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Text S1: Avulsion database 

a. New avulsion events mapped using satellite imagery 

We followed previous work to identify avulsions from the time series of satellite imagery 

(31, 38). We located avulsion events on alluvial fans and deltas by manually examining planform 

change in rivers across the global coastlines, lakes, and mountain fronts. We focused on the lobe-5 

scale avulsions, i.e., the largest-scale avulsion events that occur at the apex of fans and deltas that 

caused a permanent shift in the river course from the apex to the axial river or the shoreline. We 

did not consider intralobe avulsions and bifurcations at the river mouths in our study. The 

controls on the location where intralobe avulsions and bifurcations occur is different than lobe-

scale avulsions, which set the size of fans and deltas. Thus, it is critical to assess avulsions using 10 

a time series of satellite imagery rather than static satellite images where avulsions can be 

conflated with bifurcations. The time between successive avulsions is inversely proportional to 

the in-channel sedimentation rates (39), which in turn is set by fluvial sediment supply (40). 

Avulsion timescales on the order of years to decades that facilitate the direct observation of 

avulsions in the satellite record, therefore, occur in the tropics and regions where steep, 15 

sediment-laden rivers could form deltas.  

We identified avulsions using a combination of the global surface water change masks (18) 

and analysis of the time series of Landsat imagery. In most cases, avulsion locations were 

immediately apparent from surface water change masks (Fig. S1), showing clearly where 

previous channels had been abandoned in favor of a new channel feeding its new delta or fan 20 

lobe. We also downloaded and curated the full Landsat time series data for each candidate 

avulsion event, and turned these images into time-lapse animations (see videos S1 and S2 for 

delta and fan avulsion time-lapse examples), where each cloud-free image represented a single 

frame. We explored the available NASA/USGS Landsat archive (1972-2021) for cloud-free 

multispectral images, which included Landsat 1-4 MSS sensor data with ~60 m pixel resolution 25 

(up to 1984 C.E.) and Landsat 5-8 TM/ETM+/OLI ~30 m pixel resolution data (1984 C.E. 

onwards). The advantage of full time-lapse animations was the ability to discriminate between 

rapid yet continuous migration of river channels across the floodplains from avulsion events. 

Further, this method allowed us to distinguish lobe-scale avulsions from intralobe avulsions 

(where the flow rejoins the trunk channel at a downstream location) and bifurcations. To better 30 
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highlight changes in surface water, we employed the near-infrared (NIR) bands (Fig. S1) and 

indices such as the Normalized Difference Water Index (NDWI) when analyzing the Landsat 

imagery (Movie S2). 

We used the aforementioned methodology to locate avulsions globally. For each avulsion 

event, we recorded the latitude and longitude of the avulsion site (Table S1), i.e., the location at 5 

which the river pathway diversion was initiated. In all cases, the avulsion location was stable 

during the relocation process. The mapping of avulsion sites was possible using the Landsat 

image taken closest to the avulsion event, with avulsion sites marked as a point on the channel 

centerline. The error of avulsion locations is hence half the width of the channel. To assess 

topographic changes at the avulsion sites, we extracted topographic swath profiles across the 10 

avulsion sites (see Text S2). For the delta avulsion sites, we estimated the avulsion length, LA, 

which was defined as the streamwise distance from the avulsion site to the river mouth of the 

parent channel at the time the avulsion was initiated. For this computation, we chose the Landsat 

image that best captured the avulsion event and manually measured the streamwise distance 

between the avulsion site and river mouth in QGIS.  15 

Finally, to mitigate selection bias, we worked as three separate teams to independently record 

the location and timing of avulsion events across the globe. In doing so, we were able to 

corroborate each avulsion site and confirm its validity as a lobe-scale avulsion event, and 

whether the exact timing could be determined from a thorough exploration of the Landsat 

imagery archive. In total, we identified 90 avulsion events in the satellite record of which 13 20 

avulsion events were previously reported (6, 31, 35, 41). The other 23 avulsion events in our 

global database were previously reported in the literature and pre-dated the satellite record. 

b. Compilation of previously-reported historical river avulsions on fans and deltas 

We augmented the new observations of avulsions with a compilation of previously-reported 

avulsions on fans and deltas. For the delta avulsions, we restricted our analysis to avulsion sites 25 

that were either mapped in satellite imagery or on historical maps, which allowed for an 

assessment of the avulsion length, LA. In total, we compiled 36 previously-reported lobe-scale 

avulsions on fans and deltas (Table S1). The majority of these avulsions were from large, 

lowland delta systems. Our database included 6 avulsions mapped on the Sulengguole River 

delta using landsat imagery (35), 7 delta avulsions and 9 fan avulsions on the Huanghe (9, 13), 30 



