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Abstract
Coastal rivers that build deltas undergo repeated avulsion events—that is, abrupt changes

in river course—which we need to understand to predict land building and flood hazards in
coastal landscapes. Climate change can impact water discharge, flood frequency, sediment
supply, and sea level, all of which could impact avulsion location and frequency. Here we
present results from quasi-2D morphodynamic simulations of repeated delta-lobe construction
and avulsion to explore how avulsion location and frequency are affected by changes in relative
sea level, sediment supply, and flood regime. Model results indicate that relative sea-level rise
drives more frequent avulsions that occur at a distance from the shoreline set by backwater
hydrodynamics. Reducing the sediment supply relative to transport capacity has little impact on
deltaic avulsions, because, despite incision in the upstream trunk channel, deltas can still aggrade
as a result of progradation. However, increasing the sediment supply relative to transport
capacity can shift avulsions upstream of the backwater zone because aggradation in the trunk
channel outpaces progradation-induced delta aggradation. Increasing frequency of overbank
floods causes less frequent avulsions because floods scour the riverbed within the backwater
zone, slowing net aggradation rates. Results provide a framework to assess upstream and
downstream controls on avulsion patterns over glacial-interglacial cycles, and the impact of land
use and anthropogenic climate change on deltas.

1. Introduction
River deltas are densely populated, ecologically diverse, and socioeconomically valuable

landscapes (Gleick, 2003; Olson & Dinerstein, 1998; Vörösmarty et al., 2009) that are sensitive
to changes in climate (Bianchi & Allison, 2009; Giosan, 2014; Syvitski, 2008). Previous work
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has identified three primary influences of climate on delta growth, namely 1) changes in sea
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level, 2) changes in sediment supply and transport capacity, and 3) changes in flood regime
(Blum & Törnqvist, 2000; Hallet et al., 1996; Langbein & Schumm, 1958; Members, 1988;
Walling & Webb, 1996). However, little is known about how these changes might affect the
occurrence of channel avulsions, i.e., catastrophic shifts in river course to the shoreline (Ganti et
al., 2014; Mohrig et al., 2000; Slingerland & Smith, 2004). River avulsions are a fundamental
process responsible for building delta lobes, and tend to occur at a characteristic location and
frequency for each delta (Fig. 1a-b). Understanding where and when avulsions will occur in
response to climate change is crucial for predicting future flood hazards and sustaining land for
coastal cities and ecosystems.
At the downstream boundary of deltas, climate-induced sea-level changes impact delta

growth and retreat (Stanley & Warne, 1994). Field observations show sea-level rise enhances
aggradation in the lower reaches of deltaic rivers (Fisk, 1945; Powell, 1875; Schumm, 1993), a
trend supported by laboratory experiments (Kim et al., 2006; Martin et al., 2009) and numerical
models (Parker et al., 2008; Swenson et al., 2005). The avulsion frequency 𝑓𝐴 has been found to
scale inversely with the channel-filling timescale 𝑇𝑐 (Fig. 1c) (Jerolmack & Mohrig, 2007; Reitz
& Jerolmack, 2012),
𝑓𝐴 ∝ 1/𝑇𝑐 (1)
where 𝑇𝑐 = 𝐻𝑐 /𝑣𝑎 is the time required to fill the channel of depth 𝐻𝑐 at aggradation rate 𝑣𝑎 (Fig.
1d). Models also show a regime at low sea-level rise rates, where avulsion frequency is
insensitive to sea-level rise, because the rate of topset aggradation that drives avulsion is
primarily controlled by sediment supply and delta progradation (Chadwick et al., 2019, 2020;
Ratliff et al., 2018). At very high rise rates, avulsion frequency is expected to either reach an
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upper limit where nearly the entire sediment supply is deposited on the active delta topset
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(Chadwick et al., 2020) or avulsions do not occur because the entire delta is drowned (Muto,
2001; Muto et al., 2007; Parker et al., 2008; Tomer et al., 2011). Enhanced aggradation during
sea-level rise has been linked to more frequent avulsions on the Rhine-Meuse delta (Stouthamer
& Berendsen, 2001; Törnqvist, 1994) and in delta laboratory experiments (Martin et al., 2009).
However, the Mitchell River delta provides a counterexample where avulsion frequency was
reduced during Holocene sea-level rise (T. I. Lane et al., 2017).
Relative sea level rise can also affect avulsion locations, and therefore set the location of

the delta apex. On fan deltas, avulsions typically occur at a topographic slope break tied to a
canyon outlet or bedrock-alluvial transition (Ganti et al., 2014; Muto et al., 2016), which may be
approximated as geographically fixed in simplified models (Jerolmack, 2009). Fan delta size—
characterized by the distance 𝐿𝐴 between the delta apex, or avulsion node, and the shoreline—
approaches the autostratigraphic length-scale, 𝐿𝑎𝑢𝑡𝑜 (Muto et al., 2007),
𝐿𝐴 ~ 𝐿𝑎𝑢𝑡𝑜 (2)
where 𝐿𝑎𝑢𝑡𝑜 = 𝑞𝑠 /𝜎, 𝑞𝑠 is width-averaged sediment supply, and 𝜎 is relative sea-level rise rate.
𝐿𝑎𝑢𝑡𝑜 represents the delta size when rise rate and aggradation rate are in equilibrium, assuming
the entire sediment supply is deposited uniformly on the delta topset (i.e., 𝜎 = 𝑣𝑎 = 𝑞𝑠 /𝐿𝐴 ). This
equilibrium is not sustainable because part of the sediment supply is delivered to the delta
foreset, which necessarily grows thicker as sea-level rises. As a result, the delta shrinks and
eventually drowns, in a process known as autoretreat over timescales of 𝑇𝑎𝑢𝑡𝑜 =

𝐿2𝑎𝑢𝑡𝑜 𝑆
𝑞𝑠

, where 𝑆

is channel-bed slope (Muto, 2001; Muto et al., 2007; Parker et al., 2008; Tomer et al., 2011).
In contrast to fan deltas, lowland deltas commonly feature avulsion nodes on unconfined

plains without a topographic slope break (Brooke et al., 2020; Ganti et al., 2014). Avulsion nodes
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on lowland deltas have been documented to shift with movement of the shoreline (Ganti et al.,
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2014; Ganti et al., 2016a) to maintain a constant avulsion length 𝐿𝐴 that scales with the
backwater length-scale 𝐿𝑏 (Fig. 1e) (Chatanantavet et al., 2012; Jerolmack & Swenson, 2007),
𝐿𝐴 ∝ 𝐿𝑏 (3)
where 𝐿𝑏 = 𝐻𝑐 /𝑆 is the ratio of bankfull river channel depth, 𝐻𝑐 , to channel-bed slope 𝑆 (Lamb
et al., 2012; Paola & Mohrig, 1996). Therefore, deltas with backwater-influenced avulsions
might translate upstream, rather than reduce in size, with rising sea level (Chadwick et al., 2020;
Moran et al., 2017).
Changes in water and sediment supply cause aggradation and incision on deltas, which

might also affect avulsion frequency and location (Blum & Törnqvist, 2000; Schumm, 1993).
Early experimental efforts showed higher sediment supply was associated with enhanced
aggradation and greater avulsion frequency (Ashworth et al., 2004; Bryant et al., 1995).
Similarly, the Rhine-Meuse delta had more frequent avulsions during a period of increased
sediment supply in the Holocene (Stouthamer & Berendsen, 2001). Avulsion location may also
be influenced by sediment supply, with pulses in sediment supply historically linked to avulsion
sites far upstream of deltas, for example, on the Tacquari megafan (Makaske et al., 2012) and in
New Zealand (Korup, 2004).
Climate change can also affect the magnitude and frequency of large flood events on

river deltas (Knox, 2000; Members, 1988; Munoz et al., 2018). Flood regimes control the
aggradation of both channel and floodplain (Leopold & Maddock, 1953; Naito & Parker, 2019),
with potential consequences for river avulsion (Brizga & Finlayson, 1990; Hajek & Edmonds,
2014; Nicholas et al., 2018). For example, on deltas with flashier flood regimes, field evidence
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indicates that less in-channel aggradation is necessary to trigger an avulsion, resulting in more
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frequent avulsions (Ganti et al., 2014; Moodie et al., 2019) (Fig. 1d).
Flood regimes can also affect avulsion location. Chatanantavet et al. (2012) hypothesized

that variable flood discharges and non-uniform flow in the backwater zone (i.e., the reach within
~𝐿𝑏 of the shoreline) cause a spatial maximum in long-term aggradation rate that determined the
avulsion site. Scaled physical experiments and subsequent modeling supported the backwater
hypothesis, showing deltas produced a backwater-scaled avulsion node when subjected to
variable flood regimes with subcritical Froude numbers (Chadwick et al., 2019; Ganti et al.,
2016a, 2016b). Numerical simulations have also isolated special cases where rapid sea-level rise
(Chadwick et al., 2019; Moran et al., 2017; Wu et al., 2020) or the assumption of a horizontal
deltaic floodplain (Chadwick et al., 2019; Ratliff et al., 2021) can give rise to backwater-scaled
aggradation and avulsion without flood variability.
Here, we build on recent advances in modeling backwater-driven avulsions on deltas

(Chadwick et al., 2020; Chatanantavet et al., 2012; Moodie et al., 2019; Moran et al., 2017;
Ratliff et al., 2018) to better understand the effect of climate change on avulsion frequency and
location. We use the model of Chadwick et al. (2019) that includes backwater hydrodynamics,
variable flood discharges, and multiple deltaic lobes that are abandoned and reoccupied due to
avulsion. Previous work used the model to address the origin of a backwater-scaled avulsion
node (Chadwick et al., 2019), and the effect of relative sea-level rise on avulsion frequency
(Chadwick et al., 2020). Here we present new results to explore the effect of sea-level rise on
avulsion location, and the roles of sediment supply and flood regime on avulsion frequency and
location. First, we briefly review the model and how climate forcing is parameterized. We then
present results from numerical simulations with systematic variation of climate forcing,
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exploring systematic change in avulsion location and frequency as well as autogenic variability.
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Finally, we discuss implications for avulsion dynamics over glacial-interglacial cycles and
during modern anthropogenic climate change.

