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Key Points:
e Morphometric boundaries investigated in 105 modern deltas globally

o Slope break and avulsion lengths show the strongest scaling relationship, more significant
than previous scaling relationships

e Processes contributing to this slope-break avulsion length scaling relationship are
proposed along with conceptual model of the implications
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Abstract

Understanding how deltas respond to changing sea level is crucial as deltas provide important
ecosystems, are inhabited by ~500 million people, and are nexuses of food, energy and economic
activity. The response of delta distributary channels to sea-level rise depends on the geomorphic
controls on delta morphology and their scaling relationships. Our data from 105 deltas globally
show strong scaling between the upstream distances to slope breaks and to avulsion nodes, and
confirm the previously-known scaling between backwater and avulsion lengths. The break in
slope is proposed to be the principal control on delta development, along with other proposed
secondary controls. We identify and discuss the implications of this slope break-avulsion length
scaling, leading to a conceptual model of delta morphology and sedimentology. This model
suggests how deltas may respond to future sea level rise and guides interpretation of deltaic
deposits in the rock record.

Plain Language Summary

River deltas across the globe are being affected by sea-level rise. How deltas respond to this rise
is thought to be related to a region (known as the backwater zone) where the river flow velocity
starts to decrease due to river slope reducing as the flow approaches the sea. The location of this
zone has been shown to scale with the location of abrupt shifts (known as avulsions) in the
position of delta channels. However, we do not have a complete understanding of why and where
these shifts occur. By analyzing 105 river deltas globally, we found that the strongest scaling
relationship is between the distances from the shoreline of avulsion and of a change in slope.
Due to this strong scaling relationship, we propose that river deltas may respond to sea-level rise
differently depending on their shape and gradient, and the location of the slope change on the
delta itself.

1 Introduction

Deltas, alluvial protrusions beyond lacustrine or marine shorelines, are one of Earth’s
essential landscape types and provide a wide range of ecosystem services (Besset et al., 2017);
~500 million people currently live on deltas which have been important locations in the
development of human societies and are significant centers for biodiversity (Ericson et al., 2006;
Nienhuis et al., 2020; Syvitski & Saito, 2007). However, deltas are particularly vulnerable to a
combination of changing sea-levels, reduced sediment influx and subsidence, causing increasing
flood risk and degradation of ecosystems (Besset et al., 2019; Hoitink et al., 2017; Mueller et al.,
2017; Syvitski et al., 2009; Tessler et al., 2015; Wang et al., 2017; Warrick et al., 2019; Wu et
al., 2020; Yang, 2005).

When a sediment-conveying river enters a water body, delta lobes start to develop from
mouth bar deposition, forming a delta planform with distributary channel networks. Excepting
many lake deltas, most open water deltas are exposed to marine energy in the form of tides,
waves, and storm surges and are also affected by relative sea-level rise (Hoitink et al., 2017). The
complexity of distributary channel networks depends on interactions between factors including
sediment supply, slope, climate, channel bifurcation and avulsion, with delta morphology
reflecting the balance of these factors (Edmonds & Slingerland, 2008; Jerolmack & Mobhrig,
2007; Syvitski et al., 2009). To understand how distributary channels will respond to rising sea
level, the controls on the morphology of these channels need to be firstly understood.
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The presence of a body of water generates a distal backwater in delta channels, the length
of which has been proposed as a fundamental hydrodynamic boundary in delta systems
(Jerolmack & Swenson, 2007; Paola & Mohrig, 1996). This backwater zone is characterized by
downstream decreases in grain size, channel migration rates and channel belt widths, and
increased channel depth (Fernandes et al., 2016). A study of nine modern deltas showed that the
backwater length (Lb) scales with the avulsion length (La), which is the distance from the
shoreline to the first (i.e. farthest upstream) bifurcation along the river centerline (La:Ly ~1:1 to
1:2) (Chatanantavet et al., 2012; Ganti et al., 2016; Jerolmack & Swenson, 2007). This scaling
relationship is considered crucial for defining the location of the preferential avulsion node and
for understanding avulsion migration in the delta lobe building process (Brooke et al., 2020;
Chadwick et al., 2019; Chatanantavet et al., 2012; Ganti et al., 2019; Nijhuis et al., 2015).
However, Hartley et al. (2017), found a less consistent avulsion and backwater length scaling
relationship from 13 modern deltas. Hartley et al. (2017) argued that an avulsion node, that they
referred to as the delta apex, is primarily controlled by processes at the valley mouth where
unconfined deposition commences. The position of the valley mouth coincides with the location
of a longitudinal slope break that triggers the onset of delta construction in an unconfined setting,
due to sediment transport capacity being reduced downstream from this location to the shoreline.
Thus, there should be spatial correlation between valley mouth locations and avulsion node
positions. However, valley mouth location is not necessarily the upstream limit of the coastal
backwater. Hence, for deltas in equilibrium with external controls, Hartley et al.’s (2017) results
suggest 1:1 scaling relationships between both the avulsion (La) and slope break (Ls) lengths
measured from the shoreline and the valley-exit-to-shoreline distance (Lv).