Submitted Manuscript: Confidential 
Template revised February 2021 

4 
 

which were located on historical maps (42–44), 8 avulsion sites mapped on large, lowland river 

deltas (22, 25), 5 delta avulsion sites on the island of Madagascar located using satellite imagery 

(31), and the Kosi river avulsion of 2008 C. E (6). We analyzed all these previously-reported 

avulsions by computing the topographic changes associated with avulsions (Text S2) and the 

flood variability controls on avulsions (Text S4). We also excluded, to the best of our 5 

knowledge, the avulsions that were engineered, i.e., human-made flow diversions.  

Text S2: Extraction of topographic swath profiles from global digital elevation models 

Channel floodplain and adjacent topographic swath profiles were extracted from a 

combination of NASA’s ~30 m spatial resolution Shuttle Radar Topography Mission (SRTM) 

and JAXA’s ~30 m spatial resolution ALOS Global Digital Surface Model (AW3D30) elevation 10 

datasets (Fig. S2). The SRTM mission was conducted in February 2000 C.E., and the AW3D30 

is a composite model of multiple ALOS stereo pairs taken between 2006 to 2011 C.E. We chose 

this combination of multiple observations of elevation for each site because it is likely to 

improve the signal-to-noise ratio, when compared to having a single capture in 2000 C.E. The 

SRTM data is prone to noise, especially at low elevations near the shoreline, due to radar 15 

backscatter anomalies from standing water and vegetation. The AW3D30 data, however, is less 

prone to error from standing body of water. We used a combination of elevation values from 

SRTM and AW3D30 products to a create a single channel-floodplain and topographic swath 

profile for each river to better mitigate surface model artifacts. For all rivers in the avulsion 

database, channel paths were drawn manually using NASA/USGS Landsat imagery taken closest 20 

in time immediately preceding an avulsion event. For narrower, < 30 m wide channels in upland 

regions, channel paths were drawn manually from high-resolution satellite/aerial imagery tiles 

supplied by Microsoft Bing using the QuickMapServices plugin in QGIS desktop. Floodplain 

masks were drawn manually to ensure that floodplain swaths did not include higher elevation 

areas within 10 channel-widths either side of mapped channel. We also manually ensured that 25 

the effects of obvious topography above floodplain, structures, and other human-made objects 

were not included in our floodplain masks. We did not sample elevations along the channel 

profiles and our floodplain masks captured the broad elevation changes along the floodplain 

upstream and downstream of the avulsion sites. When adjacent hillslope elevation was to be 

measured for topographic swath profiles, unmasked elevation models were used in order to 30 

capture changes in channel confinement (Fig. S2).  



Submitted Manuscript: Confidential 
Template revised February 2021 

5 
 

We centered the elevation profiles on the avulsion sites, and measured elevations within 

10 channel-widths either side of the channel. The longitudinal extent of the profiles extended 40 

channel-widths upstream and downstream of avulsion sites. We used a SavGol filter on the 

profiles to reduce the noise. We visually ensured that the data were not oversmoothed with too 

large of a convolution window, so each river had a manually chosen window size that best 5 

captured the trends in the raw elevation data. To assess major topographic changes in valley 

slope or confinement across the avulsion sites, we computed the topographic slope-break in the 

swath profiles by estimating the local slope upstream and downstream of the avulsion sites; 

where 5 slope measurements were taken (a minimum 1 km bin length) with two bins dividing 

each study reach upstream and downstream of the avulsion node (~20 x channel width for each 10 

bin). We recorded the median and interquartile range of the slope for each bin. When avulsion 

sites were less than 20 channel widths from the shore, local slopes estimates were collated into a 

single downstream bin of length LA.  

Our results demonstrated all avulsions on fans and fan-deltas were associated with at 

least a threefold topographic slope-break in the swath profiles. The topographic slope-break in 15 

these profiles is indicative of an abrupt change in valley confinement, consistent with classical 

views of drivers of avulsions on fans. The abrupt change in valley-confinement on fans was 

further exemplified by the deviation of the channel-floodplain and valley profiles across the 

avulsion sites (Fig. S2; Fig. 1 in main text). Only one fan in our compilation (Fig. S3) did not 

show an apparent slope-break in the topographic swath profile because of backfilling of the fan. 20 

However, the avulsion site on this fan in Ethiopia was tied to abrupt valley-confinement change 

as evidenced by radially-emanating topographic profiles outside of the main fan (Fig. S3).  

