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Abstract

Changed hydrological regimes, sea-level rise, and accelerated subsidence are all putting river deltas at risk across the globe.

Deltas may respond to these stressors through the mechanism of avulsion. Decades of delta avulsion studies have resulted

in conflicting hypotheses that avulsion frequency and location are upstream (water and sediment discharge) or downstream

(backwater and sea-level rise) controlled. In this study, we use Delft3D morphodynamic simulations to investigate the main

controls over delta avulsion. Avulsion timing and location were recorded in six scenarios modelled over a 400-year period with

varying alluvial slopes upstream of a delta slope break (1.13x10-4 to 3.04x10-3) within a range representative global deltas. We

measure several independent morphometric variables including avulsion length, delta lobe width, channel width at avulsion,

delta topset slope and sediment load. Correlating these variables with the avulsion timescales observed in our model shows that

avulsion timescale is mostly controlled by sediment load, which in turn is controlled by the alluvial slope upstream of a delta

slope break. With higher stream power index in steeper alluvial slopes, more sediment can be carried within a channel, resulting

in more frequent avulsions. Our results are consistent with the avulsion timescale derived from an analytical solution, 19 natural

deltas and downscaled physical laboratory deltas. These results help mitigate delta avulsion risk by focusing management efforts

on variables that primarily control avulsion in a river delta, but also induce further debate over whether sea-level rise may, or

may not, trigger more avulsions in river deltas.
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Highlights 8 

• The dominant variables controlling the avulsion timescale in river deltas are 9 

investigated through a Delft3D numerical model 10 

• Results show sediment load, controlled by alluvial slope upstream of a delta plain, 11 

serves as the first-order control of delta avulsion frequency 12 

• This supports the hypothesis of upstream forcing controlling delta avulsion timescale 13 

and location, rather than downstream, backwater or sea-level rise, controls 14 

• Comparison with an analytical solution, natural systems and laboratory deltas all show 15 

consistency with our numerical results 16 

Abstract 17 

Changed hydrological regimes, sea-level rise, and accelerated subsidence are all putting river 18 

deltas at risk across the globe. Deltas may respond to these stressors through the mechanism of 19 

avulsion. Decades of delta avulsion studies have resulted in conflicting hypotheses that 20 

avulsion frequency and location are upstream (water and sediment discharge) or downstream 21 

(backwater and sea-level rise) controlled. In this study, we use Delft3D morphodynamic 22 

simulations to investigate the main controls over delta avulsion. Avulsion timing and location 23 

were recorded in six scenarios modelled over a 400-year period with varying alluvial slopes 24 

upstream of a delta slope break (1.13x10-4 to 3.04x10-3) within a range representative global 25 
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deltas. We measure several independent morphometric variables including avulsion length, 26 

delta lobe width, channel width at avulsion, delta topset slope and sediment load. Correlating 27 

these variables with the avulsion timescales observed in our model shows that avulsion 28 

timescale is mostly controlled by sediment load, which in turn is controlled by the alluvial 29 

slope upstream of a delta slope break. With higher stream power index in steeper alluvial 30 

slopes, more sediment can be carried within a channel, resulting in more frequent avulsions. 31 

Our results are consistent with the avulsion timescale derived from an analytical solution, 19 32 

natural deltas and downscaled physical laboratory deltas. These results help mitigate delta 33 

avulsion risk by focusing management efforts on variables that primarily control avulsion in a 34 

river delta, but also induce further debate over whether sea-level rise may, or may not, trigger 35 

more avulsions in river deltas. 36 

Plain Language Summary 37 

River deltas grow by distributing sediment along their channel courses into a sea or a lake. 38 

During river delta growth, channels can abruptly change course, which can cause devastating 39 

floods to people, infrastructure and landscapes. The timing and the processes associated with 40 

this channel course switching are currently debated. Using a computer model, we create virtual 41 

river deltas to understand how their networks of channels develop and switch during delta 42 

growth over a 400-year period. We find that the steeper the topography upstream of a river 43 

delta, the faster this abrupt change of channel course occurs. This is because steeper channels 44 

will erode and transport more sediment than less steep channels. Our model predictions of 45 

channel course timings are consistent with those observed from 19 natural river deltas. We now 46 

better understand the timing and the main cause of abrupt channel changes on deltas, a finding 47 

that aids flood risk management in river delta environments. 48 
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1. Introduction 49 

River deltas are home for ~339 million people worldwide, are hotspots for biodiversity, 50 

and crucial carbon sinks (Ericson et al., 2006; Hackney et al., 2020; Loucks, 2019; Shields et 51 

al., 2017; Syvitski & Saito, 2007). However, the geomorphic dynamism of river deltas has been 52 

altered by growing stressors such as change in hydrologic regimes, sea-level rise, and 53 

accelerated subsidence, putting human and other systems that rely on river deltas at 54 

considerable risk (Giosan et al., 2014; Syvitski et al., 2009; Tessler et al., 2015; Wallace et al., 55 