2. Model framework
2.1 Governing equations
The model is the same as that presented in Chadwick et al. (2019) and is briefly reviewed

here. The model is designed to capture the dynamics of repeated delta-lobe construction and
avulsion in a simplified, quasi-2D framework. We consider a generic delta plain with an imposed
number of lobes that are assumed to form a branching pattern (Fig. 2a). Each lobe is modeled as
a coupled river and floodplain of constant width (𝐵𝑓 ), channel sinuosity (Ω), wash load ratio (Λ),
and bed porosity (𝜆𝑝 ) using sediment mass balance (Parker, 2004; Parker et al., 2008),
(1 + Λ)Ω 𝜕𝑄𝑡
𝜕𝜂
=−
𝜕𝑡
(1 − 𝜆𝑝 )𝐵𝑓 𝜕𝑥

(4)

where 𝜂 is riverbed elevation, 𝑡 is time, 𝑥 is downstream distance, and 𝑄𝑡 is the flux of total bedmaterial load. The river is prescribed an initial topset profile 𝜂0 ending at a foreset at 𝑥 = 𝑥𝑡𝑓
(Fig. 2b), and Eq. (4) is integrated over time using finite differences to determine topset
aggradation. Foreset progradation is approximated using a moving boundary formulation,
following previous work (Hotchkiss & Parker, 1991; Kostic & Parker, 2003; Swenson et al.,
2000), such that all sediment delivered to the foreset contributes to its progradation at a constant
slope 𝑆𝑎 (Text S1).
At a given time, the river occupies a single lobe where water and sediment are

transported in a river channel of prescribed depth (𝐻𝑐 ) and width (𝐵𝑐 ). Water is routed using a
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quasi-2D backwater equation for water mass and momentum conservation under quasi-steady
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flow conditions (Chow, 1959; Sturm & Tuzson, 2001),
𝑑𝐻 𝑆 − 𝐶𝑓 𝐹𝑟 2
𝐹𝑟 2 𝐻 𝑑𝐵
=
+
𝑑𝑥
1 − 𝐹𝑟 2
1 − 𝐹𝑟 2 𝐵 𝑑𝑥

(5)

𝜕𝜂

where 𝐻 is flow depth, 𝑆 = − 𝜕𝑥 is riverbed slope, 𝐶𝑓 is friction factor, 𝐹𝑟 = 𝑄𝑤 /(𝐵𝐻√𝑔𝐻) is
Froude number, 𝑄𝑤 is water discharge, 𝑔 is gravity, and 𝐵 is flow width. We assume a uniform
flow width in the channel, and an offshore plume with a constant spreading angle beyond the
river mouth (Chatanantavet et al., 2012; Lamb et al., 2012). The river mouth location (𝑥𝑚 ) is set
by the intersection of the floodplain profile (𝜂𝑓 = 𝜂 + 𝐻𝑐 ) and sea level (𝜉𝑠𝑒𝑎 ) (Fig. 2b; Text S1)
(Chadwick et al., 2019). The river mouth typically occurs slightly upstream of the topset-foreset
break in our simulations, allowing for a dynamic water-surface elevation in the zone 𝑥𝑚 < 𝑥 <
𝑥𝑡𝑓 that is important for reproducing realistic backwater effects during high flows (Text S1)
(Chatanantavet et al., 2012; Chatanantavet & Lamb, 2014). Sediment is routed according to the
Engelund & Hansen (1967) relation for total bed-material load,
𝑄𝑡 = 𝐵√𝑅𝑔𝐷3

𝛼
(𝜏 ∗ )𝛽
𝐶𝑓

(6)

where 𝑅 is submerged specific gravity of sediment, 𝐷 is the median grain size of bed material,
𝜏 ∗ = 𝐶𝑓 (𝑄𝑤 /𝐵𝐻)2 /𝑅𝑔𝐷 is Shields number, 𝛼 = 0.05, and 𝛽 = 2.5.
Climate change affects model behavior through boundary conditions on Eqs. (4-5). At the

downstream boundary, flow depth is determined by sea level,
𝐻|𝑥=𝑥𝑡𝑓 = 𝜉𝑠𝑒𝑎 − 𝜂|𝑥=𝑥𝑡𝑓

(7)
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where 𝜉𝑠𝑒𝑎 = 𝐻𝑏 + 𝜎𝑡 is sea level , 𝐻𝑏 is initial basin depth offshore, and 𝜎 is the user-specified
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relative sea-level rise rate (Fig. 2b). Far upstream of the backwater zone, the river experiences
𝑑𝐻

normal flow conditions ( 𝑑𝑥 = 0) and Eq. (5) reduces to
1/3

2
𝐶𝑓 𝑄𝑤
𝐻𝑛 = (
)
𝑔𝑆𝐵 2

(8)

where 𝐻𝑛 is the normal flow depth. Thus, normal flow depth varies according to the flood
regime, which is prescribed using a probability distribution 𝑃 of monthly mean discharges 𝑄𝑤 at
the upstream end (Fig. 2b) (LeBoutillier & Waylen, 1993; Stedinger, 1993). Sediment supply
enters the model domain via a ghost node at the upstream end (Kostic & Parker, 2003) at userspecified time-averaged rate 𝑄̅𝑠 . The instantaneous sediment supply 𝑄𝑠 at the ghost node is
covaried with water discharge such that the river maintains transport capacity (𝑄𝑠 = 𝑄𝑡 in Eq. 6)
at a constant slope regardless of flow regime, which is a good approximation for lowland rivers
downstream of the hydrographic boundary layer (Mackin, 1948; Wong & Parker, 2006),
∞

𝑄̅𝑠 = ∫ 𝑃 𝑑𝑄𝑠

(9)

0

𝑄𝑠 = 𝐵√𝑅𝑔𝐷3

𝛼
(𝐻𝑛 𝑆0 /𝑅𝐷)𝛽 (10)
𝐶𝑓

where 𝑆0 is the constant slope at the ghost node, obtained by combining and numerically
integrating Eqs. (8-10) for a given flow regime (𝑃, 𝑄𝑤 ) and sediment supply (𝑄̅𝑠 ).
Avulsions occur where and when the active lobe first aggrades to a critical height relative

to the neighboring lobes (Fig 2c), which is referred to as superelevation (∆𝜂),
∆𝜂(𝑥) ≥ 𝐻 ∗ 𝐻𝑐

(11)

where 𝐻 ∗ is the avulsion threshold, a dimensionless number of order unity (Ganti et al., 2014;
Ganti et al., 2016b; Mohrig et al., 2000). We measure superelevation as the height of the active
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lobe floodplain (𝜂𝑓 ) relative to the floodplain of the lowest-elevation abandoned lobe
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(𝜂𝑓,𝑎𝑏𝑎𝑛𝑑𝑜𝑛𝑒𝑑 ), evaluated at the same distance downstream from the trunk channel:

∆𝜂(𝑥) = {

𝜂𝑓 (𝑥) − 𝜂𝑓,𝑎𝑏𝑎𝑛𝑑𝑜𝑛𝑒𝑑 (𝑥) for 𝑥 ≤ 𝑥𝑚,𝑎𝑏𝑎𝑛𝑑𝑜𝑛𝑒𝑑
𝜂𝑓 (𝑥) − 𝜉𝑠𝑒𝑎
for 𝑥 > 𝑥𝑚,𝑎𝑏𝑎𝑛𝑑𝑜𝑛𝑒𝑑

(12)

where 𝑥𝑚,𝑎𝑏𝑎𝑛𝑑𝑜𝑛𝑒𝑑 is the streamwise coordinate of the abandoned-lobe shoreline (Fig. 2c).
Seaward of the abandoned lobe, superelevation is measured relative to sea level (𝜉𝑠𝑒𝑎 ).
After each avulsion, the river is routed to the lowest abandoned lobe by joining the bed

profile of the active channel upstream of the avulsion site with the bed profile of the new flow
path downstream,
𝜂𝑛𝑒𝑤 (𝑥) = {

𝜂(𝑥)
MIN(𝜂𝑎𝑏𝑎𝑛𝑑𝑜𝑛𝑒𝑑1 (𝑥), 𝜂𝑎𝑏𝑎𝑛𝑑𝑜𝑛𝑒𝑑2 (𝑥), 𝜂𝑎𝑏𝑎𝑛𝑑𝑜𝑛𝑒𝑑3 (𝑥))

𝑥 ≤ 𝑥𝐴
(13)
𝑥 > 𝑥𝐴

where 𝜂𝑛𝑒𝑤 is the new riverbed profile after avulsion, 𝜂 is the riverbed profile before avulsion,
𝑥𝐴 is the avulsion location, and 𝜂𝑎𝑏𝑎𝑛𝑑𝑜𝑛𝑒𝑑1 , 𝜂𝑎𝑏𝑎𝑛𝑑𝑜𝑛𝑒𝑑2 , and 𝜂𝑎𝑏𝑎𝑛𝑑𝑜𝑛𝑒𝑑3 are the three
abandoned-lobe long profiles. The MIN operator here selects the abandoned profile that has the
minimum mean elevation downstream of the avulsion node. Inactive lobe shapes are unchanged
when abandoned (Galloway, 1975) but are partially drowned in cases due to relative sea-level
rise. After establishing the new flow path, lobe construction (Eqs. 4-10) and avulsion setup (Eq.
11) begin anew.

