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Falls Laboratory, University of Minnesota, Minneapolis, MN, USA, “Division of Geological and Planetary Sciences,
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Abstract River deltas grow through repeated lobe-scale avulsions, which often occur at a location that
correlates with the backwater lengthscale. Competing hypotheses attribute the avulsion node origin to
either the morphodynamic feedbacks caused by natural flood discharge variability (backwater hypothesis)
or to the prograding delta lobe geometry (geometric hypothesis). Here, using theory, historical flood records,
and remotely sensed elevation data, we analyzed five lobe-scale delta avulsions in Madagascar, captured
by Landsat imagery. Avulsion lengths were 5-55 km, distances significantly longer than the backwater
lengthscale and inconsistent with the geometric hypothesis. We show that the steep, silt-bedded rivers of
Madagascar have flood-induced bed scour, driven by backwater hydrodynamics, that propagates farther
upstream than the backwater lengthscale. The avulsion lengths are 3.1 + 1.5 times the predicted flood scour
lengths, similar to low-gradient deltas, and consistent with backwater hypothesis. Results demonstrate
that erosion initiated by nonuniform flows in the backwater zone is a primary control on delta avulsion
locations.

Plain Language Summary River deltas grow through abrupt channel shifts, called avulsions,
which pose a threat to life and property, but we do not understand why avulsions occur where they do.
One hypothesis is that flood discharge variability creates a preferential zone of sediment accumulation
within the so-called backwater zone of coastal rivers, which becomes the locus of avulsion. The rationale is
that the flow acceleration and deceleration within the backwater zone during different sized floods creates
nonoverlapping patterns of erosion and deposition resulting in a peak in sediment accumulation. If this
hypothesis is correct, then avulsion sites should be farther upstream, relative to the backwater lengthscale, in
steep rivers with fine-grained sediment beds that have more significant bed scour during large floods. By
analyzing historical avulsions on Madagascar, we found that avulsions occurred far upstream due to the
large floods and fine-grained sediment, in support of the flood discharge variability hypothesis. Our work
highlights that changes in flood regime and sediment grain size of coastal rivers due to land use and climate
changes can influence avulsion location.

1. Introduction

Sudden shifts in a river course—or avulsions—are natural phenomena that occur on alluvial fans and river
deltas (Blair & McPherson, 1994; Jerolmack, 2009; Jones & Schumm, 1999; Slingerland & Smith, 2004).
Avulsions are an essential formative process in fan and delta evolution, where repeated lobe-scale channel
jumps change the downstream loci of sedimentation to produce a characteristic radial pattern of distinct
lobes about a spatial node (Figure 1a; Jerolmack, 2009). Avulsions represent a significant geohazard to the
hundreds of millions of people living in the proximity of rivers (Kidder & Liu, 2017; Sinha, 2009; Syvitski
& Brakenridge, 2013; Syvitski & Saito, 2007). A mechanistic understanding of the processes that culminate
in lobe-scale river avulsions has wide-ranging implications for flood risk management, coastal sustainability,
and the interpretation of fluvial stratigraphy (Bull, 1977; Ganti et al., 2019; Jones & Hajek, 2007; Mohrig
et al., 2000; Syvitski et al., 2009; Térnqvist, 1994; Trower et al., 2018). Further, climate change and human
activity are forecasted to alter flood frequency, relative sea level, and the amount and caliber of sediment
supply (Best & Darby, 2020; Hirabayashi et al., 2013); however, their impact on river avulsions is unclear
(Chadwick et al., 2020).
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Figure 1. (a) Schematic river delta built through cycles of lobe-scale avulsions that occur at a predictable distance
upstream from the river mouth (L,4). (b) Under the geometric hypothesis, L4 scales with the typical progradation
length, D, during the interavulsion period, which correlates with the backwater lengthscale, L, (Equation 3). The
avulsion threshold (h*) is achieved at the river mouth of the initial channel bed profile (yellow star) where a floodplain
gradient break exists because the new delta lobe floodplain elevation is near sea level. (c) Under the backwater
hypothesis, the preferred avulsion location (yellow star) arises from natural flood discharge variability. Low flows (blue
water surface profile) drive a downstream-migrating wave of deposition (blue dashed line) within the backwater

zone; however, floods (red water surface profile) cause an upstream-migrating wave of erosion (dashed red line) with a
typical lengthscale of [y, Riverbed aggradation is maximized upstream of the flood scour zone over multiple flood
cycles.

