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ABSTRACT

Where rivers near the coastline, the re-
ceiving basin begins to infl uence fl ow, and 
gradually varied, nonuniform fl ow condi-
tions arise. The section of the river affected 
by nonuniform fl ow is typically referred to 
as the backwater segment, and for large 
lowland rivers, this portion of the river can 
extend many hundreds of kilometers above 
the outlet. River morphology and kine matics 
vary in the backwater segment; however, 
these channel properties have not been ex-
plicitly related to properties of the fl ow and 
sediment-transport fi elds. This study exam-
ines the infl uence of spatially and temporally 
varying fl ow velocity and sediment transport 
on channel properties for the lower 800 km 
of the Mississippi River, a section of the river 
that includes the backwater segment. Survey 
transects (n = 2650) were used to constrain 
the cross-sectional area of water fl ow every 
~312 m along the Mississippi River channel 
for eight successive intervals of water dis-
charge. Assuming conservation of water 
discharge, the local fl ow velocity was calculated 
at each transect by dividing water discharge 
by the local measurement of cross-sectional 
fl ow area. Calculated fl ow velocity was con-
verted to total bed stress using a dimension-
less friction coeffi cient that was determined 
by optimizing the match between a predicted 
and a measured water-surface profi le. Esti-
mates for the skin-friction component of the 
total bed stress were produced from the val-
ues for total shear stress using a form-drag 
correction. These skin-friction bed-stress 
values were then used to model bed-material 
transport. Results demonstrate that in the 
lower Mississippi River, cross-sectional fl ow 

area increases downstream during low- and 
moderate-water discharge. This generates 
a decrease in calculated  water-fl ow velocity  
and bed-material transport. During high-
water discharge, the trend is reversed: Cross-
sectional fl ow area decreases downstream, 
producing an increase in calculated water-
fl ow velocity and bed-material transport. 
An important contribution of this work is 
the identifi cation of a downstream reversal 
in the trend for channel cross-sectional area 
due to variable water discharge. By account-
ing for the spatial divergences in sediment 
transport predicted over an average annual 
hydrograph, we demonstrate the tendency 
for channel-bed aggradation in much of the 
backwater reach of the Mississippi River 
(150–600 km above the outlet); however, a 
region of channel-bed erosion is calculated 
for the fi nal 150 km. These results help to 
explain the spatial variability of channel 
morphology and kinematics for the lower 
Mississippi River, and they can be extended 
to other lowland river systems near the 
coastline.

INTRODUCTION

Backwater Hydrodynamics and 
Channel Character

Where a river approaches its outlet, river fl ow 
tends to decelerate downstream due to channel 
deepening, and the segment of river where this 
response occurs defi nes the backwater segment 
(Chow, 1959). The length of a backwater seg-
ment (Lb) is evaluated by the momentum equa-
tion for open-channel fl ow, and it is scaled by 
characteristic fl ow depth (H) and water-surface 
slope (S): Lb = HS–1 (Paola and Mohrig, 1996). 
Particularly in low-sloping rivers (S ≤ 10–5), 
such as the Mississippi River (H = 10–30 m), 
the backwater reach can extend hundreds of 
kilome ters upstream of the outlet. Dynamic fl ow 
conditions in this portion of the river play a criti-

cal yet underevaluated role in physically shap-
ing rivers in coastal zones by altering the spatial 
and temporal conditions of sediment transport 
(Nittrouer et al., 2011a).

Within the source-to-sink framework, the 
backwater segments of rivers have been ne-
glected from detailed studies, despite the fact 
that hydrodynamic processes in these reaches 
modulate the transfer of sediment from Earth’s 
land surface to marine settings (Nittrouer et al., 
2011a). In this study, we calculate spatial and 
temporal changes in fl ow velocity and the asso-
ciated divergences in sediment transport for a 
large, deep river near the coastline. In particular, 
this study demonstrates that the transition from 
reach-averaged  steady and uniform fl ow (nor-
mal fl ow) to gradually varying backwater fl ow 
alters the timing and magnitude of bed-material 
transport within the river channel, and its deliv-
ery to the river outlet.

