
1. Motivation

Predicting the location of avulsion hazards on deltas 
in the face of changing flood regimes

Austin J. Chadwick & Michael P. Lamb
Division of Geological and Planetary Sciences, California Institute of Technology

2. Conceptual model

3. Numerical experiments
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Quasi-2D Flow hydraulics and sediment mass-balance 
govern the long-profile evolution of a sinuous channel 
& delta lobe complex.

(Chow, 1959; Parket et al., 2008a; Chat-
anantavet et al., 2012; Lamb et al., 2012)

backwater equation

Exner equation
(Parker et al., 2004;

Chatanantavet et al., 2012) 

sediment transport relation
(Engelund & Hansen, 1967)

We perform a dimensional analysis 
using upstream reach dimensions 
and mean sediment supply.

model output

model input
ACTIVE LOBE

INACTIVE LOBE

Hc

deposit

ηb

ηb

t=t0

∆η

INACTIVE LOBE

Avulsions are set up through superelevation of delta 
lobes relative to one another.

Superelevation
(Mohrig et al., 2000; Ganti et al, 2014)
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At times of avulsion, flow reoccupies old channels 
that pave the shortest available path to the shoreline.

Our ability to forecast the location of future avulsion 
events is limited because avulsions are relatively rare 
and many deltas are experiencing drastic changes in 
flood regime due to land-use and climate change. 

Research question: How do di�erences in flood regime 
a�ect the location of river avulsions on deltas?
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On densely populated deltas, the tendency for river channels to 
catastrophically avulse poses a hazard to human life and property. 
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Mississippi River delta, USA
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Previous work has shown that river avulsions preferentially occur around 
a location that is set by backwater hydrodynamics, the interplay of 
dynamic river discharge and standing water near the shoreline. 

Spatial and temporal trends for water-fl ow velocity and bed-material sediment transport in the lower Mississippi River
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and Smith (1989a). At low fl ow (<17,500 m3 s–1), 
it was determined that u*sf = 0.60 × u*total, and 
at high fl ow (22,500–40,000 m3 s–1), it was de-
termined that u*sf = 0.70 × u*total. Any error in-
curred using these ratios is expected to be small, 
because the u*sf:u*total ratio does not change 
substantially from low- to high-water discharge. 
Additionally, we assume that bed-form mor-

phology is similar farther upstream for com-
parable discharges, and because much of the 
channel roughness is accounted for in the bed 
forms, we assume that changes in u*sf:u*total due 
to adjustments in channel planform or changes 
in size of bedforms are relatively small. Skin-
friction shear velocity values were then con-
verted to skin-friction shear stress (τsf = u 2

*sf ρ).

In this study, we used the bed-load transport 
formulation of Ashida and Michiue (1972), 
because previous analyses comparing bed-load 
transport models to fi eld measurements in the 
Mississippi River have shown that this particu-
lar formula is not biased toward low or high 
esti mates of bed-load transport rates (Nittrouer 
et al., 2011a). The formula relates dimension-
less skin-friction stress, τ*sf (τ*sf = τsf/[ρs – ρ]gD50, 
where ρs is density of sediment [2650 kg m–3], 
and D50 is the median grain diameter), to 
the dimensionless critical shear stress, τ*cr 
(τ*cr = τcr/[ρs – ρ]gD50, where τcr is the Shields 
[1936] critical shear stress for the grain diameter 
modeled), and provides a dimensionless bed-
load transport (q*

b):

 )()(∗ = τ∗ − τ∗ τ∗q 17b sf cr cr . (9)

Critical shear stress (τcr) was determined based 
on channel-bed grain-size data measured  over 
the lower 900 river kilometers by the USACE  
(USACE Paper 17, 1935). Median sand grain di-
ameter was plotted against distance above HOP 
(n = 183), and an exponential regression function 
was fi t to the data; the formula for this regres-
sion function was used to determine grain size 
at the location of each channel transect (Fig. 6). 
Dimensionless bed-load transport rates were 
determined by combining the predicted τ*sf and 
τ*cr based on the calculated local transect veloc-
ity and grain size. These values were then made 
dimensional (m2 s–1) using
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Two specifi c water-discharge conditions were 
considered: 11,750 and 38,400 m3 s–1, because 
sediment-transport and shear-velocity measure-
ments have been made at RK 35–45 for these 
water discharges (Nittrouer et al., 2011a), and 
can therefore be used for comparison to predic-
tions in this study.