2014). One mechanism by which deltas respond to these stressors is by avulsing, which creates 56 

additional, or relocated, flood risk. Many studies have proposed controls over avulsion 57 

frequency in river deltas (e.g. Aslan et al., 2005; Brooke et al., 2020; Edmonds et al., 2009; 58 

Kleinhans & Hardy, 2013; Nijhuis et al., 2015; Slingerland & Smith, 2004) and avulsion 59 

location correlates with backwater length, avulsion length and valley exit point location (Ganti 60 

et al., 2016a; Hartley et al., 2017; Prasojo et al., 2022) but there is no consensus over which 61 

variable(s) is the most important factor contributing to delta avulsion frequency. 62 

During avulsion, flow is abruptly diverted out of an established river channel into a new 63 

course on the adjacent floodplain or delta plain (Jones & Schumm, 2009; Slingerland & Smith, 64 

2004). When a delta channel avulses, the population and economic activities on the delta plain 65 

can be placed at risk. Avulsions may be considered rare, but this is partly due to anthropogenic 66 

impacts and natural systems often exhibit avulsion over decadal timescales, for example on 67 

average once every 12 years in the Yellow River Delta (Jerolmack, 2009) or 4 years in 68 

Sulengguole River, China (Li et al., 2022). Different scales of avulsion have been recognised: 69 

full, where a new course completely leaves its parent channel; and, partial in which only a 70 

portion of the flow is diverted (McEwan et al., 2023). There are also several styles of avulsion: 71 

annexation in which a pre-existing channel is reoccupied; incision, where a new channel is 72 

scoured into the floodplain surface as a direct result of the avulsion; and, progradation, where 73 



Manuscript submitted to JGR: Earth Surface 
 

extensive sediment deposition, such as a mouth bar, causes flow bifurcation and formation of 74 

a multi-channelled distributive network (Slingerland & Smith, 2004). 75 

River deltas are initiated through repeated mouth bar deposition due to sudden 76 

expansion and deceleration of a sediment-laden jet of water entering relatively still water, 77 

usually a sea or lake (Bates, 1953; Edmonds et al., 2011; Kleinhans et al., 2013; Wright, 1977). 78 

Mouth bars grow in both upstream and downstream directions from the point of initiation, 79 

reach a height of c.0.4-0.6 of the initial flow depth, and stop growing once the sediment flux is 80 

advected around the mouth bar rather than accelerated over the bar (Edmonds & Slingerland, 81 

2007; Fagherazzi et al., 2015; Kleinhans et al., 2013). This is the point where avulsion by 82 

progradation starts in a river delta. Simultaneously, avulsion by incision takes place in the 83 

proximal parts of a delta plain when mouth-bar deposition and stagnation induce parent channel 84 

backfilling or in-channel aggradation, triggering an avulsion to create a smaller distributive 85 

channel network by breaching the channel levee (Ganti et al., 2016a; Prasojo et al., 2022). The 86 

most upstream point where a delta channel starts to avulse is correlated with the location of a 87 

break in bed slope (Prasojo et al., 2022; Ratliff et al., 2021), the limit of the backwater zone 88 

(Brooke et al., 2022; Ganti et al., 2016a), or the exit point from the river valley (Hartley et al., 89 

2017). 90 

A strong correlation has been identified from 105 global river deltas between the 91 

locations of breaks in delta slope and avulsion nodes (Prasojo et al., 2022). Consequently, it is 92 

hypothesised that the slope of the alluvial river upstream of a delta controls the frequency of 93 

avulsion in the proximal parts of deltas, with steeper alluvial slopes leading to more frequent 94 

avulsions. This control is due to greater sediment transport capacity on steeper slopes (Bagnold, 95 

1966). Hence, subject to sediment availability, steeper slopes transport more sediment per unit 96 

width into a delta plain. Assuming constant channel width, any reduction in energy slope across 97 

the delta plain leads to aggradation, the rate of which will be greater when upstream transport 98 
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capacity is higher, which in turn leads to increased avulsion frequency (Jerolmack & Mohrig, 99 

2007; Mohrig et al., 2000). Alternatively, lower alluvial slopes lead to lower sediment input 100 

rates and hence slower avulsion process. 101 

To test this hypothesis, we use Delft3D morphodynamic simulation software to: 1) 102 

assess the effect of varying alluvial slopes upstream of a delta slope break on the avulsion 103 

timescale; and, 2) investigate what controls delta avulsion. Morphometric variables (delta lobe 104 

width, channel width at avulsion, avulsion length, topset slope, bankfull depth and sediment 105 

supply) were measured at every timestep during delta growth. These morphometric properties 106 

are considered to be independent variables that influence avulsion and so be correlated with 107 

avulsion timescales. This investigation aims to: (1) identify the first order controls of avulsion 108 

timescales from a suite of numerical model experiments with alluvial slope as the external 109 

forcing mechanism; (2) explain the mechanism of how the controlling variables control 110 

avulsion timescale; and, (3) compare the avulsion timescale from this numerical model to an 111 

analytical solution and natural river deltas. A robust understanding of these processes has 112 

practical implications due to their direct impact on coastal and inland flood risk on highly 113 

populated river deltas, as well as contributing to understanding of fundamental natural 114 

processes. 115 

2. Methods 116 

 We designed a set of numerical experiments to model a natural scale river delta (7.5 x 117 