Changes in channel planform and kinematics, 
and bed-material sediment composition are 
noted to arise near the outlets of alluvial river 
systems (Lane, 1957). For example, Ikeda 
(1989) described adjustments in bed-material 
composition, channel migration, and incision 
versus aggradation in the Teshio River (Japan) 
as it approaches its Sea of Japan outlet. Near 
the coastline, the Teshio River is character-
ized by channel bends that are relatively fi xed 
(limited lateral migration) and incised into 
previous fl oodplain deposits. Progressing up-
stream, bed-material sediment coarsens and 
sinuosity and lateral migration increase. Still 
farther upstream, in the vicinity of the back-
water transition (Lb = 20 km: H = 6 m, S = 
3 × 10–4), bed material continues to coarsen, 
and channel cutoffs preserved as oxbow lakes 
become more frequent. Here, the channel-bed 
elevation aggrades relative to the surrounding 
fl oodplain, facilitating avulsions. These obser-
vations depict a lowland fl uvial system with 
dynamic channel properties that coincide with the 
backwater reach, where the system is infl u-
enced by nonuniform flow conditions. This 
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study explores the way in which water fl ow in 
the backwater segment of a river affects sedi-
ment transport, thereby facilitating changes 
in channel properties such as distribution and 
character of alluvial sands and diminished rates 
of lateral mobility, similar to those qualitatively 
observed for the Teshio River.

Backwater Infl uence on Bed-Material 
Transport in the Mississippi River

Extensive sampling of the channel bottom 
in the lower Mississippi River reveals that 
bed materials consist of all grains greater than 

63 μm (Allison and Meselhe, 2010). This 
component of sediment translates as a part of 
both suspended-load and bed-load transport 
(Nittrouer et al., 2008, 2011b). Hydro dynamic 
fl ow conditions in the backwater reach of the 
Mississippi River have an important role for 
regulating the downstream transport of bed-ma-
terial sediment. Measurements collected 40 km 
from the river outlet document a hundred fold 
increase in bed-material fl ux for a fourfold in-
crease in water discharge (low- to high-water 
discharge; Nittrouer et al., 2011a). Coincident 
with this increase in sediment fl ux, there is a 
nearly tenfold increase in the skin-friction com-

ponent of the boundary shear stress. Such sig-
nifi cant changes in stress and sand fl ux are not 
possible where reach-average normal-fl ow con-
ditions persist in the Mississippi River, above 
roughly 650 km upstream of the river outlet 
(Fig. 1; Nittrouer et al., 2011a).

Backwater hydrodynamics affect bed-material  
movement in the Mississippi River by reducing 
skin-friction stress to near the critical threshold 
for sand mobility during low- and moderate-
water  discharge, thereby shutting down sus-
pended bed-material transport and resulting in 
only minimal bed-load fl ux (Nittrouer et al., 
2011a). In the normal-fl ow segment upstream, 
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Figure 1. The lower 800 river kilometers of the Mississippi River; the state of Louisiana is outlined. Cross-channel 
transect data collected by the USACE, 1974–1975 (Harmar, 2004) were used to construct the cross-sectional area 
of the lower Mississippi River from RK 800 (RK—river kilometers above the outlet) to Head of Passes (HOP; the 
outlet of the Mississippi River). In total, 2650 transects were used, spaced downstream by an average distance of 
312 m. Loca tions labeled are referenced in this study: backwater fl ow begins near RK 650 (coincidently where the 
channel-bed elevation begins to fall below sea level); Old River Diversion is where the Atchafalaya River exits the main 
stem Missis sippi River (RK 505). Velocity data used in this study were collected by the USACE at Tarbert Landing 
(RK 493), Baton Rouge (RK 368), and New Orleans (RK 165). Suspended-sediment data referenced in this study were 
collected by the U.S. Geological Survey (USGS) at St. Francisville (RK 425) and Belle Chasse (RK 120).
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reach-average fl ow velocities are uniform, and 
stress is sufficient for both suspended-load 
and bed-load transport of bed materials during 
low- and moderate-water discharge. The reduc-
tion in stress in the backwater reach reduces 
bed-material  mobility, leading to a downstream 
decrease in sediment transport that is hypothe-
sized to produce deposition and storage of bed 
materials in the river channel (Nittrouer et al., 
2011a). Because the Gulf of Mexico is a mircro-
tidal environment (<30 cm), tides do not have 
a signifi cant infl uence on sediment transport 
dynamics in the lower few hundred kilometers 
of the river (Nittrouer  et al., 2008).