Text S3: Estimation of river morphometry to test the controls of avulsion locations on 

deltas 

We compared the measured avulsion length on deltas with the estimated backwater lengthscale 25 

to test the emerging backwater theory for avulsions (9, 11, 12, 22, 25) (Fig. S4). We computed 
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the backwater lengthscale by estimating the riverbed slope, S, and the bankfull flow depth, hbf, 

upstream of the avulsion site (45). 

a. Riverbed slope 

Previous researchers had estimated S in the field for some of the study reaches in our 

compilation, and we directly used these estimates for the computation of the backwater 5 

lengthscale (Table S1; compiled in (11–13, 22, 33, 34)). When field measurements of S were not 

available, we used a global geospatial dataset of river slope, computed from the 15arc-sec 

resolution HydroSHEDS DEM and stream network (46). We validated this model using 42 

measured riverbed slopes that spanned 5 continents, which were previously reported in the 

literature (22, 33, 46). We found the measured and estimated riverbed slopes were in close 10 

agreement, with the ratio of the measured and estimated values having a mean and median of 

1.07 and 0.93, respectively (Fig. S5). The 1st and 3rd quartiles of the ratio of measured and 

estimated riverbed slopes were 0.66 and 1.33, respectively, with a minimum and maximum value 

of 0.12 and 2.78, respectively (Fig. S5).  

When the 15arc-sec resolution was too coarse for computation of S (i.e., when multiple rivers 15 

are present within the single pixel at that resolution), we approximated S as the channel-

floodplain slope in the masked composite SRTM and AW3D30 data (Text S2), following 

previous work (31). Rivers within the backwater zone typically have low sinuosity, and hence 

the floodplain slope is a reasonable approximation of the riverbed slope. All the riverbed slopes 

used in this study are tabulated in Table S1.  20 

b. Bankfull flow depth 

We used the field measured values of bankfull flow depth upstream of the avulsion site when 

reported by previous authors (compiled in (11–13, 22, 33, 34)). In the absence of field estimates, 

we used an empirical approach modified from the river morphology module in the CaMa-Flood 

model (47), following (32): 25 

ℎ"# = 𝑀𝑎𝑥[0.5𝑄-../, 1.0] (S1) 

where 𝑄-	is the long-term average water discharge, estimated from a global monthly dataset of 

water discharge over the last four decades (32). To test the validity of equation S1, we compiled 
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hbf or the median bed-material grain size for a subset of rivers such that hbf can be estimated from 

an empirical bankfull Shields stress criterion (48). Across the 16 rivers in this subset, equation 

S1 provided an accurate prediction of hbf. Importantly, we found that equation S1 provides a 

reasonable approximation of hbf for study reaches that cover the entire spectrum of flow depths 

from ~1 m to 20 m. The mean and the median of the ratio of measured and estimated bankfull 5 

flow depths were 1.06 and 0.83, respectively. The 1st and 3rd quartiles of the ratio of measured 

and estimated bankfull flow depths were 0.63 and 1.14, and the minimum and maximum values 

of this ratio were 0.52 and 3.35, respectively (Fig. S5).  

c. Quantifying uncertainty in modeled slope and bankfull flow depth 

We quantified the uncertainties in modeled S and hbf using the ratio of the measured and 10 

estimated quantities shown in Figure S5. For each quantity, denoted here as X, we quantified the 

expected value and the uncertainty as follows: 

𝑋5 = 𝑚𝑒𝑑𝑖𝑎𝑛 ;𝑋<=>? 𝑋@A=BC D × 𝑋@A=B (S2) 

𝛿𝑋5 = 0.5 × 𝐼𝑄𝑅 ;𝑋<=>? 𝑋@A=BC D × 𝑋@A=B (S3) 

where the subscripts meas and pred denote the measured and predicted values of the quantity of 15 

interest. This uncertainty in modeled riverbed slope and bankfull flow depth was carried over 

into the estimation of the backwater lengthscale and the dimensionless flood duration and 

dimensionless avulsion length. 

d. Estimation of backwater lengthscale 

We approximated the length over which nonuniform flows prevail due to the standing body 20 

of water in the receiving basin using the backwater lengthscale given by (45): 