7.5 km, 300 by 300 computational cells, each 625m2) using Delft3D (v.4.04.02) software. We 118 

adopted physical parameters from the Delft3D river delta models from Edmonds & Slingerland 119 

(2010) and Caldwell & Edmonds (2014). Model bathymetry was designed to accommodate the 120 

six alluvial slopes defined below as our model scenarios. 121 
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2.1.Scenario definition 122 
The model uses a range of alluvial slopes upstream of the delta’s slope break (Salluvial) 123 

(Fig. 1a), which are representative of natural river deltas (Fig. 1b). Ratios between Salluvial and 124 

downstream delta slopes (SDS) measured from 105 global river deltas by Prasojo et al. (2022) 125 

were used to determine representative percentiles of this ratio (Fig. 1b; Table 1). Percentile 2.5 126 

to 75 from Salluvial/SDS ratio were used as our modelling scenario. These percentiles were then 127 

used to calculate model alluvial slopes using a constant initial downstream slope (SDS = 128 

0.000375) similar to that of the Atchafalaya Bay, Mississippi delta, Louisiana (Edmonds & 129 

Slingerland, 2010). 130 

 131 
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Figure 1. (a) Schematic diagram of the model design. The alluvial slope of each run was 
calculated from six percentiles from the alluvial slope-downstream slope ratios of modern 
river deltas shown in Fig. 1b. Initial downstream slope, SDS is kept constant at 0.000375, 
the downstream slope of the modern Mississippi delta (Edmonds & Slingerland, 2010). 
(b) Distribution of the ratio between alluvial (Salluvial) and downstream (SDS) slopes from 
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105 modern river deltas distributed across five climate regions. Ratios used for numerical 
model runs are indicated by vertical dashed lines. (c) Plan view of the model design. Ls 
and La are slope break and avulsion lengths, respectively. The non-erodible bed at 5 m 
above sea level represents non-erodible bedrock. (d) Schematic diagram of a river delta 
showing avulsion location, inlet sediment supply (Qs), lobe width of each avulsion (B), 
avulsion length (La) and channel widths measured at avulsion (Bc) modified from 
Chadwick et al. (2020). Numbers near the shoreline represent the number of delta lobes 
that were used to measure B; e.g. B4 on (d) represents the width of the fourth lobe built. 
Schematic cross-section showing basin depth (Hb) and topset slope (Stopset). Parameters 
shown in Fig. 1d-e are measured at each timestep during delta growth. 

2.2.Model setup 132 

 We use Delft3D software to model six scenarios. Delft3D is a physics-based model that 133 

simulates hydrodynamics and morphodynamics (Edmonds & Slingerland, 2010; Caldwell & 134 

Edmonds, 2014; Nienhuis et al., 2018a;b) and has been validated for a wide range of 135 

environments, including self-formed river deltas (Edmonds & Slingerland, 2007, 2008; 136 

Geleynse et al., 2011; Morgan et al., 2020; Nijhuis et al., 2015; Rossi et al., 2016; Williams et 137 

al., 2016). Flow is computed using depth-averaged, nonlinear, shallow-water equations 138 

obtained from three-dimensional Reynolds-averaged Navier-Stokes equations (Edmonds & 139 

Slingerland, 2010). The modelled velocity distribution is then used to compute sediment 140 

transport (only suspended load is applied in our model) and to update the bed elevation 141 

according to divergence in sediment transport (Caldwell & Edmonds, 2014). 142 

Table 1. Numerical modelling scenarios as defined in Fig. 1. 
Run 
ID 

Percentile from 
Salluvial to SDS ratio 

Alluvial 
slope, Salluvial 

Initial downstream 
slope, SDS 

Ratio of alluvial slope to 
downstream slope 

a 2.5 1.13 x 10-4 3.75 x 10-4 0.3 
b 10 2.55 x 10-4 3.75 x 10-4 0.68 
c 25 5.25 x 10-4 3.75 x 10-4 1.4 
d 50 1.01 x 10-3 3.75 x 10-4 2.7 
e 71 2.25 x 10-3 3.75 x 10-4 6.0 
f 75 3.04 x 10-3 3.75 x 10-4 8.1 

 143 

We adopted physical parameters from a previous synthetic self-formed river delta 144 

numerical model (‘scenario o’) from Edmonds & Slingerland (2010) and Caldwell & Edmonds 145 

