lightly smoothed for visualisation (Savitzky-Golay). Shape classification is based on
the sign and magnitude of the quadratic coefficient (a) from a least squares fit to the smoothed flank. Both distance
and height are normalised to [0, 1] for comparison.

Distributions and scaling relationships Median A is 1.8 (NMAD: 2.0), just under the
nominal avulsion threshold of 2 (Gearon
et al., 2024).

Despite this wide variance in absolute dimen-
sions, alluvial ridges display a consistent inter-
nal geometry. Across all depositional
environments, Hap scales with Wup as a power—
law relationship Hap oc Wag®”® (Fig. 10). This

The 8,970 DEM-sampled ridge flanks show
broad statistical distributions in their geometric
characteristics (Fig. 9). The median Wy is
577m (NMAD: 432m), and median Hagr is
1.64 m (NMAD: 1.46 m). The derived dimension-
less ratios also vary widely: median g is 0.24
(NMAD: 0.22), and median y is 7.5 (NMAD: 7.1).
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Fig. 9. Histograms showing the statistical distributions of key alluvial ridge and channel geometric parameters for
the final dataset of 8,970 ridge flanks after removing outliers beyond 1.5 times the interquartile range for visualisa-
tion. Each panel reports the median, normalised median absolute deviation and the number of post-filtering data
points (n). Parameters shown are (A) channel width (W),), (B) estimated channel depth (H)), (C) ridge half-width
(Wag), (D) ridge height (Hag), (E) ridge slope (Sag), (F) superelevation (f), (G) gradient advantage (y) and (H) avul-

sion potential (A).

sub-linear scaling holds broadly, though the
exponent varies by geomorphic setting: fan
(x=0.54; n=1,401), delta (¢=0.71; n=1,222)
and alluvial plain (¢=0.84; n=6,347). In all
three settings, scaling is sub-linear (« < 1.0), but

the exponent is lowest on fans and highest on
alluvial plains. Because o < 1, ridges grow wider
faster than they grow taller. These results also
hold at the within-river level as the same scaling
shows up in a linear mixed effects (LME) model
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Fig. 10. Internal geometric scaling of alluvial ridges across geomorphic settings (n=8970 flanks). Data are binned
into 15 quantile (equal-count) bins of Wxg per setting. Coloured circles are bin medians with asymmetric SEedian
error bars, estimated in log space and back-transformed. Dotted lines are WLS power-law fits to binned medians
for each setting. The solid black line is an overall relation from inverse-variance weighting of the group slopes/
intercepts; dashed lines show its slope confidence interval. A faint grey band indicates the 16% to 84% residual
range about the overall line. Fit parameters appear in the legend.

with random intercepts (Table S2). The LME
fixed effect slopes are shallower than the pooled
estimates because the random intercepts absorb
between-river variance, but six of seven relation-
ships retain the same sign (Table S2). The
exception is Wuyp versus Sy, where between-
river covariance between channel size and slope
reverses the sign of the pooled trend: large, low-
gradient rivers have wider ridges (positive
pooled trend), yet within any single river,
steeper reaches produce narrower flanks.

In  dimensionless form,  H*,oc WX
(Fig. 10B). The exponent steepens from 0.75 to
0.85 because Q;, covaries with Wyg; this covari-
ance compresses the normalised horizontal axis.
Per-setting dimensionless exponents are 0.61
(Fan), 0.90 (Alluvial Plain) and 0.94 (Delta); all
three remain sub-linear (a* < 1), though the Delta
class approaches unity, indicating near-isometric
scaling once the discharge effect is removed.

