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Supplementary text 39 

A. Derivation of numerical model for backwater-scaled avulsions 40 

The numerical model was built on previous work (1) that explored controls on avulsion location on 41 

lowland deltas, but did not analyze avulsion frequency and its dependency on relative sea-level rise. The 42 

model consisted of a delta with an imposed number of lobes assumed to form a branching pattern, with 43 

only one lobe active at a given time (Fig. 1C) (1, 2). Each delta lobe is modeled as a coupled river and 44 

floodplain in a quasi-two-dimensional mass balance framework (3, 4),  45 

𝜕𝜂
𝜕𝑡 + 𝜎 = −

1
(1 − 𝜆!)

1
𝐵
𝜕𝑄"
𝜕𝑥 				(S1) 46 

where 𝜂 is channel bed elevation relative to sea level, 𝑡 is time, 𝜎 is relative sea-level rise rate, 𝑥 is 47 

downstream distance, and 𝑄" is the volumetric sediment transport capacity at position 𝑥. Sediment is 48 

deposited uniformly over lobe width 𝐵 with porosity 𝜆!. At the delta front, fluvial sediment transport 49 

transitions to gravity flows and avalanching, and deposition drives foreset progradation. We approximated 50 

progradation using a moving-boundary formulation, with a foreset of constant slope 𝑆# set to five times 51 

the transport slope (5, 6).  52 

We used the backwater equation to constrain water mass and momentum under quasi-steady 53 

flow conditions (3),  54 

𝑑𝐻$
𝑑𝑥 =

𝑆 − 𝑆%
1 − 𝐹𝑟& +

𝐹𝑟&

1 − 𝐹𝑟& 	
𝐻
𝐵$

𝑑𝐵$
𝑑𝑥 					(S2) 55 

where 𝐻$ is flow depth, 𝑆 is channel-bed slope, 𝑆% = 𝐶%𝐹𝑟& is friction slope, 𝐶% is friction coefficient, 𝐹𝑟 is 56 

Froude number, and 𝐵$ is the width of flow. We assumed flow width was contained by the channel 57 

upstream of the river mouth, and expanded at a constant spreading angle offshore (3, 7), here set to 15 58 

degrees. Following recent work (1), the location of the river mouth 𝑥' was set by the intersection of the 59 

floodplain profile 𝜂% with sea level 𝜉(,  60 

𝑥' = 𝑥|)!(+)	.	/" 				(S3) 61 

where the floodplain elevation is defined as the sum of the bed elevation and channel depth 𝐻0, 62 

 63 
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𝜂%(𝑥) = 𝜂(𝑥) + 𝐻0					(S4) 64 

Over time, the floodplain in our model aggraded in concert with the channel bed, driving river-mouth 65 

advancement. A mobile river mouth was necessary for foreset progradation to drive topset aggradation 66 

(1). 67 

We routed sediment in the river according to Engelund-Hansen (8) for total bed-material load,   68 

𝑄" = 𝐵0<𝑅𝑔𝐷1
𝛼
𝐶%
	(𝜏∗)3						(S5) 69 

where 𝑅 is submerged specific density of sediment, 𝑔 is gravity, 𝐷 is the median grain-size of bed 70 

material, 𝜏∗ is Shields number, and 𝛼 = 0.05 and 𝑛 = 2.5. All sediment delivered to the delta front was 71 

captured in the foreset (6, 9). 72 

Following recent work (1), we approximated deltaic evolution using four separate quasi-two-73 

dimensional profiles of predefined width, representing four distinct lobes. At a given time, one delta lobe 74 

was active (10, 11) and was governed by Eqs. (S1 − S5). We varied sediment supply at the upstream end 75 

with water discharge such that the normal-flow bed slope was held constant, and therefore erosion and 76 

deposition were not driven by changes in the ratio of sediment supply to water discharge (12). Inactive 77 

lobe shapes were unchanged when abandoned (13) but were partially drowned in cases due to relative 78 

sea-level rise.  79 

We used an avulsion criterion given by a critical thickness of aggradation, which we refer to as 80 

superelevation (∆𝜂): 81 

∆𝜂(𝑥) ≥ 𝐻										(S6)	87 

in which 𝐻 = 𝐻∗𝐻0 is the aggradation thickness necessary for avulsion, 𝐻0 is the bankfull channel depth, 82 

and 𝐻∗ is the avulsion threshold, a dimensionless number that is of order unity (14–16). We triggered an 83 

avulsion when and where the floodplain elevation of the active lobe exceeded the floodplain elevation of 84 

the lowest-elevation abandoned lobe (𝜂%,#5#36(376), evaluated at the same distance downstream from the 85 

trunk channel:  86 

∆𝜂(𝑥) = I
𝜂%(𝑥) − 𝜂%,#5#36(376(𝑥)			for	𝑥 ≤ 𝑥',#5#36(376
𝜂%(𝑥) − 𝜉87#																										for	𝑥 > 𝑥',#5#36(376