(2014) (Fig. 1c). The model is rectangular with four boundaries, the incoming river discharge 146 
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being located at the ‘South’ boundary of the model and the other three boundaries set to 0 m 147 

elevation above sea level (Fig. 1c). The constant incoming river discharge, set at 1050 m3.s-1, 148 

is uniformly distributed across the 250 m wide inlet channel, and inlet sediment discharge is in 149 

equilibrium with transport capacity. Various alluvial slopes are achieved by having various 150 

inlet channel bathymetry in each run while maintaining the receiving basin’s bathymetry. Our 151 

modelled deltas closely represent natural deltas because the discharge ratio and the differences 152 

in bed heights between bifurcating distributary channels follow similar ranges reported for 153 

natural deltas (Edmonds & Slingerland, 2010). Sea-level remains constant within the model, 154 

and no tide or wave effects are considered.  155 

The model domain is 7.5 km x 7.5 km to avoid the delta plain extending across the 156 

model boundaries. We introduce a slope break 1 km from the inlet boundary to drive delta 157 

formation in the model’s initial bathymetry. Using the slope break-avulsion length scaling 158 

identified from global river deltas (Prasojo et al., 2022) the expected avulsion node location 159 

should emerge in each scenario at around 2.2 km from the inlet (Fig.1c). A constant sediment 160 

grain-size distribution is used throughout the model (D50 = 125μm with a normal Gaussian 161 

distribution, medium-grain silt D50 = 30μm is introduced as cohesive sediment), the critical bed 162 

shear stress for erosion = 0.10 N.m-2, and the model begins with 5 metres of fully mixed 163 

sediment. Other physical and numerical parameters were held constant across all scenarios 164 

(Table 2). 165 

During an 18 days simulation, the model produces one output every 480 minutes. Hence 166 

at the end of simulation, the model stores 52 visualisation outputs (i.e. maps). Using a 167 

morphological scale factor (morfac) of 175, these 52 maps represent 3150 days (8.6 years) of 168 

prototype time with constant input discharge. Because bankfull discharge occurs for c.2% of 169 

time on average, 18 days of simulation thus represents around 430 years of ‘real’ time (i.e. 8.6 170 

years divided by 0.02). 171 
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Table 2. User-defined model parameters (adopted from Edmonds & Slingerland (2010); 
Caldwell & Edmonds (2014)).  

Parameter Value Units 
Grid size 300 x 300 

7.5 x 7.5 
cells 
km 

Cell size 25 x 25 m 
Run duration 18 days 
Basin bed slope (downstream of slope break) 0.000375 (-) 
Initial channel dimension (width x depth) 250 x 2.5 m 
Upstream non-erodible bed elevation 5 m 
Initial channel length upstream of slope break 1000 m 
Initial avulsion length from the expected shoreline 1800 m 
Water discharge 1050 m3.s-1 
Constant water surface elevation at downstream open boundary 0 m 
Initial sediment layer thickness at bed 5 m 
Number of subsurface stratigraphy bed layers 1 (-) 
Computational time step 0.2 min 
Output interval 480 min 
Morphological scale factor 175 (-) 
Spin-up interval 720 min 

2.3.Surface metric 172 

 When the model reaches an equilibrium (i.e. model’s inlet shows constant sediment 173 

discharge and channel depth at timestep > 200 years), we begin the morphometric and avulsion 174 

timescale measurement. Avulsions throughout 18 days of simulation were empirically 175 

observed at the expected avulsion node location (Fig. 1c) or at the ‘valley exit’ in which an 176 

inlet channel meets the open water in the model. Avulsion in the model is defined when a 177 

distributive channel produced during delta formation changes its course and deposits a new 178 

delta lobe. Hence, we limit our avulsion observations to those caused by progradation or 179 

incision and not by annexation, which may occur on the more distal delta plain (Slingerland & 180 

Smith, 2004). Consequently, only the most upstream avulsions are observed in this study. 181 

Every time avulsion is observed in the model, computational timescale is noted and converted 182 

to a ‘real’ time as Ta empirical. 183 

Measured surface metrics are adopted from an analytical solution for avulsion timescale 184 

as a function of delta lobe width (B), channel width at avulsion (Bc), avulsion length (La), basin 185 

depth (Hb), magnitude of relative sea-level rise (z), topset slope (Stopset), bankfull depth (hc) and 186 
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sediment supply (Qs) (Eq. 4 from Chadwick et al., 2020). Avulsion length, delta lobe width, 187 

channel width at avulsion and delta topset slope were measured over 52 maps. The delta lobe 188 

width (B), channel width at each avulsion node (Bc) and avulsion length (La) were measured in 189 

QGIS from the georeferenced images produced by Delft3D (Fig. 1d, Table S1). Delta lobe 190 

width (B) is measured as the maximum width of each lobe, while avulsion length (La) is 191 

measured along the longest channel from the shoreline to the most upstream avulsion node 192 

located at the ‘expected avulsion node’ mentioned in Fig. 1c. Topset slope (Stopset) was 193 

calculated by linear regression through topset elevations along a longitudinal cross-section 194 

located through the centre of the model from the delta shoreline to the delta slope break 195 

introduced in the model (i.e. located 1 km from the model’s South boundary) (Fig. 1e). 196 

Sediment supply (Qs) at the channel inlet was obtained from a Delft3D visualisation software, 197 

QUICKPLOT (v2.60.65942). 198 

Bankfull depth (hc) was calculated using Eq. 1 (Parker, 2004).  199 

ℎ! =	$
𝐶"𝑄#

𝑔𝐵!#𝑆$%&'($
*

)
*
 

 