Avulsions are driven by preferential riverbed aggradation that, over time, renders the channel unstable and
prone to an avulsion (Mohrig et al., 2000; Slingerland & Smith, 2004). Previous work suggests that the con-
trols on avulsions for alluvial fans and river deltas are different (Ganti et al., 2014). Unlike steep alluvial fans,
most lowland delta avulsions are not coincident with an abrupt change in channel gradient or valley con-
finement (Ganti et al., 2014). Instead, delta avulsions occur at a statistically predictable distance upstream
of the shoreline (L,) that scales with the backwater lengthscale (I, ) (Chatanantavet et al., 2012;
Jerolmack & Swenson, 2007), in which L, = h./S (Paola & Mohrig, 1996), where h. and S are the bankfull
flow depth and channel bed slope, respectively. One hypothesis for the origin of the correlation of Ly~L,4
relates to the geometry of prograding delta lobes (Chadwick et al., 2019; Ratliff, 2017). Under this hypothesis,
lobes must prograde a distance of about L, to aggrade a critical amount for an avulsion, which scales with .
(Mohrig et al., 2000), assuming that floodplain is near sea level (Figure 1b; Chadwick et al., 2019;
Ratliff, 2017). In contrast, other numerical (Chadwick et al., 2019; Chatanantavet et al., 2012; Moodie
et al., 2019) and experimental (Ganti, Chadwick, Hassenruck-Gudipati, Fuller, et al., 2016; Ganti,
Chadwick, Hassenruck-Gudipati, & Lamb, 2016) models assume floodplains aggrade with the riverbed,

BROOKE ET AL.

20f 12



o~
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2020GL088797

and argue instead that the preferential avulsion site emerges from natural flood discharge variability and
backwater hydrodynamics. Under the backwater hypothesis, low flows and floods cause sedimentation
and erosion within the upstream and downstream part of the backwater zone, respectively (Figure 1c)
(Chatanantavet & Lamb, 2014; Lamb et al., 2012), causing enhanced deposition and avulsions with L,~L4
because L, approximates the upstream extent of nonuniform flows (Lamb et al., 2012).

For most lowland deltas L, scales with L, within a factor of 2 (Chatanantavet et al., 2012; Jerolmack &
Swenson, 2007). Thus, it is difficult to separate the competing influence of geometric effects from backwater
effects—both processes cause Ly~L;. Previous work was focused on numerical models and flume experi-
ments to isolate the driving mechanism for delta avulsions (Chadwick et al., 2019; Ganti, Chadwick,
Hassenruck-Gudipati, Fuller, et al., 2016; Ganti, Chadwick, Hassenruck-Gudipati, & Lamb, 2016).
However, theory indicates that backwater-induced nonuniform flows can extend to upstream distances
longer than L, for coastal rivers with unusually high flood discharge variability (Lamb et al., 2012).
Similarly, flood-induced scours might propagate beyond L, for coastal rivers with steep gradients and fine
bed material (Chadwick et al., 2019; Ganti et al., 2019) that cause high sediment fluxes (Ma et al., 2017),
or for long-duration floods (Chatanantavet & Lamb, 2014). Thus, under the backwater hypothesis, L4 might
significantly exceed L, in specific rivers with steep slopes, sustained floods, high flood variability, or fine sedi-
ment that results in large sediment fluxes. Identifying such avulsions would provide a robust test of compet-
ing hypotheses for the origin of delta avulsions.

Here, we used Landsat imagery, remotely sensed elevation data, and historical flood records to document
avulsions in Madagascar. Madagascan rivers have steep slopes, large fine-grained sediment supply, and a
monsoonal hydroclimate, making them an ideal place to evaluate the competing hypotheses for avulsions.

