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Abstract Waves, rivers, and tides shape delta morphology. Recent studies have enabled predictions of their
relative influence on deltas globally, but methods and associated uncertainties remain poorly known. Here, we
address that gap and show how to quantify delta morphology within the Galloway ternary diagram of river,
wave, and tidal sediment fluxes. We assess delta morphology predictions compared to observations for 31 deltas
globally and find a median error of 4% (standard deviation of 11%) in the river, tide, or wave‐driven sediment
fluxes. Relative uncertainties are greatest for mixed‐process deltas (e.g., Sinu, error of 49%) and tend to decrease
for end‐member morphologies where either wave, tide, or river sediment fluxes dominate (e.g., Fly, error of
0.2%). Prediction uncertainties for delta morphologic metrics are more considerable: the delta shoreline
protrusion angles set by wave influence have a median error of 45%, the delta channel widening from tides 25%,
and the number of distributary channels 86%. Larger sources of prediction uncertainty are (a) delta morphology
data, for example, delta slopes that modulate tidal fluxes, (b) data on river sediment flux distribution between
individual delta river outlets, and (c) theoretical basis behind fluvial and tidal dominance. Broadly, these
methods will help improve delta morphology predictions and assess how natural and anthropogenic forces affect
morphologic change.

Plain Language Summary Waves, rivers, and tides determine the shape of river deltas, but it
remains challenging to predict exactly how much. Recent studies have attempted to predict delta shape but fall
short in quantifying the accuracy. Here, we propose a new method for predicting delta shape and assessing the
predictions by looking at the pointiness of their shorelines, the number of river channels, and channel width. We
apply our new approach to 31 deltas worldwide and find a median error of 4% with a maximum of 49% (Sinu
delta) and a minimum of 0.2% (Fly delta). These methods can be used to predict future river delta changes and
hindcast past delta shapes.

1. Introduction
The sustainable development of coastal communities depends upon our ability to predict future coastal
morphological changes, particularly at deltas. Deltas exist at the confluence of marine and terrestrial sediment
fluxes, which create highly dynamic land‐ocean (coastal) environments and make predictions particularly
challenging (Goodbred & Saito, 2012; Syvitski & Saito, 2007). To accurately predict delta morphology, we need
a framework that couples both marine and terrestrial realms, as the balance between these forcings decisively
controls the morphodynamics that dictates delta morphology (Caldwell et al., 2019; Fisher, 1969).

The earliest attempts at creating such a framework (Galloway, 1975) introduced a ternary diagram, which
qualitatively distinguished the relative roles of wave, tide, and river fluxes on delta morphology. In Galloway's
original triangle, delta morphology could be predicted based on the magnitudes of these processes by assigning a
location within the triangle for a given fluvial discharge, wave power, and tidal power (e.g., Boyd et al., 1992).
Later works expanded this method by employing numerical simulations and physical experiments exploring delta
features' emergence from the effects of waves and tides (Baumgardner, 2016; Seybold et al., 2007).

Beyond the ternary diagram, statistical analyses of delta features (i.e., delta area, number of channels, delta
gradient, and channel width) rendered predictive relationships helpful in assessing future environmental scenarios
(Syvitski & Saito, 2007). However, a physical linkage between delta morphology and the balance between marine
and terrestrial forces remained missing.

RESEARCH ARTICLE
10.1029/2024JF007878

Special Collection:
Prediction in coastal
geomorphology

Key Points:
• We propose a quantitative ternary

diagram of delta morphology to
compare predictions with observations

• Among 31 global deltas, the prediction
error is lowest if there is a single
dominant forcing compared with
mixed‐influenced deltas

• The quantitative ternary framework
bridges the gap between natural and
modeled deltas to predict and hindcast
delta morphology

Correspondence to:
J. F. Paniagua‐Arroyave,
jpaniag2@eafit.edu.co;
juan.paniaguaarroyave@colorado.edu

Citation:
Paniagua‐Arroyave, J. F., & Nienhuis, J.
H. (2024). The quantified Galloway
ternary diagram of delta morphology.
Journal of Geophysical Research: Earth
Surface, 129, e2024JF007878. https://doi.
org/10.1029/2024JF007878

Received 20 JUN 2024
Accepted 22 OCT 2024

Author Contributions:
Conceptualization: Juan F. Paniagua‐
Arroyave, Jaap H. Nienhuis
Data curation: Juan F. Paniagua‐
Arroyave, Jaap H. Nienhuis
Formal analysis: Juan F. Paniagua‐
Arroyave, Jaap H. Nienhuis
Funding acquisition: Jaap H. Nienhuis
Investigation: Juan F. Paniagua‐
Arroyave, Jaap H. Nienhuis
Methodology: Juan F. Paniagua‐
Arroyave, Jaap H. Nienhuis
Project administration: Jaap H. Nienhuis
Resources: Juan F. Paniagua‐Arroyave,
Jaap H. Nienhuis
Software: Juan F. Paniagua‐Arroyave,
Jaap H. Nienhuis
Supervision: Jaap H. Nienhuis

© 2024 The Author(s).
This is an open access article under the
terms of the Creative Commons
Attribution‐NonCommercial License,
which permits use, distribution and
reproduction in any medium, provided the
original work is properly cited and is not
used for commercial purposes.

PANIAGUA‐ARROYAVE AND NIENHUIS 1 of 28

https://orcid.org/0000-0002-4810-8761
https://orcid.org/0000-0002-4296-7450
http://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2169-9011.CSTLGEO1
http://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2169-9011.CSTLGEO1
mailto:jpaniag2@eafit.edu.co
mailto:juan.paniaguaarroyave@colorado.edu
https://doi.org/10.1029/2024JF007878
https://doi.org/10.1029/2024JF007878
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


Here, we build on a recent contribution (Nienhuis et al., 2020) that reformulated Galloway's (1975) work into a
quantitative ternary diagram. We introduce how this diagram can be used in a forward approach to make
morphologic predictions, of (a) delta shoreline protrusion, (b) downstream channel widening, and (c) the number
of distributary channels. We also introduce a new inverse approach that allows for estimating environmental
conditions and sediment fluxes from morphological observations. Then, finally, for 31 deltas, we quantify the
accuracy of the morphologic predictions.

2. Background
2.1. Delta Morphology as a Product of Its Environment

Deltas arise within the river source‐to‐sink sediment path (Bentley et al., 2016; Liu et al., 2009) when rivers
debouche into a basin and their capacity for sediment transport is reduced (Gilbert, 1885). The resulting depo-
sition forms topsets, foresets, and bottomsets, with morphologies shaped by a combination of terrestrial and
marine processes (Patruno & Helland‐Hansen, 2018; Wang et al., 2011). Terrestrial processes include rivers that
mold mouth bars, create crevasse splays, and avulse channels, and whose morphologic effects are evident in the
resulting distributary channel geometry and networks (Coffey & Shaw, 2017; Shaw et al., 2013), further affected
by vegetation, waves, and tides (Anthony, 2015; Brückner et al., 2019; Passalacqua et al., 2013).

The sediment fraction that does not deposit at delta foresets and topsets continues its transit to the basin's bottom
with an analogous set of dynamics controlling submarine deposits (e.g., Jobe et al., 2015; Naranjo‐Vesga
et al., 2020; Reading & Richards, 1994). These rich subaerial and submarine dynamics have long challenged
predictions of delta morphology (Fagherazzi & Overeem, 2007; Gao et al., 2011; Olliver et al., 2020).

2.2. Where We Came From: Characterizing Delta Morphology

The seminal work that conceptualizes delta morphology as the result of the relative influence of terrestrial and
marine processes includes Galloway's (1975). This contribution proposes a ternary diagram of delta morphology
that represents the relative effect of the river, tides, and waves. River‐dominated deltas attain a “bird‐foot”
morphology because the dominance of fluvial over marine fluxes enables mouth bar formation and maintenance
of multiple distributary channels (Coleman & Wright, 1975; Edmonds & Slingerland, 2007; Ke et al., 2019).
Conversely, waves tend to redistribute sediments near river mouths by alongshore and cross‐shore fluxes
(Komar, 1973). This process flattens shorelines and can seal river mouths (Jerolmack & Swenson, 2007; Nienhuis
et al., 2015). As the third primary process, tides create in‐ and out‐flow of water and sediments in river mouths,
leading to estuarine morphologies (Dalrymple et al., 1992; Goodbred & Saito, 2012; Valle‐Levinson, 2010) and
channel loops (Konkol et al., 2022).