2.2 Dimensional analysis
We non-dimensionalize the model to allow applicability of our results for a broad range

of lowland deltas. Eqs. (4-13) are scaled by a characteristic channel depth (𝐻𝑐 ), channel width
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𝐻

(𝐵𝑐 ), backwater length (𝐿𝑏 ), and channel-filling timescale 𝑇𝑐 = 𝑄̅ /𝐿𝑐 𝐵
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𝑠

𝑏 𝑓

(1−𝜆𝑝 )
Ω(1+Λ)

(Chatanantavet &

Lamb, 2014; Reitz & Jerolmack, 2012) that are assumed constant (Text S2). Dimensional
analysis reveals that model behavior is sensitive to six dimensionless input parameters linked to
climate change. Delta response to sea-level rise depends on the ratio of rates of sea-level rise and
delta aggradation (Chadwick et al., 2020; Ganti et al., 2019; Liang et al., 2016; Muto & Steel,
1997), estimated by the normalized relative sea-level rise rate 𝜎 ∗ ,
𝜎∗ =

𝜎
(14)
𝐻𝑐 /𝑛𝑇𝑐

where 𝑛 = (𝑁 + 1)/2 is a constant representing the average number of avulsions before a given
lobe is reoccupied (Ganti et al., 2019) and 𝑁 is the imposed number of delta lobes (Fig. 2a). The
denominator of Eq. (14) represents a first-order estimate of the maximum possible aggradation
rate, i.e., the delta’s capacity to aggrade in the face of sea-level rise, assuming all sediment is
deposited uniformly across the backwater-scaled topset (Chadwick et al., 2020). When 0 < 𝜎 ∗ ≲
1, sea level rises slowly compared to the maximum aggradation rate, and deltas are expected to
keep pace with sea level—at least until undergoing autoretreat (Muto et al., 2007). In contrast,
when 𝜎 ∗ ≳ 1, sea level rises quickly compared to the maximum possible aggradation rate, and
deltas are expected to drown.
Under changing water and sediment supply, fluvial response depends on the imbalance

between sediment supply and the sediment transport capacity (Howard, 1982; Schumm, 1993)
(Fig. 3). We describe this imbalance in terms of the fractional difference between the sediment
supply and transport capacity, 𝛿𝑄𝑠 , given by
𝛿𝑄𝑠 =

𝑄̅𝑠 − 𝑄̅𝑡0
𝑄̅𝑡0

(15)

This article is protected by copyright. All rights reserved.

where 𝑄̅𝑡0 is the initial sediment transport capacity, time-averaged over the normal flow regime
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using Eqs. (6) and (8). Sediment transport capacity describes the amount of sediment the channel
is able to transport, and is generally greater for rivers with higher water discharges, steeper
slopes, and finer sediment. When 𝛿𝑄𝑠 > 0, sediment supply exceeds the river’s transport
capacity, and the riverbed is expected to steepen its slope via a downstream-propagating wave of
aggradation (Schumm, 1993). In contrast, when 𝛿𝑄𝑠 < 0, sediment supply is less than the
sediment transport capacity of the river, and the riverbed is expected to decrease its slope
through a downstream-propagating wave of incision. In either case, slope-adjustment over time
changes the river’s transport capacity (Eq. 6) until it matches the sediment supply and 𝛿𝑄𝑠 = 0.
When 𝛿𝑄𝑠 = 0, sediment supply and transport capacity are in balance, and the riverbed is
expected to maintain a constant slope (Mackin, 1948), at least for a case without river mouth
progradation (Bijkerk et al., 2016). Sediment supply and sediment transport capacity are both
non-negative quantities, and so 𝛿𝑄𝑠 is always greater than −1.
The flood regime is described by a log-normal distribution of monthly-mean discharges

(LeBoutillier & Waylen, 1993; Stedinger, 1993), which is uniquely defined in terms of a
bankfull exceedance probability 𝐹𝑏𝑓 and coefficient of variation of stage height 𝐶𝑉 (Chadwick et
al., 2019) (Fig. S1). The bankfull exceedance probability 𝐹𝑏𝑓 describes the frequency of
overbank flows (𝐻𝑛 > 𝐻𝑐 ) relative to all possible flows, and can range from 0 − 1. The
coefficient of variation 𝐶𝑉 describes the magnitude of low flows and high flows relative to the
average flow, and is defined by the standard deviation of the normal flow depth divided by the
mean. Another important aspect of flood regimes is the duration of individual flood events,
relative to the timescales of bed aggradation in the backwater zone (Chatanantavet & Lamb,
2014), which we describe in terms of the normalized flood event duration 𝑇𝑒∗ ,
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𝑇𝑒
(16)
𝑇𝑐
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𝑇𝑒∗ =

where 𝑇𝑒 is the prescribed duration of individual flood events. When 𝑇𝑒∗ ≪ 1, as is the case for
many rivers, individual floods are too short to cause significant bed aggradation, allowing for a
state of perpetual riverbed adjustment in the backwater zone and, as a result, persistent backwater
hydrodynamics (Chatanantavet & Lamb, 2014). When 𝑇𝑒∗ ≳ 1, in contrast, floods are long
enough to fully adjust the backwater reach to normal flow conditions, and so backwater effects
are muted. Previous work suggests flood regimes can also affect the amount of aggradation
necessary to trigger an avulsion (Ganti et al., 2014), which we describe in terms of the avulsion
threshold 𝐻 ∗ in Eq. (11). The avulsion threshold varies between 0.2 − 1.1 on lowland deltas,
with lower avulsion thresholds generally associated with higher 𝐶𝑉 (Ganti et al., 2014).
In addition to the six climate-change parameters (𝜎 ∗ , 𝛿𝑄𝑠 , 𝐹𝑏𝑓 , 𝐶𝑉, 𝑇𝑒∗ , 𝐻 ∗), there are an

additional six model input parameters that need to be specified related to delta geometry, flow
hydraulics, and sediment transport. These are: the offshore basin depth (𝐻𝑏 ) relative to the
channel depth, the lobe width (𝐵𝑓 ) relative to the channel width, the number of delta lobes (𝑁),
the bankfull Froude number in the normal flow reach (𝐹𝑟𝑛,𝑏𝑓 ), the bankfull Shields number in
∗
the normal flow reach (𝜏𝑛,𝑏𝑓
), and the friction factor (𝐶𝑓 ).

Results for avulsion location and frequency are also cast in terms of normalized

quantities. The normalized avulsion length 𝐿∗𝐴 =

𝐿𝐴
𝐿𝑏

describes the ratio of the avulsion length to
𝑓

the backwater length-scale (Eq. 3). The normalized avulsion frequency 𝑓𝐴∗ = 1/𝑇𝐴 describes the
𝑐

ratio of the avulsion frequency to the characteristic frequency the river aggrades to a height of
one channel depth, 1/𝑇𝑐 (Eq. 1). Both 𝐿∗𝐴 and 𝑓𝐴∗ are expected to be of order unity for backwaterscaled deltas (Fig. 1c, 1e).
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3. Model implementation
To compare avulsion location and frequency on deltas under different climate-change

scenarios, we systematically vary parameters related to changing sea-level, sediment supply and
transport capacity, and flood regime (𝜎 ∗ , 𝛿𝑄𝑠 , 𝐹𝑏𝑓 , 𝐶𝑉, 𝑇𝑒∗ , 𝐻 ∗ ) (Table 1; Text S3). These
parameters are specified for simplicity because their connection to global radiation balance and
atmospheric and oceanic circulation is site-specific and scale-dependent (Blum & Törnqvist,
2000; Knox & Wright, 1983; Langbein & Schumm, 1958). Model governing equations (Eqs. 413) are non-dimensionalized and solved using finite-difference methods (Text S2-S3). Each
model delta is run for nine consecutive avulsion cycles, an arbitrary but reasonable number based
on available field data (Table 1). For each avulsion cycle, we measure the avulsion length 𝐿𝐴 as
the stream-wise distance between the avulsion location (𝑥𝐴 ) and the mouth of the parent channel
(𝑥𝑚 ) (Fig. 2c). We measure the time between avulsions 𝑇𝐴 and calculate the avulsion frequency
using 𝑓𝐴 ≡ 1/𝑇𝐴 .
At the start of each model run, the initial alluvial plain is assumed planar with a uniform

downstream slope set to the transport slope for normal flow (𝑆0 ), similar to previous studies (Fig.
2b) (Chatanantavet et al., 2012; Moran et al., 2017; Ratliff et al., 2018). The alluvial plain begins
at 𝑥 = 0 and ends with an initial foreset at 𝑥𝑡𝑓 = 6𝐿𝑏 (Chatanantavet et al., 2012; Lamb et al.,
2012). The transition from the trunk channel to the delta within the alluvial plain is not
prescribed, and instead emerges naturally from the model based on the location of preferential
avulsion (Fig. 2a). Each model run begins with a spin-up phase during which the river occupies
each lobe at least once; the spin-up phase was found to be necessary to produce avulsions with
locations that were not influenced by the initial conditions (Chadwick et al., 2019). By the end of
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the spin-up period, the topset aggrades to a quasi-steady slope profile (Arkesteijn et al., 2019;
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Bijkerk et al., 2016) and the foreset progrades to 𝑥𝑡𝑓 ≅ 6.5𝐿𝑏 . Here we present results for
avulsions after the spin-up period. Climate variables (𝜎 ∗ , 𝛿𝑄𝑠 , 𝐹𝑏𝑓 , 𝐶𝑉, 𝑇𝑒∗ , 𝐻 ∗) are not changed
until the end of the spin-up period (Text S3).

4. Results
4.1 Avulsions in a base-case climate scenario
To provide reference for the climate-change scenarios, we first consider a model run

under a base-case climate scenario. The base case corresponds to a constant sea level (𝜎 ∗ = 0),
balanced sediment supply and capacity at the upstream end (𝛿𝑄𝑠 = 0), and a moderate flood
regime which is necessary for realistic backwater-scaled avulsion nodes in the model (𝐶𝑉 =
0.53, 𝐹𝑏𝑓 = 0.05, 𝑇𝑒∗ = 0.001) (Table 1) (Chadwick et al., 2019; Chatanantavet et al., 2012;
Ganti et al., 2016a). Avulsions are triggered when the active lobe aggrades to a height of 50% the
channel depth above neighboring abandoned lobes (i.e., 𝐻 ∗ = 0.5). We adopt constant values for
∗
other parameters (𝐻𝑏 , 𝐵𝑓 , 𝑁, 𝐹𝑟𝑛,𝑏𝑓 , 𝜏𝑛,𝑏𝑓
, 𝐶𝑓 ) which are representative lowland deltas (Table 1)

and correspond to a delta that builds onto a continental shelf with an initial offshore depth twice
that of the channel (𝐻𝑏 = 2𝐻𝑐 ), and a channel with a bankfull Froude number of 𝐹𝑟𝑛,𝑏𝑓 = 0.17,
∗
bankfull Shields number of 𝜏𝑛,𝑏𝑓
= 1, and friction factor of 𝐶𝑓 = 0.005. We assume all deltas

are composed of four lobes (𝑁 = 4) with a width of forty times the channel width (𝐵𝑓 = 40𝐵𝑐 ),
which are reasonable estimates (Coleman et al., 1998; Hayden et al., 2019; Pang & Si, 1979;
Parker et al., 2008).
A preferential avulsion length emerges in the model and scales with the backwater

length-scale (Fig. 4a). In seven of nine avulsion cycles, avulsion length is approximately equal to

This article is protected by copyright. All rights reserved.