𝐿"--- =
JKL
M

 (S4) 

Where available, we used field estimates of hbf and S to compute the backwater lengthscale. In 

the absence of field estimates, we computed the backwater lengthscale by following the 

methodologies outlined in previous subsections to evaluate the bankfull flow depth and the 25 

riverbed slope. The uncertainty in the estimated backwater lengthscale was computed as: 
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𝛿𝐿"--- = 𝐿"---N;
OJKL
JKL

D
P
+ ROM

M
S
P
 (S5) 

We used equations (S2) and (S3) when modeled flow depth and riverbed slope were used for the 

computation of the backwater lengthscale. When we approximated the slope using the 

SRTM/AW3D30 data, we evaluated the uncertainty of estimated S as the spread of local slopes 

measured within a single window of size 20x channel width, following previous work (31). We 5 

reported the estimates from equations (S4) and (S5) for each delta avulsion as the marker and the 

error bar in Figure 3A of the main text, respectively. 

Finally, for all study reaches, we estimated the long-term water discharge, and the long-

term suspended sediment discharge from the WBMSed model (32). This model was previously 

used to quantify the morphological response of global river deltas to deforestation, relative sea-10 

level changes, and classify the delta morphology (36, 49).  

We also note that our global database of avulsions on river deltas are inconsistent with the 

emerging geometric hypothesis for avulsions on deltas (23). Using numerical models, it has been 

recently argued that backwater-scaled avulsions on deltas can arise from purely geometric 

constraints, without the need for flood discharge variability (11, 23). In this scenario, avulsions 15 

are set up by the geometry of the prograding delta lobe. Geometrical constraints dictate that the 

active delta lobe must prograde by a distance that scales with the backwater lengthscale for the 

riverbed to aggrade by an amount that scales with the bankfull flow depth at the avulsion site, 

which leads to backwater-scaled avulsions, only if the floodplain elevation is held at sea level 

(11, 23). However, the lack of a slope-break in the floodplain elevation profiles coincident with 20 

the avulsion location (Fig. 2), the scaling of the avulsion length with the backwater lengthscale 

only for rivers with 𝑇=∗ ≲ 1 and not for rivers with 𝑇=∗ > 1 are inconsistent with the geometric 

hypothesis for avulsions on deltas. These observations instead support the hypothesis that 

backwater hydrodynamics and flood variability are a key control on setting up avulsions on river 

deltas (11, 12) (Fig. S4). 25 

Text S4: Estimation of dimensionless flood-variability parameters  

To evaluate the dependence of the dimensionless avulsion length on flood variability, we 

computed the dimensionless flood duration, given by (11, 31): 
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𝑇=∗ =
XYZ[\]
X^_`

 (S6) 

where tscour is the typical duration of the bankfull-overtopping flood and tadj is the bed-adjustment 

timescale, which is computed as (11, 29, 33): 

𝑡>Bb =
JKLcK----

defghijY
= JKLcK----kKL

defghilY
 (S7) 

where Wbf is the bankfull channel width, 𝜆@ = 0.4 is the bed porosity, and Qs and qs are the 5 

volumetric sediment flux and the unit volumetric sediment flux during bankfull-overtopping 

floods, respectively. In equations (S6) and (S7), we evaluated hbf and 𝐿"--- using methods outlined 

in Text S3, and we evaluated tscour following previous work (31). We first approximated the 

bankfull discharge as the peak-annual water discharge with a recurrence interval of 2 years using 

the simulated monthly discharge data from 1980 to 2020 C.E. globally (32). We then equated 10 

tscour to the continuous duration of time for which the monthly water discharge exceeded the 

bankfull water discharge (Fig. S6). Finally, we computed the mean and standard deviation of 

tscour for every coastal and lacustrine river in our compilation. The typical flood duration was well 

constrained across the global rivers with a mean and standard deviation of 1.78 and 0.69 months, 

respectively, and a minimum and maximum of 1.07 and 6.13 months, respectively. We evaluated 15 

Qs during bankfull-overtopping floods using the paired data of simulated monthly water and 

suspended discharge for each study reach (32). For each duration of tscour, we computed Qs as the 

total volume of simulated suspended sediment discharge during bankfull-overtopping flood 

normalized by the duration tscour. We then computed the mean and standard deviation of Qs 

during each flood on record in the simulated time series of 40 years. To evaluate qs, we 20 

normalized Qs by the bankfull channel width, which was approximated using an empirical 

approach modified from the river morphology module in the CaMa-Flood model (47), following 