The discrepancies between previous results, from small numbers of deltas, highlight the
need to investigate generic scaling relationships on deltas using a larger data set. This study
investigates morphometric boundaries (backwater, avulsion and slope break lengths, and valley-
exit-to-shoreline distance) from a global data set of 105 modern deltas, considering the effects of
landscape-scale (catchment size, river discharge, valley type) and local (water surface slope)
factors. We also identify and discuss the processes contributing to these generic scaling
relationships. Scaling relationships are fundamental to our understanding of delta development,
allowing insights into how delta distributary channels will respond to changing allogenic and
autogenic forcing.

2 Materials and Methods

A global dataset of 105 mostly river-dominated deltas that debouch into open seawater
was analyzed (Fig. Sla & Table S1). We used Google Earth Engine (GEE) to compile 30 m
resolution Landsat 5 tile images from 1984-2009, and digital elevation models (DEM) from the
Shuttle Radar Topography Mission (SRTM) for 60°S to 60°N and ArcticDEM for north of 60°N
(Farr et al., 2007; Morin et al., 2016; Tucker et al., 2004). We chose the least cloudy and oldest
Landsat 5 images available from GEE to avoid engineered river banks that have become
increasingly more prevalent (Fig. S2). SRTM and ArcticDEM resolutions are ~30 m and ~0.5 m,
respectively. We used the DEMs to generate elevation profiles along the centerline of the main
distributary channel in QGIS using the Terrain Profile™ tool. Only four deltas, all within
ArcticDEM, show gross error that prevent extraction of a reliable elevation profile (Btaszczyk et
al., 2019). We defined valley types through analysis of the topography using the method from
Hartley et al. (2017). Catchment areas were obtained from the HydroBASINS level 6 global
watershed dataset (Lehner & Grill, 2013). Since climate is a fundamental factor influencing delta
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morphology (e.qg. river discharge, sea-level, wave action, storm energy, sediment yield), we
classified deltas according to their dominant climate zone (Correggiari et al., 2005; Syvitski &
Saito, 2007; Ta et al., 2002). Climate-based classification enables us to classify the data set more
consistently across different delta morphologies (Table S1).

The satellite imagery analyzed here provides static snapshots of modern delta conditions.
Dynamic environmental variables, including daily to annual tides and wave conditions, and
decadal sea-level change and local subsidence are thus excluded. We manually identified each
delta that has a subaerial deposit that protrudes beyond the lateral shoreline (Caldwell et al.,
2019). Criteria for selection include any channel mouth that intersects with the open seawater
depositing sediment that protrudes beyond the lateral shoreline, with or without the characteristic
morphology of river-dominated deltas (e.g. subaerial mouth-bar deposit, elongate distributary
channels) (Olariu & Bhattacharya, 2006). A sub-set of ten deltas, defined as wave-dominated by
Nienhuis et al. (2020), are also investigated.