2. Theory

2.1. Backwater Controls on Delta Avulsions

Under the backwater hypothesis, avulsions are driven by the morphodynamic feedbacks initiated by the
nonuniform flows caused by variable flood discharges and the influence of sea level (Figure 1c;
Chatanantavet et al., 2012). The upstream extent of these nonuniform flows is (Bresse, 1860; Text S1 in
the supporting information):

Lb hs

L) v
where L, is the backwater or drawdown length, Fr is the Froude number, h; is the flow depth at the river
mouth, and h,, is the normal flow depth of a given flood (Figure 1c). When hg > h,,, flow decelerates
toward the shoreline causing sedimentation; however, when hy < h,,, flow accelerates toward the shoreline
causing an upstream-migrating wave of erosion (Chatanantavet & Lamb, 2014; Lamb et al., 2012). For
rivers with high flood discharge variability, ks and h,, can be significantly different such that L, # L, dur-
ing floods (Lamb et al., 2012).

Using a numerical model, Chadwick et al. (2019) identified the duration of a typical flood (f;c0.,), relative to
the channel bed adjustment time scale (f.q = heLy/q, where g is the unit volumetric sediment flux;
Chatanantavet & Lamb, 2014), as a fundamental control on avulsions, parameterized by the dimensionless
number: T: = fycourqs/McLp. Numerical results indicated that Ly~L, only for rivers with T, € [107#, 107}]
such that the backwater-induced sedimentation and erosion patterns were limited to the backwater zone
(Figure 1c). In contrast, avulsion lengths were longer than L for T, > 1 (Chadwick et al., 2019). Long flood
durations, relative to f,4;, cause the equilibration of riverbed topography and the flood event across the entire
backwater zone such that the preferential avulsion location shifts farther upstream (Figure 1c).

The lengthscale over which erosional scours propagate upstream of the river mouth during typical floods
(lscour) Tepresents a lower bound on L, as riverbed aggradation is maximized upstream of the flood scour
zone during the interavulsion period (Figure 1c; Chadwick et al., 2019; Chatanantavet et al., 2012; Ganti,
Chadwick, Hassenruck-Gudipati, Fuller, et al., 2016; Ganti, Chadwick, Hassenruck-Gudipati, &
Lamb, 2016). Ganti et al. (2019) developed a framework for estimating I, in sand-bedded rivers,
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which we extended to include silt-bedded rivers using the generalized Enguland-Hansen relation for sedi-
ment transport capacity (Ma et al., 2017, 2020) to yield:

0.5
(Rngo)“(hnS)n
hcfbcf (RDSO)n

2

— = e — Lscour

where h,, is the normal-flow depth of a typical flood, Dsq is the median bed material grain size, R = 1.65 is
the submerged specific gravity of sediment for quartz, g is the gravitational acceleration, Cyis a dimension-
less friction coefficient, a and n are grain size-dependent empirical constants (Text S2). Consistent with
numerical simulations (Chadwick et al., 2019), Equation 2 predicts that Ly > L, for rivers with T: >1
because lyeour > Lp.

2.2. Geometric Controls on Delta Avulsions

In contrast to the backwater hypothesis, previous work indicated that L, can correlate with L, without the
need for flood discharge variability (Chadwick et al., 2019; Moran et al., 2017; Ratliff, 2017). Under this
geometric hypothesis, river mouth progradation causes riverbed aggradation, and in the absence of relative
sea level rise, a riverbed with a constant slope must prograde by a distance of h./S before it aggrades by h,
(e.g., Ganti et al., 2014; Paola, 2000; Reitz et al., 2015). Insofar as the critical amount of riverbed aggradation
necessary for an avulsion scales with &, avulsions should occur when the delta lobe progrades by a distance
that scales with the backwater lengthscale, that is, L, = h./S (Figure 1b). Numerical models indicate that
this correlation arises only when the floodplain does not aggrade with the riverbed (Chadwick et al., 2019),
and the floodplain elevation on the newly constructed delta lobe is constrained at or near sea level
(Figure 1b; Ratliff, 2017; Ratliff et al., 2018). This mechanism causes a floodplain gradient break between
the initial and the new delta lobe surfaces such that the riverbed is steeper than the floodplain at all locations
downstream of the avulsion site, and the critical channel superelevation necessary for an avulsion is first
achieved at the river mouth of the initial channel profile (Figure 1b).

Under this hypothesis, L4 scales with the typical delta lobe progradation length, D,,, during the interavulsion
period, which, by geometry is (Ganti et al., 2019):

D, = (W~ )Ty 3)

where h” is the avulsion threshold—the critical fraction of &, a channel needs to aggrade before avulsion—
and z is the amount of base-level rise during the interavulsion period. Field observations indicate that
h" € [0.2, 1.4] (Ganti et al., 2014, 2019; Mobhrig et al., 2000) such that D,~L, for modest rates of relative
base-level rise. Geometric avulsion lengths increase with avulsion threshold and decrease with sea level
rise (Equation 3; Ratliff, 2017; Chadwick et al., 2019).