Ridge half-width scales with channel width
but shows little sensitivity to hydraulic forcing.
The strongest predictor of Wug is channel width
itself (Wagr o Wi;'7, R* =0.46, Fig. 11A), though
the relationship varies by setting: alluvial-plain
and deltaic rivers follow the global trend,
whereas fan rivers show no width dependence.
Channel slope explains less variance globally

(Wag < S3;*°, R* =0.13 Fig. 11B), and the sign of
the relationship reverses on deltas, where
steeper channels correspond to narrower ridges.
Specific discharge has no detectable global effect
on ridge width (Wup x QM/WM*O'%, R%*=0.04,
Fig. 11C), although fan and deltaic rivers both
exhibit negative scaling when fitted separately.
Ridge height responds to channel hydraulics
more consistently than ridge width. Channel
slope explains the most pooled variance of any
ridge-height predictor (Hag o< Sm>*°, R*=0.42;
Fig. 11E) and remains significant within individ-
ual rivers (LME slope 0.11, P< 1073; Table S2),
with deltas exhibiting the steepest response.
Specific discharge reinforces the slope signal:
higher unit discharge corresponds to shorter
ridges everywhere (Har o (Qu/ W)~ ",
R*=0.31; Fig. 11F; LME slope —0.05, P< 10 ?).
Deeper channels also build proportionally
shorter  ridges (Har o Hy %, R*=0.11;
Fig. 11D; LME slope —0.19, p<1073), though
the pooled signal is noisy because per-setting
responses diverge: deltas show steep inverse
scaling (—1.14), fans are intermediate (—0.42),
and alluvial plains the shallowest (—0.30). These
relationships collectively indicate that the larg-
est alluvial ridges form alongside wide, shallow,
steep channels with low specific discharge.
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Fig.11. Scaling between alluvial-ridge form and formative-channel properties across geomorphic settings
(n =8,970 flanks). Panels show: (A) ridge half-width War vs channel width Wy, (B) War vs channel slope Sy, (C)
War vs specific discharge Qn/Wy,, (D) ridge height Hag vs channel depth Hy, (E) Hagr vs Sy, (F) Har vs Qum/Wie
For each pair and setting, medians are plotted from 15 quantile (equal-count) bins of the independent variable
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py analysis results

Downstream evolution of relative geometry
and avulsion potential

Across diverse depositional environments—
including a fan (Bemarivo R.), a delta (Mangoky
R.) and an alluvial plain (Rio Zulia)—avulsion
metrics exhibit consistent downstream spatial
trends (Fig. 12). Main channel slope (Sy) strictly
decreases and channel depth (H,,) increases
downstream, whereas ridge height (Hsp) and
flank slope (Sagr) vary only locally (Fig. 12A, D
and G). Superelevation (= Har/H);) decreases
downstream, whereas gradient advantage
(y = Sar/Sy) increases (Fig. 12B, E and H).

The primary driver of avulsion potential
(A =py) shifts along each river (Fig. 12C, F and
I). Upstream reaches with high A are p-
dominant, as on the Bemarivo fan. Downstream
towards the delta front (e.g. Mangoky R.),
decreasing f and increasing y produce a transi-
tion to y-dominance. On the Rio Zulia alluvial
plain, g and y jointly peak, creating discrete

high-A reaches (~10) where superelevation and
gradient advantage are simultaneously elevated.