Awvulsion length (La) was measured in ArcGIS along the river centerline from the
shoreline at the time of the Landsat image to the first (farthest upstream) deltaic avulsion, hence
assuming that this first avulsion is the delta apex node (Jerolmack & Swenson, 2007; Fig. S1Db).
Where there is a single active channel and no bifurcation, La was measured up to the farthest
upstream valley exit point identified in the DEM, following Hartley et al. (2017). The slope
break length (Ls) was defined from the elevation profile as the river distance between the
shoreline and the first break in slope (Fig. S1c; Fig. S3; Fig. S4). Slope breaks were identified
using a semi-automated local gradient method and Hack’s Stream-Length (SL) index (Hayakawa
& Oguchi, 2006; Supporting Information?). Valley-exit-to-shoreline distance (Lv) was measured
along the river centerline from the shoreline to the valley exit point identified from the DEMs
(Hartley et al., 2017).

Backwater length (Lb) was calculated (Chatanantavet et al., 2012) as:

h¢
Ly = ?(1)
and
5 1
CrQc2 \3
hc - (giVavzs) (2)

where hc is the characteristic flow depth (m) and S is water surface slope (m/m) (Eq. 1).
Characteristic flow depth (Eq. 2) was calculated using the bed friction coefficient Ct = 0.002 for
large lowland rivers (Parker et al., 2007). Q. is the characteristic water discharge (m?/s), g is
gravitational acceleration (m/s?) and Way is the channel width (m) at the avulsion node at the time
of the image (Parker et al., 2007).

Characteristic water discharge (Qc) is taken as the 2-year recurrence interval flood (Q-) as
close to the upstream limit of the delta as data availability allows, to provide an indicator of the
dominant channel-forming flow (Ganti et al., 2016; Wolman & Miller, 1960). Q> was calculated
from daily river discharge data available from the Global Runoff Data Centre (GRDC). For some
deltas, only monthly river discharge data were available and Q> from these monthly data were
converted to equivalent daily Q2 values using empirical transformations for different climates
(Fig. S5; Beck et al., 2018). Channel width (Way) was measured on the Landsat imagery at the
avulsion node to avoid influence by wave or tidal processes (Fig. S1b). Slope (S) was calculated
from the water elevation profile along the centerline of each river.

This article is protected by copyright. All rights reserved.



3 Results

Measured (valley-exit-to-shoreline distance, avulsion and slope break lengths) and
calculated backwater lengths are plotted in Figure 1. The La-Ls plot (Fig. 1a) shows a power-law
relationship La = 9.77Lp**° (R? = 36%; RMSE = 0.46). The equivalent Ls-Ly relationship is Ls =
0.45L, 1 (R? = 46%; RMSE = 0.46) (Fig. 1b). Statistically, the most significant scaling is for
the avulsion length against the slope break distance from the shoreline, with L, = 0.6Ls3% (R? =
63%; RMSE = 0.36) (Fig. 1c). Note that we show fewer than 105 deltas on Fig. 1 due to river
discharge data being unavailable for some rivers, unidentified valley-exit points, and
indeterminate slope breaks.
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Figure 1. (a) Measured avulsion length (La) against calculated backwater length (Lb). (b)
Slope break distance from the shoreline (Ls) against the valley-exit-to-shoreline distance (Lv).
(c) Measured avulsion length (La) against the slope break distance from the shoreline (Ls). We
used standard major axis (SMA) regression (red lines) to determine functional relationships.
Point size is scaled with the catchment area; point color shade represents the slope of each
delta. Root mean square error (RMSE) is in log units. Red points representing unidentified Ly,
Ls and Ly are positioned on the border of the plots.

Decreases in water surface slope (blue points in Fig. 1 are shaded from dark to light as
slope increases) are neither correlated with longer backwater, avulsion nor slope break lengths
(Fig. 1a-c). Compared to the plot against the backwater length (Fig. 1a), larger catchment areas
show a more significant correlation with slope breaks and avulsion lengths, consistent with prior
literature (Fig. 1c; Fig. S6; Syvitski & Saito, 2007). The data contain some significant outliers,
mainly from European sites, which are potentially affected by engineered river-banks (e.g.
Guadiana, Po). Smaller deltas (La < 50 km; e.g. Tuntang, Comal) also contribute to these
outliers. Therefore, the La:Ls scaling relationship is stronger in relatively larger deltas (Fig. 1c).
Additionally, wave-dominated deltas as defined by Nienhuis et al. (2020), also show a consistent
La:Ls relationship. Note that some calculated backwater lengths in this study vary from, but lie
within the same order of magnitude, as backwater lengths previously reported for the same sites
(Chatanantavet et al., 2012; Ganti et al., 2016). This calculation difference is due to using
different representative channel widths to calculate the characteristic flow depth. We used the
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channel width at the avulsion node (Way), while the choice of channel width is not always
explicitly stated in previous studies.