				(S7) 88 
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where 𝑥',#5#36(376 is the stream-wise coordinate of the abandoned-lobe shoreline. Seaward of the 89 

abandoned lobe, superelevation is measured relative to sea level (𝜉87#) (1, 17). Extreme floods may also 90 

affect the timing of any one avulsion (15, 18), but these factors were neglected following previous work (1, 91 

19, 20). For simplicity we ignored the river reach laterally spanning lobes, because lobes are much longer 92 

than they are wide (21, 22). 93 

 After avulsion, the river was rerouted to the lowest abandoned lobe by joining the bed profile of 94 

the active channel upstream of the avulsion site with the bed profile of the new flow path downstream,  95 

𝜂37$(𝑥) = IMINS𝜂#5#36(3769(𝑥), 𝜂#5#36(376&(𝑥), 𝜂#5#36(3761(𝑥)U															𝑥 > 𝑥:	
	𝜂(𝑥)																																																																																																										𝑥 ≤ 𝑥:

	(S8) 96 

where 𝑥 is distance downstream, 𝑥: is the avulsion location, 𝜂37$ is the new riverbed profile after 97 

avulsion, 𝜂 is the riverbed profile before avulsion, and 𝜂#5#36(3769, 𝜂#5#36(376&, and 	𝜂#5#36(3761 are the 98 

three abandoned-lobe long profiles. The MIN operator here selects the abandoned profile that has the 99 

minimum mean elevation, �̅�, downstream of the avulsion node, 100 

�̅� =
1

𝑥' − 𝑥:
X 𝜂(𝑥)
+#

+$
𝑑𝑥										(S9) 101 

where 𝑥' is the downstream coordinate of the river mouth. For example, if 𝜂#5#36(376&(𝑥) yielded a lower 102 

value of �̅� than both 𝜂#5#36(3769(𝑥) and 𝜂#5#36(3761(𝑥) yield, then 𝜂#5#36(376&(𝑥) was selected as the path 103 

downstream of the avulsion location. This procedure mimics the tendency of rivers to select steeper 104 

paths, fill in topographic lows (10, 23), and to reoccupy previously abandoned channels (24). After 105 

establishing the new flow path, lobe construction (Eqs. S1 − S5)	and avulsion setup (Eqs. S6	and	S7) 106 

began anew.  107 

To enable applicability across a wide range of river conditions, the model was normalized using 108 

the channel dimensions and the characteristic aggradation rate of the backwater zone, �̂�# =
9

(9;<%)
=&
>'?(

. 109 

Normalizing Eqs. (S1 − S9) yields 110 

𝜕𝜂∗

𝜕𝑡∗ + 𝜎
∗ =	−

1
𝐵∗�̀�∗"

𝜕𝑞"∗

𝜕𝑥∗ 												(S10) 111 

𝑥'∗ = 𝑥∗|)!∗ (+∗)	.	/"∗ 				(S11) 112 
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𝜂%∗(𝑥∗) = 𝜂∗(𝑥∗) + 1					(S12) 113 

𝜕𝐻$∗

𝜕𝑥∗ =
𝑆∗ − 𝑆%∗

1 − 𝐹𝑟& +
𝐹𝑟&

1 − 𝐹𝑟&
𝐻∗

𝐵$∗
𝑑𝐵$∗

𝑑𝑥∗ 												(S13) 114 

𝐶%𝑞"∗ = 𝛼(𝜏∗)3												(S14) 115 

∆𝜂∗ ≥ 𝐻∗											(S15) 116 

∆𝜂∗(𝑥∗) = I
𝜂%∗(𝑥∗) − 𝜂%,#5#36(376∗ (𝑥∗)			for	𝑥∗ ≤ 𝑥',#5#36(376∗

𝜂%∗(𝑥∗) − 𝜉87#∗ 																				for	𝑥∗ > 𝑥',#5#36(376∗ 				(S16) 117 

𝜂37$∗ (𝑥∗) = I MINS𝜂#5#36(3769∗ (𝑥∗), 𝜂#5#36(376&∗ (𝑥∗), 𝜂#5#36(3761∗ (𝑥∗)U					𝑥∗ > 𝑥:∗

	𝜂∗(𝑥∗)																																																																																																										𝑥∗ ≤ 𝑥:∗
	(S17) 118 