Py phase space relationships

The p—y state space reveals that superelevation
and gradient advantage covary positively within
individual river cross-sections (Fig. 13A). Per-
river covariance ellipses tilt towards the upper
right for 13/14 rivers, indicating that flanks
with anomalously high g also tend to have
anomalously high y on the same river. Avulsion
sites, marked by ICESat-2-derived values, cluster
around the A=~2 threshold, confirming that
documented avulsions occur where both ratios
are simultaneously elevated. The between-river
decomposition isolates what drives each ratio. y
scales inversely with Sy (r=-0.77, P=0.001;
Fig. 13B), confirming that gradient advantage
reflects downstream slope reduction rather than
ridge steepening; ridge slope and channel slope
are uncorrelated (r=+0.14, P=0.63; Fig. 13D). g
scales positively with ridge height (r=+0.79,
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Fig.12. Downstream evolution of dimensional and dimensionless geometric parameters for three representative
rivers from different geomorphic settings: Bemarivo R., Madagascar (Fan); Mangoky R., Madagascar (Delta); and
Rio Zulia, Venezuela (Alluvial Plain). Each row represents one river and downstream is to the right. Left column
(A, D, G): Raw measurements (faint points) and smoothed trends (solid/dashed lines) for dimensional variables:
ridge height (Har), channel depth (Hys), ridge slope (Sar) and channel slope (Sy). Vertical black dashed lines
indicate the locations of recent avulsions. Centre column (B, E, H): Raw measurements and smoothed trends for
the dimensionless ratios of superelevation () and gradient advantage (y). Right column (C, F, I): Downstream pro-
files of avulsion potential (A), coloured by the dominant contributing factor relative to the reach-wide median
values for f and y. Blue indicates p-dominance, red indicates y-dominance, purple indicates that both are high,
and grey indicates neither is dominant. All smoothed series were filtered using a window size of +L, the charac-
teristic correlation length-scale for each river’s A series from Gearon & Edmonds (2025). The smoothing window
(£Lc) controls the spatial resolution of the trend profiles; the tighter averaging window (4+0.5 L¢) ensures all
values used to characterise an avulsion site correlate strongly with that location (r> 0.6 at the window edge).
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Fig. 13. Decomposition of the p—y state space into dimensional components. (A) Per-river 1o covariance ellipses
and within-river OLS segments in p—y space. Background contours mark constant A values; the A =2 contour cor-
responds to the proposed avulsion threshold. Marker shape and colour encode geomorphic setting (circle/blue:
alluvial plain; square/orange: fan; triangle/green: delta). Star markers show ICESat-2-derived values at documented
avulsion sites. 13/14 rivers exhibit positive within-river f—y covariance. (B) y scales inversely with channel slope
Sm (r=—-0.77), indicating that between-river variation in gradient advantage reflects differences in channel gradi-
ent. (C) B scales positively with ridge height Hag (r=+0.79), indicating that taller ridges drive higher supereleva-
tion. (D) Ridge slope Sar and channel slope Sy are uncorrelated (r=+0.14, P=0.63), confirming that y variation
arises from channel slope, not ridge steepness. IQR error bars shown in (B)-(D).

P <0.001; Fig. 13C), confirming the direct link Allen, 1965). Internal ridge scaling
between superelevation and ridge aggradation. (Har < WS5°; Fig. 10) reveals the link between

event-scale overbank flow and landform shape.

This relationship holds globally: ridges grow
DISCUSSION wider faster than they grow taller. However, the
scaling exponent a varies by setting, indicating
distinct constructional modes. Because the sub-
linear scaling persists after controlling for dis-
Alluvial ridge geometry integrates depositional charge (a* = 0.85), the pattern is intrinsic to the
events over geomorphic time (Fisk, 1944; depositional process rather than an artefact of

Alluvial ridge growth modes
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river size. Thus, a quantifies the efficiency of
vertical aggradation relative to lateral spread.

These results appear paradoxical when
viewed through the lens of fluvial mobility, the
ratio of avulsion to lateral-migration time scales
(Jerolmack & Mohrig, 2007). High mobility sys-
tems should rework sediment laterally to build
wide, low-relief channel belts with a low a. Con-
versely, low-mobility systems, where vertical
aggradation dominates, should produce tall, nar-
row ridges with high a. The data show the oppo-
site: on fans built by channels that appear
immobile in satellite images, the ridges are wide
with the lowest « (Figs 4N, O, P and 5N, O, P).

The resolution lies not in the mobility of the
channel itself, but in the scale of the landform
being constructed. On alluvial plains, deposition
concentrates within a distinct channel belt,
often separated from the surrounding floodplain
by low-lying interfluves (e.g. Figs 4] and 5]). The
resulting alluvial ridge is a channel-scale feature
whose geometry couples to belt-scale processes.
Consistent with this coupling, ridge width corre-
lates with channel width (Wag < Wy;'”) on allu-
vial plains. This focused deposition promotes
vertical aggradation, producing high a values.
These results suggest that the widening-
dominant geometry reflects a universal property
of overbank deposition: while discharge sets the
hydraulic scale, lateral spread inherently out-
paces vertical growth.