All power law relationships in Figure 1 are statistically significant. However, the
relationship between the avulsion and slope break length for the global dataset has the strongest
correlation (Fig. 1c; R? = 63%, RMSE = 0.36). Of the studied deltas (n = 80), 65% lie within the
95% confidence interval of the regression line (Fig. 1c) in comparison to Fig. 1a and 1b (64%
and 55%, respectively). La and Ls are related with exponent 1, showing a direct scaling
relationship.

We also classified the La:Ls relationship (Fig. 1c) by valley type to test whether this
scaling remains consistent for all valley types. Regression slopes from alluvial, bedrock and
Pleistocene valley types are not significantly different from the full data set although valley-
confined deltas do show a difference. The p-values shown next to regression lines (Fig. 2) are all
>0.05, and the dashed lines in Fig. 2 lie within 95% confidence bands for the overall
relationships (Fig. 2a-c). Valley-confined deltas are not significantly different (p-value = 0.06)
from the proposed La:Lsfrom the full data set, but the regression line for this valley type deviates
from our proposed La:Ls relationship (dashed line in Fig. 2d). The small (N=5) number of
valley-confined deltas prevents interpretation of the significance of this result (Fig. 2d).
Appreciable scatter is observed (1 order of magnitude of the avulsion length; range of residuals =
+0.2 in log units) in the alluvial valley deltas (Fig. 2a). Relatively small deltas also contribute to
the scatter for bedrock valley types (Fig. 2b). However, the strong and relatively consistent La:Ls
correlation across different valley types provokes consideration of the importance of this scaling
relationship in the context of the previously known La-Ly relationship and valley-exit control on
delta apex position (Ganti et al., 2016; Hartley et al., 2017).
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Figure 2. (a-d) Data from Fig. 1c (avulsion length (La) against slope break distance from the
shoreline (Ls)) for each valley type. Red lines are the SMA regression lines from the full data
set, dashed lines are separate SMA regression lines from each valley type with La-Ls
relationships shown on panel. Point size is scaled with the catchment area and p-values near
the regression lines are the significance of the difference between the gradient from La-Ls
SMA regression for each valley type versus the La-Ls SMA regression from the full data set
(i.e. slope test).