the backwater length-scale (𝐿∗𝐴 = 𝐿𝐴 /𝐿𝑏 ~1) and only a short reach (< 0.5𝐿𝑏 ) is within 5% of the
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avulsion threshold at times of avulsion. The preferential avulsion length originates from flood
variability in the backwater zone (Chadwick et al., 2019; Chatanantavet et al., 2012; Ganti et al.,
2016a). Low flows enhance deposition in the backwater zone, and high flows intermittently
scour the bed near the river mouth, resulting in a spatial peak in net aggradation rate midway
through the backwater zone, termed the locus of deposition (Chatanantavet et al., 2012).
Avulsions occur at the locus of deposition, because superelevation is maximized there (Fig. 4c).
Normalized avulsion frequency is of order unity (𝑓𝐴∗ ≅ 0.1 − 1), with a median of 𝑓𝐴∗ = 0.55
(Fig. 4b).
Despite constant sea level, sediment supply, and flood regime, we observe inherent

variability in avulsion location and frequency due to intermittent filling of the trunk channel
upstream of the avulsion node. During most avulsion cycles (cycles 1, 2, 4, 5), sediment is
deposited primarily downstream of the avulsion node, and the active lobe grows to a thickness of
~𝐻 ∗ 𝐻𝑐 before an avulsion occurs (Fig. 4c). We term these events trunk-bypass avulsion cycles,
due to their tendency to maintain sediment bypass conditions within the trunk channel, upstream
of the avulsions. In contrast, some cycles (cycles 3, 6, 9) feature trunk-channel aggradation to a
thickness of ~𝐻 ∗ 𝐻𝑐 , and the active lobe grows twice as thick (~2𝐻 ∗ 𝐻𝑐 ) (Fig. 4d). We term these
trunk-filling avulsion cycles. Avulsion frequency is reduced during trunk-filling avulsion cycles
(𝑓𝐴∗ = 0.26, 0.21, 0.22 for cycles 3, 6, and 9 respectively) compared to the median (𝑓𝐴∗ = 0.55)
(Fig. 4b). Trunk-filling avulsion cycles also feature greater distances of foreset progradation
(Fig. 4d) compared to trunk-bypass avulsion cycles (Fig. 4c), leading to downstream translation
of the avulsion node with a constant avulsion length.
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Trunk-filling avulsion cycles occur at every third avulsion cycle because that is when the
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delta has aggraded all but one of its four lobes. Under these conditions, aggradation of the final
lobe by ~𝐻 ∗ 𝐻𝑐 is insufficient to cause an avulsion, because superelevation is still approximately
zero compared to abandoned lobes. Instead, the river continues to aggrade until the active lobe
reaches a thickness of ~2𝐻 ∗ 𝐻𝑐 , at which point the avulsion node is superelevated by 𝐻 ∗ 𝐻𝑐
relative to abandoned lobes, triggering an avulsion. The larger depositional thickness of the lobe
requires more time to aggrade, resulting in reduced avulsion frequency. Because these avulsions
are less frequent, the active lobe also experiences prolonged progradation, and, as the river
system lengthens, the trunk channel fills with sediment to maintain a constant transport slope
(Fig. 4d) (Ganti et al., 2014; Mackin, 1948). Thus, our model results are consistent with the
conceptual model of Ganti et al. (2019) where, for a prograding delta, there are a series of
avulsions at a relatively fixed node, followed by less frequent node-shifting avulsions that move
the avulsion node seaward in concert with trunk channel aggradation and overall delta
progradation.
While both the trunk-filling and trunk-bypass avulsions occur within the backwater zone,

during avulsion cycles 7 and 8, avulsions occur far upstream of the backwater zone (𝐿∗𝐴 ≫ 1).
For these upstream avulsions, an extensive river reach (> 2𝐿𝑏 ) is within 5% of the avulsion
threshold (Fig. 4a), indicating that avulsion occurrence has a similar likelihood throughout the
trunk channel. These upstream avulsions occur because the trunk aggraded substantially during
the previous trunk-filling cycle, cycle 6, leaving the trunk channel highly superelevated relative
to inactive lobes. (Fig. 4e). The river maintains near sediment-bypass conditions in the trunk
channel during cycles 7 and 8, but in this case minor aggradation (associated with progradation)
is sufficient to trigger an avulsion in the trunk channel before the depositional locus in the
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channel aggradation in cycle 9, avulsions resume in the backwater zone (Fig. 4a).

4.2 Effects of sea-level change on avulsion location and frequency
For this set of model runs, we systematically vary the normalized sea-level rise rate from

−1 < 𝜎 ∗ < 5, which covers the range of eustatic sea-level swings during the Holocene (Bintanja
et al., 2005; Ganti et al., 2019) (Table 1). For simplicity, we adopt a constant rate of sea-level
rise or fall for each model run. These model runs feature a steady sediment supply (𝛿𝑄𝑠 = 0), a
moderate flood regime (𝐶𝑉 = 0.53, 𝐹𝑏𝑓 = 0.05, 𝑇𝑒∗ = 0.001, 𝐻 ∗ = 0.5) identical to the base-case
climate scenario, and other parameters are also equivalent to the base case (𝐻𝑏 = 2𝐻𝑐 , 𝐵𝑓 =
∗
40𝐵𝑐 , 𝑁 = 4, 𝐹𝑟𝑛,𝑏𝑓 = 0.17, 𝜏𝑛,𝑏𝑓
= 1, 𝐶𝑓 = 0.005).

Consistent with the results shown in Chadwick et al. (2020), avulsion frequency increases

with increasing sea-level rise rate in the range 0.1 < 𝜎 ∗ < 1 (Fig. 5a). Under these conditions,
the relative sea-level rise rate is similar to the maximum possible delta aggradation rate, and the
river responds to increasing sea-level rise rate by partitioning more of the sediment load to topset
aggradation relative to foreset progradation. For 𝜎 ∗ < 0.1, sea-level change is too slow to affect
avulsion frequency (Fig. 5a). Instead, the rate of topset aggradation and avulsion is set by the
pace of foreset progradation, consistent with previous work (Ratliff et al., 2018; Moodie et al.,
2019). Avulsions are also more frequent during sea-level fall (𝜎 ∗ < 0) than during the base case
with constant sea level (Fig. 5a) because progradation rate increases over time as the offshore
basin shallows, consistent with observations of natural and experimental deltas (Bijkerk et al.,
2016; Carlson et al., 2018; T. I. Lane et al., 2017; Nijhuis et al., 2015). Avulsions do not occur
when 𝜎 ∗ < −0.4 because sea-level fall causes channel incision, nor when 𝜎 ∗ > 2.5 because sea
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(Fig. 5). In the latter case, no sediment is delivered to the river mouth and the system may be
classified as non-deltaic (Tomer et al., 2011). In all model runs, we observe variability in
avulsion location and frequency (see error bars on Fig. 5) that originates from intermittent filling
of the trunk channel upstream of the avulsion node, similar to the base-case scenario (Fig. 4).
Across all sea-level change runs, trunk-bypass avulsions cycles compose the majority of
avulsions (55%). Similar to the base case, trunk-filling avulsion cycles occur every 3 avulsion
cycles, comprising 33% of all avulsions. Avulsions in the trunk channel are relatively rare (12%)
and, like the base case, occur when the trunk channel is left highly superelevated after a trunkfilling avulsion cycle.
Regardless of sea-level change, avulsion lengths remain approximately constant and

equal to the backwater length-scale (𝐿∗𝐴 = 𝐿𝐴 /𝐿𝑏 ~1) (Fig. 5b). The backwater-scaled avulsion
length originates from variable-discharge flows that produce a spatial maximum in aggradation
rate midway through the backwater zone, similar to the base case. Median avulsion length
decreases slightly as rise rate increases, but the reduction is negligible compared to the range of
autogenic variability (Fig. 5b).
Because avulsion length remains constant, the avulsion node migrates seaward and

landward in tandem with the shoreline. For example, under constant sea level, the avulsion node
migrates downstream as the delta shoreline progrades seaward (Fig. 6a-b), similar to
observations of natural and laboratory deltas (Ganti et al., 2014; Ganti et al., 2016a). Sea-level
rise reduces the rate of progradation, stabilizing both the shoreline and the avulsion node (Fig.
6c-d). When sea level rises fast enough to outpace delta-top aggradation, the shoreline retreats
landward, and the avulsion node migrates upstream in tandem (Fig. 6e-f). Depending on the rise
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rate, the length of the trunk channel extends or shortens such that the entire river system (delta
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and trunk channel) approaches a length of 𝐿𝑎𝑢𝑡𝑜 (Figs. 6c, 6e) (Eq. 2) (c.f., Muto et al., 2007).
However, the size of the delta itself—the region of subaerial land downstream of the avulsion
node—remains approximately constant and set by 𝐿𝑏 due to backwater effects (Eq. 3).
Cases with 𝜎 ∗ ≪ 1 are similar to the base-case scenario in that the avulsion node shifts

downstream every three avulsion cycles following a trunk-channel filling phase (Fig. 6a, 6c). In
contrast, when 𝜎 ∗ ≳ 1, the avulsion node migrates upstream during every avulsion cycle, not
only during trunk-filling cycles, because sea-level rise forces the river mouth and backwater zone
farther landward each time a lobe is reoccupied (Fig. 6e). Reoccupied lobes prograde a thin
foreset wedge atop the drowned delta plain, creating a series of back-stepping lobe deposits (Fig.
6f).

4.3 Effects of sediment supply on avulsion location and frequency
For these model runs, sediment supply is varied from 25% to 233% of the sediment

transport capacity (𝛿𝑄𝑠 = −0.75 to 1.33). For simplicity, we implement instantaneous step-wise
changes in the sediment supply at the start of each model run. Exploring more gradual changes
could be done in the future; the step-wise changes are a starting point to understand model
sensitivity, and we reason delta response to more gradual changes can be inferred from model
runs with small instantaneous changes in 𝛿𝑄𝑠 , to the extent that long-term change can be
approximated by a series of small step-wise changes. Model inputs are otherwise identical to that
of the base-case climate scenario, featuring steady sea level (𝜎 ∗ = 0) and a moderate flood
regime (𝐶𝑉 = 0.53, 𝐹𝑏𝑓 = 0.05, 𝑇𝑒∗ − 0001). Minor changes in 𝐶𝑉 and 𝐹𝑏𝑓 are incurred when
the transport slope adjusts to the new sediment supply, because the relationship between water
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discharge and flow depth depends on slope (Eq. 8), but we find this effect is negligible in our
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model runs. Other model parameters are held constant at base-case conditions (𝐻𝑏 = 2𝐻𝑐 , 𝐵𝑓 =
∗
40𝐵𝑐 , 𝑁 = 4, 𝐹𝑟𝑛,𝑏𝑓 = 0.17, 𝜏𝑛,𝑏𝑓
= 1, 𝐶𝑓 = 0.005).