The backwater and geometric hypotheses for delta avulsions provide contrasting predictions for avulsion
locations on steep coastal rivers with sustained floods. Equation 2 indicates that L4, and consequently delta
size, can be significantly longer than T, for rivers with T: > 1. In contrast, Equation 3 indicates that Ly~L;
regardless of the prevailing flood regime. We test these theoretical predictions by exploring the controls on
avulsions in Madagascar.

3. Study Area: Madagascar

Madagascar is the world's fourth largest island, with intense soil erosion due to the exposed saprolitic soils,
rapid deforestation, and land use changes (Randrianarijaona, 1983; Unruh et al., 2010), resulting in,
potentially, the world's highest erosion rates (World Bank et al., 1988). Hillslope gullying, called Lavakas
(“hole” in Malagasy), are abundant in Madagascar's hinterland (Cox et al., 2010; Voarintsoa et al., 2012;
Wells & Andriamihaja, 1993), feeding its rivers with ~30 t km? yr™" of fine-grained material exhumed
from 3- to 30-m-deep incisions (Cox et al., 2009). The largest rivers in Madagascar are westward flowing
and drain the interior highlands with an elevation change of 1-2 km between headwater and river mouth.
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The high fluvial sediment supply causes high sedimentation rates and frequent avulsions that are observable
in the Landsat data.

Madagascar is a tropical island, subclassified into a drier subtropical south and a monsoonal north, with aver-
age monthly precipitation ranging from 200-300 mm on the eastern rainforest-covered flank to 100-150 mm
in the northern and central interior (Fick & Hijmans, 2017, Figure S1a). Tropical storms frequently impact
the northwestern region, where daily rainfall can exceed 70 mm (Nassor & Jury, 1997, 1998). The rivers exhi-
bit a highly seasonal discharge regime, with peak floods during December to March (Figure S2). The high,
fine-grained sediment supply and prolonged flood seasons of Madagascar favor large flood-induced bed scour
lengths that potentially exceed L, (Equation 2).

The wave heights on the western coast of Madagascar vary from 0.2 to 0.75 m (Nienhuis et al., 2020). Of the
five deltas analyzed here, two were classified as river dominated (Mangoky and Sambao) and three as wave
dominated (Morandava, Manambolo, Fiherenana) (Nienhuis et al., 2020), in which coastal wave erosion
likely limits lobe progradation rates (Ashton & Giosan, 2011; Ratliff et al., 2018).

4. Methods

We located lobe-scale avulsions in Madagascar through (a) time series analysis of net surface water
changes derived from Landsat multispectral data between 1984 and 2018 CE (Figure S3; Pekel et al., 2016)
and (b) visual comparison of river path changes from 30 m spatial resolution Landsat imagery available
between 1978 and 2019 CE (Figure 2). We identified lobe-scale avulsions as a permanent change in the
river course (Figure S3), including both gradual and abrupt avulsions (Figure 2). We excluded intralobe
avulsions from our analysis (Figure 2b). For all avulsions, we computed L, as the streamwise distance
from the river mouth to the avulsion site, using the Landsat image that best captured the time of avulsion
(Figure 2). The avulsion sites were stable during the channel relocation process, yielding an uncertainty of
one channel width on L,. We also identified an avulsion that predated the Landsat data on the Mangoky
delta, where the former and current river paths are apparent (Figure 2b).

For all avulsions, we extracted the river long profiles from the 30 m spatial resolution SRTM digital elevation
model collected in 2000 CE. We used orthogonal transects of the channel, including the adjacent floodplain
at 10 m intervals upstream as a means to mitigate surface model artifacts on water bodies, or where rivers are
monotonically stepped as part of SRTM postprocessing. These transects extended 100-1,000 m across the
active floodplain, depending on the valley width, and reliably captured the downstream elevation change.
We measured channel slopes over nonoverlapping 5 km windows, binned every 25 km (Figures S4 and S5).

