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Where rivers jump course

Sam Brooke?, Austin J. Chadwick?, Jose Silvestre®, Michael P. Lamb®,

Douglas A. Edmonds®, Vamsi Ganti'®*

Rivers can abruptly shift pathways in rare events called avulsions, which cause devastating floods. The
controls on avulsion locations are poorly understood as a result of sparse data on such features. We analyzed
nearly 50 years of satellite imagery and documented 113 avulsions across the globe that indicate three
distinct controls on avulsion location. Avulsions on fans coincide with valley-confinement change, whereas
avulsions on deltas are primarily clustered within the backwater zone, indicating a control by spatial flow
deceleration or acceleration during floods. However, 38% of avulsions on deltas occurred upstream of
backwater effects. These events occurred in steep, sediment-rich rivers in tropical and desert environments.
Our results indicate that avulsion location on deltas is set by the upstream extent of flood-driven erosion,
which is typically limited to the backwater zone but can extend far upstream in steep, sediment-laden rivers.
Our findings elucidate how avulsion hazards might respond to land use and climate change.

he gradual migration of rivers across
floodplains is punctuated by episodic
shifts in river course called avulsions
(I). Avulsions are natural phenomena;

populous places on Earth (2-4). Avulsions
are also responsible for devastating histori-
cal floods (1, 5, 6) and linked to the decline of
early urban settlements (7). Avulsions occur

river relocation nourishes floodplains
with water, sediment, and nutrients and re-
sults in vast plains of fertile farmlands and
biodiverse ecosystems that support the most

quasi-periodically and persistently at the apex
of alluvial fans and river deltas (Z, 8), resulting
in their triangular shape. The time between
successive avulsions can range from decades

to millennia for different rivers (7, 8, 9), and
direct observations of natural avulsions are
rare. Consequently, the controls on where
avulsions occur and how these sites will shift
in response to climate change and human ac-
tivity is poorly understood. Our understanding
of the processes that control avulsion location
are primarily based on physical experiments,
numerical models, ancient river deposits (1, 8-14),
and the analysis of river bifurcations (15), which
can occur because of mechanisms other than
avulsions (I6). A time series of satellite imagery
dating back to 1973 C.E. provides an opportu-
nity to directly observe and characterize the
global distribution of river avulsions to test
classical and emerging theories (17).

We leveraged nearly 50 years of global sat-
ellite observations of river planform changes
to locate avulsions. We focused on lobe-scale
avulsions that occurred at the apex of river
deltas and fans, including alluvial fans and
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Fig. 1. Global avulsion sites on fans and river deltas. (A) World map of avulsion
sites on fans (white squares) and deltas (gray triangles) with varying shades of green
indicating the Koppen climate classification. Example avulsions on (B) the Catatumbo
River delta in Venezuela and (C) the Minjim and Gori river deltas in Papua

New Guinea; red lines denote avulsion length (L,); orange dashed lines, estimated
backwater length scale (L,); green dashed lines, relict channels; yellow stars, avulsion
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sites. Example avulsions on the (D) Kosi fan and a (E) fan delta in Papua New Guinea.
(F to 1) Topographic swath profiles across the example avulsion sites, where the black
line indicates the median elevation, the shaded red area denotes its interquartile
range along the cross-stream direction, and the blue line indicates the channel-
floodplain elevation. Deviation of adjacent topography away from the floodplain
elevations denotes a change in valley confinement (VE, vertical exaggeration).
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fan deltas that build into a standing body of
water from an adjacent highland. We defined
avulsions as an abrupt and persistent change
in the river course from the apex to the axial
river or shoreline (Fig. 1). We identified avul-
sions from surface water maps derived from
30-m per pixel Landsat multispectral data
from 1984 to 2020 C.E. (I18), and from 60-m
per pixel to 30-m per pixel Landsat imagery
between 1973 and 2020 C.E. (19). We analyzed
113 historical river avulsions on fans and deltas,
including 36 previously reported occurrences
(Fig. 1 and table S1) (19).