�̅�∗ =
1

𝑥'∗ − 𝑥:∗
X 𝜂∗(𝑥∗)
+#∗

+$
∗

𝑑𝑥∗										(S18) 119 

where 𝑥∗ = 𝑥/𝐿5 is normalized distance downstream, 𝑡∗ = 9
(9;<%)

"
@'>'?(/=&

 is normalized time and 𝑄8 is 120 

volumetric sediment supply averaged over many flood cycles, 𝐵∗ = 𝐵/𝐵0 is normalized lobe width,	𝐻$∗ =121 

𝐻$/𝐻0 is the normalized depth of flow, 𝐵$∗ = 𝐵$/𝐵0 is normalized width of flow,  𝑆∗ = 𝑆/(𝐻0/𝐿5) is the 122 

normalized bed slope, 𝑆%∗ = 𝐹𝑟&𝐶%/(𝐻0/𝐿5) is the normalized friction slope, 𝑞"∗ is the Einstein number 123 

representing dimensionless bed-material transport (25, 26) and �̀�∗" is the time-averaged Einstein number. 124 

All elevation variables were normalized by the channel depth (e.g., 𝜉87#∗ = 𝜉87#/𝐻0, 𝜂∗ = 𝜂/𝐻0).  125 

 126 

B. Model implementation 127 

For comparison of results among the numerical backwater-scaled-avulsion model (Eqs. S1-S9), 128 

the analytical backwater-scaled-avulsion model (Eq. 4), the radially averaged model (Eq. 2), and the 129 

channel-averaged model (Eq. 3), we varied the normalized relative sea-level rise rates 𝜎∗ for constant 130 

values for the other input parameters that were representative of lowland deltas (Table S2). Parameter 131 

values correspond to the case of a delta that builds into a basin that is twice as deep as the channel 132 

(𝐻5 = 2𝐻0) and experiences avulsions when the active lobe has aggraded to a height of half the channel 133 
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depth (𝐻∗ = @
@'
= 0.5) above neighboring lobes. For all model runs we assumed deltas were composed of 134 

four lobes (𝑁 = 4) with a width of forty times the channel width (𝐵 = 40𝐵0) and 40% porosity (𝜆! = 0.4),  135 

which are reasonable estimates for natural deltas (4, 21, 22, 27). Analytical models also required 136 

specification of lobe length, here set to the backwater length-scale (𝐿: = 𝐿5). In contrast, the numerical 137 

backwater-scaled-avulsion model did not require specification of lobe length, as the model naturally 138 

produced lobe lengths between half and twice the backwater length-scale (𝐿: = 0.5𝐿5-2𝐿5) based on the 139 

location of maximum aggradation (Eq. S6). 140 

The numerical model for backwater-scaled avulsions (Eqs. S1-S9) required six additional input 141 

parameters describing river flow, sediment transport, channel morphology, and a variable discharge 142 

regime, which is necessary to produce backwater-scaled avulsion nodes (1). These parameters are: 143 

bankfull Froude number in the normal-flow reach (𝐹𝑟3,5%), bankfull Shields number in the normal-flow 144 

reach (𝜏3,5%∗ ), friction factor (𝐶%), bankfull exceedance probability (𝐹5%), coefficient of variation of flow depth 145 

(𝐶𝑉), and a normalized flood duration (𝑇7∗). The bankfull exceedance probability 𝐹5% describes the 146 

frequency of overbank floods, and the coefficient of variation 𝐶𝑉 describes the magnitude of large floods 147 

relative to low flows; together, 𝐹5% and 𝐶𝑉 define a log-normal distribution of normal-flow depths (1, 28, 148 

29). The distribution was discretized into twenty logarithmically spaced bins, with each bin 𝑖 being 149 

described by normal-flow depth 𝐻3,B and probability 𝐹B. We sampled the distribution at timescale set by the 150 

normalized flood duration 𝑇7∗ =
C*

?(@'>(9;<%)/=&
, where 𝑇7	is the dimensional flood duration. For each flow bin 151 

𝑖, we varied sediment supply (𝑄8,B) using Engelund & Hansen (8) such that the normal-flow transport slope 152 

(𝑆7D) remained unchanged, 153 

𝑄8,B = 𝐵0<𝑅𝑔𝐷1
𝛼
𝐶%
g
𝐻3𝑆7D
𝑅𝐷 h

3

= 𝐵0<𝑅𝑔𝐷1
𝛼
𝐶%
S𝜏3,5%∗ 𝐻3,B∗ U

3 154 

where 𝐻3,B∗  is normal-flow depth of discharge bin 𝑖 normalized by the channel depth (𝐻3,B∗ = 𝐻3,B/𝐻0) and 155 