(1) 

Cf is defined as bed friction coefficient [-] = 0.002 for large lowland rivers (Parker et al., 2007), 200 

Q = bankfull discharge [m3.s-1] = 1050 m3.s-1, g = gravitational acceleration [m.s-2] = 9.81 m.s-201 

2, Bc = channel width at avulsion node [m], and finally Stopset = topset slope [-]. 202 

The avulsion timescale empirically observed at each time an avulsion occurred (Ta 203 

empirical) was correlated with all the measured morphometric variables (e.g. Qs, La, Bc, B, Stopset, 204 

Salluvial, and hc) from all 52 maps. Scatter plots and Pearson correlation coefficients (r) were 205 

used to assess the linearity of relationships and potential dependencies between all variables.  206 
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3. Results 207 

Fig. 2 shows the morphology of the deltas in each scenario at the final timestep. Overall, 208 

the different alluvial slopes produce delta plains that exhibit different shoreline configurations, 209 

different numbers of active distributary channels and slightly different delta plain sizes. One 210 

delta plain reached the model boundary (Run f) and this scenario was repeated with a larger 211 

domain size (Fig. S1) and the avulsion timescales were observed from this larger domain. 212 

 
Figure 2. (a-f) River deltas for each run at the final simulation timestep. Run f was repeated 
with a larger (12.5 x 12.5 km) model size (Fig. S1) to avoid the delta plain reaching the 
model’s boundary. Morphometric measurements for Run f were made on this larger model 
size. 

Avulsion timescale observed in the model occurs as quickly as 82.7 years with the 213 

longest of 428 years after the model starts. Skewed distribution of avulsion timescale can be 214 

observed in most scenario runs (Fig. S2) with overall median value of 297.7 years and mean 215 

value of 278.9 years. Run a and b do not show significant difference in avulsion timescale 216 

range. However, later runs show a decrease of avulsion timescale as the median value of 217 

avulsion timescale was found to be 340 years in run c, in contrast to 175 years in run f (Fig. 218 

S2). 219 
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Fig. 3 shows correlations between observed avulsion timescales in the model (Ta empirical) 220 

and the independent morphometric variables measured in each timestep and relationships 221 

between those independent variables. Ta empirical has a high correlation with sediment supply, Qs 222 

(r = -0.62; p = 6.76 x 10-10). Ta empirical  is also correlated with channel width at avulsion (Bc; r 223 

= -0.56, p = 1.76 x 10-6), topset slope (Stopset; r = -0.54; p =1.4 x 10-4), delta lobe width (B; r = 224 

0.51, p = 1.74 x 10-4), alluvial slope (Salluvial; r = -0.48, p = 8.45 x 10-4), bankfull depth (hc; r = 225 

0.48; p = 1.38 x 10-4) and avulsion length (La; r = 0.4, p = 2.18 x 10-4). 226 

Sediment load (Qs) is driven by the alluvial slope (Salluvial) that is independently defined 227 

in the model (Fig. 1a), leading to a correlation r = 0.8 between these variables (Fig. 3). A 228 

morphological consequence of sediment load is that bankfull depth (hc) is highly correlated (r 229 

= -0.86) with topset slope (Stopset) as defined from Eq. 1. Moderate correlations are found 230 

between other morphometric variables, such as Bc-B, Bc-La, B-La, Salluvial-La, because as a delta 231 

grows the delta plain and its’ constituent channels and islands enlarge in an allometric manner, 232 

as observed in natural, physical laboratory and numerical deltas (Wolinsky et al., 2010). 233 

Additionally, alluvial slope seems to control the avulsion length (r = 0.65, p < 2.2 x 10-16), 234 

consistent with the findings from a survey of global river deltas (Prasojo et al., 2022). 235 
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Figure 3. Pearson correlations between avulsion timestep (Ta empirical) and independent 
morphometric variables with N = 233 along with their distributions and correlations. Units 
on this figure are years for Ta empirical, m3.s-1 for Qs, meters for Bc, hc and La, consecutively. 
Stopset and Salluvial are dimensionless. Note that hc is autocorrelated with Stopset as shown in Eq. 
1. 

 236 

Fig. 4 shows the data from the model and ordinary least square regressions for the 237 

highest correlations in Fig. 3. The regression relationships are statistically significant and have 238 

narrow confidence bands (grey shaded areas in Fig. 4), although the data exhibit scatter and 239 

some clustering. Avulsion timescale is inversely correlated with sediment load (Fig. 4a), which 240 

may reflect high aggradation rates when sediment loads are greater. This process link becomes 241 

more apparent when considering topset slope (Fig. 4b) which is a consequence of sediment 242 

load and aggradation. The correlation between channel width and slope that results from flow 243 

energy in turn produces a negative relationship between avulsion timescale and channel width 244 

at the avulsion location (Fig. 4c). Avulsion timescales increase with the size of the delta, 245 

represented by lobe width (Fig. 4d), bankfull depth (Fig. 4e) and avulsion length (Fig. 4f). Both 246 
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lobe width and avulsion length plots contain separate clusters of data points that may indicate 247 

alternative patterns of morphological adjustment. The weak positive correlation between 248 

avulsion length and timescale challenges the hypothesis that backwater length controls avulsion 249 

timescale (Chadwick et al., 2020; Chatanantavet et al., 2012; Ganti et al., 2016a,b). 250 

 
Figure 4. Regressions of independent morphometric variables against avulsion timescale (Ta 

empirical) observed in model runs with 95% confidence band in grey (N = 233). Note that data 
exhibit scatter and some clustering (a,d) that may indicate alternative patterns of 
morphological adjustment. 
 