Increasing the sediment supply relative to the transport capacity causes aggradation in the

trunk channel, which originates from upstream and propagates downstream, as expected (Blum
& Törnqvist, 2000; Howard, 1982; Mackin, 1948; Schumm, 1993). For 0 < 𝛿𝑄𝑠 < 0.1, the
additional upstream sediment supply does not affect avulsion location in the backwater zone, nor
does it significantly change the avulsion frequency (Fig. 7). However, when sediment supply
exceeds 110% of the transport capacity (𝛿𝑄𝑠 > 0.1), backwater-scaled avulsions do not occur,
and instead avulsions shift to the upstream end of the trunk channel (i.e., at 𝐿∗𝐴 ~6; Fig. 7a);
because this is the region of the model domain that responds first to sediment supply, it has the
highest aggradation rate. Further increases to 𝛿𝑄𝑠 beyond 𝛿𝑄𝑠 > 0.1 cause more frequent
avulsions that also occur at the upstream end of the trunk channel (Fig. 7b).
The change in avulsion locations occurs due to a competition between aggradation in the

backwater zone, and the downstream-migrating depositional wave in the trunk channel
associated with riverbed slope adjustment. For example, when the sediment supply is increased
by 6% (Fig. 8a), slope adjustment is achieved rapidly—within the first avulsion cycle—with
relatively little aggradation. Aggradation in the backwater zone sets the spatial maximum in
superelevation, leading to repeated avulsions at 𝐿𝐴 ~𝐿𝑏 (Fig. 8b) comparable to the base-case
scenario. In contrast, when the sediment supply is increased by 27%, the downstream-migrating
depositional wave causes prolonged slope-adjustment in the trunk channel that persists over
multiple avulsion cycles (Fig. 8c). Trunk channel aggradation due to slope-adjustment outpaces
aggradation in the backwater zone on average, leading to repeated avulsions at the point of
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maximum aggradation in the upstream end of the trunk channel (Fig. 8d). When sediment supply
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is further increased by 133%, the trunk channel aggrades even more rapidly, causing more
frequent avulsions (Fig. 8e). In this case, backwater-zone aggradation is far less than the rate of
trunk-channel aggradation, and so little sediment accumulated in the backwater zone between
avulsions (Fig. 8f). The elapsed time during the nine avulsion cycles is insufficient for the
downstream-migrating depositional wave to reach the backwater zone, in part due to the
avulsions themselves. Avulsions in the trunk channel interrupt migration of the wave by shifting
the zone of sedimentation laterally among lobes (see dashed arrows in Fig. 8c, 8e). Over more
avulsion cycles than we modeled, we expect that the depositional wave would reach the
shoreline and that avulsions would resume in the backwater zone, similar to the base-case
scenario.
Model runs with decreased sediment supply relative to the transport capacity (𝛿𝑄𝑠 < 0)

feature lower aggradation rates in the trunk channel—and in extreme cases, trunk-channel
incision—which reduce riverbed slopes until the transport capacity matches the sediment supply,
consistent with previous work (Blum & Törnqvist, 2000; Howard, 1982; Mackin, 1948;
Schumm, 1993). Reducing the sediment supply does not affect avulsion location or frequency,
which remain statistically similar to the base case (Fig. 7). For example, when the sediment
supply is reduced by 6%, slope-adjustment is achieved through minor reduction in trunk-channel
aggradation during the first avulsion cycle (Fig. 9a). This minor slope adjustment has little
impact on the locus of aggradation and avulsion in the backwater zone (Fig. 9b). In another
example, a dramatic reduction in sediment supply (𝛿𝑄𝑆 = −72%) causes a downstreammigrating erosional wave in the trunk channel (Fig. 9c). The incised trunk channel is entrenched
relative to the abandoned floodplain, eliminating avulsions in the trunk channel (Fig. 9d). The
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erosional wave dissipates before reaching the backwater zone; slope adjustment in the backwater
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zone is achieved instead through delta progradation and aggradation. As a result, aggradation and
avulsion in the backwater zone continue uninterrupted.
Regardless of sediment supply changes, the riverbed also experiences temporary

increases in channel-bed slope near avulsion locations (Fig. 8a,c,e; Fig. 9a,c). Slope is increased
because river avulsions in our model cause channel steepening and a wave of incision that
propagates upstream from the avulsion location, a behavior we observe across all climate
scenarios that is consistent with previous work (Ganti et al, 2019). These scours are typically
filled rapidly following avulsion, well before the next avulsion occurs.

4.4 Effects of flood regime on avulsion location and frequency
In this set of model runs, we systematically change the coefficient of variation of normal-

flow depth (𝐶𝑉), the bankfull exceedance probability (𝐹𝑏𝑓 ), the normalized flood event duration
(𝑇𝑒∗ ), and the avulsion threshold (𝐻 ∗ ) within a reasonable range representative of lowland deltas
(𝐶𝑉 = 0.1 − 0.85, 𝐹𝑏𝑓 = 0.01 − 0.20, 𝑇𝑒∗ = 10−6 − 10−1 , 𝐻 ∗ = 0.2 − 2) (Table 1). For a
given model run only a single one of the four flood-regime parameters is varied, with other
flood-regime parameters held constant at base-case values (𝐶𝑉 = 0.53, 𝐹𝑏𝑓 = 0.05, 𝑇𝑒∗ =
0.001, 𝐻 ∗ = 0.5). Across all of these runs, sea level is held constant (𝜎 ∗ = 0), sediment supply is
equal to the transport capacity (𝛿𝑄𝑠 = 0), and all other parameters are equivalent to those of the
∗
base-case climate scenario (𝐻𝑏 = 2𝐻𝑐 , 𝐵𝑓 = 40𝐵𝑐 , 𝑁 = 4, 𝐹𝑟𝑛,𝑏𝑓 = 0.17, 𝜏𝑛,𝑏𝑓
= 1, 𝐶𝑓 =

0.005).
Continuous riverbed adjustment leads to a backwater-scaled avulsion node for

coefficients of variation of stage height in the range 0.1 < 𝐶𝑉 < 0.6 (Fig. 10a), bankfull
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exceedance probabilities less than ten percent (𝐹𝑏𝑓 < 0.1; Fig. 10c), and normalized flood
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durations less than the timescale of channel filling (𝑇𝑒∗ < 1; Fig. 10e). Under milder flood
regimes (𝐶𝑉 < 0.1) and longer flood durations (𝑇𝑒∗ > 1), the riverbed fully adjusts to normal
flow conditions, aggradation rate is approximately uniform, and there is no preferential avulsion
location (Fig. 10a, 10e). Flashier flood regimes (𝐶𝑉 > 0.6) and higher probabilities of bankfull
exceedance (𝐹𝑏𝑓 > 0.1), also lack a preferential avulsion location (Fig. 10a, 10c) because the
riverbed adjusts to normal flow conditions associated with large floods. In addition to exploring
which conditions produce backwater-scaled avulsions, which also was explored by Chadwick et
al. (2019), here we analyze how changing flood regimes affect avulsion location and frequency.
Changes to flood magnitude (𝐶𝑉) and duration (𝑇𝑒∗ ) within the regime of backwater-

scaled avulsion nodes has negligible effect on avulsion location or frequency (Fig. 10a-b, 10e-f).
However, increasing the flood frequency (𝐹𝑏𝑓 ) causes avulsions to occur less frequently and
farther upstream (Fig. 10c-d). Flood frequency affects avulsions because floods periodically
scour the bed in the backwater zone, reducing long-term aggradation rates. For example, when
𝐹𝑏𝑓 is increased from 1% to 5%, low-flow deposition is interrupted by frequent floods that scour
the backwater reach (Fig. 11). Eroded sediment is transported to the river mouth, resulting in
enhanced progradation (Fig. 11b). Because sediment is frequently repartitioned from the topset
to the foreset during large floods, the overall rate of topset aggradation is reduced, and avulsions
are less frequent. Furthermore, a greater portion of the backwater zone is within the length of
new land on the prograded lobe, seaward of abandoned lobes, where avulsions are unlikely.
Avulsions are unlikely to occur within the length of new land because superelevation is reduced
where it is measured relative to sea level rather than the elevation of abandoned lobes (Eq. 12),
consistent with previous work (Moodie et al., 2019; Ratliff et al., 2021). As a result, avulsions
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tend to occur farther upstream, following the maximum in aggradation and superelevation in the
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backwater zone (Fig. 11b).
Ganti et al. (2014) proposed that the avulsion threshold (𝐻 ∗ ) is smaller for rivers with

higher 𝐶𝑉. To explore this effect, we vary 𝐻 ∗ from 0.2 − 2 across model runs. Results show that
lower 𝐻 ∗ causes more frequent avulsions (Fig. 10h) that occur farther downstream (Fig. 10g).
Avulsions are more frequent because less sediment, and thus less time, is required to aggrade the
to the avulsion threshold. For example, when 𝐻 ∗ = 0.26, lobes are thin (~0.26𝐻𝑐 ) and
progradation distances are short (~0.5𝐿𝑏 ) (Fig. 12a). When 𝐻 ∗ is increased to 0.5, lobes need to
grow thicker (~0.5𝐻𝑐 ) and prograde farther (~1𝐿𝑏 ) to reach the greater threshold superelevation
(Fig. 12b). Due to the additional time required to build larger lobes, avulsions are less frequent.
Increased 𝐻 ∗ is also associated with greater avulsion lengths (Fig. 10g) because enhanced
progradation causes the spatial maximum in superelevation to shift upstream (Fig. 12), similar to
model runs with varied 𝐹𝑏𝑓 (Fig. 11).
When the avulsion threshold is increased beyond 𝐻 ∗ > 0.7, avulsions are less common in

the backwater zone and instead shift substantially upstream within the trunk channel (Fig. 10g)
as a result of enhanced lobe progradation. For instance, when 𝐻 ∗ = 1.5, the lobe progrades
nearly 3𝐿𝑏 between avulsions (Fig. 12c). For these cases, the amount of lobe progradation is so
great that the backwater zone is entirely within the length of the new land on the prograded lobe,
seaward of abandoned lobes. As a result, superelevation is reduced and avulsions are unlikely
within the backwater zone (see Fig. 12c inset), consistent with previous work (Chadwick et al.,
2019; Moodie et al., 2019; Ratliff et al., 2021). Because avulsions in the backwater zone are
unlikely to occur with large 𝐻 ∗ , avulsions occur in the trunk channel where aggradation is
approximately uniform and driven by long-term progradation (Fig. 12c).
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5 Discussion
5.1 Comparison to previous work on avulsion response to climate change
Our results support the idea that the avulsion node on backwater-influenced deltas should