𝜏3,5%∗ = @'E*+
FG

. Averaged over many flood cycles, the sediment supply 𝑄8 is given by the linear combination 156 

of sediment supplies and occurrence probabilities for each flow bin,  157 

𝑄8 =i 𝑄8,B𝐹B
&H

B.9
 158 
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Similar to other model parameters, the parameters exclusive to the numerical model were held constant 159 

at values representative of lowland deltas (𝐹𝑟3,5% = 0.17, 𝜏3,5%∗ = 1, 𝐶% = 0.005, 𝐹5% = 0.05, 𝐶𝑉 = 0.53, 160 

𝑇7∗ = 0.001; Table S2). 161 

The numerical model (Eqs. S1-S9) also required specification of initial conditions. At the start of 162 

each model run, the initial topography of each delta lobe was assumed planar with a uniform downstream 163 

slope set to the transport slope for normal flow, similar to previous studies (3, 17, 30). Following previous 164 

work, each model run began with a spin-up phase during which the river occupied each lobe at least 165 

once, and thus the effect of initial conditions was minimized (1). 166 

Following the model spin-up, the numerical model (Eqs. S1-S9) was run for 13 avulsion cycles. 167 

We computed the average time 𝑇: between avulsions and calculated avulsion frequency using 𝑓: ≡ 1/𝑇:. 168 

Cycles 4, 7, 10, and 13 were excluded from the average because these cycles featured significant trunk-169 

channel sedimentation, which was not observed during most avulsion cycles and violated simplifying 170 

assumptions in the analytical model. As documented previously (1), trunk-channel sedimentation in the 171 

numerical model occurs every 𝑁 − 1 avulsions, and is associated with downstream translation of the 172 

avulsion node in tandem with shoreline progradation, similar to that observed on the Yellow River delta 173 

(15). 174 

In addition to comparison among models, we also tested the analytical backwater-scaled-avulsion 175 

model (Eq. 4), the radially averaged model (Eq. 2), and the channel-averaged model (Eq. 3) directly 176 

against field data pertaining to the Holocene period for 6 natural deltas where all model parameters could 177 

be constrained (Fig. 2, Fig. S1). For each natural delta, we calculated how 𝑓: varied with relative sea-level 178 

rise in the range 𝜎∗ =	-1 − 10, holding all other parameters to constant values specific to each delta 179 

(Table S2). Using the minimum and maximum 𝑓: among field sites for a given 𝜎∗ value, we defined an 180 

envelope of analytical model predictions that could be compared to all field data (Fig. 2, Fig. S1) 181 

 182 

 183 

 184 

 185 

 186 
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C. Nomenclature 187 

 188 
 189 
 190 

 191 

 192 

 193 

 194 

 195 

 196 

 197 

 198 

 199 

 200 

 201 

  202 

 203 

 204 

 205 

 206 

 207 

 208 

 209 

 210 

 211 

 212 

Symbol Meaning 
Dimensions (𝐿 = length,  
𝑀 = mass, 𝑇 = time,  
1 = dimensionless) 

𝐴I Delta land area 𝐿& 
𝐵 Lobe width 𝐿 
𝐵0 Channel width 𝐿 
𝐵∗ Lobe width normalized by 

channel width 
1 

𝐷 Lobe-progradation distance 𝐿 
𝐷∗ Lobe-progradation distance 

normalized by backwater 
length-scale  

1 

𝑓: Avulsion frequency 𝑇;9 
𝑓:∗ Avulsion frequency normalized 

by maximum possible avulsion 
frequency 

1 

𝐻 Aggradation thickness 
necessary for avulsion 

𝐿 

𝐻∗ Avulsion threshold 1 
𝐻5 Offshore basin depth 𝐿 
𝐻5∗ Offshore basin depth 

normalized by channel depth 
1 

𝐻0 Channel depth 𝐿 
𝐿: Lobe length (or avulsion 

length) 
𝐿 

𝐿:∗  Normalized lobe length 1 
𝐿5 Backwater length-scale 𝐿 
𝑛 Number of avulsions before a 

given lobe is reoccupied 
1 

𝑁 Number of delta lobes  
𝑄8 Volumetric sediment supply 

averaged over many flood 
cycles 

𝐿1𝑇;9 

𝑆 Channel-bed slope 1 
𝑇: Time between avulsions 𝑇 
𝑣# Aggradation rate 𝐿𝑇;9 
𝑣#∗ Aggradation rate normalized 

by characteristic aggradation 
rate of the backwater zone. 