4 Discussion

Morphometric scaling and delta morphology

We demonstrate here how the calculated morphometric scaling relates to scaling on some
modern deltas. Examples from the Rufiji, Ebro, Orinoco and Volga deltas show the locations of
the morphometric boundaries and how the scaling between the avulsion and slope break lengths
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measured from the shoreline is consistent across a range of delta sizes (Fig. 3a-d). Visual
observation from satellite images shows that the apices of each of these deltas coincide with
measured avulsion lengths (yellow points in Fig. 3a-d). As for most other deltas in the dataset,
these four examples have developed in approximately their current locations since the early
Holocene due to the decreasing rate of sea-level rise. Detailed studies of their avulsion histories
(Aslan et al., 2003; Kroonenberg et al., 1997; Nienhuis et al., 2017) suggest that the avulsion
nodes have remained in a constant locations as these deltas have developed. The avulsion-slope
break length scaling ratios in these deltas are La ~ 0.6Ls for the Rufiji delta and La ~ 0.5Ls for the
Ebro, Orinoco and Volga deltas. However, the calculated backwater lengths (Ls) from the Rufiji
and Ebro deltas are located farther downstream of the avulsion nodes (white points in Fig.
3a,b,d). Both the Rufiji and Ebro deltas have La ~ 1.2Ly instead of La ~ 0.5Lp (or La:Lp ~ 1:2) as
previously suggested by Chatanantavet et al. (2012), Ganti et al. (2016) and Jerolmack &
Swenson (2007) due to the effects of using different representative channel widths to calculate
backwater lengths. The Orinoco delta, however, has a calculated backwater length of 585 km
that lies upstream of the delta in the river, outside of the mapped area (i.e. La ~ 0.3Ls). The Volga
delta backwater length of 184 km, hence La ~ 0.5Lp, coincides with the location of the slope
break (Ls:Lb ~ 1:1). These examples from natural deltas are consistent with our overall finding
that La ~ 0.6Ls.
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Figure 3. Stitched composite Landsat 5 images from year 2000 from Rufiji (a), Ebro (b) and
Volga (d) deltas. The Orinoco (c) used tiled composite Landsat 7 images due to unavailability
of complete near cloud-free coverage of the delta plain from Landsat 5. (e) Depositional model
for deltas with bedslope- and backwater-mediated zonation. See Fig. S1a for the location of
these deltas. The Near-Infrared Band 5 and 4 (1.55 - 1.75 um and 0.76 - 0.90 um) and Visible
Band 1 (0.45 - 0.52 pm) are shown to better distinguish water and land (Text S1). Values of
measured avulsion (La) and slope break (Ls) lengths are plotted as yellow and red points,
respectively. The calculated backwater lengths (Lb) are plotted as white points; the backwater
location for Fig. 3c lies outside the area shown. For Fig. 3e, the red thick arrows are the
sequence packages and smaller black arrows show the smaller parasequence packages.

Processes involved in the proposed scaling relationship

Mouth-bar deposition should dominate the most distal part of a delta due to input
sediment being deposited in a relatively static water body (Olariu & Bhattacharya, 2006).
Upstream parts of deltas will be dominated by partial avulsion or crevasse bifurcation (Kleinhans
et al., 2013), or by avulsion by incision (Slingerland & Smith, 2004) induced by in-channel
aggradation due to the slope break and/or the backwater effect (Kleinhans et al., 2013;
Slingerland & Smith, 2004). As shown in this study, the stronger global La-Ls scaling
relationship suggests that the slope break is the predominant driver of channel response in the
upstream part of a delta, rather than the backwater effect (La-Lb relationship). In-channel
aggradation could then trigger avulsion in the upstream region of a delta, maintaining the scaling
relationship between L. and Ls. Hence the avulsion nodes, the most upstream bifurcation nodes
of deltas, are proposed to be related to the process of in-channel aggradation due to the change in
slope and may not be directly related to bifurcation or backwater processes downstream. A study
from the Huanghe (Yellow) River delta showed avulsion related to a slope break (bedslope-
mediated) ~700 km upstream from the shoreline, that also coincides with the valley exit from the
Loess plateau, while backwater-influenced avulsions are clustered downstream near the shoreline
(Ganti et al., 2014). Thus, we divide the delta development domain into upstream and
downstream zones with different processes dominating in each of these two areas (Fig. 3e). Note
that the upstream and downstream process domains are not necessarily sequential and may
operate over different timescales. Controls over the timing and thresholds of avulsion-bifurcation
cycles remain to be explored further.

The controls on slope breaks in delta channels also remain an area for further
investigation. Valley-exit and alluvial-bedrock transitions, as seen from the DEMs used in this
study, may control the slope break location with 1:1 Ls-Ly scaling (Fig. 1b). However, the
location of the slope break is also controlled by a range of interacting factors including grain size
transitions and associated changes in Shields’ stress, geological controls (e.g. subsidence and
lithology), and the nature of the overbank material (e.g. cohesive vs non-cohesive).