translate downstream with shoreline progradation (Ganti et al., 2014) and also upstream with
shoreline transgression (Fig. 6a, 6c, 6e). We observe a slight decrease in avulsion length with
increasing rise rate (Fig. 5b), which is less pronounced than shown in Chatanantavet et al. (2012)
because their model did not incorporate multiple lobes and avulsion cycles that cause autogenic
variability. In cases with delta progradation, avulsion-node migration occurs intermittently (Fig.
6b, 6d), taking place when the river is forced to aggrade a thicker lobe to achieve adequate
superelevation (Fig. 4d). This finding is consistent with historical observations of the Yellow
River delta, where the avulsion location has intermittently migrated downstream with shoreline
progradation over the past century (Ganti et al., 2014). Upstream migration of the backwater
zone and avulsion node during sea-level rise has been observed in recent models (Moran et al.,
2017; Wu et al., 2020). However, these models only considered the special case where the
backwater zone originates from sea-level rise under constant discharge, which is not applicable
to most lowland deltas (Chadwick et al., 2019). Our results demonstrate the avulsion node
migrates upstream in the more general case, where backwater zones originate from natural
variability in river discharge (Chatanantavet et al., 2012; Lamb et al., 2012). Importantly, our
findings also challenge the common assumption that avulsion nodes remain geographically fixed
during sea-level rise (Jerolmack, 2009; Kim et al., 2006; Paola et al., 2011). Delta size in our
model does not adjust to the autostratigraphic length-scale 𝐿𝑎𝑢𝑡𝑜 , as Eq. (2) suggests. Instead, the
entire river system (delta and trunk channel) approaches 𝐿𝑎𝑢𝑡𝑜 through adjustment of the trunk
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channel length, while the delta maintains a constant size 𝐿𝐴 ~𝐿𝑏 consistent with Eq. (3) (Fig. 6c,
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6e). This response is captured to first order by our dimensionless parameter 𝜎 ∗ , which can be
rearranged to show that 𝜎 ∗ ~𝐿𝑏 /𝐿𝑎𝑢𝑡𝑜 (Eq. 14). Thereby, 𝜎 ∗ describes whether the backwaterscaled delta will retreat basinward (𝐿𝑎𝑢𝑡𝑜 < 𝐿𝑏 ) or prograde seaward (𝐿𝑎𝑢𝑡𝑜 > 𝐿𝑏 ) before
experiencing autoretreat.
Previous work has identified that deltas respond to sea-level rise through the process of

autoretreat, wherein the shoreline eventually retreats landward regardless of rise rate. In our
simulations, we find that many avulsions occur before there are significant signs of autoretreat
(Fig. 6a, 6c, 6e) and that avulsion frequency depends on rise rate (𝜎 ∗ ) to first order (Fig. 5a).
Nevertheless, our results can shed light upon changes to avulsion frequency over autoretreat
timescales, because different 𝜎 ∗ runs are analogous to different segments of the autoretreat
trajectory (Muto & Steel, 2002) (Fig. 13). Over timescales of 𝑇𝑎𝑢𝑡𝑜 ≫ 𝑇𝑐 , a delta subject to
constant sea-level rise will experience autoretreat because the foreset will grow too large to
sustain with the sediment supply (Muto et al., 2007). Our results suggest that the onset of
autoretreat will be associated with more frequent avulsions at an upstream-migrating node (Fig.
13). So long as there is sufficient sediment to prograde the active lobe, the delta will continue to
build back-stepping lobes and avulse during shoreline transgression—a response that is not
captured in 1-D models of autoretreat (Tomer et al., 2011; Wu et al., 2020). The everlengthening foreset necessitates that the active lobe will eventually drown, at which point
avulsions will cease to occur and the system will experience non-deltaic transgression (Tomer et
al., 2011). We expect deltas with different initial basin depths and river lengths to feature altered
autoretreat trajectories (Muto & Steel, 2002) and avulsion frequencies (Chadwick et al., 2020),
but that large-scale response will remain consistent across deltas.
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Our results show that increases in sediment supply can trigger avulsions upstream of the
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backwater zone. This finding is supported by field observations on the Tacquari megafan
(Makaske et al., 2012) and in New Zealand (Korup, 2004), where pulses in sediment supply were
linked to inland avulsions. Our results also provide a potential explanation for avulsions deposits
far upstream of the Mississippi delta dating to the middle Holocene (Chamberlain et al., 2018;
Saucier, 1994). As continental ice sheets melted, increased sediment supply to the Mississippi
could have caused avulsions in the trunk channel, in a manner similar to our model results when
𝛿𝑄𝑠 > 0.1 (Fig. 8c-f). Increased sediment supply also causes more frequent avulsions in our
model (Fig. 7b), consistent with field observations on the Rhine-Meuse delta (Stouthamer &
Berendsen, 2001) and flume experiments (Ashworth et al., 2004; Bryant et al., 1995). We reason
that 𝛿𝑄𝑠 > 0.1 is likely not a universal threshold for all deltas, because the evolution of the
depositional wave should depend on grain size, Shields number, and Froude number which vary
from river to river. Furthermore, the shift to upstream avulsions should also depend on the trunk
channel length downstream of the sediment input, which affects the transit time for the wave to
propagate to the backwater zone. We expect that, after the wave disperses and the river reaches a
new equilibrium slope, avulsions should again resume in the backwater zone, as we observe in
𝛿𝑄𝑠 < 0.1 runs (Fig. 8a-b). However, we do not observe a return to equilibrium conditions for
cases with 𝛿𝑄𝑠 > 0.1 over the nine avulsion cycles considered, in part because avulsions in the
trunk channel interrupt downstream slope adjustment by distributing sediment laterally among
lobes (Fig. 8c, 8e).
We identify two effects of flood regime on avulsion frequency. First, increased flood

frequency 𝐹𝑏𝑓 causes less frequent avulsions (Fig. 10d) by promoting scour in the backwater
zone and lowering long-term aggradation rates (Fig. 11). Second, reduced avulsion threshold,
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𝐻 ∗ , reduces the size of lobes, allowing for more frequent avulsions (Fig. 10h, Fig. 12). Field data
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suggest 𝐻 ∗ is lower for deltas with higher stage-height variability 𝐶𝑉 (Ganti et al., 2014). Thus,
while we do not find a direct effect from 𝐶𝑉 on avulsion frequency (Fig. 10b), our results
suggest that increased 𝐶𝑉 can indirectly enhance avulsion frequency by reducing 𝐻 ∗ . Our model
runs isolate the effect of 𝐹𝑏𝑓 , 𝐻 ∗ , and 𝐶𝑉, but in nature these flood parameters may co-vary with
climate. We reason that avulsions occur most frequently when floods are large but infrequent
(i.e., high 𝐶𝑉 and low 𝐹𝑏𝑓 ), because this allows for rapid aggradation of relatively small delta
lobes. Conversely, avulsions should be rare when floods are small but occur frequently (i.e., low
𝐶𝑉 and high 𝐹𝑏𝑓 ), because lobes are larger and aggrade more slowly. Avulsion frequency may be
less sensitive to flood regimes with large and frequent floods (i.e., high 𝐶𝑉 and high 𝐹𝑏𝑓 ),
because although aggradation rates are slower, this effect is compensated by the smaller size of
lobes.

5.2 Implications for avulsions during glacial-interglacial cycles
Our results provide new insight for how avulsion patterns change over glacial-interglacial

cycles (Fig. 14a-b). Continental glaciation is associated with global sea-level fall, reduced runoff,
and potentially reduced sediment supply (Blum & Törnqvist, 2000; Hovius, 1998). According to
our model, these conditions facilitate persistent backwater-scaled avulsions (Fig. 14a), granted
that the backwater zone remains aggradational (Fig. 5) (Chadwick et al., 2020; T. I. Lane et al.,
2017; Nijhuis et al., 2015). Sea-level fall is often thought to cause river incision, forming incised
valleys (Posamentier et al., 1992; Van Wagoner et al., 1988; Zaitlin et al., 1994). However, even
within an incised valley, the delta foreset can continue to prograde. Progradation rates increase as
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the offshore basin shallows (Bijkerk et al., 2016; Chadwick et al., 2020), which may counteract
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incision and allow backwater-scaled aggradation and avulsion to occur.
As glaciers melt and global sea level rises, delta response depends on the rise rate relative

to the delta aggradation rate (𝜎 ∗ ). For rise rates typical of the most recent interglacial period
(0.1 ≲ 𝜎 ∗ ≲ 2.5; Table 1), deltas are expected to shift inland while maintaining a backwaterscaled avulsion node that experiences more frequent avulsions (Fig. 14b; Fig. 5). Delta size is not
predicted to shrink, as suggested by earlier models (Jerolmack, 2009; Paola et al., 2011), but
instead remain relatively constant because the avulsion node moves with the shoreline (Fig. 6).
Our results also indicate that rapid rise may suppress avulsions if aggradation is insufficient to
keep pace with sea level rise (𝜎 ∗ ≳ 2.5). Such conditions may have been met during the glacialinterglacial transition (~20 − 7 ka), as rise rates were roughly tenfold the interglacial rate
(Bintanja et al., 2005; Fleming et al., 1998) and delta-lobe deposits dating to this period are
relatively rare (Coleman et al., 1998; Giosan et al., 2006; Nijhuis et al., 2015). Interglacial
periods are also potentially associated with increased sediment yield (Blum & Törnqvist, 2000;
Hovius, 1998). If the sediment yield increased enough for trunk-channel aggradation to outpace
backwater-zone aggradation (𝛿𝑄𝑠 > 0.1 in our model), we expect climate change could trigger
avulsions far upstream in the trunk channel (Fig. 14b; Fig. 7a). Furthermore, increased overbank
flood frequency (Knox, 2000; Munoz et al., 2018) could cause less frequent avulsions (Fig. 10d).
Thus, avulsions upstream of the backwater zone should be more common during interglacial
periods, and the drowned continental shelf could contain deposits and erosional surfaces (Ganti
et al., 2019; Trower et al., 2018) that reflect relict backwater-scaled avulsion nodes formed
during the last glacial period (Fig. 14a-b).
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5.3 Implications for avulsions during anthropogenic climate change
Global sea level is rising at an accelerating pace and, combined with coastal subsidence,