4. Discussion 251 

  The six scenarios used in this study provide insight into avulsion processes from the 252 

inception of delta building. Since avulsion is infrequent, it is difficult to acquire large data sets 253 

from field studies. By observing avulsions in a numerical river delta model, we can generate a 254 

large data set from which to infer the process controls over avulsion timescales. 255 
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4.1. Investigating the first-order controls of avulsion timescales 256 
Sediment load (Qs) has a high correlation with avulsion timescale observed in the model 257 

(Ta empirical) (Figs. 3,4) and Qs is controlled by the imposed alluvial slope (Salluvial) (Table 3, Fig. 258 

5). Higher alluvial slopes and sediment loads (Qs) increase the vertical aggradation rate (va) in 259 

the proximal part of the delta leading to increased topset slopes (Chadwick et al., 2020). Since 260 

avulsion timescale is proportional to the rate of vertical aggradation (Jerolmack & Mohrig, 261 

2007; Mohrig et al., 2000), higher vertical aggradation rates lead to the more frequent 262 

avulsions. Hence the avulsion timescale in our model is controlled by the alluvial slope that 263 

was defined independently in our scenarios. This sediment mass-balance approach to 264 

understanding avulsion timescales has been used in analytical solutions including a radially 265 

averaged model (Muto, 2001; Muto & Steel, 1997), a channel-averaged model (Reitz et al., 266 

2010), and backwater-scaled models (Chadwick et al., 2019; Moodie et al., 2019).  267 

Table 3. Cumulative sediment load and median avulsion timescale produced from each 
scenario. The median avulsion timescale is used to better represent the skewed distribution 
of avulsion timescale (Fig. 3). 

Run ID Alluvial slope, 
Salluvial 

Cumulative sediment load, 
ΣQsed [m3.s-1] 

Median avulsion timescale, 
Ta median [year] 

a 1.13 x 10-4 2.98 335.0 
b 2.55 x 10-4 3.07 322.5 
c 5.25 x 10-4 2.85 339.1 
d 1.01 x 10-3 3.09 330.8 
e 2.25 x 10-3 4.09 252.2 
f 3.04 x 10-3 5.47 181.9 

 268 

 
Figure 5. Relationship between sediment load (Qsed) and alluvial slopes (Salluvial) imposed to 
each scenario. 
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 269 

In this study we show how, with a constant sea-level boundary condition, top-down 270 

forcing of alluvial slope controls the likelihood for a channel to aggrade and then avulse most 271 

of its water and sediment into a new channel or the surrounding delta plain. This finding is 272 

consistent with a conceptual model of slope break-avulsion length scaling derived from a 273 

database of global river deltas by Prasojo et al. (2022). They suggested that this scaling implies 274 

that the slope break is the prevalent driver of avulsion rather than bottom-up control from 275 

backwater length or sea-level rise (Chadwick et al., 2020; Chatanantavet et al., 2012; Ganti et 276 

al., 2016b). In our model, varied in-channel aggradation due to the imposed alluvial slope acts 277 

as the dominant trigger for avulsion. This reasoning is corroborated by a numerical model in 278 

which the location of avulsion node consistently scales with the slope break due to linear 279 

diffusion of aggradation and erosion of the riverbed, even under sea-level rise (Ratliff et al., 280 

2021). 281 

4.2. Comparison with analytical solution and natural deltas 282 

Chadwick et al’s (2020) mass-balance based analytical solution is used to calculate 283 

expected avulsion timescales for our model conditions (Eqs. 3-6, Table S1). Measured 284 

independent morphometric variables are used in Eqs. 3-6 to calculate avulsion frequency (fa) 285 

and timescale (Ta). 286 

𝑓! =
1
𝑇!