Correlation with the valley types

Fig. 2a-d show the overall scaling relationship across different valley types, but Fig. 2d
shows how deltas located in valley-confined settings may depart from our calculated La ~ 0.6Ls
scaling relationship. Valley-confined deltas have limited lateral space. When in-channel
aggradation triggers an avulsion, there is a higher possibility that a newly avulsed channel will
rejoin the parent channel due to this limited lateral space, limiting the chance of the growth of
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distributary channels by delta plain progradation (Slingerland & Smith, 2004). Thus, our La-Ls
scaling relationship does not fit in this valley type (Fig. 2d). As an example, the Parana delta
(Argentina) is valley confined from the hinterland all the way to the shoreline which confines the
lateral growth of the delta as seen in its DEM (Fig. S8). Additionally, alluvial valleys that are
under the influence of erosion instead of prograding or aggrading may contribute to the scattered
data in Fig. 2a. These observations enhance our understanding that the valley exit does not
necessarily coincide with the slope break, but that valley exit is coincident with the avulsion
node only in certain valley types (Hartley et al., 2017).

Implication of the proposed scaling relationship

From the close relationship between the slope break length and the avulsion length, we
propose an updated conceptual model of delta lobe building (Fig. 3e). We divide deltas into
bedslope-mediated and backwater-mediated zones, as proposed by Ganti et al. (2014) from their
Huanghe (Yellow) delta case study. The bedslope-mediated zone includes the upstream
catchment area and fluvial environments as far downstream as the first avulsion point, initiating
the onset of delta construction and generation of avulsion-driven stratigraphy. The backwater-
mediated zone consists of delta distributary channels down to the shoreline. In the bedslope-
mediated zone, the slope break and avulsion lengths (shown in distal stratigraphy, and red and
yellow circle symbols on the delta plain in Fig. 3e) will migrate over long (~10-100 ka) avulsion
timescales, depending on the size of the delta involved. In the backwater-mediated zone,
bifurcation nodes and shorelines will be more sensitive to allogenic forcing (sea-level
fluctuation, subsidence) and thus they may migrate more frequently (i.e. ~10'-10° years) at
smaller magnitudes (shown in the proximal stratigraphy and light blue circle symbols on the
delta plain in Fig. 3e). Different response times are due to different compensation scale and
different channel depths and aggradation rates between the upstream and downstream parts of a
delta (Jerolmack & Paola, 2010; Li et al., 2018; Li et al., 2016; Straub et al., 2020).
Transgressive and regressive parasequences may be recorded in the stratigraphy of the
backwater-mediated zone in a more serrated manner (stratigraphy shown in Fig. 3e), whereas in
the upstream part, the smaller allogenic forcing may be shredded due to longer timescales
involved in the bedslope-mediated zone (Li et al., 2018). These differences imply that the distal
zone will have more frequent shoreline and bifurcation node migration compared to the proximal
area. Thus, changes in sea-level or subsidence may cause migration of the backwater-mediated
avulsion nodes, but the bedslope-mediated avulsion node will remain constant due to its
connection with aggradation at the slope break.

This conceptual model is corroborated by recent numerical modelling (Ratliff et al.,
2021) which demonstrated the interconnection between avulsion and the slope break length.
They proposed that the location of the avulsion node always occurs at the slope break due to the
linear diffusion of aggradation and erosion of the river profile. Under sea-level rise, the slope
break and avulsion lengths (in the form of backwater length) will remain constant under varying
magnitudes of sea-level rise rate (SLRR), consistent with our conceptual model (Fig. 3e; their
Fig. 2a and 2b). Our data set also includes 10 wave-dominated deltas that follow the same La-Ls
scaling relationship as the river-dominated deltas in our study. The Ratliff et al (2021) study
shows the consistency of this La-Ls geometric constraint across different wave energies (their
Fig. 2b). Nonetheless, upstream retreat of the avulsion node and slope break may happen under
sea-level rise (their Fig. 1d). Even so, the La-Ls (avulsion and slope break length) scaling remains
constant even under sea-level rise, supporting our conceptual model (Fig. 3e).
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Scatter in the dataset

Most modern global deltas have developed since the early Holocene, associated with a
decreasing eustatic sea-level rise rate, during which there have been natural and anthropogenic
changes of boundary conditions (e.g. sediment supply, water discharge, sea-level rise) (Bird et
al., 2010; Ericson et al., 2006; Stanley & Warne, 1994). The data that we derived from satellite
imagery represent snapshots of delta response to these cumulative interacting boundary
conditions. Although some measured individual delta morphologies may be transient responses
to changing boundary conditions, we assume that the overall data set represents deltas in
dynamic equilibrium with the environmental controls (Mackin, 1948). However, some of the
scatter in Figure 1 may be attributed to transient responses to, for example, reductions in river
flow and sediment input (Li et al., 2017) or sea-level rise (Nienhuis & van de Wal, 2021).