 

�̂�# Characteristic aggradation rate 
of the backwater zone 

𝐿𝑇;9 

𝜎 Relative sea-level rise rate 𝐿𝑇;9 
𝜎∗ Relative sea-level rise rate 

normalized by sediment 
supplied to the whole delta 

1 
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D. Derivation of analytical model for backwater-scaled avulsions 213 

Our backwater-scaled analytical model averages mass balance over an avulsion cycle where 214 

lobes are assumed to build at a fixed length 𝐿: set by backwater hydrodynamics (3, 31, 32), and the river 215 

aggrades to thickness 𝐻 before an avulsion occurs (2, 14, 15). The trunk channel upstream of the 216 

avulsion node aggrades during construction of the first lobe (Fig. 1C), such that aggradation occurs only 217 

downstream of the avulsion node for subsequent avulsion cycles. We assume a uniform riverbed slope, 𝑆, 218 

and a vertical delta foreset. These assumptions are relaxed in the full numerical model, but here allow for 219 

an analytical approximation:  220 

𝑄8𝑇:
S1 − 𝜆!U

= v(𝐿: −𝐷)𝐵𝐻 + 𝐷𝐵(𝐻5 + 𝑧 + 𝐷𝑆/2)					if	𝐷 ≥ 0				
		𝐿:𝐵𝐻																																																											if	𝐷 < 0			 (S19) 221 

where 𝐷 is lobe-progradation distance just prior to avulsion, and 𝑧 is the magnitude of sea-level rise over 222 

an avulsion cycle. For 𝐷 ≥ 0, the first two terms on the right-hand side account for deposition on the delta 223 

topset and progradation of the foreset (Fig. 1B-C). For 𝐷 < 0, sedimentation is only on the topset. 224 

Combining Eq. (S19) and 𝑓: ≡ 1/𝑇: and rearranging for 𝑓: results in the solution given by Eq. (4).  225 

Geometric constraints (15) dictate that shoreline progradation is:  226 

𝐷 = 𝐿5 g𝐻∗ −
𝑧
𝐻0
h				(S20)	231 

and that the magnitude of sea-level rise during an avulsion cycle is 227 

𝑧 = 𝑛𝜎𝑇:				(S21)	232 

where 𝑛 is the number of avulsions that occur before lobe reoccupation, which —for  random switching 228 

amongst topographic low areas— is  229 

𝑛 =
𝑁 + 1
2 				(S22)	233 

where 𝑁 is the total number of lobes (2).  230 

Some parameter combinations can violate model assumptions, and so we impose three 234 

constraints. Marine transgression between avulsions must not drown the avulsion node,  235 

𝐷 > −𝐿:				(S23) 236 
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and lobes must not prograde greater than an avulsion length between avulsions,  237 

𝐷 < 𝐿:				(S24)	241 

If Eqs. (S23) or (S24) are unsatisfied, then the avulsion node is forced to migrate upstream or downstream 238 

respectively, and the backwater-scaled analytical model is not applicable, but the numerical model still 239 

holds. Lastly, sea-level fall cannot drop below the basin floor,  240 

𝑧 > −𝐻5				(S25) 242 

or else the channel is predicted to incise and avulsions do not occur.  243 

Similar to the numerical model, the analytical model was normalized using the channel 244 

dimensions and characteristic aggradation rate of the backwater zone, �̂�# =
=&
>'?(

. Normalizing Eqs. (S19 −245 

25) yields 246 

1
𝑓:∗
= y(𝐿:

∗ −𝐷∗)𝐵∗𝐻∗ +𝐷∗𝐵∗ g𝐻5∗ + 𝑧∗ +
1
2𝐷

∗h 	if	𝐷 ≥ 0				

		𝐿:∗𝐵∗𝐻∗																																																											if	𝐷 < 0			
(S26) 247 

𝐷∗ = 𝐻∗ − 𝑧∗				(S27) 248 

𝑧∗ = 𝜎∗𝑇:∗/𝐵∗				(S28)	249 

𝑛 =
𝑁 + 1
2 				(S29) 250 

𝐷∗ > −𝐿:∗ 				(S30) 251 

𝐷∗ < 𝐿:∗ 				(S31) 252 

where 𝑓:∗ =
%$

=&/@'>'?((9;<%)
 is normalized avulsion frequency, 𝐷∗ = 𝐷/𝐿5 is normalized shoreline-253 

progradation distance, 𝐿:∗ = 𝐿:/𝐿5 is normalized lobe length (or avulsion length), and 𝑧∗ = 𝑧/𝐻0 is 254 

normalized magnitude of relative sea-level rise between avulsions on a given lobe. Rearranging Eq. (S26) 255 