Conversely, immobile fan channels operate
through frequent avulsion. In this nodally
locked setting, distributive channel relocation
builds width by ‘tiling’ successive channel belt
deposits. Over geomorphic time, this process
constructs a second-order composite fan macro-
form. Macroform geometry uncouples from the
modern channel, as evidenced by the near-zero
correlation between ridge width and channel
width on fans (Wag o< W;,*%*). This construction
prioritises lateral accretion over vertical aggrada-
tion at the landform scale, resulting in low «
values. These low exponents reflect the emer-
gent scaling of the compound landform rather
than the properties of individual channel belts.

Hydraulic controls on alluvial ridge growth

Ridge height does not keep pace with channel
depth. Across the dataset, Hap scales inversely
with Hy, (Fig. 11D) and Q,,/Wy (Fig. 11F),
while scaling positively with Sy, (Fig. 11E). The
largest channels—deep, low-gradient and carry-
ing high discharge—build ridges that are small

relative to their cross-sectional size. Ridge
growth therefore depends not on total sediment
load, which increases downstream, but on the
efficiency with which sediment escapes the
channel. Two mechanisms limit that escape in
deep channels.

The first constraint is hydraulic. Downstream,
H) increases while Sj; decreases, such that bed
shear stress and shear velocity (uyx oc vVHpySy)
vary only weakly along the river profile (Leo-
pold & Maddock, 1953; Singh et al., 2003; Glea-
son & Smith, 2014). Consequently, the
characteristic mixing timescale across the water
column H)s/uy, increases as channels deepen.
Classic suspension theory (Rouse, 1937) lacks
this depth dependence because it expresses tur-
bulent diffusivity as a function of relative rather
than absolute height. Thus, if u, and grain size
remain constant, predicted bank-top sediment
concentration is invariant with absolute depth.

Sand-laden rivers, however, develop density
stratification that suppresses vertical turbulence
and reduces mixing (Villaret & Trowbridge, 1991;
Wright & Parker, 2004; Moodie et al., 2022).
Stratification breaks Rousean self-similarity,
which steepens concentration profiles and
reduces sediment load in the upper water col-
umn. This effect is strongest in deep, low-slope
rivers that carry large suspended loads. As chan-
nels deepen, stratification reduces the sus-
pended sediment concentration in surface
waters available for overbank transport.

A parallel geometric constraint applies to bed-
load. In shallow channels, the saltation layer sits
physically closer to the bank crest, allowing
coarse grains to escape onto the floodplain dur-
ing floods. In deep channels, the bedload trans-
port zone becomes hydraulically isolated from
the floodplain surface by the intervening water
column. Bedload sediment has been documen-
ted as an important component of levee con-
struction (e.g. James, 1985; Smith et al., 1989;
Cazanacli & Smith, 1998; Walling & He, 1998;
Ferguson & Brierley, 1999; Filgueira-Rivera
et al., 2007; Han & Kim, 2022). Deep channels
therefore lose bedload as a ridge-building
mechanism.

We hypothesize that these constraints—
reduced near-surface concentration from stratifi-
cation (Villaret & Trowbridge, 1991) and bedload
sequestration beneath deep water columns—
limit the sediment mass available for overbank
transport. This explains the inverse Hap—Hym
scaling and why deep channels build compara-
tively shorter ridges than shallow channels.
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While local factors modulate overbank deposi-
tion, these relationships suggest that ridge
dimensions are constrained by the physical diffi-
culty of sediment export from deep, low-
gradient channels.

Inverse Hap—H)p scaling implies that deep
channels produce proportionally shorter ridges
relative to their lateral extent: a ‘short and wide’
architecture. The sub-linear exponent (ax=0.75)
is consistent with the temporal sequence of nat-
ural levee construction observed in the field.
Maximum flood stage sets a physical ceiling on
levee height, so crest-overtopping floods prefer-
entially aggrade the proximal levee face early in
ridge development (front-loading; Filgueira-
Rivera et al., 2007). Once that ceiling is reached,
subsequent sub-bankfull floods aggrade the dis-
tal levee and extend width (back-loading), so
that width accumulates long after height satu-
rates (Shen et al., 2015).