The Exner equation was used to evaluate the 
tendency for the channel bed of the Mississippi 
River to aggrade or erode based on the predic-
tions for bed-load sediment transport. The sim-
plifi ed one-dimensional Exner equation (e.g., 
Paola and Voller, 2005) conserves mass to cal-
culate the change in bed elevation (∂η) based on 
change in bed-load sediment transport (∂qs) over 
a downstream distance (∂x):

 )( − λ
∂η
∂t

= −
∂
∂
q

x
1 p

s , (11)

where λp is equal to the bed porosity (assumed 
to be 0.35), and ∂t is the change in time over the 
measurement. This simplifi ed Exner formula-
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Figure 5. Water-surface profi les measured for water discharges Qw = 11,750 and 38,400 m3 s–1, 
fi t with water-surface profi les predicted using the backwater equation (Eq. 7). The dimen-
sionless coeffi cient of friction (Cf) was adjusted to optimize the fi t of the model to the data. 
A single Cf value is adequate to provide a spatially consistent fi t of the model to the measured 
profi les, despite the divergences near RK 400–600.

TABLE 2. DIMENSIONLESS FRICTION COEFFICIENT VALUES AND 
WATER DISCHARGE FOR THE LOWER MISSISSIPPI RIVER

Qw (m3 s–1) Modeled Cf using η40

5700.00005
5800.00057

700.0005,21
600.0005,71
600.0005,22
600.0005,72
500.0005,23
400.0000,04

Cf

Qw (m3 s–1) η50 η40 η30

800.0700.05500.0057,11
500.05400.0300.0004,83

Note: The dimensionless friction coeffi cient (Cf) values were evaluated to optimize the fi t between the measured 
water-surface elevation and the water-surface elevation predicted by the backwater model (Eq. 7), calculated for 
the lower 800 km of the Mississippi River (e.g., Fig. 5).

The backwater model requires the input of a channel-bed profi le; this was generated using USACE cross-
channel transects (for the lower 800 km, n = 2650; Harmar, 2004), choosing a depth percentile, and fi nding the 
corresponding elevation at each transect from the distribution of wetted elevations beginning from the thalweg (for 
example, η40 is slightly deeper than the median channel depth, η50). A box-car averaging technique (30 km window) 
was then applied to smooth the transect data (see Fig. 3 for smoothed profi le). In order to evaluate the channel-bed 
profi le that provided the optimal Cf value, predicted u*total values (via Eq. 8) were compared with measured u*total

values, collected from fi eld surveys at three locations in the lowermost Mississippi River (RK 165, 100, and 40; 
Nittrouer et al., 2011a). The η found to provide the Cf with the best u*total match, consistent for all water-discharge 
conditions, is η40. Bottom section of table shows water-discharge conditions when fi eld surveys were conducted, 
and Cf values associated with using different channel-bed elevation profi les (i.e., η50 = median channel-bed 
elevation). These values establish a weak dependence of drag coeffi cient with discharge and representative depth.

Nittrouer et al., 2012
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We approximate natural 
flow variability using a 
log-normal distribution 
of stage height upstream 
in the normal flow reach. 
We sample the distribu-
tion at a user-input flood 
duration.
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Channels avulse farther 
upstream when high-flow 
events are more extreme 
and more frequent. 

symbols and shaded regions 
represent the median & 

range of values over 
13 avulsion cycles
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After the initial wind-up phase of the simulations, channels avulse 
throughout the long profile without a preferential avulsion length.  
Avulsion lengths generally increase through time, and are smaller 
during episodes of trunk channel sedimentation.

Successive lobe profiles feature a self-similar upward concavity, 
leading to nearly uniform profiles of superelevation upstream of the 
initial shoreline and a sharp decrease downstream.
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Upward-convexity of the profile in the backwater drives greater su-
perelevation compared to upstream. Downstream, superelevation is 
reduced because sea level sets the potential energy minimum. 

Variable flood regimes lead to a preferential avulsion length 
approximately equal to the backwater length. Flow-path selection 
occasionally creates an erosional wave that triggers an avulsion 
farther upstream. 
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4. Conclusions

L
A ~ 400 km

Constant discharge Variable discharge

(Stedinger et al., 1993)

We present a predictive model of delta-lobe construction & repeated avulsion that is applicable to 
deltas over a range of spatial scales, sediment supplies and flood regimes. Delta lobes build on top of 
one another, demonstrating a distribution of avulsion lengths that is sensitive to flood regime.

Variable flood regimes lead to a preferential avulsion length approximately equal 
to the backwater length, because intermittent deposition & scour in the backwater 
zone drives profile upward-convexity and a spatial maximum in superelevation. 

Channels avulse farther upstream 
when high-flow events are 
more extreme and more frequent. 
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