=
1

%1 − 𝜆"(
𝑄#

(𝐿! − 𝐷)𝐵𝐻 + 𝐷𝐵 1𝐻$ + 𝑧 +
𝐷𝑆%&"#'%

2 5
	𝑖𝑓	𝐷 ≥ 0 (3) 

𝑓+ =
1
𝑇𝑎
=

1
-1 − 𝜆&0

𝑄'
𝐿+𝐵𝐻

	𝑖𝑓	𝐷 < 0 (4) 
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𝐷 = (𝐻 − 𝑧)/𝑆$%&'($  (5) 

𝐻 = 𝐻∗ℎ! (6) 

with fa = avulsion frequency [year-1], Qs = sediment load [m3.s-1], λp = sediment porosity [-], La 287 

= avulsion length [m], D = delta lobe-progradation distance [km], B = delta lobe width of each 288 

avulsion [m], H = aggradation thickness necessary for avulsion [m], Hb = basin depth [m], z = 289 

magnitude of sea level rise [m], Stopset = topset slope [-], H* = avulsion threshold [-], and hc = 290 

bankfull depth [m] calculated using Eq. 1. 291 

In calculating these analytical avulsion timescales, sensitivity analyses were undertaken 292 

using avulsion thresholds (H*) of 0.2, 0.5, and 1.4, which are realistic for lowland deltas (Ganti 293 

et al., 2019), and D > 0 since there is no allogenic forcing that would make the delta regress. 294 

The analytical avulsion timescales for H* = 0.2, 0.5, and 1.4 are Ta H* = 0.2, Ta H* = 0.5, and Ta H* 295 

= 1.4, respectively (Table S1). Since sea-level is constant in this study, sea level rise, z = 0. 296 

Sediment porosity (λp) is assumed to be 0.4 (Jerolmack, 2009; Paola et al., 2011), bed friction 297 

coefficient (Cf) = 0.002 for lowland rivers (Parker et al., 2007), and constant bankfull discharge 298 

(Q) = 1050 m3.s-1. 299 

Analytical avulsion timescales were then compared to avulsion timescales observed 300 

from 19 natural river deltas, two fan deltas and one downscaled physical laboratory fan delta 301 

mentioned in Chadwick et al. (2020) and Jerolmack & Mohrig (2007), using topset slope values 302 

from Prasojo et al. (2022) (Table S2).  Fig. 6 shows how avulsion timescales observed in our 303 

model fit both the pattern and the magnitude of both the analytical solution and natural delta 304 

observations when correlated with topset slope (Stopset) (Fig. 6a), sediment load (Qs) (Fig. 6b), 305 

channel width at avulsion (Bc) (Fig. 6c), delta lobe width (B) (Fig. 6d) and bankfull depth (hc) 306 

(Fig. 6e).  307 
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Figure 6. Relationships between avulsion timescales and independent variables: (a) topset 
slope with inset showing a more detail plot; (b) total sediment load; (c) channel width at the 
avulsion location; (d) delta lobe width; and, (e) bankfull channel depth from model, 
analytical equations and natural deltas. The plots show model values (Ta empirical) and those 
calculated from analytical equations (eqs. 3-6). Solid black circles are empirical results from 
the model. Grey dots and bars are results from the analytical equations using three avulsion 
threshold H* values (Ta H* = 1.4, Ta H* = 0.5, Ta H* = 0.2). Diamonds are results from the analytical 
equations applied to natural and laboratory deltas: grey diamonds have constant sea-level; 
purple diamonds are for deltas with relative sea-level rise (RSLR; mm.yr-1) colour-coded as 
shown. Data from natural deltas and the laboratory experiment are available in Table S2. 

 308 

In contrast, the avulsion timescales calculated for natural deltas (Ta natural) are not 309 

correlated with relative sea-level rise rate (RSLR) (Fig. 6a and Fig. S3). This result supports the 310 

hypothesis that the location of avulsions is unaffected by sea-level rise, as also found in an 311 
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earlier numerical model study (Ratliff et al., 2021). Avulsion location is thus controlled by 312 

upstream forcing (alluvial slope) (Prasojo et al., 2022) rather than downstream forcing by sea-313 

level rise or backwater influence (Chadwick et al., 2020; Chatanantavet et al., 2012; Ganti et 314 

al., 2016b). As in our previous field-based empirical study (Prasojo et al., 2022), these results 315 

demonstrate that total sediment load, controlled by alluvial slope upstream of a delta slope 316 

break, has a more dominant role in defining delta avulsion frequency than does sea-level. 317 

Alluvial channels may increase their sediment transport capacity through width adjustment, 318 

leading to the observed correlation between channel width and avulsion timescale (Fig. 6c). 319 

This consequently raises the question as to whether RSLR may lead to increased avulsion 320 

frequency in river deltas. 321 

Previous literature on the relationship between the frequency of avulsion and sea-level 322 

rise is equivocal. A field study conducted in Mitchell River delta, Australia found that avulsion 323 

frequency increases with sea-level fall (Lane et al., 2017). Numerical model results suggest 324 

that avulsions on the Mississippi (faster) and Trinity (slower) Rivers showed different 325 

responses to Holocene sea-level rise even though they are geographically adjacent 326 

(Chatanantavet et al., 2012; Moran et al., 2017). An example during sea-level fall from the 327 

Goose River delta, Canada, shows that avulsion frequency remained constant during this base-328 

level adjustment (Nijhuis et al., 2015). In contrast, avulsion frequency in the Rhine-Meuse 329 

delta, Netherlands, increased during the Holocene sea-level rise period (Törnqvist, 1994), 330 

possibly due to aggradation rate (Qs) being controlled by RSLR. However, we do not find Qs-331 