Fluvial sandbodies in the stratigraphic record
also show sub-linear width-thickness scaling
(Gibling, 2006), but preserved channel bodies
and surface ridge relief are not equivalent mea-
surements. The stratigraphic implication is
therefore comparative rather than universal.
Within a basin, ridges associated with deeper
channels should preserve higher width-to-
thickness ratios than ridges associated with shal-
lower channels, all else equal. That pattern
would indicate that modern ridge scaling sur-
vives burial into avulsion-generated channel-belt
architecture.

Spectrum of alluvial ridge morphologies and
their process signatures

Beyond geometric scaling, the cross-sectional
shape of an alluvial ridge records something
about the forces that shaped it, yet its form is
highly variable, indicating differences in forma-
tive processes. This morphological diversity
reflects underlying differences in channel plan-
form, sediment supply and overbank flow phys-
ics. The sharp-crested, narrow ridges on the Rio
Utis, for example, likely result from a low-
mobility channel that experiences regular floods
with fine, cohesive sediment, generating a single,
coherent levee set (Iriondo, 1993). In contrast, the
semi-arid Madagascan rivers in the dataset expe-
rience highly variable discharge and are more
mobile (Figs 4F, G, L, N and 5F, G, L, N). During
extreme floods, these rivers mobilise significant
suspended sediment that builds broad,
advection-dominated forms (Aldegheri, 1972;
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Adams et al., 2004; Pizzuto et al., 2008). Other
systems exhibit compound behaviours. The Sar-
are River appears to be both mobile in the migra-
tory sense and vertically aggrading (Fig. 5J). Its
profile reveals multiple, convex former river
courses, as well as a paleo-ridge, suggesting a his-
tory where lateral migration and avulsive reloca-
tion have created a complex, multi-crested ridge
and flood basin topography.

This morphological spectrum has direct impli-
cations for process-based models of ridge forma-
tion. Overbank depositional models based on
diffusion or simple advection of suspended sedi-
ment predict concave, exponentially decaying
profiles (James, 1985; Pizzuto, 1987). While con-
cave flanks are the most common form in the
dataset, they represent only around half of the
observed morphologies. The significant number
of quasi-linear and convex-up flanks demon-
strates that this classic framework is incomplete.

Departures from this concave template likely
record processes beyond simple diffusion
(Adams et al., 2004; Pizzuto et al., 2008). Con-
vex or quasi-linear flanks may arise where lat-
eral channel migration or bank slumping erodes
the proximal levee crest, where infrequent large
floods transport coarser grains further onto the
flank than typical overbank events, or where
successive point-bar deposits stack on migrating
bends. These mechanisms are not mutually
exclusive; the continuous curvature spectrum
suggests that most ridges reflect a superposition
of diffusive settling and one or more of these
modifying processes.

This analysis unifies these disparate observa-
tions. We show that avulsing rivers, with their
high sediment loads, consistently host this
entire morphological spectrum (Fig. 8). Morpho-
logical diversity is not an artefact of pooling
across settings (Table S4); no single idealised
profile is sufficient to capture these critical
landforms.

Downstream evolution and avulsion
dynamics

The new scaling relationships provide a geomet-
ric explanation for the recently identified
source-to-sink changes in avulsion drivers
(Gearon et al., 2024). That work demonstrated a
trade-off along depositional profiles: near moun-
tain fronts, avulsions are driven by high pg,
whereas near coastlines, they are driven by a
high y. These findings reveal the underlying
hydraulic and geometric controls driving this
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pattern. Standard hydraulic geometry predicts
that channel depth increases and slope
decreases downstream, which the scaling laws
imply should suppress p and amplify y. The
three representative profiles in Fig. 12 illustrate
this pattern, though individual rivers—which
span only 30 to 50 km segments—deviate where
local controls such as tributary junctions or
avulsion nodes override the regional hydraulic
gradient. The downstream decrease in superele-
vation (8=Hagr/Hy) is a direct consequence of
the inverse scaling laws (Hagr < Q/Wy *'® and
Hag < H,}*°). As rivers move downstream, both
specific discharge and channel depth typically
increase. According to the scaling, both trends
suppress alluvial ridge height (H4g) and reduce
. Simultaneously, the downstream increase in
the y arises from the fundamentally different
scales of the channel and its ridge. Channel
slope (Sy) is a dynamic, regional property; it
responds to basin-scale controls and varies by
orders of magnitude from source to sink (>1072
to <107%). The alluvial ridge slope (Sag), in con-
trast, belongs to a local, time-integrated land-
form. The data confirm that it is a more
constrained property, with most values falling
within a comparatively narrow range (Fig. 9E).
A river’s slope must decrease downstream, but
the ridge slope, orthogonal to the river slope, is
a more stable geometric property of the land-
scape. y therefore systematically grows.