To compare to theory, we estimated the bankfull flow depth (h.) of the Madagascan rivers upstream of the
avulsion sites using empirical scaling relations (Text S3). The bed material load of the westward draining
Madagascan rivers is unusually fine and dominated by suspended sediment with a median grain diameter
of 60 to 90 pm (Bresson, 1956; Walling, 1984), similar to the Huanghe (Moodie et al., 2019). We assumed
D5y = 90 um for the Madagascan rivers and estimated k. using the empirical bankfull Shields stress relation
(Trampush et al., 2014) and the threshold channel theory for alluvial rivers (Dunne & Jerolmack, 2018).
These independent methods yielded consistent h. values.

We computed L, using the h,. estimates and S, evaluated upstream of the avulsion site. We evaluated Ly, /L
(Equation 1; Text S1) for the Mangoky River, where all relavant parameters could be constrained. We
assumed this ratio to be representative of all Madagascan rivers analyzed here. We compiled monthly flood
discharge time series for all available Madasgacan rivers (GRDC, 2015; Vorosmarty et al., 1998; Figure S1). In
Equation 1, we assumed that the flow depth at the shoreline (h,) was equal to k., and h/h,, = 0.33 for typical
floods (Ganti et al., 2014; Gibling, 2006). For low flows, we assumed hy/h,, = (Qbf/Q[ow)Z/ * following the
Manning-Strickler relation, where Qyy is the bankfull water discharge—equated to the 2-year recurrence
interval flood—and Qj,, is the minimum recorded water discharge. Depth-averaged flow velocities of
U ~ 1 m/s were measured during bankfull floods on the Mangoky River (Bresson, 1956), and we evaluated

Fr=U/\/gh..

Erosional scours occur during floods that exceed Qs (Lamb et al., 2012). To evaluate Iy, (Equation 2), we
equated fy.o,, to the continuous duration for which flow exceeded Qpin the monthly discharge time series.
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Figure 2. (a) Lobe-scale avulsion sites in Madagascar (inset). (b—f) ESA Sentinel 2 bottom-of-atmosphere-corrected optical imagery of avulsion sites on deltas
(yellow stars), with the former and current river course outlined by red semitransparent polygon and white lines, respectively.

Data were available for three of the five rivers studied here, and where data were unavailable, we used
proximal gauge station data assuming discharge regime scales with local precipitation pattern (Table S1;
Figure S1). In Equation 2, we evaluated Cy = gh.S/ U* ~ 0.01 for the Mangoky River, and assumed the
same Cy for all Madagascan rivers.

We also evaluated I, for a representative global compilation of low-gradient, coastal rivers
(Chatanantavet et al., 2012; Ganti et al., 2014; Moodie et al., 2019). For this compilation, we identified the
closest river gauge to the avulsion site and evaluated f.,, as the duration for which flow exceeded the
reported Qp: We used monthly discharge time series, and estimated [, for rivers using both daily and
montly discharge data when both data sets were available. These estimates showed good agreement
(Figure S6). All other parameters in Equation 2 were reported in previous studies (Table S2). We quantified
uncertainty in L, and Iy, using Monte Carlo simulations (n = 20,000), and the evaluation of parameter
uncertainty is summarized in text S5. We report the mean and standard deviation of L, and L, derived
from the Monte Carlo simulations.

Finally, to compare L, with predictions of the geometric hypothesis (equation 3), we evaluated the maxi-
mum progradation length of delta lobes by setting z = 0 and k"~ & [0.2, 1.4], consistent with observations
of avulsion thresholds in modern and ancient environments (Ganti et al., 2014, 2019; Mohrig et al., 2000).

5. Results

We observed seven lobe-scale avulsions on the western coast of Madagascar (Figures 2 and S7). Of these, two
avulsions occurred farther inland on the Betsiboka and Mahajamba Rivers (Figure 2a), coincident with an
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Figure 3. Observed avulsion length (L,) as a function of the (a) backwater lengthscale (L, ) and (c) estimated flood-scour length (lyoyr; Equation 2) for the
Madagascan rivers (red), Huanghe (yellow), Lower Mississippi (dark gray), low-gradient delta compilation (Chatanantavet et al., 2012; Ganti et al., 2014; Moodie
et al., 2019), and the backwater-scaled delta experiment (Ganti, Chadwick, Hassenruck-Gudipati, Fuller, et al., 2016; Ganti, Chadwick, Hassenruck-Gudipati, &

Lamb, 2016). (b) Computed dimensionless flood duration, T:, across natural and experimental deltas.
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abrupt channel gradient break (Text S4 and Figure S7), and consistent with processes that cause avulsions on
alluvial fans (Ganti et al., 2014; Hartley et al., 2017; Jones & Schumm, 1999; Slingerland & Smith, 2004).