Inherent to Galloway's diagram and other works (Postma, 1995; Wright & Coleman, 1973) is the realization of a
morphologic continuum of river deltas within river, tide, and wave‐dominated end members. These end members
include the traditional “bird‐foot” deltas as river‐dominated (e.g., Mississippi), funnel‐shaped alluvial estuaries as
tide‐dominated (e.g., Fly), and river mouths with straight shorelines as wave‐dominated (e.g., Eel and other small
deltas). However, end members have traditionally not been well‐defined, leading to extensions of the ternary
diagram toward strandplains, tidal flats, and estuaries (Boyd et al., 1992; Nienhuis et al., 2020), which in turn
produces debates on a quantitative definition of a delta that remains unresolved (Nienhuis et al., 2023; Syvitski
et al., 2022; Zăinescu et al., 2023).

Other challenges from Galloway's diagram relate to quantifying the river, waves, and tide processes and their
effect on delta morphology. Quantitative expressions assumed relevant for delta morphodynamics usually
represent each process independently. For example, waves' potential to redistribute sediments alongshore was
represented by wave power (Wright & Coleman, 1971, 1972), but comparison with similar river‐ and tidal power
values proved difficult, and scaling issues arise when comparing relatively small and relatively big deltas
(Syvitski & Saito, 2007). The resulting delta morphology was described as estuarine, lobate, or cuspate, but was
not quantified in morphometrics.

Delta morphology has also been analyzed outside the ternary diagram framework. Empirical approaches typically
apply statistical models to values of environmental forcings and morphometrics, for example, obtaining delta area
from river sediment supply or obtaining the number of distributary channels from fluvial discharge and wave
power (J. D. Restrepo & López, 2008; Syvitski & Saito, 2007). These approaches are beneficial for upscaling, that
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is, determining global delta area and investigating outliers, but gains in process understanding are limited. These
studies argue that the (qualitative) ternary diagram approach is inappropriate because it cannot accommodate
deltas with contrasting spatial scales. These works also acknowledge the gap in addressing delta morphology
predictions with theoretical approaches. We aim to shrink these gaps by considering delta morphology from a
physics‐based parameter space within a quantitative Galloway ternary diagram.

2.3. Where We Are Now: Predicting Delta Morphology

Recent studies explored the quantification of Galloway's ternary relation as an integral predictive framework
based on a physical coupling between delta morphology and the river, tides, and waves (Baumgardner, 2016;
Konkol et al., 2022; Overeem et al., 2022; Seybold et al., 2007; Woodroffe et al., 2006 and others). In this vein,
Nienhuis et al. (2020) extended Galloway's triangle as a quantitative framework of how much fluvial, wave, and
tidal fluxes influence delta morphology.

A quantitative characterization of Galloway's ternary diagram consists of three steps. First, it requires a definition
of the morphological characteristics that define each of the ternary axes. Wave‐to‐river dominance is expressed
through cuspate shorelines with a plan‐view shoreline protrusion that increases with decreasing wave influence.
Wave‐dominated deltas have a high likelihood of littoral spit formation and alongshore sediment bypassing
(Alcántara‐Carrió et al., 2019; Ashton &Giosan, 2011; Broaddus et al., 2022; Dan et al., 2011). Once deltas pass a
threshold and become river‐dominated, they branch and develop multiple distributary channels (Olariu &
Bhattacharya, 2006; Syvitski & Saito, 2007). River‐to‐tide dominance is expressed as increasing downstream
channel widening as nearshore morphology must accommodate oscillatory volumes of water moved by tides
(Goodbred & Saito, 2012; Rossi et al., 2016). Thresholds are less clear between river‐ and tide‐dominated deltas.
Arguably, one process threshold could be that deltas become tide‐dominated when tides are large enough to
reverse the river flow at the river mouth (Langbein, 1963; Z. Xu & Plink‐Björklund, 2023). Lastly, fluvial
dominance expresses itself by the absence of wave or tidal influence, exhibiting crenulated (as opposed to
straight) shorelines, several distributary channels, and limited downstream channel widening.

The second step is understanding how wave, tidal, and river processes create delta morphology. The new theory
enabled quantitative relations in terms of the mass flux of sediment. Theories link downstream channel widening
and shoreline orientation as a function of fluvial sediment loads toward river mouths and wave‐driven and tide‐
driven sediment loads away from river mouths (Nienhuis et al., 2015, 2018). Building on this ternary approach,
other studies have added further empirical morphological characterizations of deltas (Broaddus et al., 2022; Vulis
et al., 2023).

In the third step, the sediment mass fluxes at the river mouth are predicted using formulations of only upstream
fluvial characteristics and offshore tidal and wave characteristics. Although river, wave, and tidal sediment fluxes
can be measured directly in the field, such measurements are sparse. An a priori prediction based on wave, tidal,
and river boundary conditions enables the use of widely (globally) available data. These boundary conditions can
then be reformulated to represent the capacity to move sediments near river mouths and the resulting delta
morphology.

The quantitative ternary diagram supports a continuum of coastal morphologies of wave, tide, and river sediment
flux ratios. There is no inherent lower limit to the fluvial sediment flux, even though the term river delta becomes
increasingly incorrect for vanishingly small river sediment deposits. This limitation was recognized before by
Dalrymple et al. (1992) and Boyd et al. (1992), attempting to quantify coastal alluvial morphologies. Therefore,
the quantified ternary diagram can also be considered to characterize a collection of coastal alluvial morphologies
near river mouths, including deltas, strandplains, and estuaries, given that no quantitative criteria exist yet to
separate these morphologies.

Another implication of the quantified ternary approach is that it is based on a sediment flux balance and includes
the first‐order effects of sediment characteristics on delta morphology (Burpee et al., 2015; Edmonds & Sling-
erland, 2010). For example, sediment size differs between the wave, river, and tidal sediment fluxes, making the
number of distributary channels in river‐dominated deltas dependent on the proportion of fine sediment (Caldwell
& Edmonds, 2014). Earlier energetics‐based approaches did not include grain size and required added dimensions
in the ternary space (Orton & Reading, 1993).
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A downside of the quantified ternary approach is that it is based on the balance between fluvial sediment fluxes at
the river mouth—data that may be difficult to acquire. Channel bifurcations unequally partition the fluvial
sediment flux at individual river mouths compared to the delta apex (for which river data is most often available)
(Federici & Paola, 2003; Kleinhans et al., 2013). The tidal sediment flux depends on the tidal prism, which
decreases as channels split and narrow but varies nonlinearly with the number of distributary channels (Frings &
Kleinhans, 2008; Sassi et al., 2011). The wave sediment flux acts on each river's mouth. Therefore, deltas can
bifurcate themselves into tide‐ or wave‐dominance and showmultiple dominances in different delta lobes (Giosan
et al., 2006). Although interesting, predicting the morphology at individual lobes requires information about how
the sediment flux splits at distributary junctions. To avoid this complication, Nienhuis et al. (2020) predicted one
morphological dominance for each delta based on the sediment flux at the apex. This approach provides a first‐
order prediction but does not represent the morphodynamics entirely.

In the case of fluvial fluxes, sediment trapping on delta plains upstream of river outlets and bypassing offshore of
river mouths may also reduce the fluvial sediment available for redistribution at the river mouth. Estimates
suggest that∼30% of the fluvial sediment load may be trapped on delta plains (Paola et al., 2011). Still, because of
limited data, its effect on delta morphology has not been widely explored.

2.4. The Next Step: Quantifying Prediction Uncertainty

The quantified ternary approach presents a theoretical advance and a reasonable step toward a global predictive
model of delta morphology (Hoitink et al., 2020). But how accurate is it? A qualitative comparison with ob-
servations, that is, whether observed wave‐dominated deltas (as deducted by the level of shoreline “flatness” and
the lack of distributary formation) were predicted to be wave‐dominated, shows that 85% of the deltas (265 out of
312) are classified correctly (Nienhuis et al., 2020). But, whether the delta morphological characteristics of
channel widening, shoreline protrusion, and the number of distributary channels are predicted accurately within
the ternary diagram remains an open question.

Our key advance is a set of methods to align predictions and observations of deltaic forcing conditions and
delta morphology within Galloway's ternary diagram. We predict morphology using the balance of sediment
fluxes from boundary conditions and show a new inverse approach where we infer boundary conditions and
the sediment flux balance from delta morphological observations. With this novel approach, we can
compare predictions with observations and provide a measure of prediction accuracy for sediment fluxes
and morphological metrics. We do this for 31 deltas, a selection that represents a range of morphologies,
including some of the largest fluvial catchments, representative end‐member morphologies, and deltas from
a relatively under‐studied region (Best, 2019; Galloway, 1975; Nienhuis et al., 2020; J. D. Restrepo &
López, 2008).

3. Methods
In this methods section, we will first describe the ternary framework for delta morphology (Section 3.1) and then
the methodology for morphologic predictions from Nienhuis et al. (2020) (Section 3.2, green in Figure 1). We will
add our new contribution, an inverse approach that ties observations into the same framework (Section 3.3, orange
in Figure 1), to finally compare predictions with observations and determine the accuracy (Section 3.4, gray in
Figure 1).