Unknown factors include the location, vol-
ume, and duration of bed-material deposition 
in the backwater reach of the Mississippi River. 
For example, how do the signifi cantly enhanced 
skin-friction stresses measured in the back water 
segment from low- to high-water discharge 
affect  deposition and storage of bed materials? 
These questions can be addressed by evaluating 
temporal and spatial changes in fl ow velocity 
and sediment transport through the back water 
segment of the Mississippi River. In this study, 
we calculated flow velocity for a variety 
of  water-discharge conditions by compiling 
data for local bed topography and stage height 
in order  to estimate the cross-sectional area of 
fl ow, and dividing this value into the respective 
water discharge. Local fl ow velocity was con-
verted to skin-friction shear stress and used to 
estimate spatial and temporal divergence in the 
bed-material fl ux based on a bed-load transport 
model. The analysis concludes by describing 
the ways in which the dynamics of bed-material 
transport facilitate storage of sediment in the 
channel, and affect measured channel properties 
of the Mississippi River, including distribution 
and character of alluvial sand cover and rates of 
lateral mobility.

Backwater Flow Description

Where normal-fl ow conditions preside in a 
river, the channel-bed slope (S0), water-surface 
slope (Sw), and energy-grade slope (Sf) are uni-
form. However, as a river approaches its outlet, 
the channel-bed elevation drops below sea level, 
and bed and water slope deviate. The river’s 
water-surface profi le asymptotically approaches 
the mean water elevation of the receiving basin. 
Flow begins to lose gravitational potential and 
decelerate due to a gradual downstream deepen-
ing. This effect of gradually varied fl ow reduces 
the total energy grade (Y), which is shown in 
Figure 2 and is expressed as

 = η + +
α

Y H
U

g2

2

, (1)

where η is the channel-bed elevation, H is 
the fl ow depth, U is fl ow velocity (m s–1), α = 
1.15–1.5 (an energy coeffi cient), and g is gravi-
tational acceleration (e.g., Chaudhry, 2008). To 
determine the energy-grade slope associated 
with backwater fl ow, Equation 1 is differenti-
ated with respect to x:
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where U = QwA–1 (Qw = constant water dis-
charge, m3 s–1, and A = cross-sectional fl ow area, 
m2), and
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where B is width, and is substituted for dA/dh 
assuming a prismatic channel. Making the sub-
stitutions dY/dx = –Sf and dη/dx = –S0 yields
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The last term in Equation 4 is equal to (1 – Fr2), 
where the Froude number is Fr = U(gH)–0.5. For 
this special case, downstream change in fl ow 
depth (dH/dx) is equal to

 =
−

−
dH

dx

S S

1 Fr
0 f

2 . (5)

Alternatively, using the equation for conserva-
tion of momentum for open-channel fl ow, a sub-
stitution for Sf can be made:

 =
τ

ρ
S

gHf
b , (6)

where τb = ρCfU
2 is the total boundary shear 

stress, Cf is the dimensionless bed resistance 
coeffi cient, and ρ is water density (e.g., Chow, 
1959; Parker, 2004). Therefore, Equation 5 is 
rearranged to

 =
−
−

dH

dx

S C Fr

1 Fr
0 f

2

2 . (7)