‘We also located five lobe-scale delta avulsions on the Sambao, Manambolo, Morondava, Fiherenana, and
Mangoky Rivers (Figure 2), which are not coincident with a distinctive change in valley confinement or chan-
nel gradient (Figure S4). The observed avulsion lengths, L, ranged from 5.2 km (Fiherenana) to 55.8 km
(Mangoky)—distances significantly longer than I, of 0.20 + 0.07 km (Fiherenana) to 3.07 + 0.80 km
(Sambao) (Figure 3a). The estimated backwater and drawdown lengths were 0.98L, (Fr = 0.3, hy/h,, = 9;
Text S1) and 1.3L;, (Fr = 0.3, hy/h,, = 0.33; Text S1), respectively, indicating that the lengthscale of the zone
of nonuniform flows is much shorter than the observed avulsion lengths (Figure 3a). In contrast, L, scales
with L, for the compilation of low-gradient coastal rivers (L /L4 = 1.57 + 0.43 (mean =+ standard error, S.
E.); Chatanantavet et al., 2012; Jerolmack & Swenson, 2007); whereas L /L, = 0.06 + 0.02 is far smaller
for the Madagascan rivers (Figure 3a).

The average t..,, value for the Madagascan rivers ranged from 1.3 to 1.7 months, similar to other
low-gradient rivers (Table S1). However, the dimensionless flood duration, T:, was orders-of-magnitude dif-
ferent for the Madagascan rivers owing to their short channel bed adjustment time scales caused by the
exceptional sediment load of steep, fine-grained rivers (Figure 3b). The T, value was order 10" for
Mangoky, Sambao, and Manambolo and 10? for Fiherenana and Morondava (Figure 3b). In contrast, TZ
was order 107> to 1072 for other low-gradient, sand-bedded rivers (Mississippi, Orinoco, Danube) and
107" for the Huanghe—a silt-bedded, low-gradient river (Figure 3b). The high T, values of the
Madagascan rivers resulted in Lo, > L (Equation 2). For example, ., for the Sambao and Manambolo
Rivers were 15.7 + 4.34 km and 18.65 + 5.44 km—values significantly longer than their I, of
3.07 + 0.80 km and 2.73 + 1.22 km, respectively.

Results show that [, scales with L, for the Madagascan rivers, consistent with backwater hypothesis for
avulsions and with the compilation of other low-gradient rivers (Chadwick et al., 2019; Chatanantavet
et al., 2012; Ganti, Chadwick, Hassenruck-Gudipati, Fuller, et al., 2016; Ganti, Chadwick, Hassenruck-
Gudipati, & Lamb, 2016) (Figure 3c). Under the backwater hypothesis, riverbed aggradation, and conse-
quently the propensity for avulsions, is limited within the flood scour zone because bankfull-exceeding
floods cause erosion during the interavulsion period (Figure 1c). Experiments and theory indicate that the
riverbed aggradation is maximized upstream of the flood scour zone (Figure 1c; Chadwick et al., 2019;
Chatanantavet et al., 2012; Ganti, Chadwick, Hassenruck-Gudipati, Fuller, et al., 2016; Ganti, Chadwick,
Hassenruck-Gudipati, & Lamb, 2016), and Iy, is a first-order estimate of L,. In our compilation
(Figure 3c), only the Fiherenana avulsion occurred within the predicted flood scour zone. The estimated
lscour for the Fiherenana had significant uncertainty as it lacked a gauged discharge record, and we esti-
mated fg.o, from a proximal river gauge station (Mangoky) (Figure S1b). The ratio of Iy, to L, for the
Madagascan rivers is 0.73 + 0.27 (mean + S.E.) and 0.47 + 0.13, including and excluding the Fiherenana,
respectively, consistent with the global low-gradient delta compilation (lo,/La = 0.41 £ 0.08).