(32):  

𝑊"# = 𝑀𝑎𝑥[15𝑄-..p, 10] (S8) 

We note that the modeled total suspended discharge is an upper bound for the bed-material load 25 

during floods. The WBMSED 2.0 model provides a reasonable approximation of sediment 

discharge when compared against field observations (a coefficient of determination of 0.66 (32)); 

however, accurate sediment discharge measurements are challenging and the model data should 

be considered as estimates. While the bed-material load of gravel and sand-bedded rivers is 

dominated by suspended sediment load during floods (50, 51), the fraction of wash load in the 30 

suspended sediment discharge can be variable. For example, numerical models indicate that the 
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average fraction of wash load in the suspended sediment discharge for the rivers in contiguous 

United States is approximately 62% (52), and recent work also indicates that wash load in coastal 

environments may interact with the bed because of mud flocculation (53). The partitioning of 

total suspended sediment discharge into wash load and suspended bed-material load and the 

model uncertainties may impact our estimates of the dimensionless flood duration; however, 5 

these variations are likely to be small compared to the 8 orders-of-magnitude variation observed 

in the dimensionless flood duration for our global compilation.  

We computed the representative value of Te* for each river using the mean quantities in 

the right-hand side of equation (S6) and evaluated the uncertainty in Te* using: 

Oqr∗

qr∗
= sROXYZ[\]

XYZ[\]
S
P
+ ROjY

jY
S
P
+ ROcK

----

cK----
S
P
 (S9) 10 

where 𝛿(. ) denotes the standard deviation of the quantity. In Figure 3B of the main text, we 

plotted the mean and standard deviation of the dimensionless flood duration. In our database, 19 

of the 50 backwater-scaled avulsions had a mean Te* value less than 0.1, and 31 of the 50 

backwater-scaled avulsions had a mean Te* value between 0.1 and 2 (Fig. 3B). All but 2 of the 

high-sediment-load modulated avulsions had a mean Te* value greater than 1. The sparsity of the 15 

avulsions on deltas with a very small Te* value is likely in part due to the fact that large, lowland 

rivers avulse infrequently, and the historical satellite record is limited in time. Moreover, the 

number of large, lowland rivers on our planet are low owing to the nature of the drainage 

network organization. 

 We found that 𝑇=∗ ≈ 1 demarcates the backwater-scaled avulsions from the high-20 

sediment-load modulated avulsions, consistent with physics-based numerical models for deltaic 

avulsions that include the effects of backwater hydrodynamics (11, 30). A loess regression to the 

data of dimensionless avulsion length and dimensionless flood duration revealed that 𝐿w∗  deviated 

from a value of 1 at 𝑇=∗ ≈ 0.75. The 95% confidence bounds on the 𝑇=∗ value where 𝐿w∗  deviated 

from 1 is 0.2 and 2. To assess if 𝑇=∗ separates the avulsions into two separate regimes, we binned 25 

the 𝐿w∗  values into 3 categories: rivers with 𝑇=∗ < 0.1, rivers with 𝑇=∗ ∈ [0.1, 2], and rivers with 

𝑇=∗ > 2. We found that the 𝐿w∗  values for the first two categories were similar (Fig. S7; two-

sample t-test yielded a P-value of 0.53), consistent with the backwater-avulsion theory and 

numerical models. In contrast, the 𝐿w∗  values were greater than 1 for rivers with 𝑇=∗ ≫ 1 

indicating that the dimensionless flood duration is a fundamental control on the avulsion length 30 

in river deltas. Furthermore, the 𝐿w∗  value in category 3 (𝑇=∗ > 2) was statistically different from 
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the 𝐿w∗  value in both the category 2 (𝑇=∗ ∈ [0.1, 2]; two-sample t-test yielded a P-value of 

1.2 × 10f}) and category 1 (𝑇=∗ < 0.1; two-sample t-test yielded a P-value of 3.1 × 10f�). 