For the lower Mississippi River, the variables 
water discharge (Qw), channel-bed elevation (η) 
and slope (S0), and water-surface elevation and 
slope (Sw) are known. Water-surface slope de-
parts from the channel-bed slope at ~RK 650 
(where RK refers to river kilometers above the 
outlet at Head of Passes; Figs. 1 and 3), a posi-
tion in the river where the thalweg and 40th per-
centile channel-bed elevation (η40) drop below 
mean sea level (~RK 700 and ~RK 600, respec-
tively; Fig. 3). Near this transition, measured 
fl ow velocity decreases downstream during low- 
and moderate-water discharge (Nittrouer et al., 
2011a), marking a backwater condition in the 
Mississippi River where the system approaches 
its coastline and outlet at the Gulf of Mexico.

Equation 7 has been applied in previous 
studies  that seek to evaluate backwater hydro-
dynamics and effects on sediment transport 
associated with rivers entering man-made res-
ervoirs (e.g., Snyder et al., 2006), or to evalu-
ate the dynamics of sediment routed through 
lowland rivers to a neighboring receiving basin 
(Parker et al., 2008). In this study, we exam-
ine the morphodynamic interactions on yearly 
(fl ood interval) time scales, in order to assess 
the way in which sediment transport in a fl uvial 
system near its marine outlet is affected by non-
uniform fl ow conditions, and in turn, the way 
in which variability in sediment transport affects 
river-channel morphology.

Datum

Channel bed (slope=S
0 )

Water surface (slope=S
w )

Energy grade (slope=S
f )

Y

H

η

αU 2/2g

Figure 2. Schematic illustration for gradually varying open-channel 
fl ow defi ning the backwater condition (after Chaudhry, 2008). Vari-
ables in fi gure: S0 is the channel-bed slope, Sw is the water-surface 
slope, Sf is the energy-grade slope, Y is the total energy grade, η is 
the channel-bed elevation, H is the fl ow depth, U is fl ow velocity 
(m s–1), α = 1.15–1.5 (an energy coeffi cient), and g is gravitational 
acceleration.
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METHODS

Determining Cross-Sectional Area of Flow 
for the Lower Mississippi River

This study uses channel survey data col-
lected by the U.S. Army Corps of Engineers 
(USACE; data collected 1974–1975; found in: 
Harmar, 2004, appendix) and measures cross-
sectional area of fl ow for a range of water-
discharge conditions across the normal-fl ow to 
backwater transition in the Mississippi River. 
The survey data consist of channel-bottom 
transects positioned perpendicular to the local  
downstream channel orientation; elevation 
measurements along each transect were col-
lected every ~30–50 m, and they record the 
local levee tops on both bank lines. All survey 
elevation data are referenced to NGVD 1929 
and have been converted to meters above mean 
sea level. Each transect is spaced by an average 
downstream distance of 312 m; the midpoint 
is referenced to distance above the river outlet 

at Head of Passes (HOP; Fig. 1). The USACE 
channel survey data extend from HOP to Cairo, 
Illinois (RK 1700); however, for this study, 
only the lower 800 km section is considered 
(n = 2560 transects); this data range covers the 
channel from the normal-fl ow segment through 
the backwater reach (Fig. 1).

Cross-sectional area of water flow was 
measured at each transect by coupling local 
water-surface elevation and transect profi les. 
Stage-elevation data were collected at 18 gauge 
sites in the lower 1100 km of the Mississippi 
River (Table 1) over the time period 1977–1985 
(www.rivergauges.com). Daily stage elevation 
recorded at each gauge site was tied to the daily 
water-discharge data collected at Tarbert Land-
ing (n = 3287). Daily stage elevation data were 
binned and averaged at each gauge, using eight 
water-discharge bins, 5000 m3 s–1 in size (i.e., 
<5000, 5000–10,000,…, 30,000–35,000, and 
the last bin, >35,000 m3 s–1). All stage eleva-
tions at each gauge for each discharge bin were 
averaged; for each discharge bin, the average 

water-surface elevations for the 18 gauges were 
plotted against distance above the outlet and fi t 
with a six-order polynomial regression function 
to generate a smoothed water-surface profi le 
for each discharge bin (regression function that 
minimized residuals while providing a smooth 
fi t). This method of averaging elevation data 
ensures that the elevation profi les developed for 
each discharge bin are not biased by individual 
fl ood waves; importantly, the stage varia bility 
at each gauge over the water-discharge range of 
the bins does not signifi cantly alter the water-
surface-elevation profi le generated by the re-
gression function. Using the formula from the 
regression function, water-surface elevation at 
each transect was calculated for each discharge 
bin (e.g., the input is channel distance from the 
outlet for each transect, and output is water-
surface  elevation).