results in a normalized version of Eq. (4),  256 

𝑓:∗ =

⎩
⎪
⎨

⎪
⎧

1

(𝐿:∗ −𝐷∗)𝐻∗𝐵∗ +𝐷∗𝐵∗ ~𝐻5∗ + 𝑧∗ +
1
2𝐷

∗�
				if	𝐷∗ ≥ 0

1
𝐿:∗𝐻∗𝐵∗ 				if	𝐷

∗ < 0
				(S32) 257 
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The analytical model, Eqs. (4) and (S32), is a general solution that encompasses the channel-258 

averaged model (Eq. 3), which can be recovered by assuming no shoreline progradation (𝐷 = 𝐷∗ = 0) 259 

and no floodplain (𝐵∗ = 𝐵/𝐵0 = 1), and the radially averaged model (Eq. 2), with a further assumption that 260 

the delta area reflects an equilibrium between sediment supply and sea level rise (𝑛𝐿:𝐵 = Δ𝐴 =261 

9
(9;<%)

=&
J
, or	equivalently		σ∗ = 𝐿:∗ = 1). The normalized form of the radially averaged model (Eq. 2) is 262 

𝑓:∗ =
𝜎∗

𝑛𝐵∗𝐻∗ 					(S33) 263 

Similarly, the normalized channel-averaged sediment mass balance model (Eq. 3) is 264 

𝑓:∗ =
1

𝐿:∗𝐻∗ 				(S34) 265 

Incorporating a lobe width into the channel-averaged model (𝐵0 → 𝐵 in Eq. 3) yields  266 

𝑓:∗ =
1

𝐿:∗𝐻∗𝐵∗ 				(S35) 267 

 268 

 269 

 270 

 271 

 272 

 273 
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 274 

Fig. S1. Model results for normalized aggradation rate 𝑣#∗ =
K,

=&/L9;<%M@'>'?(
 as a function of normalized 275 

relative sea-level rise 𝜎∗, showing progradation-dominated, rise-dominated, and supply-limited regimes. 276 

Aggradation rates reported in Table S1. Black circles and error bars show the median, minimum, and 277 

maximum from 13 avulsions that occurred for each numerical backwater-scaled-avulsion model run. Gray 278 

solid line is analytical backwater-scaled-avulsion model (Eq. 4; Eq. S32), and dashed lines are radially 279 

averaged model (Eq.	2; Eq. S33), channel-averaged model (Eq. 3; Eq. S34), and channel-averaged model 280 

incorporating a lobe width (Eq. 3 with 𝐵0 → 𝐵; Eq. S35) for 𝐻∗ = 0.5, 𝐿: = 𝐿5 , 𝐻5 = 2𝐻0 , 𝑁 = 4, and 𝐵 =281 

40𝐵0. White diamonds are data for cases where all parameters are constrained including pre-industrial 282 

historical avulsions on the Huanghe, and avulsions during the Holocene period for the other deltas. Gray 283 

shaded regions are envelopes of analytical model solutions using 𝐻∗, 𝐿:, and 𝐻5 values reported for each 284 

natural delta (Table S2). 285 
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 286 

Fig. S2. Normalized avulsion frequency predictions according to the radially averaged model (A-E) and 287 

channel-averaged model (F-J), with systematic variation of basin depth, avulsion threshold, lobe length, 288 

and lobe width. Other model parameters were set to constant values typical of large lowland deltas (𝐻∗ =289 

0.5, 𝐿: = 𝐿5 , 𝐻5 = 2𝐻0 , and 𝐵 = 40𝐵0; Table S2). Predictions for falling sea level and basin depth are 290 

shown in panels E and J. Analytical backwater-scaled-avulsion model predictions for the same parameter 291 

space are shown in Figure 3. 292 
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Table S1. Field data used in this study 293 

 294 

Bankfull channel depth (𝐻0), channel width (𝐵0), aggradation rates (𝑣#), and avulsion frequencies (𝑓:) are 295 
reported in (33), and avulsion lengths (𝐿:) and backwater lengths (𝐿5) are reported in (3, 15). Avulsions 296 
occurred during the Holocene period, with the exception of the Huanghe where pre-industrial historical 297 
avulsions are documented (15). Basin depths (𝐻5) are reported in (34). Sediment supplies (𝑄8) are 298 
reported in (35), and were converted here to volumetric rates using a sediment density of 2650	kg/m1. 299 
The avulsion threshold for each site was estimated using 𝐻∗ = 𝑣#/(𝑓:𝐻0) following (15). Eustatic sea-level 300 
rise (𝜎7N) was estimated from (36) using the average rate during the period that avulsion frequency was 301 
measured. Coastal subsidence rates (𝜎8N5) are reported in (37–41), and for sites where data were 302 
unavailable we assumed an average value for deltas (1.4 mm/yr) following (42). Relative sea-level rise (𝜎) 303 
was calculated as the sum of eustatic sea level rise and coastal subsidence (𝜎 = 𝜎7N + 𝜎8N58). Data for the 304 
Danube, Goose, Mitchell, and Trinity were compiled from recent studies (30, 43–45). Deltas were 305 
assumed to be composed of four lobes (𝑁 = 4) with width of forty times the channel width (𝐵 = 40𝐵0) and 306 
40% porosity (𝜆! = 0.4),  which are reasonable estimates for natural deltas (4, 21, 22, 27). Empty table 307 
entries indicate data were not available.  308 