This trade-off establishes a physical hierarchy
of controls on A, a concept with roots in histori-
cal discussions of avulsion controls (Slingerland
& Smith, 1998; Mohrig et al., 2000; Térnqvist &
Bridge, 2002; Aslan et al., 2005; Gouw, 2007).
The basin-scale decline in channel slope (Sy)
provides a first-order control, progressively
increasing the gradient advantage (y) down-
stream and pre-conditioning distal parts of a
basin for avulsion. Against this backdrop, avul-
sions are triggered where local processes—such
as channel choking, overbank sedimentation or
obstructions—transiently elevate superelevation
(B). This two-tiered control explains why avul-
sions are spatially localised. Avulsion sites con-
sistently exhibit p and y values that are
anomalously high relative to their system’s
median trend, creating discrete, high-A ‘hot
spots’ (Fig. 12) (see the more detailed explora-
tion of avulsion hot spots in Gearon &
Edmonds (2025)). The Rio Zulia, where loca-
lised aggradation increases both g and y over a
characteristic length scale (Fig. 12H), illustrates
this interplay.

The dimensional decomposition (Fig. 13B to
D) explains why f and y trend inversely along
downstream profiles (Fig. 12) yet covary posi-
tively at individual cross-sections within a river.
Channel slope accounts for most of the between-
river variance in y (r=-0.77; Fig. 13B): low-
gradient rivers occupy high-y space because
their gentle S); are easily exceeded by ridge
flank slopes. Ridge height, meanwhile, accounts
for most of the between-river variance in f
(r=+0.79; Fig. 13C): rivers that build tall ridges
have high superelevation. These two controls
are linked through hydraulic geometry. Proximal
rivers are steep and shallow with high sediment
supply; they build tall ridges (high ) but have
low y because their steep channel slopes domi-
nate the gradient ratio. Distal rivers are deep
and gently sloped; their ridges are short relative
to channel depth (low ), but y is high because
even modest ridge slopes exceed the vanishing
channel gradient. The result is the inverse
between-river -y correlation visible in Fig. 13A,
where river medians track lines of roughly con-
stant A.

Within a single river, the mechanism reverses.
Local perturbations that elevate one ratio elevate
the other: a reach where aggradation builds the
ridge higher (raising p) is also a reach where the
channel slope is locally reduced by backwater
or obstruction (raising y). 13/14 rivers in the
dataset show this positive within-river covari-
ance (Fig. 13A). The superposition of a negative
between-river trend on positive within-river
trends constitutes a Simpson’s paradox in avul-
sion potential: pooling data across rivers with-
out accounting for this structure would obscure
the simultaneous elevation of # and y that iden-
tifies avulsion-prone reaches.