Our results indicate that rivers with 𝑇=∗ ∈ [0.1, 2] are likely to be susceptible to transition 

into the high-sediment-load modulated avulsion regime with future changes in climate and land 

use. This is because an increase in either the flood duration, magnitude and/or the sediment 5 

supply can transition the 𝑇=∗ value beyond 1, pushing the avulsions from the backwater-scaled to 

the high-sediment-load modulated regime. Rivers with 𝑇=∗ ∈ [0.1, 2] corresponded to small 

inland river deltas (e.g., Sulengguole river delta) and low-gradient tropical deltas with high 

sediment supply, e.g., deltas in Indonesia (Fig. S8). These deltas have a bed-adjustment 

timescale on the order of months (Fig. S8). In contrast, large, low-gradient deltas had a 10 

dimensionless flood duration less than 0.1 (Fig. S8), indicating that these deltas require an order-

of-magnitude change in flood magnitude and/or duration to transition into the high-sediment-

load modulated avulsion regime. The rivers with high-sediment-load modulated avulsions 

corresponded to steep, sediment-laden rivers in desert environments and in tropical islands, 

which had a dimensionless flood duration much greater than 1 (Figs. S9, S10). Moreover, our 15 

data demonstrate high variability in 𝐿w∗  for rivers with 𝑇=∗ values close to 1, consistent with 

numerical models (11, 30). The flood-scour length determines the minimum upstream extent at 

which avulsions will likely occur in deltaic environments and 𝐿"---�𝑇=∗ provides a theoretical 

expectation of this quantity (31). However, the temporal sequence of flood duration and 

magnitude can be an important factor for rivers with 𝑇=∗ close to 1 because closely spaced floods 20 

can cause the amalgamation of scours leading to 𝐿w∗ > 1.  

 We also used the global simulated monthly water discharge time series to quantify the 

probability of bankfull exceedance, Fbf, for each river with deltaic avulsions, which was defined 

as:  

𝐹"# =
�×XYZ[\]

q
 (S10) 25 

where n is the number of bankfull-overtopping floods in the 40-year record (Table S1), tscour is 

the average flood duration for each study reach, and T is the total duration of the record, which is 

40 years. Finally, we quantified the degree to which a river was ephemeral by accounting for the 

number of months on record for which the flow was less than 0.01 m3/s.  

 30 
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Text S5: Quantifying the mobility of backwater-scaled avulsion sites  

We followed previous work to quantify the coevolution of avulsion sites and river mouth 

for the deltas with multiple recorded avulsions (9, 13, 35). The evolution of the avulsion sites 

and the river mouth have previously been quantified for the Huanghe (9, 13) and the Sulengguole 

River deltas (35). For the Cipunagara and Cisanggarung river deltas, we chose a fixed reference 5 

point upstream of the historical avulsion sites (Figs. 4A, B, S11). We then characterized the 

streamwise distance of the river mouth to this fixed reference point each year from the satellite 

imagery. Similarly, we also quantified the streamwise distance between the historical avulsion 

site and the fixed reference point. We then normalized both these quantities by the backwater 

lengthscale of each river. Finally, we fit a linear model between the normalized river-mouth 10 

location and time, and the normalized avulsion location and time in MATLAB. In Figure 4C of 

the main text, we reported the mean and the 95% confidence interval of the best-fitting 

regression line for each delta. The consistency between the regression slopes of normalized river-

mouth evolution and normalized avulsion-site migration indicates that the avulsion sites 

migrated in tandem with river-mouth evolution such that the avulsion length was consistent with 15 

time for each delta. 

 

Text S6: Impact of earthquakes on river avulsions 

We assessed the degree to which earthquakes impacted river avulsions in our global 

database. Earthquakes can cause liquefaction at significant distances away from the epicenter 20 

(54), which could lead to levee failure that triggers an avulsion. Earthquakes have also been 

shown to transiently increase streamflow in the far field, and the distance away from the 

earthquake epicenter over which this effect is observed is similar to that of liquefaction (55, 56). 

We used a global observational database of earthquake magnitude (Mw) and the distance away 

from the earthquake epicenter (Rmax) where liquefaction was observed (54) to constrain the 25 

potential avulsions that are likely impacted by avulsions (Fig. S12). We binned Mw into 5 bins: 

Mw 5-6, Mw 6-7, Mw 7-8, Mw 8-9 and Mw 9-10 (Fig. S12). Within each bin, we estimated the 95th 

percentile of the observed distances over which liquefaction has been reported (Fig. S12). We 

then leveraged the global database of earthquakes (available at: 

https://earthquake.usgs.gov/earthquakes/search/) to ascertain the number of earthquakes within a 30 

radius of Rmax from each avulsion site that occurred in the year of avulsion or the previous 

calendar year. Our results revealed that only 8 avulsions in our database were likely impacted by 
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earthquakes. Of these 8 avulsions, 4 were deltaic avulsions and 4 were avulsions observed on 

fan-deltas. This analysis demonstrated that only a small fraction of the observations of avulsions 

were likely impacted by earthquakes. 
  