Cross-sectional area for the water flow 
(Atransect ) was calculated for each transect by 
determining the area between the water-surface 
elevation and the transect profi le, using a lin-
ear midpoint fi nite-difference scheme (Fig. 4). 
Channel width (wtransect) was also measured for 
each transect (Fig. 4). This technique was re-
peated for each discharge bin, using the respec-
tive water-surface elevation predicted for each 
transect. Flow depth was determined by fi nding 
the distance between the water-surface eleva-
tion and a selected channel-bed elevation from 
each transect. For example, Hwd40 is the water 
depth calculated by differencing the water-sur-
face elevation from the 40th-percentile depth 
from the distribution of all wetted elevations 
for a transect, beginning from the channel bed 
(i.e., Hwd40 is slightly deeper than the median 
fl ow depth, Hwd50).
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Figure 3. Profi le of the channel-bed and water-surface elevation for two water-discharge 
conditions (Qw = 7500 and 40,000 m3 s–1). The triangles (high fl ow) and diamonds (low fl ow) 
are the gauging station data (Table 1); stage data were fi t with a six-order polynomial re-
gression function to generate a smoothed water-surface profi le. The thalweg profi le (ηt) was 
constructed using the USACE cross-channel-transect survey data, collected in 1974–1975 
(Harmar, 2004), for the lower 800 km of the Mississippi River (n = 2650 transects, spaced 
~312 m apart). The profi le was determined by fi nding the maximum depth of each cross-
channel transect and then applying a downstream box-car averaging function to the data 
(30 km window). The channel-bed elevation profi le (η40) was determined by fi nding the 40th 
percentile elevation for each transect, beginning from the channel bed, and then applying 
a downstream box-car averaging function to the data (30 km window). The gray box high-
lights the location between RK 600 and 750 near the location where η40 and ηt intercept the 
elevation of mean sea level.

TABLE 1. NAME OF STAGE GAUGE SITE AND 
LOCATION ON THE MISSISSIPPI RIVER

Stage site name
(USACE data)

River kilometer (RK) above 
Head of Passes (HOP)

0sessaPfodaeH
2.71ecineV
5.74eripmE
4.87ehcaHaL
2.241srieglA
2.941CNHI
3.851kcoLyevraH
5.561notlorraC

802erraCtennoB
7.763esuoRnotaB
9.684reviRdeR
1.505gnidnaLxonK

285zehctaN
5.107grubskciV
4.558ellivneerG
1.298ytiCsasnakrA
4.7601aneleH

Note: Stage data from these sites were used to 
determine water-surface-elevation profile for the 
discharge ranges modeled in this study. Data are 
available from the U.S. Army Corps of Engineers 
(USACE). IHNC—Inner Harbor Navigation Canal.
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Calculating Flow Velocity for the Lower 
Mississippi River

Water-fl ow velocity was calculated at each 
transect (Utransect) by dividing the average water 
discharge (Qw) for each bin by the measured 
transect cross-sectional area (i.e., Qw/Atransect). 
This method assumes that water discharge is 
conserved in the Mississippi River. Relative to 
the measured water discharge in the main stem 
Mississippi River, addition or loss of water is 
minimal in the lower 800 river kilometers, with 
the exception of Old River diversion (RK 505, 
Fig. 1). Here, approximately 30% of the main 
stem Mississippi River water discharge is di-
verted down the Atchafalaya Basin (value con-
sistent with USACE operations, which regulate 
fl ow through the diversion). A spatial modifi ca-
tion was made to account for this loss of water 
by adding 30% of the Tarbert Landing discharge 
to the Qw above RK 505. The calculation for 

Utransect was stopped at RK 35, because at this 
location, water begins to leave the main channel, 
marking the upstream location of the modern 
subaqueous delta complex.