3.1. Sediment Flux Balance at Deltas

At the heart of the quantitative Galloway's ternary diagram sits a sediment flux balance (Figure 2). The sediment
flux balance compares the riverine sediment discharge (Qriver, kg s− 1), with the maximum potential sediment
transport by waves alongshore away from the river mouth (Qwave, kg s− 1), and the amplitude of tidal sediment
discharge at the river mouth across a tidal cycle (Qtide, kg s

− 1). We provide the derivations in Sections 3.2 and 3.3.

The three sediment fluxes can be used to derive a tripartite relative sediment flux rx (where x corresponds to river,
wave, or tide), as
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Figure 1. General methods workflow: Generating delta morphology predictions through sediment fluxes from boundary
conditions (green) and using morphology observations to assess the predictions and allow delta sediment fluxes (orange)
estimation. Boundary conditions also include general morphometrics, that is, reference shoreline angle, delta slope, and
fluvial channel width. Errors can be determined for both process dominance and morphology. Note that sediment fluxes can
also be observed directly (i.e., without inferring them from the morphology) if data are available.

Figure 2. The Galloway ternary diagram, represented as (a), the river‐ and tide‐dominance ratios (R and T) and the resulting process dominance, modified from Nienhuis
et al. (2020, their Figure 1a). (b) Schematic of the sediment flux balance by river, waves, and tides at Turbo River delta, Colombia. (c) The Galloway ternary diagram
with the location of a hypothetical delta, with relative fluxes, rriver = 0.4 (dark green), rwave = 0.4 (blue), and rtide = 0.2 (red). The intersection (light green triangle)
shows the location of the hypothetical delta within the quantitative ternary diagram. Red, blue, and green arrows indicate the direction for drawing lines of constant values
of the corresponding rx values. Imagery by Aquamonitor (Donchyts et al., 2016, https://aqua‐monitor.appspot.com/).
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rriver =
Qriver

Qriver + Qwave + Qtide
,

rwave =
Qwave

Qriver + Qwave + Qtide
,

(1)

and

rtide =
Qtide

Qriver + Qwave + Qtide
,

such that rtide + rwave + rriver = 1, with the sediment fluxes defined below. Each ratio represents the fraction of
the total sediment flux that each process contributes. If all processes move the same quantity of sediments, then
rriver = rwave = rtide = 0.3. For example, for a delta with rriver = 0.4, rwave = 0.4, and rtide = 0.2 (Figure 2b),
we locate values along its axis and draw a line following the arrows. Once we obtain the relative sediment fluxes,
we know the process dominance by plotting these relative fluxes within a ternary diagram. Each relative flux
corresponds to an axis within the chart, and dominances reflect delta morphology according to each axis
(Figure 2c).

The three sediment fluxes can also be cast as two 1‐dimensional ratios: the fluvial (R) and tidal (T) dominance
ratios (Nienhuis et al., 2015, 2018). These 1‐dimensional factors have a straightforward relation to their 2‐
dimensional ternary cousins as

R =
Qriver

Qwave
=
rriver
rwave

, (2)

and

T =
Qtide

Qriver
=
rtide
rriver

. (3)

Figure 3. Location of 31 deltas assessed in this study in North America, South America, Africa, Europe, Asia, and Oceania. Delta numbers 11–16 correspond to the
major Northern Andes deltas (see Figure 4 for their location). Map from the M_Map routine (Pawlowicz, 2020).
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The primary use of the dominance ratios is that they can be linked to delta morphology. The R factor represents
river‐to‐wave dominance, with high wave dominance (low R) resulting in a straight coastline (little delta pro-
trusion). High fluvial dominance leads to more significant delta protrusion, with multiple distributaries predicted
for R> 1.

Similarly, the T factor represents tide dominance by comparing the amplitude of tidal sediment discharge at the
river mouth (Qtide, kg s− 1) to the fluvial sediment discharge (Qriver). Tidal dominance (T > 1) results in flow
reversal at the river mouth and downstream widening of the river channel (an estuarine “funnel” morphology),
whereas T < 1 results in a small downstream tide‐driven change in river mouth width (Nienhuis et al., 2018).

3.2. Delta Predictions

We used the sediment flux balance to predict delta morphology for 31 deltas, following the flowchart (Figure 1)
and starting with delta boundary conditions.

3.2.1. Delta Boundary Conditions

We retrieve the mean fluvial sediment flux toward the delta at the delta apex (Qriver, kg s
− 1) from two sources. We

use two data compilations for 18, mostly large deltas (Overeem et al., 2022; Syvitski & Saito, 2007) that report the
combined bed‐ and suspended transport load. For the remaining 13 deltas, we estimate Qriver as the long‐term
(>30 years) average suspended sediment load from the empirical WBMSed 2.0 model (Cohen et al., 2014)
that uses basin temperature, lithology, and other factors to estimate sediment loads.

For waves, we retrieve a 30‐year record of significant wave height (Hs, m), mean wave period (T, s), and mean
wave direction (ϕ0, degrees true or °) from the WAVEWATCH III reanalysis (Chawla et al., 2013) for a
computational node closest to each delta. Note that the use ofWAVEWATCH III does not imply that our methods
rely on global models of wave statistics; our method can also be applied using wave data that can be measured
with moored instrumentation, if available. For tides, we use the TPXO tidal reanalysis product (Egbert & Ero-
feeva, 2002; Egbert et al., 1994) to obtain the tidal amplitude and angular frequency for the main tidal constituents
near each delta. We use the largest tidal constituent to represent the multiyear average amplitude. Other boundary

Figure 4. Location of Northern Andes deltas in this study (11–16) in the Northwestern South American coastal zone marked
by green triangles in (a) South America and (b) showing main streams, catchment areas, and pristine fluvial sediment flux
(Qriver). Maps from the M_Map routine (Pawlowicz, 2020).
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conditions needed to compute the tidal sediment flux are the upstream channel depth, which we obtain from
measuring channel width and hydraulic geometry relations, and the delta slope, which we obtain from Google
Earth's imagery and SRTM elevation data.

3.2.2. Predicting Qwave
pred

From the boundary conditions, we first predict Qwave
pred, representing the maximum potential alongshore sediment

flux by waves away from the river mouth along any shoreline angle (in units of kg s− 1). This quantity is the sum of
the maximum potential transport from the river mouth to the right and left (Nienhuis et al., 2015, their Supp. Info.)
(Figure 5).

The Qwave
pred can be derived from wave climate analysis alone, and it does not require delta morphology observation

beyond a reference shoreline orientation of the non‐deltaic coast. It is given by

Qwave
pred = max[Qw,net(θ)]− π≤ θ≤ 0 − min[Qw,net(θ)]0≤ θ≤ π, (4)

Figure 5. An example of computingQw,net andQwave for the Sao Francisco River delta on the Brazilian coast. (a) The Sao Francisco delta showing morphology and wave
climate distribution. We obtained flank angles from Google Earth® imagery (ϕ0, θlef t , and θright in ° with respect to the reference shoreline in orange). (b) Wave energy
distribution as a function of wave approach angle fromWAVEWATCH simulations (Chawla et al., 2013). (c) Unitary wave alongshore transport as a function of wave‐to‐
shoreline approach angle. (d) Net alongshore sediment transport as a function of shoreline angle. Gray circles show the net transport expected at the left and right flanks
(Qw,net,l and Qw,net,r). The gray bar shows the maximum potential sediment flux away from the river mouth (Qwave) along the left and right flanks. The black bar shows the
actual sediment flux difference between the left and right flanks, which, if sediment is conserved nearshore, is equal to Qriver. Symbols between panels B through D
(asterisk and equal) represent the convolution operation to quantify Qw,net (see text).
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where the observed net alongshore sediment transport,Qw,net, is a function of the shoreline angle θ and is obtained
by convolving the mean wave‐energy angle distribution, E(ϕ0) , and the alongshore sediment transport for a
unitary wave from a single direction, Qw,uni (ϕ0 − θ) ,

Qw,net(θ) = E(ϕ0) ∗Qw,uni (ϕ0 − θ), (5)

where the operator [∗] indicates convolution, θ ∈ (− π
2 ,

π
2) is the angle of potential delta shorelines to the

reference shoreline orientation, θshore (so 0° is a shoreline aligned with the reference shoreline, and − 90° and 90°
are shorelines perpendicular to the reference shoreline), and ϕ0 is the angle of wave approach (in deep water) to
the reference shoreline (Figure 5). The difference ϕ0 − θ refers to the angle of the wave approach relative to the
delta flank shoreline.

We calculate the wave energy E(ϕ0) , in m12/5s1/5, as:

E(ϕ0) =

∑
ϕ0

[H12/5
s (ϕ0)T1/5 (ϕ0)]

n
, (6)

where Hs (m) is the significant wave height, T (s) is the wave period, and n is the number of observations.