is expected to induce landward retreat of the shoreline on many deltas over the next century (Fig.
14c-d) (Chadwick et al., 2020; Ericson et al., 2006; Pachauri et al., 2014; Syvitski et al., 2009).
Our simulations predict shoreline retreat will be associated with upstream migration of avulsion
locations (Fig. 6e), with potentially disastrous consequences. For example, the Old River Control
Structure, a billion-dollar project that prevented avulsion of the Mississippi River (Kenney et al.,
2013), may be rendered obsolete if the avulsion node migrates upstream of the structure. In such
a scenario, avulsion-mitigation efforts will need to be implemented upstream in order to protect
inland communities from new avulsion hazards. Our results also support existing models that
avulsions will occur more frequently due to accelerated relative sea-level rise (Fig. 5a)
(Chadwick et al., 2020; Chatanantavet et al., 2012; Jerolmack, 2009). Modern estimates of 𝜎 ∗
indicate that most deltas remain in the regime where the active lobe continues to aggrade and
avulse (𝜎 ∗ < 2.5) (Chadwick et al., 2020).
On some deltas, relative sea-level rise is occurring in concert with increases to riverine

sediment supply, primarily due to deforestation and agricultural land use (Giosan et al., 2012;
Jenny et al., 2019; Nienhuis et al., 2020). Our model predicts rivers may respond to enhanced
sediment supply by avulsing far upstream of the pre-existing avulsion node, in the trunk channel
(Fig. 14c). Other deltas are experiencing reduced sediment supply due to dams (Giosan et al.,
2005; Syvitski & Saito, 2007; Zhou et al., 2015). Our results suggest that avulsion location and
frequency should be insensitive to these effects—at least for dams situated in the trunk channel.
While the trunk channel may incise immediately downstream of the dam, the delta can still build
seaward and aggrade (Fig. 9d) such that avulsions are relatively unaffected (Fig. 7).
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Dams also affect flood frequency and magnitude (Leopold & Maddock, 1954). While
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dams are typically designed to restrict the occurrence of overbank floods (𝐹𝑏𝑓 ) in order to
mitigate flood risks, our results indicate an unintended consequence that avulsions will occur
more frequently (Fig. 10d); without periodic scour caused by floods, channels will aggrade more
rapidly in the backwater zone. Therefore, frequent, controlled floods can be an effective
management strategy to mitigate avulsion risks on deltas, as has been demonstrated on the
Yellow River delta, China (Wang et al., 2017). Regardless of dam management, anthropogenic
climate change is causing more frequent and more extreme storm events (Estrada et al., 2015;
Lin et al., 2012; Munoz et al., 2018). Our model results indicate that increased flood frequency
(𝐹𝑏𝑓 ) can cause less frequent avulsions (Fig. 10d), but that increased flood magnitude (𝐶𝑉) can
potentially offset this effect by reducing 𝐻 ∗ thereby causing more frequent avulsion (Fig. 10h).
We reason that avulsions could become more or less frequent depending on the specific flood
regime (Blum & Törnqvist, 2000; Knox & Wright, 1983; Langbein & Schumm, 1958). Even
deltas with reduced avulsion frequency will face new avulsion hazards: as avulsions become less
frequent, avulsion length is also expected to increase (Fig. 10c, 10g), which would introduce new
avulsion hazards upstream.
Our results show that most avulsions occur within the backwater zone (trunk-bypass

avulsions), and that these avulsions have a statistically characteristic frequency and location. The
model also shows the possibility for rare avulsions in the trunk channel that could be unexpected
and devastating (Fig. 4). Hiatuses in deltaic avulsions due to trunk-channel aggradation are not
uncommon in our simulations (33% of all avulsions) and may be particularly important to
identify: they are expected to temporarily reduce both avulsion hazards and land-building
potential for 10—1000 years, until the trunk channel has adjusted. Deltas undergoing trunk-
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filling avulsion cycles should exhibit comparable aggradation rates between the trunk channel
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and deltaic channels. In contrast, during trunk-bypass avulsion cycles, aggradation rates are
much lower in the trunk channel compared to the delta (Fig. 4c-d).

6 Conclusions
We use a morphodynamic model for repeated delta-lobe construction and avulsion to

explore how climate change affects avulsion frequency and location considering both upstream
and downstream controls. At the downstream end, sea-level rise causes more frequent avulsions
at a distance from the shoreline set by the backwater length-scale (Fig. 5). Because avulsion
length remains relatively constant, the avulsion node migrates seaward during shoreline
progradation, and migrates landward during shoreline retreat (Fig. 6). At the upstream end,
significant increases to sediment supply are capable of causing avulsions in the trunk channel,
upstream of the backwater zone (Fig. 7a; Fig. 8). Reduced sediment supply has comparatively
little impact on deltaic avulsions (Fig. 7), because despite trunk-channel incision the delta adjusts
its transport slope via progradation and aggradation (Fig. 9c-d). With regards to flood regime,
avulsion frequency is inversely correlated with overbank flood frequency (Fig. 10d), but
positively correlated with stage-height variability via reduction of 𝐻 ∗ (Fig. 10h), due to
competing effects on aggradation rate and lobe thickness.
Overall, our findings demonstrate that deltaic avulsions are sensitive to both upstream

and downstream controls associated with climate change. Results suggest that deltas likely shift
landward and seaward over glacio-eustatic sea-level cycles, leaving behind relict backwaterscaled avulsion nodes on drowned continental shelves (Fig. 14a-b). Interglacial periods should be
marked by more frequent avulsions due to sea-level rise, and also upstream avulsions in the trunk
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channel during pulses in sediment supply. Finally, our results warn of the impact of

Accepted Article

anthropogenic climate change and land use on avulsion hazards. Accelerated relative sea-level
rise threatens to drown coastal wetlands, pushing the avulsion node upstream and causing more
frequent avulsions (Fig. 14c-d). Deforestation and agricultural practices can increase sediment
supply, promoting trunk-channel avulsions near the sediment source. Avulsions are also sensitive
to modern changes in flood regime which, due to trade-offs between aggradation rate and lobe
size, could induce either more frequent avulsions closer to the shore, or less frequent avulsions
farther inland, depending on the delta in question (Fig. 10).

Notation
𝐵
𝐵𝑐
𝐵𝑓
𝐶𝑓
𝐶𝑉
𝐷
𝑓𝐴
𝑓𝐴∗
𝐹𝑏𝑓
𝐹𝑟
𝐹𝑟𝑛,𝑏𝑓
𝑔
𝐻
𝐻∗
𝐻𝑏
𝐻𝑐
𝐿𝐴
𝐿∗𝐴
𝐿𝑎𝑢𝑡𝑜
𝐿𝑏
𝑛
𝑁
𝑃
𝑞𝑠
𝑄𝑠
𝑄̅𝑠

Flow width [L]
Channel width [L]
Floodplain/lobe width [L]
Friction factor [-]
Coefficient of variation of stage height [-]
Median grain size of bed material [L]
Avulsion frequency [1/T]
Normalized avulsion frequency [-]
Bankfull exceedance probability [-]
Froude number [-]
Bankfull Froude number in the normal-flow reach [-]
Acceleration due to gravity [L/T2]
Flow depth [L]
Avulsion threshold [-]
Offshore basin depth [L]
Channel depth [L]
Avulsion length (also known as delta size) [L]
Normalized avulsion length [-]
Autostratigraphic length-scale [L]
Backwater length-scale [L]
Average number of avulsions before lobe reoccupation [-]
Number of delta lobes [-]
Probability distribution of flow regime [-]
Width-averaged sediment supply [L2/T]
Sediment supply [L3/T]
Time-averaged sediment supply [L3/T]
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𝑄𝑡
𝑄̅𝑡0
𝑄𝑤
𝑅
𝑆
𝑆𝑎
𝑆0
𝑡
𝑇𝐴
𝑇𝑎𝑢𝑡𝑜
𝑇𝑐
𝑇𝑒
𝑣𝑎
𝑥
𝑥𝐴
𝑥𝑚
𝑥𝑡𝑓
𝛼
𝛽
Δ𝜂
𝜂
𝜂0

𝜂𝑎𝑏𝑎𝑛𝑑𝑜𝑛𝑒𝑑
𝜂𝑓
𝜂𝑓,𝑎𝑏𝑎𝑛𝑑𝑜𝑛𝑒𝑑
𝜂𝑛𝑒𝑤
𝜆𝑝
Λ
Ω
𝜎
𝜏∗
∗
𝜏𝑛,𝑏𝑓
𝜉𝑠𝑒𝑎

Sediment transport capacity of total bed-material load [L3/T]
Time-averaged initial sediment transport capacity [L3/T]
Water discharge [L3/T]
Submerged specific gravity of sediment [-]
Riverbed slope [-]
Foreset avalanche slope [-]
Transport slope at the ghost node [-]
Time [T]
Time between avulsions [T]
Autostratigraphic time-scale [T]
Channel-filling time-scale [T]
Flood event duration [T]
Aggradation rate [L/T]
Downstream distance [L]
Downstream distance of avulsion site [L]
Downstream distance of river mouth [L]
Downstream distance of topset-foreset break [L]
Coefficient in Eq. (6) [-]
Exponent in Eq. (6) [-]
Superelevation [L]
Riverbed elevation [L]
Initial riverbed elevation [L]
Riverbed elevation on abandoned lobe [L]
Floodplain elevation [L]
Floodplain elevation on abandoned lobe [L]
New riverbed elevation after avulsion [L]
Sediment porosity in lobe deposit [-]
Ratio of wash load to bed-material load in lobe deposit [-]
Channel sinuosity [-]
Sea-level rise rate [L/T]
Shields number [-]
Bankfull Shields number in the normal-flow reach [-]
Sea level [L]
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Table 1. Model runs and natural deltas. Natural delta values were calculated in Chadwick et al. (2020) using field
data reported in previous work (Bintanja et al., 2005; Chatanantavet et al., 2012; Ericson et al., 2006; Ganti et al.,
2014; Giosan et al., 2006; Jelgersma, 1996; Jerolmack & Mohrig, 2007; T. I. Lane et al., 2017; Milliman et al.,
1989; Milliman & Syvitski, 1992; Moran et al., 2017; Nijhuis et al., 2015; Syvitski, 2008; Syvitski & Saito, 2007;
Törnqvist et al., 2008; Yu et al., 2012). For natural deltas, normalized rise rates (𝜎 ∗ ) correspond to the late
Holocene, with the exception of the Huanghe were pre-industrial historical avulsions are recorded (Ganti et al.,
2014).