The avulsion lengths on Madagascan deltas are inconsistent with the geometric hypothesis (Equation 3;
Figure 1b). Under this hypothesis, L, should scale with D, (Equation 3) because this amount of delta
lobe progradation will cause the critical sedimentation necessary for an avulsion (Figure 1b). For
k' € (0.2, 1.4], maximum D, is 0.2L, to 1.4L,—an order-of-magnitude smaller than L, of ~20L, for
the Madagascan rivers (Figure 3a). Furthermore, there is not an abrupt floodplain gradient break at
the avulsion locations in the longitudinal swath profiles of the Madagascan rivers (Figure S4)—a key pre-
diction of the geometric hypothesis that causes channel superelevation to be maximized at the avulsion
sites (Figure 1b).

6. Discussion

Our results demonstrate that delta avulsion lengths in Madagascar are significantly longer than the back-
water lengthscale (Figure 3a) and the estimated backwater and drawdown lengths, which contrast with
observations of avulsions in low-gradient deltas (Chatanantavet et al., 2012; Ganti et al., 2014; Jerolmack
& Swenson, 2007; Moodie et al., 2019). However, our results demonstrate that L, scales with the theoretical
flood scour length for all natural deltas (Figure 3c). Under the backwater hypothesis, river drawdown during
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floods causes bed scour within the lowermost reaches of coastal rivers that drives the fluvial system out of
equilibrium (Chatanantavet & Lamb, 2014; Lamb et al., 2012), resulting in a preferential aggradation zone
that produces avulsions upstream of the flood scour zone (Figure 1c; Chatanantavet et al., 2012; Ganti,
Chadwick, Hassenruck-Gudipati, Fuller, et al., 2016; Ganti, Chadwick, Hassenruck-Gudipati, &
Lamb, 2016). The river drawdown zone can be approximated to first order by the backwater lengthscale
(Lamb et al., 2012), and Ls~L; for most rivers because L, approximates the flood-induced scour length.
However, the flood-induced scour length can deviate significantly from L, under certain conditions, and
by accounting for the typical flood duration relative to the channel bed adjustment time scale, Equation 2
provides a more complete framework to estimate I, beyond the simplistic assumption of Isgu-~Ly
(Ganti et al., 2019). For rivers with low gradients and long f,g;, typical floods result in TZ < 1such that flood
scours and avulsions are limited to the backwater zone (Chadwick et al., 2019). This prediction is consistent
field observations of bed scour within the lowermost ~100 km reach of the Mississippi (Nittrouer et al., 2012)
(lscour = 93 + 38 km; Figure 3c), and the location of two major lobe-scale avulsions on the Lower Mississippi
river (T;,~10~3; Figure 3b) that occurred 490 km (0.5 to 0.3 ka; Ly ~ L) and 75-125 km (1.4 to 1.0 ka; L, =
0.16L;, — 0.27L; ) upstream of the shoreline (Chamberlain et al., 2018). Similarly, in the backwater-scaled
physical experiment with T: = 0.36 (Figure 3b; Ganti, Chadwick, Hassenruck-Gudipati, Fuller, et al., 2016;
Ganti, Chadwick, Hassenruck-Gudipati, & Lamb, 2016), flood-induced scours were limited to the backwater
zone (Figure 3a), and L4 % Loy, (Figure 3¢). In contrast, in fine-grained sediment dispersal systems with unu-
sually high sediment loads (Ma et al., 2017, 2020), like the Madagascan rivers, t,4; can be short such that typi-
cal floods can have T: > 1 and produce erosional scours with Iy, > L, (Figure 3c; Ganti et al., 2019) and
consequently Ly > L, (Figure 3a; Chadwick et al., 2019).

Results demonstrate that Ly = (3.1 & 1.5)ls,, for the avulsion compilation on natural deltas, which con-
trasts with the observation of L, & Iy, in the physical experiment (Ganti, Chadwick, Hassenruck-
Gudipati, Fuller, et al., 2016; Ganti, Chadwick, Hassenruck-Gudipati, & Lamb, 2016) with deterministic
flood frequency and magnitude (Figure 3c). These results indicate that Equation 2 only provides a lengths-
cale over which flood-induced scours occur in coastal rivers, and should be considered as a first-order esti-
mate of L,. The location of maximum riverbed aggradation over multiple flood cycles is likely a function of
how the magnitude and frequency of floods covary, and the temporal sequence of floods may also play an
important role. For example, temporally clustered floods can cause the amalgamation of bed scours that pro-
duce longer flood scour lengths than predicted by Equation 2. Further work is needed to test the universality
of the scaling factor between L, and I, for deltas across multiple climate zones, basin depths, and bed
material grain sizes.