The alongshore sediment transport distribution, Qw,uni (in kg ⋅m− 12/5s− 6/5), is based on the alongshore sediment
transport function (Ashton & Murray, 2006 their Equation 5) for unitary offshore (or un‐refracted) wave energy,
that is, for Hs = 1 m and T = 1 s, as

Qw,uni = Kwaveρb cos6/5 (ϕ0 − θ) sin (ϕ0 − θ), (7)

where Kwave ≈ 0.06 m3/5s− 6/5 is an empirical constant (Nienhuis et al., 2015) and ρb is the bulk density of
sediments (= 1,600 kg m− 3).

In this study, we use Equations 4–7 to estimate (Qwave
pred). But, if any reader is interested in estimatingQwave

pred but does
not know the distribution of wave approach angles, there is a simplified method. Suppose one assumes that the
wave approach is perpendicular to the delta shoreline. In that case, there is no wave sheltering, and the transport
maximum (to the right) and the minimum (to the left) have the same absolute magnitude. Then, the maximum
potential transport away from the river mouth (Qwave

pred , Equation 4) simplifies to

Qwave
pred ≈ 2 ⋅Kwave ⋅ ρb ⋅H

12
5
s ⋅ T

1
5 ⋅ 0.47. (8)

3.2.3. Predicting Qtide
pred

We calculate Qtide
pred, defined as the tide‐driven sediment flux amplitude (kg s− 1) at the river mouth for the

dominant (i.e., with the largest amplitude) tidal constituent as

Qtide
pred =

1
2
ωktidea2L2βf c, (9)

where a is the offshore tidal amplitude (m), ω is the tidal angular frequency in radians per second,
ktide = ω̅̅̅̅̅̅̅

θD50
√

R Czπ
(m− 1) is a sediment transport coefficient (≈1.1 × 10− 4 m− 1 for semi‐diurnal tides, and

5.7 × 10− 5 m− 1 for diurnal tides), R is the submerged specific gravity (≈1.65), θ is the Shields number under
active conditions (≈0.2), D50 is the median grain size (0.1 mm here), and Cz is the Chezy roughness (55 m

1/2 s− 1

here). The value β = wu
du

is the fluvial channel aspect ratio, where wu is the fluvial channel width and

du = 0.6 ⋅Q1/3
w,river (Mikhailov, 1970, Eq. 21) is the channel depth. In addition, f = 1 + 2S

ka (with S as the mean
delta channel slope), L is a characteristic estuarine length (or estuary length, defined as du/S), c is the sediment
concentration (kg m− 3), assumed equal to the river sediment concentration, derived from the mean annual

Journal of Geophysical Research: Earth Surface 10.1029/2024JF007878

PANIAGUA‐ARROYAVE AND NIENHUIS 9 of 28



sediment flux Qriver (kg s− 1), and the mean annual water discharge (in m3/s) (Figure 6). Derivation of Equation 9
can be found in Nienhuis et al. (2018).

3.2.4. Predicting Delta Morphology

From the three sediment fluxes (Qriver,Qtide,Qwave) we obtain two dominance ratios (R, T) that we use to predict
three morphological characteristics: the delta shoreline angle (θpred), the number of distributary channels (Npred

dist ),

and the river mouth channel widening (wmwu
⃒
⃒
⃒
pred
). The first two (θpred and Npred

dist ) depend on the ratio R (left leg of

the triangle), and wm
wu
|
pred depends on T (right leg of the triangle, Figure 7).

Note that the shoreline angles and the number of distributary channels are mutually exclusive predictions. We
either predict deltas to have cuspate shorelines with a defined θpred and one distributary channel (Npred

dist = 1), or we
predict multiple distributary channels (Npred

dist > 1) and an undefined θpred . This choice relates to an “entire delta”
focus instead of individual distributaries for which we could quantify different degrees of wave, river, and tidal
influence, but which then requires knowledge of sediment flux distribution within the distributary network.

Note also that deltas, of course, have many more morphological characteristics that we do not predict (e.g., delta
elevation, delta area, and channel network structure). We focus on the delta shoreline angle (θpred), the number of

distributary channels (Npred
dist ), and the river mouth channel widening (wmwu

⃒
⃒
⃒
pred
) because for these three we have

theoretical expectations that we can derive from delta boundary conditions.

3.2.5. Predicting Delta Shoreline Angle

The first morphologic prediction is of the delta shoreline angle (θpred). In the case of R< 1, all delivered river
sediment is transported alongshore along both delta flanks and, therefore assumed, equal to the difference be-
tween the wave‐driven alongshore fluxes (Qw,net, Figure 5d). Because Qw,net is a function of the shoreline angle,
we can rewrite it so that we predict the shoreline angle based on a known Qw,net. If the wave approach is sym-
metric, then each flank conveys half the fluvial sediment flux, and θpred (in °) is

θpred = Q− 1w,net(±
1
2
Qriver), R< 1, (10)

Figure 6. Metrics involved in predicting and observing the sediment flux by tides, Qtide, from delta morphology, as given for
the San Juan River delta (Colombia). In this case, there are seven distributary mouths, with a channel width for each mouth
(wm,1, etc.), measured from the Google Earth® imagery. We calculated the delta slope along the transect in yellow from the
average elevation change and distance. We represent tidal properties by amplitudes and frequencies of tidal constituents (Egbert
& Erofeeva, 2002). We use Qriver to estimate the fluvial channel depth (see text for explanation).
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which can be obtained graphically (Figure 5d): starting at θ = 0, with a certain Qw,net(θ = 0) , following the
function for Qw,net in the positive and negative directions. The θpred are then the shoreline angles (positive and
negative) where the difference in the resulting flux equals the fluvial sediment flux (Qriver). In other words:
Qw,net (θ

pred
right) − Qw,net (θ

pred
lef t ) = Qriver. Although it is possible to make predictions for each flank (Nienhuis,

Ashton, & Giosan, 2016), in this study we report the average angle.

Equation 10 can be further simplified if the wave approach has a low directional spread. In this case, Qw,net
approaches Qw,uni (Equation 7), and the simplest solution is obtained from writing

R =
Qriver
Qwave

=
Qw,uni

max(Qw,uni) =
cos

6
5 θ sin θ

max( cos
6
5 θ sin θ)

≈
1
2 sin (2θ)

1
2

. From this rationale, it follows that

θpred ≈
1
2
arcsin(

Qriver

Qwave
) R< 1. (11)

Figure 7. Relations between the delta sediment flux balance and its morphology within the quantitative Galloway ternary diagram. (a) Variation in shoreline angle and
number of distributary mouths as a function of the fluvial dominance ratio R =

rriver
rwave

, for an example of wave climate and following Equation 10. Note that the specific
relation will deviate for different wave climates. (b) Variation in downstream channel widening with the tidal dominance ratio T =

rtide
rriver

, for a single dominant constituent
and a delta slope. Note that the relation will deviate with different tidal properties and slopes. (c) Morphological predictions cast into the quantitative ternary diagram, with
contour lines and numbers indicating (in blue) the shoreline angle, (in green) the number of distributary channels, and (in red) the channel widening. The exact numbers will
deviate depending on second‐order characteristics. (d) Example predictions (in gray) and observations (in magenta), with Qriver = 10 kg s− 1, Qwave = 15 kg s− 1, and
Qtide = 25 kg s− 1, for which we predict a 20.5° protrusion angle, channel widening of 1.6 (mouth is 60% wider than the upstream channel), and a single distributary mouth
(R< 1). The magenta circle shows the hypothetical delta morphology observations (widening of 1.3, shoreline angle of 25°, and 1 distributary channel). Error (eter)
corresponds to the distance between predictions and observations within the ternary diagram.
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In the case of R > 1, Equations 10 and 11 are undefined. There are no shoreline angles possible that could convey
the fluvial sediment flux, and we predict a river‐dominated delta with undefined θpred (Figure 7).

3.2.6. Predicting Distributaries

The second morphologic prediction is for the number of distributary channels, Npred
dist . In the original framework

(Nienhuis et al., 2015, 2018), the fluvial dominance ratio R did not provide morphological predictions for river‐
dominated deltas (R> 1). Here, we add a prediction for the number of distributary mouths, following other
contributions (Broaddus et al., 2022), to quantify the degree of river dominance.

We propose the following rationale: if R> 1 (river dominated), waves cannot move all the fluvial sediment away
from the river mouth, then mouth bars will form that will split the channel and create multiple river mouths (e.g.,
Edmonds & Slingerland, 2007). The fluvial sediment flux is then distributed between the mouths, whereas the
maximum (potential) alongshore sediment flux (Qwave) remains the same for each river mouth. Therefore, we
predict that the process of mouth bar and distributary channel formation continues until the river sediment load per
distributary (Qriver/ N

pred
dist ) falls below the potential alongshore flux (Qwave), that is,

Npred
dist = ⌈Qriver

Qwave
⌉, (12)

where the operator ⌈⋅⌉ represents rounding up to the next integer. In other words, wave‐dominated deltas have
one river mouth because the ratio is less than 1. For river‐dominated deltas, each river mouth provides enough
sediment to balance alongshore sediment transport away from the river mouth. Equation 12 follows the same
physical principles of other empirically derived equations (J. D. Restrepo & López, 2008 their Table 5; Syvitski &
Saito, 2007 their Equation 4).