Predicting Sediment Transport and 
Channel-Bed Elevation Changes in 
the Lower Mississippi River

In order to predict bed-load sediment trans-
port in the lower Mississippi River, velocity 
values were converted to shear-velocity values 
(u*total) using the relationship

 =u C U*total f
2

transect  (8)

(e.g., Parker, 2004; Chaudhry, 2008). To deter-
mine an appropriate value of Cf, spatial varia-
tion of water-surface elevation was modeled 
for each of the eight water-discharge ranges, 
using Equation 7. This one-dimensional back-

water model uses a water discharge, per-unit-
width, calculated by dividing the average water 
discharge, Qw, for each discharge bin, by aver-
age channel width determined for the lower 
800 km of the Mississippi River; per-unit-
width water discharge is divided by local fl ow 
depth to produce Utransect, which is used to cal-
culate the Fr term in Equation 7. Channel-bed 
slope (S0) is required for the model, and this 
was determined from a channel-bed elevation 
profi le. Channel-bed elevation was determined 
by choosing a depth percentile and fi nding the 
corresponding elevation at each transect from 
the distribution of wetted elevations (e.g., η50 
is the median transect elevation). The channel-
bed elevation profi le was then constructed by 
plotting all transect-elevation values from HOP 
to RK 800, and applying a downstream box-
car averaging function (30 km window) to the 
transect-elevation values in order to smooth 
the profi le. The Cf value was then adjusted to 
optimize the fi t between the predicted water-
surface elevation (Eq. 7) and the measured 
water-surface profi le.

Estimates of Cf proved to be sensitive to 
the chosen depth percentile used to construct the 
channel-bed elevation profi le, so that choosing 
a deeper fl ow reduced the value of Cf. For ex-
ample, given high-water discharge (Qw = 38,400 
m3 s–1), bed topographies of η50, η40, and η30 (i.e., 
progressively deepening fl ow) generate Cf values 
of 0.03, 0.045, and 0.05, respectively (Table 2). 
In order to evaluate the channel-bed profi le that 
provided the optimal Cf value, we compared 
predicted u*total (via Eq. 8) with measured  u*total 
values, collected from fi eld surveys at three 
loca tions in the Mississippi River (RK 165, 100, 
and 40; Nittrouer et al., 2011a). The η value 
found to provide the Cf that gives the best u*total 
match, consistent for all water-discharge condi-
tions, is η40, or an elevation profi le that is slightly 
deeper than the median channel-bed-elevation  
profi le. Therefore, water-surface elevation mod-
eling to evaluate Cf for each discharge range 
used the η40 bed profi le (Fig. 5). We found that 
a single Cf value is adequate to give a spatially 
consistent fi t of the model to measured profi les; 
the slight divergence between the measured and 
modeled profi le between RK 400 and 600 is 
likely asso ciated with the relative increases in 
bed ele va tion in this region (Fig. 5; e.g., Harmar 
and Clifford, 2007).

Bed-roughness measurements were used to 
estimate the component of skin-friction shear 
veloc ity (u*sf) from the total shear velocity 
(u*total). The method uses a ratio u*sf:u*total, deter-
mined from form-drag measurements made at 
RK 35–45, and RK 160–165, based on previous 
studies in the lower Mississippi River (Nittrouer 
et al., 2011a), which use the methods  of Nelson 

–40

–35

–30

–25

–20

–15

–10

–5

0

5

10

15

0 200 400 600 800 1000

(x1, y1)
(x2, y2 )

yn=(y1+y2 )/2

an=yn*wn

{wn

Atransect=Σan

Hc=Atransect / wtransect

wtransect=Σwn

area an

survey point
wn=width of area an (m)

Survey transect distance (m)