Our results revealed 80 avulsions on coastal
and inland river deltas and 33 avulsions on
fans, captured by satellite imagery and histor-
ical maps (table S1). Snow and cloud cover in
high-latitude regions and the spatial resolu-
tion of the satellite imagery affected avulsion
documentation (79). Our compilation is there-
fore a representative—rather than exhaustive—
global sample of avulsions. Avulsion sites cov-
ered 33°S to 54°N latitude, and were observed
in tropical, temperate, and arid climates (Fig. 1).
‘We found high avulsion density in the tropical
islands of Papua New Guinea, Indonesia, and
Madagascar (Fig. 1 and table S1) but did not
observe avulsions in polar and snow climate
zones. Rivers with avulsions covered a wide
spectrum in modeled long-term water dis-
charge (04 to 36,702 m®/s), suspended sedi-
ment discharge (2 to 38,101 kg/s), and estimated
riverbed slopes (4 x 10~ t0 2.6 x 10~2) (Fig. 1and
table S1) (19). Study reaches on fans are steeper
than on deltas, with median estimated river-
bed slope (and interquartile range) of 4.3 x
107* (0.001) on deltas and 2.7 x 1072 (0.011)
on fans (Fig. 2A).

Avulsions on fans are thought to occur at
the mouths of bedrock canyons or valleys,
where rivers become unconfined (I, 20, 2I)
(fig. S4). Avulsions on deltas, however, lack a
clear association with a canyon or valley and
the processes that control avulsion location
are debated (8, 11, 12, 22, 23). To assess the
controls on avulsion sites, we extracted topo-
graphic swath profiles from 30-m spatial res-
olution global digital elevation models (Fig. 1)
(19). Our results demonstrate that the avul-
sion sites on fans are always associated with
at least a threefold slope drop in the topographic
swath profiles (median of 6.5, interquartile
range of 1.7; Fig. 2B), which is indicative of an
abrupt valley-confinement change. This abrupt
change can lead to a loss in fluvial sediment
transport capacity (1, 9), causing focused sedi-
mentation or present a steeper and more fa-
vorable path to the axial river, consistent with
classical ideas (7, 2I). Enhanced riverbed ag-
gradation perches the water surface above the
surrounding floodplain (10, 14, 24), and later
floods trigger an avulsion (I, 10, 14, 24).

By contrast, the 80 avulsions on deltas were
not coincident with an abrupt topographic
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change (median slope break in swath profiles
of 1.28, interquartile range of 0.65; Figs. 1 and
2B and table S1). We used these observations
to test emerging ideas about the controls of
avulsion location on deltas. Theory, physical
experiments, and limited field observations
indicate that avulsions on deltas cluster within
the backwater zone (8, 22, 25)—the down-
stream reach of rivers characterized by non-
uniform flows (26, 27). We estimated the
backwater length scale, which approximates
the upstream extent to which nonuniform flows
prevail in alluvial rivers, defined as Ly = Ay /S,
where ;e and S are the bankfull flow depth
and riverbed slope upstream of the avulsion
site, respectively (19, 27, 28). We also estimated
the avulsion length (L,)—the streamwise dis-
tance from the avulsion site to the river mouth
of the parent channel—from the satellite im-
age that best captured the time of avulsion for
each event (Fig. 1 and table S1) (19). Our mea-
sured L4 on deltas ranged from 0.5 to 490 km
globally (Figs. 1 and 3A and table S1). Our
results reveal that 62.5% of avulsions on deltas
(n = 50) have a backwater-scaled avulsion
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Fig. 2. Topographic controls on avulsion sites

of fans versus deltas. (A) Cumulative density
function of the estimated riverbed slope, S,
upstream of the avulsion site for river deltas (dark
gray) versus fans (light gray). (B) Boxplots
comparing the estimated slope drop in the topo-
graphic swath profile across the avulsion site for
fans and deltas (19). The horizontal line denotes the
median, the edges of the box indicate the first and
third quartiles, and the edges of whiskers denote the
9th and 91st percentiles.
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node with L, = L; (Fig. 3A). For these cases,
the dimensionless avulsion length, defined as
L, = Ly/Ly (11), is 0.87 = 0.38 [mean = stan-
dard deviation (SD)], which is consistent with
backwater-controlled avulsions (11, 12, 24).
We interpreted that deltaic avulsions occur
within the backwater zone because rivers during
low flow decelerate in approach to the receiv-
ing basin, which causes sedimentation in the
upstream part of the backwater zone (26, 27, 29)
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Fig. 3. Flood variability and backwater hydrody-
namics control the avulsion location on deltas.
(A) Measured avulsion length (L4) as a function

of the estimated backwater length scale (L)

for river deltas. The percentage of dry months (color
of the markers) quantifies the degree to which a
given river is ephemeral. (B) The dimensionless
avulsion length (L; = La/Ly) as a function of