 309 
 310 

River 𝑯𝒄 𝑩𝒄 𝑳𝒃 𝑸𝒔 𝑯𝒃 𝑳𝑨 𝝈𝒆𝒖 𝝈𝒔𝒖𝒃 𝝈 𝑩 𝑵 𝝀𝒑 𝒗𝒂 𝑻𝑨 𝒇𝑨 

  [m] [m] [km] [km3/year] [m] [km] [mm/yr] [mm/yr] [mm/yr] [km] [-] [-] [mm/yr] [yr] [1/kyr] 

Parana 11.8 1270 295.0 3.0E-02 40 210 1.6 1.4 3.0 50.8 4 0.4 5 1633 0.6 

Danube 6.3 1250 125.0 2.5E-02 50 95 – – 0.2 50 4 0.4 2.5 1991 0.5 

Nile 16.2 240 254.0 4.5E-02 120 210 1.5 3 4.5 9.6 4 0.4 – – – 

Mississippi 21.0 650 480.0 1.5E-01 80 490 1.3 1 2.3 26 4 0.4 10 1250 0.8 

Assiniboine 4.2 100 8.4 3.6E-04 7 12 – – – 4 4 0.4 1.4 1000 1.0 

Rhine-
Meuse 

5.0 700 45.5 1.2E-03 18 51 1.5 0.1 1.6 28 4 0.4 1.6 1450 0.7 

Magdalena 6.0 1100 63.2 8.3E-02 200 67 1.5 1.4 2.9 44 4 0.4 3.8 – – 

Orinoco 8.0 2000 133.3 5.7E-02 110 78 1.3 1.4 2.7 80 4 0.4 2.1 1000 1.0 

Mid-
Amazon 

12.0 3000 400.0 4.5E-01 50 404 1.5 1.4 2.9 120 4 0.4 5 – – 

Upper 
Rhone 

5.4 377 135.2 1.2E-02 70 – 1.5 1.4 2.9 15.08 4 0.4 2 1450 0.7 

Huanghe 3.5 500 35.0 4.2E-01 30 31 0.3 1.4 1.7 20 4 0.4 100 7 142.9 

Brahmaputra 7.0 3300 70.0 2.0E-01 80 – 1.4 10 11.4 132 4 0.4 20 500 2.0 

Goose 2.0 100 0.9 1.3E-04 10 – – – -3 4 4 0.4 1.98 333 3.0 

Mitchell 7.0 100 23.3 1.1E-03 15 – – – -0.25 4 4 0.4 – 63 16.0 

Trinity 5.0 200 31.3 2.3E-03 8 – – – 4.2 8 4 0.4 1.1 – – 
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Table S2. Normalized model input parameters  311 

River or model run 𝝈∗ 𝑯𝒃

𝑯𝒄
 𝑯∗ 𝑳𝑨

𝑳𝒃
 

𝑩
𝑩𝒄

 𝑵 𝑭𝒓𝒏,𝒃𝒇 𝝉𝒏,𝒃𝒇∗  𝑪𝒇 𝑭𝒃𝒇 𝑪𝑽 𝑻𝒆∗  

  [-] [-] [-] [-] [-] [-] [-] [-] [-] [-] [-] [-] 