3.2.7. Predicting Downstream Widening

The third morphological prediction is for the downstream channel widening, wm/wu, as

wm
wu
|
pred

=
Qtide

QriverUf
+ 1, (13)

where U = 0.5ωa
S⋅uriver

is the strength of the tidal flow of the largest tidal constituent relative to the fluvial flow (uriver)

with the quantities defined in Equation 9 (Nienhuis et al., 2018). Deltas that have a relatively large Qtide
Qriver

(e.g.,
alluvial estuaries like the Elbe) are predicted to havewm ≫wu, whereas deltas with negligible tidal influence (e.g.,
Grijalva) should have wm ≈ wu. We include the relations between tidal dominance and morphology in Figure 7b
for given values ofU and f .Overall, channel widening will increase for more significant tidal fluxes relative to the
fluvial fluxes.

3.3. Delta Observations

3.3.1. Retrieving Morphology Observations

We compare our predictions of delta morphology against observations using imagery from Google Earth Pro®.
For 31 deltas, we retrieved the shoreline angles, the number of distributary channels, and the river mouth and
upstream channel widths (see Paniagua‐Arroyave & Nienhuis, 2024, for Supplemental Data).

Shoreline angle observations were retrieved by digitizing the angle of each delta flank (θobslef t and θ
obs
right) relative to

the reference shoreline (θref ), that is, by marking two points from left to right looking offshore. We then cast the
difference angle into one of three quadrants depending on the flank (whether left or right), such that each quadrant
represents a morphodynamic state: cuspate, crenulated, or estuarine.

The cuspate condition refers to the typical delta shape with straight delta flanks protruding seaward toward the
river mouth. The crenulated condition occurred when we observed a river‐dominated delta with several dis-
tributaries (Ndist > 1) and without straight flanks. In this case, both θobs angles are undefined. Although in some
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cases θobs angles can be defined for deltas for multiple distributaries (e.g., Nile, Sinu), it is difficult to incorporate
it into our ternary framework because it would, under our assumptions, make a delta simultaneously river‐ and
wave‐dominated. A lobe‐based analysis is a possible solution, but this is a departure from the rest of our analysis
and therefore not undertaken here.

Estuarine conditions occurred when delta flanks protruded landward instead of seaward, such as the delta shape
resembling the “funnel” shape (seaward increase in channel width) of single thread tide‐dominated deltas (e.g.,
Elbe). Note that we could include a “spit” condition (the fourth quadrant) when the flanks form an “inverse
funnel” shape such that channel width decreases seaward, as in a funnel‐shaped distributary with nearshore spits
narrowing its outlet. Such a condition likely arises when the channel is not fully alluviated and does not fit our
ternary diagram. We excluded it.

In addition to the flank angles, we counted the number of distributary mouths (Nobs
dist) and measured each river's

mouth width by digitizing a straight line perpendicular to the delta distributary banks closest to the ocean. We

obtained the channel‐widening fraction wm
wu
|
obs from the sum of distributary widths as wm = (Nobs

dist)
− 0.5
∑

Nobsdist
n=1wm,n

(Nienhuis et al., 2018) (Figure 6) and compared it to the upstream channel width, wu, measured at the upstream
limit of tidal influence.

3.3.2. Observed River Dominance

Using our morphologic observations, we can infer wave, river, and tidal sediment fluxes through the estimation of
the river dominance ratio (Robs) and the tide‐dominance ratio (Tobs). Note that this inference relies on our
morphologic observations and on data that were also used to predict sediment fluxes. Given that they are derived
from morphologic observations, we refer to these sediment fluxes as “observations” in contrast to the sediment
fluxes derived from boundary conditions (Figure 1). We discuss the implications of this choice in our Discussion
(Section 5.1).

First, the observed river dominance ratio, Robs, can be estimated by

Robs = Nobs
dist , N

obs
dist > 1,

or

Robs =
Qobs
w,net
Qpred
wave

=
Qw,net (θobsright) − Qw,net (θobslef t)

Qpred
wave

, Nobs
dist = 1.

(14)

The first relation holds when none of the distributaries discharge more sediment than Qwave. Otherwise, mouth
bars would have been formed and Nobs

dist would have been higher. For single‐threaded deltas (Nobs
dist = 1) and

smooth shorelines, we measured the delta flank angles relative to a reference shoreline to quantify the observed
wave flux, Qobs

w,net (Figure 5d). In Equation 14, θ
obs
right and θ

obs
lef t are the observed right and left delta flank angles with

respect to the reference shoreline orientation and Qw,net(θ) is the net alongshore sediment transport for an
observed angle θ.

As in the predictions, the protrusion angle is the average of flank angles representing how far or close the delta is
from the maximum wave transport capacity, reaching the maximum for a protrusion angle of ∼45°. These angles
give an alongshore transport left of the river mouth as Qw,net for 0 < θ < π

2, and transport right of the river mouth
as Qw,net for − π

2 < θ< 0. The difference in transport between the left and right flank of the delta should, at
equilibrium, be equal to the fluvial sediment flux Qriver. Its comparison with the predicted potential maximum
wave flux (Qpred

wave, Equation 4) then indicates the observed river‐dominance ratio Robs (Equation 14).

3.3.3. Observed Tide Dominance

Like the relation of shoreline shape to the river‐dominance ratio, we can recast the observed channel widening
into an observed tide‐dominance ratio, Tobs, as (Nienhuis et al., 2018, their Equation 8)

Tobs = (
wm
wu
|
obs
− 1)Uf , (15)
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wherewm is a single mouth width (wm = Σnwm,n/N0.5
dist for multiple distributaries), wu is the fluvial channel width,

U = 0.5ωa
S⋅uriver

is the strength of the tidal flow relative to the fluvial flow (with tidal quantities given above),

f = 1 + 2S
ka as given above. Tidal quantities (ω and a) are determined for the constituent (i.e., M2, S2, N2, K1, or

O1) with the largest amplitude a, corresponding to the long‐term average tidal amplitude. Fluvial flow is rep-
resented by uriver = Qw,riverβ/w2

u, with β = wu
du
, and du = 0.6 ⋅Q1/3

w,river (Mikhailov, 1970, Eq. 21). Note that
Qw,river is the fluvial water discharge (in m3 s− 1), contrary to the sediment load given by Qriver (kg s− 1).

3.3.4. Sediment Fluxes From Morphology

We place the observed morphology into ternary space to ease visualization and allow a non‐dimensional com-
parison with predictions across morphologic thresholds (cf., an observed river‐dominated delta vs. a predicted
wave‐dominated delta). To do this, we use the observed fluvial sediment flux Qriver, and derive Qobs

tide, and Q
obs
wave.

We quantify the tidal sediment flux based on Tobs, as in Qobs
tide = Tobs ⋅Qriver. We formulate an observed wave

sediment flux Qobs
wave from Robs, using Qobs

wave =
Qriver
Robs . We then determine the relative fluxes within the ternary

diagram by calculating robsx (Equation 1).

Note that our observed fluxes partially use information from the same underlying global models as the pre-
dictions. For example, Qobs

tide is derived from the delta mouth width observations and requires knowledge of the
dominant tidal period (ω). An inverse approach without the underlying global models can be taken using as-
sumptions about such parameters (e.g., assuming semi‐diurnal tides). This possibility means that two deltas with
the same morphology can have different inferred sediment fluxes, or deltas in the same position in the quantitative
ternary diagram can have different morphologies.

3.3.5. Environmental Conditions From Morphology

Lastly, for completeness, we show how information about the fluvial or marine environment can be deduced in the
last step of the observation workflow (Figure 1). This deduction may be helpful in studies where delta
morphology can be observed but the environmental conditions cannot (e.g., deducing paleo wave height or paleo
tidal range from sedimentary deposits).

IfQriver is known, then wave height information can be inferred, first by estimatingQwave using Equation 12 or 13,
then by estimating Hs using Equation 8, after assuming a simple distribution of wave energy. Similarly, the tidal
amplitude may be inferred from Qobs

tide using Equation 9 (replacing Qpred
tide by Qobs

tide in this instance), if data about
along‐channel slopes are available. Conversely,Qriver can be inferred from Tobs or Robs if information is available
about Qtide or Qwave.