  5 
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Fig. S1. Example identification of the avulsion site on the Catatumbo River delta, Venezuela, 

using (a) surface water change layers in Google Earth Engine from the Pekel et al. (18) global 

surface water dataset and (b-d) Landsat 2, 5 and 8 NIR imagery in time series. a) Green regions 

show areas of net surface water gain between 1984-2020 C.E. and red areas a net loss of surface 5 

water over the same period. Delta-lobe abandonment is clear from the shoreline retreat and land 

loss at former river mouth, with a simultaneous loss of surface water within its abandoned 

channel. The now active, southern delta lobe shows a loss in net surface water owing to delta 

lobe progradation. Time series of Landsat NIR imagery shows the changing delta morphology 

between 1978 and 2020 C. E., with the avulsion site marked by a yellow star. 10 
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Fig. S2. a & b) Schematics of the elevation profiles measuring change in elevation nearest to the 

channel (blue lines), with larger (10x channel width) swaths capturing increases in elevation, and 

subsequently channel belt confinement (red lines). Example application of this methodology to 

the Salí River, Argentina, where panel c shows the unmasked SRTM DEM. d) Closer view of 5 

unmasked channel belt. e) Extent of surface model after application of floodplain mask. f) Closer 

view of masked floodplain elevation model. 
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Fig. S3. a. Aerial imagery of backfilled fan in Ethiopia (36.17867E ,4.70719N) where elevation 

profiles were taken along the main fan (white dashed line) and 9 adjacent transects (black dashed 

lines). The backfilling of the fan concealed the topographic confinement change at the avulsion 5 

site when topographic swaths was taken along the channel profile (white dashed line). However, 

the confinement change is apparent when topographic swath profiles were considered outside the 

fan and within the SRTM data. b. SRTM elevation model of fan and adjacent slopes. c. West to 

east elevation profiles were measured for all slope transects, encompassing the main fan and 

areas < 10 km north and south of the fan apex. Local slope measurements (red dots) binned 4 km 10 
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upstream and downstream of the approximate avulsion location show a 6.7x slope change of 

between bins 1 (0.0017) and 2 (0.0115). All other fan avulsions showed a topographic slope-

break in elevation profiles taken along the longitudinal extent of the channel. 
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Fig S4. The mechanisms that setup avulsions on (A) fans, (B) river deltas with 𝑇=∗ ≲ 1, and (C) 

river deltas with 𝑇=∗ > 1. Avulsion setup refers to the process of preferential riverbed aggradation 

that perches a channel above its surrounding floodplain that renders the channel unstable (14). 5 

(A) On fans, the location where the channels are critically superelevated above the surrounding 

floodplain coincides with an abrupt topographic change (e.g., a change in riverbed slope or 

valley confinement), leading to the propensity for avulsions at the canyon-fan transition (1, 20, 

21, 57). In contrast, avulsion sites on deltas are typically not associated with a canyon-fan 

transition. Instead, riverbed aggradation is driven by the progradation of the delta lobe, and 10 

numerical models and physical experiments demonstrated that backwater hydrodynamics and 

flood variability focus aggradation within the upstream portion of the backwater zone leading to 

avulsions there (11, 12, 22, 30). During low flows (blue line), rivers decelerate in approach to 

their basin leading to sedimentation within the backwater zone (26, 27). However, floods (red 

line) cause spatial acceleration of flow towards the river mouth resulting in erosional scours that 15 
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diminish sedimentation within the flood-scour zone. The flood-driven scours are typically 

limited to the backwater zone on large, low-gradient rivers (27), causing the scaling between the 

avulsion length and the backwater lengthscale (B). However, the flood-driven scours can extend 

beyond the backwater zone for rivers with short bed-adjustment timescale with respect to the 

flood duration (31, 33) such that sedimentation is diminished within the flood-scour zone, 5 

leading to avulsions upstream of the flood-scour and backwater zones (C) (11, 12, 22). Theory 

and numerical models indicate that flood-scour lengthscale can exceed the backwater lengthscale 

when the bed-adjustment timescale is less than the typical flood duration, i.e., 𝑇=∗ > 1 (11, 31). 