the dimensionless flood duration (T;) (19). The solid
blue line and fill show LOESS regression and 95%
confidence intervals performed in log-log space,
respectively. Markers of same color denote deltas
with multiple avulsions. (C) The dimensionless
avulsion length as a function of the probability of
bankfull exceedance (Fpr) (19), for deltas with
multiple avulsions. Error bars in panels denote
standard deviation around the mean (19).
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(fig. S4). Sedimentation is periodically inter-
rupted by large floods, which cause an erosional
wave to propagate from the river mouth to a
distance upstream that is generally within
the backwater zone (27, 29) (fig. S4). Over
time, delta-lobe progradation causes riverbed
aggradation and the sedimentation within
the backwater zone during low flows—coupled
with preferential riverbed scouring in the
downstream accelerating part of the back-
water zone during floods—causes a peak in
riverbed sedimentation in the upstream part
of the backwater zone (fig. S4), resulting in
avulsions there (11, 12).

Our results also reveal a separate class of
deltaic avulsions (n = 30) that correlate with
neither the backwater length scale (Ly » Ly;
Fig. 3A) nor a valley-confinement break (Figs.
1 and 2B). These avulsions have L} » 1 (mean
and SD of 13.4 + 13.0) and correspond with
steep, sediment-laden rivers in deserts and
tropical islands (figs. S9 and S10). In accor-
dance with emerging theory (30), we hypothe-
sized that the longitudinal extent of flood-driven
scours in these rivers is more pronounced than
in backwater-scaled deltas (fig. S4), which di-
minishes sedimentation within the backwater
reach and thus causes Ly » Lp (31). To test this
hypothesis, we estimated the dimensionless
flood duration, defined as T, = tcour/tadjs
where Z.,,is the typical bankfull-overtopping
flood duration and .4 is a bed-adjustment
time scale (II), globally by simulated monthly
water and suspended sediment discharges
from 1980 to 2020 C.E. (19, 32) (fig. S6). For
rivers with T, > 1, the longitudinal extent of
flood-driven erosion is expected to extend up-
stream of the backwater zone to a distance
approximated by Ly /7, (31, 33) (fig. S4). By
contrast, for 7, < 1, flood-driven scours dimin-
ish within the backwater zone (11, 29) (fig. S4).

The dimensionless flood duration (7) sep-
arated the data into two distinct classes of
deltaic avulsions (Fig. 3B and fig. S7) (19).
Avulsions with L} » 1 are associated with
T; » 1 (mean and SD of 168 + 505). These
rivers had £,4; on the order of days to weeks
such that flood-driven scours propagated be-
yond the backwater zone during typical floods
and caused avulsions with L} » 1 (Fig. 3B and
figs. S4 and S8). In addition, for rivers with
T, 2 1, the theoretical flood-driven scour length
scale, Ly /T, , appears to control the avulsion
length, L4 (Fig. 3B), rather than the backwater
length scale. In comparison, backwater-scaled
avulsions occurred only if T, < 1, which is
typical of lowland rivers with a 7,4; of months
to centuries (figs. S7 to S9). For these rivers,
flood-driven scours were limited to the back-
water zone during typical floods, resulting in
backwater-scaled avulsion sites 4 =~ L) (Fig. 3,
A and B, and fig. S4).

Physics-based numerical models demon-
strate that historical avulsion lengths are a
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diagnostic indicator of future avulsion sites
even in the face of anthropogenic climate
change and interference (30), which suggests
that our global database provides a first-order
prediction of future avulsion sites on deltas.
However, numerical and field studies also
indicate that considerable shoreline encroach-
ment from accelerated sea level rise can shift
the deltaic avulsion nodes upstream (34, 35).
In addition, our analysis implies that T, = 1
is a transition point between two scaling
regimes for avulsions on deltas (Fig. 3B and
fig. S8), where a further reduction in %4 can
drive avulsion sites upstream. Agriculture and
land use have enhanced the sediment loads
of most global coastal rivers (36), and exten-
sive dam infrastructure can reduce sediment
caliber—changes likely to increase 7. These
changes can result in coastal rivers to tran-
sition beyond 7T, = 1, causing an upstream
shift of their avulsion nodes. Our analysis
indicates that inland river deltas and small,
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low-gradient coastal deltas in tropical is-
lands (e.g., Indonesia) are most susceptible
to transitioning from the backwater-scaled
avulsion regime to the high-sediment-load
modulated avulsion regime with changes in
magnitude and duration of floods as well as
sediment supply (19) (fig. S8), which may ex-
pose previously unaffected upstream com-
munities to the risks of avulsion hazards.