In contrast to the backwater hypothesis, if avulsions were triggered by the geometric mechanism, they
should have occurred at a distance of about L, upstream of the shoreline (Equation 3), which is incon-
sistent with field observations (Figure 3a). There is not a mechanism yet identified that would allow geo-
metric avulsions to occur so far upstream because they are tied to the geometry of a prograding lobe
(Figure 1b). For the Madagascan avulsions to be consistent with the geometric hypothesis, the rivers
would require an unrealistic avulsion threshold of 20 (Equation 3), implying that the channel supereleva-
tion needed to trigger an avulsion is 20 channel depths—an inference that is inconsistent with field and
flume studies with i" of the order of unity (Ganti et al., 2014, 2019; Mohrig et al., 2000). In addition, for
wave-dominated deltas, the river mouth progradation is suppresed by wave erosion (Ratliff, 2017; Ratliff
et al.,, 2018) such that D, # 20L;.

Our results bolster the notion that delta lobe size is sensitive to the prevailing flood regime (Chadwick
et al., 2019; Chatanantavet et al., 2012; Ganti, Chadwick, Hassenruck-Gudipati, Fuller, et al., 2016; Ganti,
Chadwick, Hassenruck-Gudipati, & Lamb, 2016). Dam infrastructure in alluvial rivers affect the flood dura-
tion and bed material grain size and consequently influence T, of coastal rivers. Upstream changes that lead
to prolonged floods or an increase in the fine fraction of bed material load can shift avulsion locations farther
upstream (Equation 2). Furthermore, human-induced climate change is projected to vary flood frequency
worldwide (Best & Darby, 2020; Hirabayashi et al., 2013), which will not only impact the global flooding risk
from inundation of urban areas but can also shift the locus of avulsion sites on deltas, further exacerbating
the flooding hazards for densely populated deltas.
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7. Conclusions

Our results provide field testing of the backwater hypothesis for avulsions where natural flood discharge
variability is a primary determinant of the lobe-scale avulsion sites on deltas. Analysis of historical avulsions
in Madagascar indicates that the correlation between avulsion length and backwater lengthscale emerges
only when the typical flood duration is shorter than the channel bed adjustment time scale (T}, < 1), consis-
tent with previous backwater-influenced flume experiments and low-gradient coastal rivers. In contrast,
steep rivers with fine bed sediment can have short channel bed adjustment time scales such that typical
floods have T: > 1. In such a scenario, flood-induced scours caused by backwater hydrodynamics can tra-
verse the entire backwater zone and result in avulsions that are significantly farther upstream than back-
water lengthscale. We find that avulsion lengths are 3.1 + 1.5 times the theoretical flood scour lengths,
highlighting the fundamental role of flood discharge variability in setting delta avulsion location.

Data Availability Statement

Data sets used in this research are publicly available, with USGS/NASA Landsat satellite imagery and SRTM
1 arcsec elevation data downloaded from the USGS Earth Explorer (https://earthexplorer.usgs.gov/) and
Sentinel 2 imagery downloaded from the Copernicus Open Access Hub (https://scihub.copernicus.eu/),
river discharge data from the RivDIS and GRDC global discharge data sets (GRDC, 2015; Vorosmarty
et al.,, 1998) were downloaded from or requested from https://doi.org/10.3334/ORNLDAAC/199 and
https://www.bafg.de/GRDC, respectively, with surface water masks provided by the JRC Global Surface
Water 1984-2018 data sets (Pekel et al., 2016) downloaded from https://global-surface-water.appspot.com/
download. Representative global compilation of low gradient avulsions were compiled from previously pub-
lished studies (Chatanantavet et al., 2012; Ganti et al., 2014, 2019; Jerolmack & Mohrig, 2007; Jerolmack &
Swenson, 2007; Moodie et al., 2019). Tabular data for this study have been provided in the supporting infor-
mation. All code and data used in this study can be downloaded from these sites (https://doi.org/10.6084/
m9.figshare.12948671 and https://gitlab.com/sambrooke/avulsion-flood-scour-paper/-/releases/v1.2).
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