Limitations and future directions

We acknowledge several limitations in this
study. The reliance on manual identification of
ridge features introduces operator subjectivity,
though the ensemble-based approach mitigates
random errors. The primary data limitations
stem from the use of a global, static dataset. The
30 m resolution of FABDEM captures broader,
time-averaged ridge forms rather than the fine-
scale details of individual levees, and the static
nature of the data provides only a single snap-
shot in time. Ridge heights (Hag) reflect net
topographic expression post depositional modifi-
cation. Floodplains with highly compressible
substrates lead to differential compaction
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beneath the heavier proximal ridge and the dis-
tal flood basin, which can reduce surface relief
relative to the surrounding floodplain, so that
measured Hsr underestimates the original depo-
sitional superelevation (cf. Toérnqvist
et al., 2008; Nienhuis et al., 2018). Where such
effects are significant, the g values are conserva-
tive and the true depositional superelevation
would be higher than reported here. The dataset
does not include immobile deltaic channel sys-
tems (e.g. Rhine-Meuse, Po), where pinned dis-
tributaries may produce ridge geometries
distinct from the mobile-to-avulsing systems
studied here; characterising such systems repre-
sents an important extension for future work.
More broadly, the requirement that avulsions
postdate DEM  acquisition = (Gearon &
Edmonds, 2025) restricts the delta class to small,
relatively arid, fan-style systems (n=3), which
may not represent the hydraulic characteristics
of larger, low-gradient deltas. Finally, while the
analysis incorporates key hydraulic parameters,
factors like sediment grain size, vegetation and
subsurface geology could not be explicitly mod-
elled and are only accounted for in aggregate.
Despite these limitations, the consistency of the
findings with sedimentological theory suggests
the scaling relationships we identify hold across
settings.

This work provides a direct path for future
research. The increasing availability of high-
resolution, time-series altimetry datasets will
enable the direct observation of ridge growth over
time. Such data will allow for rigorous testing of
the scaling relationships identified here. Cou-
pling these new observations with numerical sim-
ulations (e.g. Han & Kim, 2022; Han et al., 2025)
will provide an independent validation of the A
threshold and a deeper understanding of the con-
trols on its spatial and temporal variability.

CONCLUSIONS

This study provides a large-scale, quantitative
characterisation of alluvial ridge morphology on
14 avulsing rivers. The sub-linear internal scal-
ing and inverse ridge-channel relationships
establish that ridge geometry is not independent
of its formative channel: ridges on deep, low-
gradient rivers are systematically thinner and
wider. Together, these relationships explain the
predictable downstream trade-off between
superelevation-driven and gradient advantage-
driven avulsion potential.
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Ridge flank topography also reveals morpho-
logical diversity not captured by existing
models. While concave flanks are the most com-
mon form, the prevalence of convex and quasi-
linear shapes demonstrates that no single idea-
lised profile can capture the near-channel topog-
raphy that guides overbank flow. These
morphologies, now systematically documented,
challenge depositional models based on simple
diffusion and point to a diversity of ridge-
building mechanisms. This empirical baseline
enables quantitative interpretation of fluvial
landscapes and progress towards a physically
grounded assessment of avulsion hazards in
river systems worldwide.
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APPENDIX A
Symbol Description Units
Hap Alluvial ridge height, m

measured from crest to
flood basin transition point
(FTP)

War Alluvial ridge half-width, m
measured from crest to
flood basin transition point
(FTP)

SAR Characteristic alluvial ridge m/m
slope, calculated as Hap/
Wag

Qglobal Global curvature coefficient m
from a quadratic fit to the
ridge flank

h(x) Ridge height at a distance x m
from the crest in the
exponential decay model

ho Ridge crest height in the m
exponential decay model

A Decay constant in the m '
exponential decay model

Hy Mean depth of the main m

channel, estimated using
the BASED model

Wy Mean width of the main m
channel

Sm Mean channel slope of the  m/m
main channel along a reach

Qu Annual maximum natural m®/s

discharge of the main
channel (bias-corrected
towards bankfull)

A Avulsion potential,
calculated as gy

B Superelevation ratio,
calculated as Hagr/H)s

4 Gradient advantage ratio,
calculated as Sagr/Sy

a Scaling exponent in the
power-law relationship Hap
o« Wag"

Lc Characteristic correlation m
length of the A series along
a river

Dimensionless
Dimensionless
Dimensionless

Dimensionless
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Supporting Information

Additional information may be found in the online
version of this article:

Figure S1. Assessment of Surface Water and Ocean
Topography (SWOT)-derived slope and water surface
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elevation (WSE) quality and their effect on avulsion
potential (A). (A-C) Channel slope versus distance
from outlet for three example reaches—Rio Cauca
(Fan), Rio Ele (Alluvial Plain) and the Mangoky River
(Delta)—showing raw SWOT reach-level slope obser-
vations (green diamonds) and cubic spline fits (blue
lines) used to estimate local slope Sy. (D) SWOT
slope versus flanks extracted from a bare-earth cor-
rected global digital elevation model-derived slope for
n =97 reaches (r=0.62); 93% of reaches agree within
a factor of 3, with points colour-coded by geomorphic
setting. (E) SWOT WSE versus ICESat-2 WSE for
n=23222 nodes (r=0.997, NMAD =1.15m,
bias = —0.68 m), showing near —1:1 agreement. (F) A
computed with SWOT + ICESat-2 WSE versus A com-
puted with ICESat-2-only WSE for n=4163 flanks
(median ratio = 1.000, r[log] =0.984); A is invariant to
WSE source.

Figure S2. Sensitivity of the Har ~ War scaling expo-
nent to the superelevation (p) and gradient advantage
(y) filter thresholds. (A) Cumulative distribution of §
across all flanks; the applied threshold B, =20
exceeds the observed range (maximum p=8.5; 99th
percentile =2.3). (B) Cumulative distribution of vy;
dashed red line marks v, =1000 (maximum
observed y=981). (C) Scaling exponent (blue circles,
left axis) and percentage of flanks retained (orange
squares, right axis) as f,,, varies from 1 to 30; dashed
red line at the applied threshold. The exponent shifts
only when p,.. falls below the 95th percentile. (D)
Same as (C) for y,,, varying from 50 to 1500. In both
cases, the applied thresholds exclude no more than
0.1% of flanks and leave the scaling exponent
unchanged.

Figure S3. Sensitivity of avulsion-site A to the averag-
ing window half-width. Each thin line shows the ratio
of median A near a documented avulsion site to the
river’s background median, for one of 14 rivers, as the
averaging window expands from +0.1 to +2.0 times
the autocorrelation length scale (Lc). The blue enve-
lope marks the interquartile range across all rivers;
filled circles mark the cross-river median. The

Alluvial ridges on avulsing rivers 27

horizontal dotted line at 1.0 indicates no elevation
above background. Avulsion-site A exceeds the river
median for 9 of 14 rivers at every window size tested.
Avulsion-site identification is therefore insensitive to
the smoothing parameter. The dashed vertical line
marks the default window (40.5 Lg) used in this
study.

Table S1. SWORD v16 reach identifiers, centroid
coordinates, geomorphic setting and number of cross-
sections for each study river. Reach IDs follow the
SWORD v16 database (Altenau et al., 2021). Settings
are classified as Fan (F), Alluvial Plain (AP) or Delta
(D).

Table S2. Linear mixed effects model results with ran-
dom intercepts per river. Each row reports the fixed
effect slope, standard error, 95% confidence interval
and P-value for one scaling relationship (n=8970
flanks across 14 rivers, except Hjz~W}; which uses
n=_8970). Six of seven relationships retain the same
sign as the pooled estimates. The exception is
War ~ Sm, where between-river covariance between
channel size and slope reverses the sign of the pooled
trend (see Discussion). War scales positively with
Wy and negatively with Sy; Hag scales negatively
with Hy and positively with Sy. The dimensionless
relationship Hyz~Wjy vields a within-river exponent
of 0.62 (95% CI: 0.60 to 0.64).

Table S3. Coordinates and identifiers for the 12 flanks
extracted from a bare-earth corrected global digital
elevation model cross-sections shown in Fig. 7. Panel
letters correspond to those in Fig. 5. Latitude and lon-
gitude are WGS 84 centroids of each transect. The
cross_id is the internal pipeline identifier linking
each profile to the elevation parquet files available at
LINK.

Table S4. Per-setting and per-river curvature classifi-
cation of flanks extracted from a bare-earth corrected
global digital elevation model ridge flanks. Classifica-
tion boundaries: concave (aglobat > 0.1), quasi-linear
(-0.1< global < 0.1), convex (aglobal < —0.1).
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