The relative age of a delta should also impact its La:Ls scaling. Adopting the theoretical
approach to delta distributary networks from Jerolmack & Swenson (2007), delta building by
bifurcation-dominated processes will occur early in delta development. As bifurcation continues,
a landward-shift in aggradation or channel backfilling will trigger avulsion by deposition in
upstream reaches, previously known as backwater length-controlled (Edmonds et al., 2009;
Slingerland & Smith, 2004). Thus, it is proposed that older (or larger) deltas will be avulsion-
dominated or bedslope-mediated instead of bifurcation-dominated, where the change in surface
water slope induces a decrease in sediment transport capacity, triggering bedslope-mediated
avulsion (Ganti et al., 2016). Similarly, it is proposed that small, or relatively younger, deltas
tend to be characterized by bifurcation-dominated processes, and therefore may depart from the
overall La:Ls scaling relationship (Fig. 1c).

The Po, Mississippi and Mekong deltas demonstrate how engineering work may disrupt
the dynamic equilibrium assumption that underpins the proposed scaling relationships. The Po
delta has experienced extensive hydraulic works over several centuries, including the ‘Porto
Viro’ bypass in 1604, dredging, beach reclamation, channel bank protection, and subsidence due
to groundwater extraction (Ninfo et al., 2018). Channel bypassing directly influenced the delta
avulsion length that makes the La ~ 0.6Ls scaling relationship overestimate the present day
avulsion length by a factor of 4 (i.e. La ~ 0.15Ls) (Fig. 1c). Anthropogenic modification is also
evident on the Mississippi delta. Artificial cutoff in 1831 minimized the flow coming into the
human-made Atchafalaya delta complex, but then dredging in 1880 in the Old River area
maintained the flow to both Atchafalaya and Balize delta complexes. The La ~ 0.6Ls scaling
relationship that we calculate underestimates the modern avulsion node in the Mississippi delta
that is consistently located at Old River (~320 km from the recent shoreline; La ~ 1.7Ls) (Fig. 1c)
(Aslan et al., 2005). Detailed study of Mekong delta morphodynamics has also shown how
sediment starvation and dam construction is significantly decreasing the delta progradation rate
(Lietal., 2017). This human-made modification causes our scaling relationship to underestimate
the present day avulsion length (i.e. La ~ 1.7Ls) (Fig. 1c). Hence, century-scale engineering can
affect the proposed scaling relationship even in large deltas.

Data quality also contributes to the uncertainty of the La ~ 0.6Ls scaling relationship. For
smaller deltas that have relatively short avulsion lengths (e.g. the Comal delta; La = 4 km) shows
uncertainty in extracting the slope break location from the elevation profile, in contrast to the
larger (La = 160 km) Nile delta (Fig. S4a-c and Fig. S4d-f). Common gross error shown in the
ArcticDEM dataset also contributes to the difficulty in defining the exact location of a slope
break from the elevation profile (Btaszczyk et al., 2019).
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5 Conclusions

A sample of 105 global deltas provides a comprehensive assessment of delta
morphometric scaling relationships. We show that the avulsion-backwater length scaling
relationship is less consistent in this global dataset than previously proposed. The results also
show that the valley exit does not necessarily coincide with a break in slope but rather with the
avulsion node in certain valley types. Further to these scaling relationships, we show that the
avulsion length scales most consistently and most strongly with the slope break length, followed
by the valley-exit-to-shoreline distance. These findings open the opportunity to explore
alternative hypotheses for the controls over delta development. Along with the possible
processes that produce these scaling relationships, we propose a framework for understanding
delta lobe building by dividing a delta into bedslope- and backwater-mediated zones. The
proposed framework allows potential insights into how delta systems will respond to changing
boundary conditions. This framework also contributes to our understanding of the location and
frequency of avulsion nodes in a delta system that is fundamental for the large populations that
live on the world’s delta plains.
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