Therefore, 𝑇=∗ is expected to separate the backwater-scaled avulsion regime (B) from the high-

sediment-load modulated regime (C). In all cases, the dashed and solid lines indicate the initial 10 

and final riverbed profile during an avulsion cycle, respectively, the shaded area denotes the 

amount of sedimentation that occurred during an avulsion cycle, and the yellow star indicates the 

avulsion site. 
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Fig. S5. Box plots of the ratio of the measured to estimated bankfull flow depth and riverbed 

slope. The measured values are reported bankfull flow depth (11–13, 22, 33, 34) and riverbed 5 

slope (22, 33, 46) from previous studies and the estimated values are using equation (S1) and the 

Global Geospatial Riverbed slope database of Cohen et al. (46).   
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Fig. S6. Example computation of typical flood duration and the sediment flux during the 

bankfull-overtopping floods for the Betsiboka river in Madagascar. a) Time series of monthly 

simulated water discharge from 1980 to 2020 C.E. where the bankfull water discharge is 

approximated as the 2-year recurrence interval, peak-annual flood (blue horizontal line). The 5 

typical flood duration is the average of the continuous durations for which bankfull-overtopping 

floods occurred in the last 40 years (translucent blue bars). b) Paired time series of monthly 

suspended sediment flux data with red squares indicating the average sediment flux during the 

bankfull-overtopping floods, which was computed as the area under the sediment flux time series 

during tscour, normalized by tscour.  10 
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Fig. S7. Comparison of the dimensionless avulsion length for rivers with 𝑇=∗ < 0.1, 𝑇=∗ ∈ [0.1, 2], 

and 𝑇=∗ > 2. The dashed line indicates the dimensionless avulsion length of 1, which 

approximates a backwater-scaled avulsion node. The red line and plus sign indicate the median 

and the mean, respectively, with the edges of the box denoting the 1st and 3rd quartiles. The edges 5 

of the whiskers denote the 9th and 91st percentile of the data within each category. 
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Fig. S8. (top panel) Global distribution of avulsion sites on river deltas with 𝑇=∗ < 0.1 and  𝑇=∗ ∈

[0.1, 2]. Comparison of the estimated backwater lengthscale (middle panel) and the estimated 

bed-adjustment timescale (bottom panel) for rivers with with 𝑇=∗ < 0.1 and  𝑇=∗ ∈ [0.1, 2]. The 

red line and plus sign indicate the median and the mean, respectively, with the edges of the box 5 

denoting the 1st and 3rd quartiles. The edges of the whiskers denote the 9th and 91st percentile of 

the data within each category. 
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Fig. S9. Global distribution of avulsion sites on river deltas. The blue markers denote backwater-

scaled avulsion sites with 𝐿w ≈ 𝐿"---, and the red markers denote river avulsions with 𝐿w ≫ 𝐿"---.  
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Fig. S10. Comparison of the (A) unit sediment discharge during floods, (B) riverbed slope, (C) 

bed-adjustment timescale, (D) typical flood duration, (E) estimated backwater lengthscale, and 5 

(F) bankfull flow depth between river deltas with backwater-scaled avulsions (𝐿w ≈ 𝐿"---; blue 

markers; n = 50) and high-sediment-load modulated avulsions (𝐿w ≫ 𝐿"---; red markers; n = 30). 

The markers denote the mean and the error bar denotes the 95% confidence interval on the mean, 

computed using the bootstrapping method.  
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Fig S11. Satellite images of the Cipunagara and Cisanggarung rives in Indonesia. The white 

markers indicate the reference point (along with coordinates) for these rivers, which was used for 

quantifying the temporal evolution of the river mouth and the avulsion sites (Fig. 4C in main 5 

text). We measured the streamwise distance of the avulsion sites and the river-mouth location in 

each year, and normalized these distances by the backwater lengthscale (Figure 4C of the main 

text).  

  

Imagery source: © 2021 Maxar (accessed via Microsoft Bing Maps)

a b


ܾܾ����������ܾ���������� 
ܾ����������ܾܾ����������



Submitted Manuscript: Confidential 
Template revised February 2021 

27 
 

 

Fig. S12. (top panel) Empirical observations of the distance away from the earthquake epicenter 

where liquefaction was observed (cross markers) as a function of the magnitude of the 

earthquake (data reproduced from (54)). The blue bars show the binned earthquake magnitude 

data and the 95th percentile of the observations used for identifying avulsions that were likely 5 

influenced by earthquakes. (bottom panel) The avulsion sites in our global database that had an 

earthquake magnitude greater than 5 within a proximal distance determined by the top panel.  
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