3.4. Predictions Versus Observations

We derive two measures of prediction uncertainty. First, we calculate a process uncertainty where we compare
predicted and observed wave, tidal, and river influences. We call this uncertainty a ternary error, eter,

eter =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

[
1
2
(rpredriver − robsriver) + (r

pred
tide − robstide)]

2

+
3
4
[rpredriver − robsriver]

2

√

, (16)

defined as the Euclidian distance within the quantitative ternary diagram (in linear scaling) between the observed
and predicted process dominance of a delta. This value is based on the cartesian coordinates within the triangle, x
and y, and their relation to ternary coordinates, rx, as y = rriver sin 60° =

̅̅̅
3

√
rriver/2 and x = rtide +

y cot 60° = rtide + rriver/2. The process uncertainty eter is 0 for an accurate prediction and 1 for predictions that
render an opposite dominance (e.g., rpredriver = 1 but robsriver = 0, Figure 7).

Second, we do a direct one‐to‐one comparison of the process and morphologic predictions with observations. We
assess the uncertainty using the Median Absolute Error (MAE), which we define as the median of the absolute
deviations, for example, med

⃒
⃒θobs − θpred

⃒
⃒ for θ. We also compute the Median Relative Error (MRE), which we

define as the median of the relative errors, for example, med
⃒
⃒
⃒θ

obs − θ pred
θobs

⃒
⃒
⃒ for θ.
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4. Results
4.1. Prediction of Delta Morphology

From our 31 deltas, we predict∼23% to be fluvial‐dominated (7 out of 31 deltas),∼16%wave‐dominated (5 out of
31), and ∼61% tide‐dominated (19 out of 31), with a broad representation across the ternary space (Figure 8). The
predicted morphology varies among deltas, as demonstrated by the number of distributaries (range from 1 to 625
with a median of 4), shoreline protrusion angle (range from 0.8° to 40° with a median of 10°, with 20 out of 31
deltas with undefined protrusion), and channel widening (range from 1 to 860 with a median of 3).

For example, we predict fluvial dominance for the Mississippi (rRiver = 0.95, 20 distributaries) and wave
dominance for the Eel (rWave = 0.97, cuspate angle of 0.8°). We predict tidal dominance for the Copper
(rTide ≈ 1.0 and channel widening of 856.3), and fluvial dominance for the Parana (rRiver = 0.99 with 172 dis-
tributaries). Some deltas have a predicted mixed influence, such as the Atrato (rRiver = 0.59 with 2 distributaries,
rWave = 0.41) and the Nile (rRiver = 0.64 with 2 distributaries).

Figure 8. Quantitative Galloway ternary diagrams from predicted sediment flux balances for our 31 deltas. We organized deltas in continents such as (a) North America,
(b) South America, (c) Africa and Europe, and (d) Asia and Oceania. See Figures 3 and 4 for locations. Axes are in sigmoid scaling (as a “stretching” of axes at the
extremes) to help distinguish extreme values.
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4.2. Observations of Delta Morphology

In our morphological observations, we find 23% to be fluvial‐dominated (7 out of 31 deltas), 16% wave‐
dominated (5 out of 31), and 61% tide‐dominated (19 out of 31). The skew toward tide dominance compared
to global deltas (where most deltas are wave‐dominated, Nienhuis et al., 2020) is likely because we selected
mostly large deltas. We observe fluvial dominance for the Mississippi (robsRiver = 0.99, 219 distributaries) and
Atrato (robsRiver0.93 with 14 distributaries). Other deltas, such as the Sao Francisco (robsWave = 0.70 with protrusion
angle 19.8°) and the Magdalena (robsWave = 0.68 with a protrusion angle of 30.8°) are observed as wave‐dominated
(Figure 9).

4.3. Process Predictions Versus Observations

Comparing predictions and observations, we find that errors (eter) are typically <0.20 (28 out of 31 deltas), with a
maximum of ∼0.49 (Sinu delta) and a minimum of 0.002 (Fly delta) (Figure 10). The median error is 0.04, with a
standard deviation of 0.11. From the three deltas with eter > 0.20, the largest errors correspond to river‐dominated
deltas. Overall, tide‐dominated deltas exhibit errors <0.20 (all 19 deltas), with 15 deltas with errors <0.05.
However, other fluvial‐ and wave‐dominated deltas also exhibit errors close to 0 (e.g., Eel, Limpopo, and Ob).
Categorically, we find that 29 out of the 31 deltas are classified correctly (i.e., predicted and observed as the same
dominance).

Figure 9. Quantitative Galloway ternary diagrams from observation‐based fluxes of delta morphology for the selected 31 deltas (magenta dots) compared to the
predictions in Figure 8 (gray dots). (a) North America, (b) South America, (c) Africa and Europe, and (d) Asia and Oceania. As in Figure 8, axes are in sigmoid scaling to
distinguish among extreme values, so the lines representing error distances are stretched accordingly. However, this scaling does not affect the error calculation.
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We find that there is no strong bias in our predictions for the fluvial dominance ratio (Robs < Rpred for 16 deltas,
and Robs >Rpred for 15 deltas). However, the uncertainty for individual deltas is considerable, with MAE= 13 and
MRE = 91%. The scatter also appears when comparing predicted and observed wave fluxes (MAE of 820 kg s− 1,
and MRE 91%, Figure 11c).

We find a bias in the tide dominance (Figures 11 and 12), which tends to be underpredicted for wave‐ and river‐
dominated deltas (Tobs < 1) and overpredicted for tide‐dominated deltas (Tobs > 1) (Figures 11b and 12). This bias
could be from the geometric estimation of the tidal intrusion length (based on the delta slope, assuming no
dissipation and an infinite tidal wavelength), which is underestimated for small, steep deltas (where tides protrude
upslope) and likely overestimated for larger deltas. The MAE and MRE for T are similar to those for R, at 6% and
98%, respectively. Sources of error differ between river‐, tide‐, and wave‐dominated deltas. Wave‐ and river‐
dominated deltas have relatively large errors in the predicted tidal influence, whereas errors in tide‐dominated
deltas are primarily in the estimated river dominance ratio (Figure 12).

4.4. Morphology Predictions Versus Observations

Morphologic prediction errors are more significant than process errors (Figure 13). For the number of distributary
channels, there are 6 deltas with 1 predicted and observed distributary channel, 13 deltas where the number of
channels is overpredicted, and 12 where it is underpredicted. The median absolute error (MAE) for the number of
distributary channels is 12, and the median relative error (MRE) is 85% of the observed channel count. This
significant error appears from including extreme predictions that bias the statistics, for example, 340 distributaries
for the MacKenzie, 625 for the Amazon, and 146 for the Yangtze (Chang Jiang). We link this limitation to the
combination of the relatively low capacity for predicting Qwave (Figure 11c) and the theoretical assumption that
deltas keep bifurcating until Qriver <Ndist ⋅Qwave, which ignores the effects of tides and of time. This limitation is
also visible in our low capacity for predicting R (Figure 11a).

There is a bias in the protrusion angles, which are primarily underpredicted (18 deltas) and overpredicted for 2
deltas (Figure 13b). There is a MAE of 4.1° and a MRE of 45%. There are more accurate predictions for channel
widening (MAE of 1.2, MRE 25% of the observed widening), but some outliers remain. Several deltas are
predicted to have extreme widening, for example, 856.3 for the Copper, 410.8 for the Elbe, and 245.1 for the Fly.

5. Discussion
This work compares delta morphology predictions and observations for 31 selected deltas using a novel meth-
odology that expands on the quantitative Galloway ternary diagram. In general, our ternary predictions closely
follow the observations, with a median ternary error of 0.02 and a standard deviation of 0.11. We found that most
of our tide‐dominated deltas exhibited the smallest error. Mixed‐influenced deltas were more challenging to
predict (maximum error of 0.49). There was also greater uncertainty about delta morphological metrics, with the

Figure 10. Ternary error in predictions, eter , with observed dominance indicated by symbols (fluvial: green squares, wave: blue diamonds, tide: red circles).
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number of distributary channels estimated within a factor of 3. We now analyze some examples of morphology
prediction and observation, including sources of uncertainty and the effects of human interventions.

5.1. Sources of Error

There are three sources of prediction error: (a) data for predictions, (b) morphological observations, and (c)
assumptions behind the theoretical models. First, regarding data for predictions, riverine fluxes from WBMSed
(Cohen et al., 2014) include an average error of ∼34%. Data from otherQriver compilations (Overeem et al., 2022;
Syvitski & Saito, 2007) are likely more accurate. In comparison, errors from models of waves (WAVEWATCH
III, Chawla et al., 2013) and tides (TPXO, Egbert & Erofeeva, 2002) could be considered negligible. WAVE-
WATCH III reports a wave height RMS misfit of ∼0.5 m and an R2 of 0.92 (Chawla et al., 2013). TPXO reports a
tidal amplitude RMS of ∼0.05 m (Egbert & Erofeeva, 2002). However, our assumptions of wave transformation
over continental shelves for wind waves and tides are crude and require improvement, especially along
complicated coastlines (e.g., canyons, embayments, and muddy coastlines; see also Section 5.2). Although it is
not done here, this error can be assessed through comparison with other models and field observations. Prediction
data error can be reduced with more accurate measurements or models that reflect the timescale relevant for
creating delta morphology (hundreds to thousands of years). Prediction data can also be improved with field
observations, for example, by obtaining Qtide from field hydrodynamic measurements (e.g., Sassi et al., 2013).