Figures
Figure 1. Mapped delta lobes of a) the Mississippi River and b) the Yellow River overlain on
Google Earth imagery, showing characteristic avulsion length, 𝐿𝐴 , and avulsion frequency, 𝑓𝐴
(after Coleman et al., 1998 and Pang & Si, 1979). c) Scaling relationship between measured
avulsion frequency and the inverse of the channel-filling timescale (Eq. 1) (Ganti et al., 2014;
Jerolmack & Mohrig, 2007). d) Schematic channel cross section showing aggradation at rate 𝑣𝑎 .
Channel avulsion occurs when the river has aggraded to a critical height, comparable to the
channel depth 𝐻𝑐 , that renders it unstable (Ganti et al., 2014; Mohrig et al., 2000). e) Scaling
relationship between measured avulsion length and computed backwater length-scale (Eq. 3)
(Chatanantavet et al., 2012; Ganti et al., 2014; Ganti et al., 2016a).
Figure 2. a) Conceptual model in plan view. Black solid lines are active channel of width 𝐵𝑐 in
a floodplain/lobe of width 𝐵𝑓 . Broken lines are abandoned channels. Shaded regions are deposits
created during avulsion cycles 1-4. At times of avulsion, the active lobe (in this case, lobe 4) is
abandoned and the river is rerouted downstream of the avulsion location (yellow star) to
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reoccupy the lowest-elevation abandoned lobe (Lobe 1), where it will begin building a new lobe
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filling in the space indicated by (5). b) Conceptual model in long profile, showing variable
definitions and climate-change boundary conditions of sea-level rise 𝜎, sediment supply 𝑄𝑠 , and
flood regime 𝑄𝑤 c) Same as (b), but now showing riverbed aggradation and floodplain
superelevation (Δ𝜂) of the active lobe (Lobe 4) relative to the lowest abandoned lobe (Lobe 1).
All delta lobes share a single trunk channel.

Figure 3. Conceptualization of balance between sediment supply and transport capacity, redrawn
by (Blum & Törnqvist, 2000) from an unpublished schematic by W. Borland and based on an
equation from Lane (1955). Decreasing water discharge, increasing sediment supply, and/or
increasing sediment size causes sediment supply to exceed capacity, resulting in aggradation.
Conversely, increasing water discharge, decreasing sediment supply, and/or decreasing sediment
size causes sediment transport capacity to exceed sediment supply, resulting in degradation.

Figure 4. Model results for the base-case climate scenario. a) Normalized avulsion length and b)
normalized avulsion frequency over nine consecutive avulsion cycles. Trunk-bypass avulsion
cycles, trunk-filling avulsion cycles, and avulsions in the trunk channel are colored yellow,
white, and black, respectively. Red error bars in a) indicate the length of river reach within 5% of
the avulsion threshold at time of avulsion, and blue dashed line corresponds to an avulsion length
equal to the backwater length-scale (𝐿𝐴 = 𝐿𝑏 ). c-e) Long-profile evolution during avulsion
cycles 1, 3, and 7. Shaded regions show deposition on the riverbed and foreset (gray) and on the
floodplain (orange) over one avulsion cycle. Floodplain profiles of the active lobe (red lines,
shown for the start and end of the avulsion cycle) and the lowest inactive lobe (black dotted line)
are used to calculate superelevation (see inset). Stars show avulsion location.
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Figure 5. a) Model results for normalized avulsion frequency 𝑓𝐴∗ (a) and normalized avulsion
length 𝐿∗𝐴 (b) under changing normalized sea-level rise rate 𝜎 ∗ . Black circles are the median
avulsion location and frequency over 9 avulsion cycles. Black error bars show autogenic
variability in avulsion frequency and length over the same 9 cycles, corresponding to the 25-75
percentile range of avulsion frequency in (a) and the average reach within 5% of the avulsion
threshold at times of avulsion in (b). Median and autogenic variability for the base case are
indicated by the gray line and shaded region, respectively. Blue shaded region highlights
conditions where sea-level rise causes more frequent avulsions, and orange shaded regions
highlight conditions where no avulsions occurred due to non-deltaic transgression (Tomer et al.,
2011) or incision of the channel.

Figure 6. a) Shoreline trajectory and avulsion node migration for constant sea level. Black line is
the shoreline and stars are avulsions. Trunk-bypass avulsion cycles, trunk-filling avulsion cycles,
and avulsions in the trunk channel are colored yellow, white, and black, respectively. Red error
bars indicate the reach within 5% of the avulsion threshold at times of avulsion, and blue shaded
area indicates the backwater zone. b) Example of trunk-filling avulsion cycles and associated
migration of the avulsion node for constant sea level. c-d) Same as (a-b), but for slow sea-level
rise. e-f) Same as (a-b), but for rapid sea-level rise. Vertical dashed lines in (c) and (e) show
autostratigraphic length-scale 𝐿𝑎𝑢𝑡𝑜 (Eq. 3), and in (a) 𝐿𝑎𝑢𝑡𝑜 → ∞.

Figure 7. Model results for normalized avulsion length 𝐿∗𝐴 (a) and normalized avulsion
frequency 𝑓𝐴∗ (b) with changes to the normalized difference between sediment supply and initial
transport capacity 𝛿𝑄𝑠 . Black circles are the median avulsion location and frequency over 9
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avulsion cycles. Black error bars show autogenic variability in avulsion length and frequency
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over the same 9 cycles, corresponding to the average reach within 5% of the avulsion threshold
at times of avulsion in (a), and the 25-75 percentile range of avulsion frequency in (b). Median
and autogenic variability for the base case are indicated by the gray line and shaded region,
respectively. Green shaded regions highlight conditions where reduced sediment supply caused
incision in the trunk channel (𝛿𝑄𝑠 < −0.1), and where increased sediment supply caused
avulsions in the trunk channel (𝛿𝑄𝑠 > 0.1).
Figure 8. a) Spatiotemporal trends in riverbed slope during the first ten normalized time units for
mild increase in sediment supply. Warm colors indicate slopes steeper than the initial normal
flow transport slope, and cool colors indicate slopes gentler than the initial normal flow transport
slope. Dashed black arrows highlight downstream-migrating waves of aggradation, which
steepen the topset slope. Black line is the shoreline and stars are avulsions. Trunk-bypass
avulsion cycles and avulsions in the trunk channel are colored yellow and black, respectively.
Red error bars indicate the reach within 5% of the avulsion threshold at times of avulsion, and
blue dashed line indicates where avulsion length is equal to the backwater length-scale. b)
Example of an avulsion cycle for mild increase in sediment supply. c-d) Same as (a-b), but for
moderate increase in sediment supply. e-f) Same as (a-b), but for dramatic increase in sediment
supply.

Figure 9. a) Spatiotemporal trends in topset slope during the first 10 normalized time units for
mild reduction in sediment supply. b) Example of trunk-bypass avulsion cycles for mild
reduction in sediment supply. c-d) Same as (a-b) but for dramatic reduction in sediment supply.
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Dashed black arrow in (c) highlights downstream-migrating wave of erosion, which reduces the
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topset slope.
Figure 10. Model results for normalized avulsion length 𝐿∗𝐴 and normalized avulsion frequency
𝑓𝐴∗ under different flood regimes, including changes to coefficient of variation of normal-flow
depth (a-b), bankfull exceedance probability (c-d), normalized flood duration (e-f), and avulsion
threshold (g-h). Black circles are median avulsion location and frequency over 9 avulsion
cycles. Black error bars show autogenic variability in avulsion length and frequency over the
same 9 cycles, corresponding to the average reach within 5% of the avulsion threshold at times
of avulsion in (a,c,e,g), and the 25-75 percentile range of avulsion frequency in (b,d,f,h). Median
and autogenic variability for the base-case are indicated by the gray line and shaded region,
respectively. Red shaded regions highlight conditions where flood variability was sufficient to
maintain persistent backwater hydrodynamics necessary for a backwater-scaled avulsion node. In
(g) and (h), green shaded region highlights conditions where avulsions occurred in the trunk
channel because lobes prograded farther than the backwater length-scale over each avulsion
cycle, and the gradient between red and green shaded regions highlights the transitional state
where only trunk-filling avulsions prograded farther than the backwater length-scale.

Figure 11. Examples of trunk-bypass avulsion cycles for model runs with less frequent floods
(a) and more frequent floods (b). Shaded regions show deposition on the riverbed and foreset
(gray) and on the floodplain (orange) over one avulsion cycle. Floodplain profiles of the active
lobe (red lines, shown for the start and end of the avulsion cycle) and the lowest inactive lobe
(black dotted line) are used to calculate superelevation (see inset). Stars show avulsion location.
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Figure 12. Examples of avulsion cycles under flood regimes with a) low avulsion threshold
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𝐻 ∗ = 0.26, b) intermediate avulsion threshold 𝐻 ∗ = 0.5, and c) high avulsion threshold 𝐻 ∗ =
1.5. Shaded regions show deposition on the riverbed and foreset (gray) and on the floodplain
(orange) over one avulsion cycle. Floodplain profiles of the active lobe (red lines, shown for the
start and end of the avulsion cycle) and the lowest inactive lobe (black dotted line) are used to
calculate superelevation (see inset). Stars show avulsion location, and are color-coded yellow for
trunk-bypass avulsion cycles and black for avulsions that occurred in the trunk channel.

Figure 13. Hypothetical result for avulsions over an autoretreat trajectory, through analogy with
Fig. 6. Black line is the shoreline of the active lobe, stars are avulsions, and blue shaded area
indicates the backwater zone. Avulsions occur within the backwater zone of length 𝐿𝑏 over
timescales of 𝑇𝑐 . The autostratigraphic length-scale 𝐿𝑎𝑢𝑡𝑜 and timescale 𝑇𝑎𝑢𝑡𝑜 estimate where
and when autoretreat begins. During autoretreat, avulsions are expected to grow more frequent
and shift landward.

Figure 14. Schematics of delta response to climate change during a) glacial periods, b)
interglacial periods, and c-d) anthropogenic climate change. c) Expected response for deltas
where sediment supply increases due to deforestation. d) Expected response for deltas where
sediment supply decreases due to damming.
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