Our results also highlight that changes in
flood frequency caused by differing climates
(87) or engineering (e.g., dams) can subs-
tantially affect the avulsion location on low-
land deltas (Fig. 3C). The backwater-scaled
avulsions in our dataset are variable with
L} € [0.24, 1.62] (Fig. 3, A and B). We inves-
tigated the causes of this variability on four
deltas with multiple recorded avulsions: the
Huanghe (n = 7) (9, 13) and Sulengguole rivers
(n = 6) (35) in China, and the Cisanggarung
(n = 3) and Cipunagara (n = 3) rivers in Java,
Indonesia (Fig. 4, A and B). The mean L, of
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Fig. 4. Mobility of backwater-scaled avulsion sites on deltas. Modified ESA and Copernicus Sentinel 2
images of the (A) Cipunagara and (B) Cisanggarung river deltas in Java, Indonesia. Colored dashed lines denote the
shoreline position at different times, derived from USGS and NASA Landsat imagery, and the circular markers
show the river mouth position color coded by time. Yellow stars indicate avulsion sites. (C) Temporal evolution
of the river mouth and avulsion site measured along the streamwise direction from a fixed reference point
(19), normalized by the backwater length scale, for the Cipunagara, Cisanggarung, Huanghe (9, 13), and
Sulengguole river deltas (35). The solid and dashed lines indicate the best-fitting linear regression for the river mouth
evolution and the avulsion site evolution, respectively. The similarity of slopes between solid and dashed lines
indicates that L, remained consistent despite river mouth evolution.
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these rivers is statistically different (one-way
ANOVA test, P = 0.001), indicating that the
observed L variability is not driven by chance.
Instead, mean L} increases with the fre-
quency of bankfull-overtopping floods (Fig.
3C). This trend is consistent with numerical
models (17), which show that more frequent
floods enhance the longitudinal extent of
flood-driven scours within the backwater zone,
thereby increasing L.

River deltas with multiple recorded avulsions
also demonstrate the mobility of backwater-
scaled avulsion sites with river mouth evolu-
tion. These examples provide a template for
how backwater-scaled avulsion sites on deltas
may respond to future changes in sediment
supply and relative sea level. Backwater avul-
sion theory indicates that avulsions should
shift upstream or downstream in tandem with
river mouth evolution such that the avul-
sion node remains within the backwater zone
9, 12, 30, 34). Our data support this idea
wherein progradation of the Cisanggarung
and the Cipunagara river deltas caused down-
stream shifts in their avulsion sites (Fig. 4)
(19), similar to previous observations on the
Huanghe (9, 13); further, the Sulengguole river
mouth retreat caused the avulsion sites to
migrate inland (Fig. 4C) (35). In all cases, the
episodic avulsion-site migration was com-
mensurate with the direction and magnitude
of river mouth evolution such that L} for each
delta remained consistent with time (Fig. 4C).
These results suggest that accelerated delta
progradation associated with global agricul-
ture and deforestation (36) will lead to the
downstream migration of avulsion sites; how-
ever, drowning of river deltas from accelerated
relative sea-level rise will shift avulsion sites
upstream (30, 34).

Our global analysis reveals distinct con-

less flood duration separates deltaic avulsions
between those that are backwater-scaled and
those that occur farther upstream. For most
rivers, avulsions reoccur on time scales longer
than the 50-yr record we analyzed, such that
most avulsion locations have not been docu-
mented historically, and the devastating con-
sequences of flooding following an avulsion
have not been realized. Our work provides a
predictive framework to assess future avulsion
locations on fans and deltas, and their re-
sponse to land use and climate change.
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Abruptly changing course

River avulsions are places where a river abandons its channel, and they are a common feature of geomorphological
structures such as deltas. Brooke et al. used 50 years of satellite images to look at the location and change in river
avulsions globally (see the Perspective by Passalacqua and Moodie) and found that avulsions are often tied to
changes in channel slope or sedimentation just upstream of the river. However, in some cases, the river avulsion is
farther upstream than expected, likely due to erosional processes. Understanding what controls avulsion location in the
context of climate and land use changes is vital because avulsions are strongly tied to risks from flooding. —BG
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