Figure 11. Comparison of process predictions and observations for the 31 deltas. (a) Fluvial dominance factor. (b) Tide
dominance factor. (c) Qwave. (d) Qtide. Numbers refer to deltas in Figure 3.
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Second, errors in our morphological observations (number of distributary channels, upstream and mouth channel
widths, channel slopes, and flank angles) depend upon the digitizer criteria and precision and are typically in the
order of meters according to pixel sizes of the latest Google Earth imagery. Measuring channel slope for tidal flux
quantification includes a significant error because of the crude topographic data from the 1 arc‐sec SRTM. It can
also be challenging to assess active versus inactive distributary channels or to digitize the natural shoreline in
complicated wave‐dominated deltas (e.g., Magdalena) without including other relevant morphology features,
especially those related to the submarine morphology (e.g., shelf depth, prodelta profile, etc.).

Third, a fundamental error stems from our theoretical models for predictions and observations. Predictions are
based on the delta apex sediment fluxes, averaged over the past ∼30 years, even though dominant morphological
processes vary spatially within a delta (Broaddus et al., 2022) and vary in time. Our approach also considers a
single Qriver value; however, deltas are fed by different grain sizes that respond differently to wave and tidal
forcing (Burpee et al., 2015). Enhanced mud supply can also increase bottomset aggradation that aids delta land
building (Kim et al., 2022). Sand‐mud ratios, therefore, likely affect the relative influence of waves, rivers, or
tides.

Our concept of river‐to‐wave dominance relies on a sediment balance between the river mouth and adjacent
shorelines (Nienhuis, Ashton, Nardin, et al., 2016; Nienhuis et al., 2015). This balance may not hold during large
floods when sediment escapes beyond the coastal zone (Warrick, 2020) or for all river sediment classes. Also, our
method relies on alongshore transport formulations (Ashton & Murray, 2006) that have shortcomings compared
to field observations (Cooper & Pilkey, 2004).

Our concept for tide‐to‐river dominance provides satisfactory results here and elsewhere (Nienhuis et al., 2018),
although it simplifies the tidal hydrodynamics that controls sediment transport and land building, especially for
deltas with multiple distributaries (Hoitink& Jay, 2016; Nowacki et al., 2015). Tidal predictionsmay overestimate
tidal intrusion for large, low‐slope deltas, leading to extreme inferred fluxes in several cases. For example, for the
Yangtze, Qobs

tide = 1.2 × 107 kg s− 1 versus a field estimate of 2 × 105 kg s− 1 from Wan et al. (2014). Other high
flux estimates, such asQobs

tide = 5.2 × 106 kg s− 1 for the Amazon andQobs
wave = 14 × 103 kg s− 1 for theMagdalena

could be reasonable, but field data to compare these estimates against is sparse. Tidal observations using channel

Figure 12. Comparison of delta observations and predictions in a cartesian space defined by T and R. Numbers refer to deltas
in Figure 3.
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width and channel slope may also overestimate tidal fluxes, for example, in the Lena case, where other processes,
such as river ice, may influence morphology (Overeem et al., 2022). Because observations and predictions of tidal
fluxes may be overestimated, our analysis could incorrectly suggest a classification with low ternary error.

5.2. Disentangling Sources of Error

The three sources of error are difficult to disentangle. Here, we explore potential sources of uncertainty for four
deltas by comparing predicted and observed morphological features, that is, number of distributary mouths,
cuspate angle, and channel widening (Figure 14 and Table 1).

For the Mississippi (Figure 14a), we underpredicted the number of distributary mouths (20 predicted, 219
observed), which we relate to an overprediction of wave fluxes. This error relates to our theoretical assumption of
maximum wave flux capacity at each mouth. In contrast, most mouths are sheltered from the dominant ocean
waves and can more easily build mouth bars (Edmonds & Slingerland, 2007). Fluvial sediment flux can also be
underpredicted (Cohen et al., 2014).

Figure 13. Morphologic predictions for the 31 deltas. (a) Number of distributary channels, Ndist. (b) Shoreline angle, θpred ,
and (c) channel widening, wm/wu. Numbers refer to deltas in Figure 3.
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For the Sao Francisco (Figure 14b), we found similar cuspate angles (15.7° predicted, 19.8° observed). We relate
the slight overprediction of wave fluxes to data limitations since no wave data are available close enough to the
river mouth. For the Sinu delta (Figure 14c), we predict a relatively small cuspate angle (10.1°) versus our
observation of 3 distributary mouths, which we relate to a similar overprediction of wave fluxes. For the Yangtze
(Chang Jiang) (Figure 14d), we overpredict the number of distributaries (146 predicted, 4 observed) and
underpredict the channel widening (4.66 predicted, 18.25 observed). We relate these errors to an underprediction
of tidal discharge and the oversimplified assumption that mouth bars will form until the river sediment flux per
channel decreases below the wave flux.

We can explain the underprediction of wind waves and tides by considering nonlinear transformations over
complicated bathymetry without available data. It is known that waves can increase their energy flux onshore of
complicated bathymetry, for example, sand shoals and canyons (Bender & Dean, 2005; Bing Wang et al., 2014;
Eslami et al., 2019; Paniagua‐Arroyave et al., 2019). Conversely, fine sediment dynamics can decrease shoreline
wave energy fluxes and tidal amplitudes (Elgar & Raubenheimer, 2008; Winterwerp et al., 2007). These phe-
nomena will likely lead to morphologic prediction errors as we over‐ or under‐predict wave energy fluxes, hence,
sediment transport by waves and tides. Our theory also assumes that, for multiple distributary mouths, each outlet

Figure 14. Examples of delta morphology prediction (white dot) and observation (magenta dot) within the quantitative
ternary diagram, including the observed morphology and ternary error, eter . (a) Mississippi, (b) Sao Francisco, (c) Sinu, and
(d) Yangtze (Chang Jiang). Imagery from Aquamonitor (https://aqua‐monitor.appspot.com/).

Journal of Geophysical Research: Earth Surface 10.1029/2024JF007878

PANIAGUA‐ARROYAVE AND NIENHUIS 21 of 28

https://aqua-monitor.appspot.com/


Ta
bl
e
1

Er
ro
rs
in
Pr
ed
ic
tio
ns
an
d
So
ur
ce
s
of
U
nc
er
ta
in
ty
fo
r
th
e
Fo
ur
Se
le
ct
ed
D
el
ta
s
in
Fi
gu
re
14

N
um

be
r

D
el
ta

e t
er

O
bs
er
ve
d
do

m
in
an
ce

Pr
ed
ic
tio

n/
ob

se
rv
at
io
n

co
m
pa
ris

on
—

Fl
ux

es
pr
ed
ic
tio

n
M
os
tp

ro
m
in
en
tp

ot
en
tia

l
so
ur
ce

of
er
ro
r—

Ex
pl
an
at
io
n

Pa
rti
cu
la
rit
ie
s

1
M
is
si
ss
ip
pi

0.
04

3
R
iv
er

Pr
ed
ic
te
d
fe
w
er

di
st
rib

ut
ar
y

m
ou

th
s—

O
ve
rp
re
di
ct
io
n
of

w
av
e
flu

xe
s

Th
eo
re
tic

al
—

A
ss
um

pt
io
n
of

m
ax
im

um
w
av
e
tra

ns
po

rt
ca
pa
ci
ty

at
ea
ch

m
ou

th
of

m
ul
ti‐
ch
an
ne
ld

el
ta
s

C
ha
nn

el
di
ve
rs
io
ns
,l
ev
ee
s,

an
d
si
gn

ifi
ca
nt

su
bs
id
en
ce

(T
ör
nq

vi
st

et
al
.,
20

08
;K

.X
u

et
al
.,
20

19
;Z

ha
ng

et
al
.,
20

22
)

9
Sa

o
Fr
an
ci
sc
o

0.
03

9
W
av
e

Pr
ed
ic
te
d
sm

al
le
rc

us
pa
te

an
gl
e

—
U
nd

er
pr
ed
ic
tio

n
of

w
av
e

flu
xe
s

D
at
a—

W
in
d‐
w
av
e

di
ss
ip
at
io
n
an
d
sc
at
te
rin

g
ov

er
co
nt
in
en
ta
ls
he
lv
es

St
ra
nd

pl
ai
n
w
ith

si
gn

ifi
ca
nt

in
ac
tiv

e
an
d
ac
tiv

e
du

ne
fie

ld
s
(B

ar
bo

sa
&

D
om

in
gu

ez
,2

00
4;