Parana 2.3 3.4 0.69 0.7 40 4 0.09 0.98 0.005 0.12 0.18 1.9E-04 

Danube 0.076 7.9 0.79 0.8 40 4 0.10 0.66 0.005 0.10 0.27 3.0E-03 

Nile 3.7 7.4 – 0.8 40 4 0.11 1.62 0.005 0.05 0.65 6.4E-02 

Mississippi 0.29 3.8 0.60 1.0 40 4 0.09 1.88 0.005 0.06 0.44 1.8E-03 

Assiniboine – 1.7 0.33 1.4 40 4 0.32 2.63 0.005 – – 2.8E-03 

Rhine-Meuse 2.6 3.6 0.46 1.1 40 4 0.15 0.69 0.005 – – 2.0E-04 

Magdalena 0.15 33.3 – 1.1 40 4 0.14 1.02 0.005 – – 5.5E-03 

Orinoco 0.77 13.8 0.26 0.6 40 4 0.11 1.00 0.005 0.43 0.61 7.4E-04 

Mid-Amazon 0.47 4.2 – 1.0 40 4 0.08 0.90 0.005 – – 8.7E-04 

Upper Rhone 1.0 12.9 0.54 – 40 4 0.09 0.61 0.005 – – 6.4E-04 

Huanghe 0.0043 8.6 0.20 0.9 40 4 0.14 2.19 0.005 0.22 0.91 3.8E-01 

Brahmaputra 0.80 11.4 1.43 – 40 4 0.14 0.88 0.005 0.08 0.68 3.7E-03 

Goose -0.13 5.0 0.33 – 40 4 0.68 8.46 0.005 – – 2.0E-02 

Mitchell -0.033 2.1 – – 40 4 0.24 – 0.005 – – 1.9E-03 

Trinity 0.69 1.6 – – 40 4 0.18 2.00 0.005 – – 2.1E-03 

Backwater-scaled 
numerical model 

-1 – 10 3 0.5 – 40 4 0.17 1.00 0.005 0.05 0.53 1.0E-03 

Analytical models 
(radially averaged, 
channel-averaged, 
backwater-scaled)  

-1 – 10 3 0.5 1 40 4 – – – – – – 

Envelope of 
analytical model 

solutions in Fig. 2 & 
Fig. S1 

-1 – 10 3 – 14 0.2 – 0.7 0.5 – 2 40 4 – – – – – – 

 312 
All values were calculated using field data in Table 1 and discharge time series in Ganti et al. (15). 𝜎∗ =313 

J
=&/3>?(L9;<%M

 is normalized relative sea-level rise rate, 𝐻5/𝐻0 is basin depth normalized by channel depth, 314 
𝐻∗ is avulsion threshold, 𝐿:/𝐿5 is avulsion length normalized by backwater length-scale, 𝐵/𝐵0 is lobe 315 
width normalized by channel width, 𝐹𝑟3,5% is bankfull Froude number in the normal flow reach, 𝜏3,5%∗  is 316 
bankfull Shields number in the normal flow reach, 𝐶% is friction coefficient, 𝐹5% is bankfull exceedance 317 
probability, 𝐶𝑉 is coefficient of variation of stage height, and 𝑇7∗ =

C*
@'>'?((9;<%)/=&

 is normalized flood 318 
duration where 𝑇7 = 1 month. Empty table entries indicate data were not available. 319 

 320 

 321 

 322 

 323 

 324 
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Table S3. Modern relative sea-level rise rates and expected avulsion frequencies from the backwater-325 
scaled-avulsion model  326 

 327 

 328 
Modern relative sea-level rise rates (𝜎 = 𝜎7N + 𝜎8N5, where 𝜎7N and 𝜎8N5 are eustatic sea-level rise and 329 
land subsidence components, respectively) were measured by tide gauges on each delta over the 330 
twentieth century, as reported by Syvitski et al. (2009). Corresponding normalized relative sea-level rise 331 
(𝜎∗) was calculated assuming no change in other model parameters (Table S1). Modern expectations for 332 
avulsion timescale (𝑇:) and avulsion frequency (𝑓: ≡ 1/𝑇:) were determined using the analytical 333 
backwater-scaled-avulsion model. Empty table entries indicate data were not available. 334 

 335 

 336 

 337 

 338 

 339 

 340 

 341 

 342 

 343 

 344 

 345 

     
River 𝝈 𝝈* 𝑻𝑨 𝒇𝑨 

  [mm/yr] [-] [yr] [1/kyr] 
Parana 2–3 1.5–2.3 1797 0.6 
Danube 1.2 0.46 1423 0.7 

Nile 4.8 0.40 – – 
Mississippi 5–25 0.64–3.2 897 1.1 
Assiniboine – – – – 

Rhine-Meuse – – – – 
Magdalena 5.3–6.6 0.27–0.34 – – 

Orinoco 0.8–3 0.23–0.87 269–833 1.2–3.7 
Mid-Amazon – – – – 
Upper Rhone 2–6 0.73–2.2 – – 

Huanghe 8–23 0.02–0.06 5–6 170–220 
Brahmaputra 8–18 0.56–1.3 – – 

Goose – – – – 
Mitchell – – – – 
Trinity – – – – 
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