RSLR relationship in the 19 natural deltas reported in this study (Fig. S4).  332 

Overall, these previous studies and our results (Fig. 6) imply that while the frequency 333 

of the most upstream avulsion on a delta is controlled by upstream sediment supply, the 334 

frequency of more distal avulsions has an unclear relationship with either upstream controls or 335 
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the rate of relative sea-level change. Further investigation from numerical models, analytical 336 

models and/or field data is needed to resolve this issue. 337 

4.3. Implications for delta management 338 

Our modelling results advance our understanding about how alluvial slope, which 339 

controls sediment load input, regulates the most upstream avulsion location and timescale. Note 340 

that the avulsion analysed in this modelling study is the most upstream avulsion node 341 

associated with the slope break and/or valley exit (Fig. 1c) and not avulsion nodes located 342 

further downstream the delta plain. The complex hydraulic and sediment transport processes 343 

that deliver these correlations are linked to aggradation rate and hence topset slope. 344 

Consequently, with the increase of anthropogenic forcing both directly within river deltas and 345 

throughout upstream catchment areas (Best, 2019; Darby et al., 2015; Dunn et al., 2019; 346 

Hackney et al., 2020), delta managers can use sediment load management to reduce the risk of 347 

avulsion driven flooding. Interventions that control sediment load may be more effective than 348 

those which address other less dominant factors such as flood variability, delta size, or channel 349 

morphology (Aslan et al., 2005; Brooke et al., 2020; Edmonds et al., 2009; Nienhuis et al., 350 

2018; Slingerland & Smith, 2004; Valenza et al., 2020).  351 

However, finding a perfect balance between maintaining sediment load to nourish delta 352 

environments and to hinder deltas’ risk to coastal erosion is challenging. Current deforestation 353 

rate increases sediment supply, responsible for 25% of delta net land gain, but also hastening 354 

the next avulsion (Nienhuis et al., 2020). Alternatively, river damming is responsible for more 355 

than 50% reduction in sediment delivery, collectively leading to a loss of a delta land of 12 356 

km2 annually (Nienhuis et al., 2020). This declining sediment load not only poses threats to the 357 

long-term sustainability of deltas but also renders them susceptible to adverse effects from 358 

rising sea levels, sand mining and ecological degradation due to sediment starvation (Jordan et 359 
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al., 2019). Therefore, gaining insights into the distribution patterns and quantities of sediments 360 

in the delta is imperative to ensure its continued sustainability. 361 

4.4. Next steps 362 

An important extension of this modelling work is to vary water discharge (Q) and 363 

sediment load (Qs) as variability in these may affect the geomorphic processes controlling 364 

avulsion timescale. Multi-temporal observation of well-studied natural river deltas, such as the 365 

Yellow (Moodie et al., 2019), Mississippi (Chamberlain et al., 2018) or Rhine-Meuse (Pierik 366 

et al., 2018; Stouthamer et al., 2015) deltas, could then be used to validate model results. 367 

Moreover, incorporating other variables such as grain size and sediment cohesion, forcing 368 

through sea-level rise and subsidence, and adding vegetation that controls crevassing and 369 

consequently increases avulsion timescale in future numerical modelling should be considered 370 

(Nienhuis et al., 2018; Pierik et al., 2023; Sanks et al., 2022). In particular, considering the 371 

importance of projected global sea-level changes and the variability of results reported in the 372 

literature, better understanding of sea-level rise impacts on delta avulsion is needed.  373 

We have used a simplified modelling approach and have isolated one controlling 374 

variable while holding other factors constant. Observations of the processes and evolution in 375 

the numerical deltas shows the complexity of hydraulic and morphodynamic processes across 376 

delta plains. Future work will need to address this complexity, including: (a) How does the 377 

forcing studied here (alluvial slope) interact with a combination of other factors (e.g. sea-level, 378 

wave and tidal regimes, and anthropogenic effects)? (b) How do the other controls (e.g. Qs, Q, 379 

riverbank material, vegetation) in river deltas influence avulsion timescales? And, (c) how 380 

might these avulsion signals be preserved or shredded in the rock record? 381 

5. Conclusion 382 

We conducted a suite of numerical morphodynamic modelling experiments with 383 

variable river alluvial slopes (from 1.13x10-4 to 3.04x10-3) to understand the controls over 384 
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avulsion location and timescale in a river delta. Sediment load, which is directly driven by 385 

alluvial slope, is the dominant control of the timescale of avulsion. Mechanistically, this is due 386 

to greater sediment transport capacity over steeper alluvial slopes leading to increased sediment 387 

input to the delta plain, accelerated vertical aggradation and more frequent avulsion. The results 388 

support the hypothesis of upstream forcing controlling delta avulsion timescale and location, 389 

rather than downstream controls by backwater length or sea-level rise. A robust understanding 390 

of the main factors controlling avulsion in river deltas has significant implications due to their 391 

direct impacts on (i) coastal and inland hazards on highly populated river deltas and (ii) rock 392 

record interpretation. 393 
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