D
om

in
gu

ez
,1

99
6)

12
Si
nu

0.
49

3
R
iv
er

Pr
ed
ic
te
d
fe
w
er

di
st
rib

ut
ar
y

m
ou

th
s
an
d
sm

al
le
rc

us
pa
te

an
gl
e—

O
ve
rp
re
di
ct
io
n
of

w
av
e
flu

xe
s

D
at
a—

W
in
d‐
w
av
e

di
ss
ip
at
io
n
an
d
sc
at
te
rin

g
ov

er
co
nt
in
en
ta
ls
he
lv
es

M
ud

dy
co
as
t,
up

st
re
am

w
at
er

di
ve
rs
io
ns

(P
ic
ca
rd
ie

ta
l.,

20
20

;
Se

rr
an
o
Su

ar
ez
,2

00
4)

29
Y
an
gt
ze

(C
ha
ng

Jia
ng

)
0.
00

4
Ti
de

Pr
ed
ic
te
d
m
or
e
di
st
rib

ut
ar
y

m
ou

th
sa

nd
sm

al
le
rc

ha
nn

el
w
id
en
in
g—

U
nd

er
pr
ed
ic
tio

n
of

w
av
e

an
d
tid

al
flu

xe
s

Th
eo
re
tic

al
—

A
ss
um

pt
io
n
of

co
nt
in
uo

us
m
ou

th
ba
r

cr
ea
tio

n
an
d
ch
an
ne
l

fo
rm

at
io
n

U
ps
tre

am
ba
si
n
de
gr
ad
at
io
n,

de
lta

la
nd

re
cl
am

at
io
n,

an
d
sh
or
el
in
e

em
ba
nk

m
en
t(
Sa

ito
et

al
.,
20

01
;W

an
g

et
al
.,
20

11
;Z

ha
ng

et
al
.,
20

22
)

Journal of Geophysical Research: Earth Surface 10.1029/2024JF007878

PANIAGUA‐ARROYAVE AND NIENHUIS 22 of 28



would carry the same amount of fluvial sediment, which does not reflect nature (Bolla Pittaluga et al., 2015).
Therefore, we assume that waves can move at the maximum capacity at each mouth, which can overestimate the
total sediment flux at the delta.

5.3. Application of the Quantitative Galloway Ternary Diagram

We foresee three types of applications of the quantitative ternary diagram. First, the morphology predictions can
help to project future delta changes under varying boundary conditions. For example, one can predict delta
morphology changes in the case of human activities affecting sediment fluxes in the form of increasing loads by,
for example, catchment deforestation (J. D. Restrepo et al., 2015) or decreasing loads by, for example, damming
(Vörösmarty et al., 2003). These predictions can also be used to hindcast past changes, for example, when
reconstructing the historical development of deltas under past environmental change (Nienhuis et al., 2017). In
terms of morphology, such sediment load changes will likely have the most considerable effect if they lead to
changes in process dominance. A decrease in sediment load can make deltas transition from river‐ to wave‐
dominated: wave‐driven sediment transport will silt in delta channels, reducing their number, and smooth its
shoreline into a cuspate shape. A transition to tide dominance will lead to tide‐driven sediment import into the
river mouth, narrowing channel width preferentially upstream (thereby increasing the relative wm/wu).

A second application of the ternary diagram is to use predictions (from boundary conditions) or observations
(from morphology) to infer sediment and water fluxes. For example, one can estimate the channel‐forming tidal
sediment discharge amplitude by measuring delta channel widths or shoreline shapes. Such sediment fluxes can
be challenging to measure directly (Mei et al., 2021).

A third application is to use morphologic observations to infer (paleo) environmental conditions, such as wave
height, river sediment flux, or tidal range (see also Section 3.3.5). These reconstructions are often based on
bedforms that indicate paleo‐tidal currents or wave‐orbital velocity (Willis et al., 1999). The ternary approach can
be complementary and provide whole‐delta morphology reconstructions (Bhattacharya & Giosan, 2003).

5.4. Example Application of the Magdalena Delta

The Magdalena delta (delta 11, Figure 15) is located on the threshold between fluvial and wave dominance. We
observe one distributary mouth, a cuspate angle of 30.8° and no channel widening (Robs = 0.47; Tobs = 0). Our
predictions are similar, that is, 1 distributary, cuspate angle of 17°, and no channel widening (R = 0.56, T = 0)
(Figure 15a). At first, our method was successful in prognosing this delta, with a ternary error of ∼0.04. However,
modern delta morphology is controlled by hard engineering structures that stabilize the mouth channel width
(Figure 15b).

Historical maps from 1843 (Martinez et al., 1990) show a single distributary mouth with alongshore extending
spits and a general westward orientation (Figure 15c). This morphology suggests wave dominance with a
shoreline deflection that indicates sediment bypassing and wave climate control (Nienhuis, Ashton, Nardin,
et al., 2016). The historical Magdalena is similar to our predictions: 1 distributary, 17° of cuspate angle, and no
channel widening, resembling the smaller, nearby Buritaca delta in Colombia (11.264056°N, 73.770227°W).

The modern observedMagdalena has steeper delta shoreline angles, that is, 31.3° (left) and − 30.4° (right), but this
does not imply that the modern Qriver is greater. Instead, Magdalena's modern morphology relies on human
structures that concentrate the flow, which then gets routed to a nearby submarine canyon and would likely limit
the nearshore availability of river sediments (Naranjo‐Vesga et al., 2022). Steeper delta angles arise, in this case,
from limited alongshore sediment bypassing. On the one hand, the human influence on delta morphology prevents
an adequate characterization of the Magdalena delta using our quantified Galloway approach. On the other hand,
the contrast between what is expected from boundary conditions (our predictions) and what is observed from
modern morphology provides a physical framework to explore deviations in sediment fluxes and sediment
transport pathways (J. C. Restrepo et al., 2020).

5.5. Limitations

There are limitations to the ternary approach. For one, its morphology characterization is limited to the planform
shoreline shape. Models for delta elevation change, whether subaerial or subaqueous, should be strongly linked
but are often uncoupled in practice (Blum & Roberts, 2009; Nienhuis & van de Wal, 2021; Swenson et al., 2005).
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Full morphodynamic models like Delft3D could offer a way forward (Broaddus et al., 2022). A promising di-
rection in this case is to use the ternary approach to calibrate and validate Delft3D outcomes against natural
examples (Broaddus et al., 2022) and then study its predictions for the evolution of subaerial and subaqueous delta
elevation, which are more challenging to test.

Time rates of change pose another challenge for the ternary approach, as ternary predictions assume equilibrium.
The ternary approach can be used to indicate a direction of change but not (yet) a rate. Even in the case of di-
rections of change, it will miss delta‐shaping events such as avulsions (Prasojo et al., 2022) by providing the
overall response of the delta shoreline morphology to a subsequent change in sediment load to the river mouth.

Lastly, the ternary approach is based on a flux balance but does not include a mass balance. Increasing wave
influence, for example, with wave smoothening of the shoreline and a reduction in the shoreline angle, will likely
lead to erosion near the river mouth and potential deposition further away along the delta flanks (Zăinescu
et al., 2024). However, whether this is accompanied by reduced delta area growth and whether sediment
composition (sand vs. mud) matters remains unaddressed by the ternary approach.

6. Conclusions
We propose a novel method to predict river delta morphology from river, wave, and tidal fluxes and to infer fluxes
from morphology observations. The method allows us to compare various sources of morphological uncertainties
in a non‐dimensional framework. The application of our method to a selection of 31 deltas globally resulted in a
median error of 4% (with an 11% standard deviation) with no strong bias toward one of the three dominant delta
morphologies. Median absolute errors for delta morphologic characteristics are more significant, with errors for
the shoreline angle (4°), downstream widening of delta channels (1.23), and the number of distributary channels

Figure 15. An example of the effects of hard engineering structures in delta morphology and their representation within the
quantitative Galloway triangle. (a) Magdalena delta at Bocas de Ceniza (near Barranquilla city) in 2022, with a white box
showing the close‐up in panel (b). Imagery from Aquamonitor. (b) Close up to the Magdalena River mouth, showing current
hard structures at mouth flanks (yellow lines). (c) Historical delta morphology changes (1843 and 1987) as given byMartínez
et al. (1990, their Figure 2).
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(12). We estimate that the inaccurate calculation of wave and tidal fluxes is the largest source of uncertainty for
delta morphology predictions compared with fluvial sediment supply. As our approach predicts first‐order delta
morphology from sediment fluxes, it offers a way of forecasting how delta morphology will adjust to variations in
sediment flux balances, with potential worldwide applications for deltas under climate and global change
stressors.

Data Availability Statement
The data on which this article is based are available in Paniagua‐Arroyave and Nienhuis (2024).
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