E
le

va
tio

n 
re

fe
re

nc
ed

 to
 m

ea
n 

se
a 

le
ve

l (
m

)

Water-surface elevation, 
Qw=16,000 m3 s–1

N=total number of area calculations (an ) per transect 

N

N

Both submerged areas calculated

reference frame: flow at viewer

Figure 4. Cross-sectional profi le from a USACE transect, collected at RK 348. The diagram 
indicates how cross-sectional area of water fl ow was calculated for each transect. A water-
surface elevation for a given water discharge was calculated at each transect using a regres-
sion function fi t to stage data (see text for details). This water-surface elevation was used 
to determine the cross-sectional area of the channel. Area between all neighboring survey 
points (an) below the water-surface elevation was calculated as the product of the across-
channel distance between two neighboring points (wn), and the average water depth be-
tween the points ( yn = [ y1 + y2]/2). Total cross-sectional area for the wetted transect (Atransect) 
was taken as the sum of cross-sectional areas determined for all neighboring survey points 
(∑∑w

N

n
, where N is the total number of neighboring areas calculated per transect—equal to 

the number of survey points below the water-surface elevation minus one); transect width 
(wtransect) was taken as the sum of the widths for neighboring survey points (Σwn). Charac-
teristic transect depth (Hc) was calculated as Atransect /wtransect. For some transects, islands or 
other topographic highs rise above the water-surface elevation of the river and split the fl ow. 
In these circumstances, area of the fl ow was determined as the sum of both separated areas.
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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

 =
ρ⎛

⎝
⎜

⎞
⎠
⎟

⎡
⎣
⎢

⎤
⎦
⎥q q gD*

s s

ρ −
ρ

s
50
3

0.5

. (10)

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.
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tion neglects the term for the rate of change in 
sediment concentration in the fl ow per bed area 
(∂Vs/∂t), which is typically added to the right 
side of Equation 11, by assuming that these 
values are much smaller than spatial changes in 
sediment fl ux (i.e., ∂qs/∂x >> ∂Vs/∂t). To create 
an appropriate model for bed-elevation change 
in the lower Mississippi River, the propor-
tion of time over which the modeled discharge 
ranges occur was determined (pd) by using 
daily discharge measurements over the period 
1961–2008. The model time period was set at 
1 yr, and the proportion of time for each dis-
charge range (pd) was multiplied by the num-
ber of seconds in one year to assess ∂t. Change 
in sediment transport (∂qs) was determined as 
the difference in predicted sediment transport 
between neighboring transects, and the change 
in downstream distance (∂x) was defi ned as the 
distance between neighboring transects. Change 
in channel-bed elevation was calculated for each 
discharge range and summed over the eight dis-
charge ranges modeled at each transect location, 
to evaluate the elevation change over an average 
annual hydrograph.

RESULTS

Changes in Cross-Sectional Area of Flow in 
the Lower Mississippi River

Cross-sectional areas for each water-discharge 
range were plotted against distance above the 
outlet, and were fi t with a sixth-order poly-
nomial regression function. For example, two 
discharge conditions are analyzed in Figure 
7A: a low fl ow measuring 10,000–15,000 m3 s–1, 
and a high flow measuring >35,000 m3 s–1. 
Figure 7B plots the ratio of the cross-sectional 
areas  for each transect, and Figures 8A and 8B 
plot Hwd40 and wtransect, respectively, for these 
discharge ranges.

There are notable spatial trends in cross-sec-
tional area of the lower Mississippi River that 
vary as a function of the water discharge (Fig. 

7A). During low-water discharge, cross-sec-
tional area increases downstream, from a value 
near 10,000 m2 above RK 400, to a value of 
16,500 m2 at HOP. However, during high-water 
discharge, the trend is reversed, and cross-sec-
tional area decreases downstream from a value 

of 25,000 m2 at RK 800 to 16,500 m2 near HOP 
(Fig. 7A). Interestingly, the relative change in 
cross-sectional area from low- to high-water 
discharge varies spatially (Fig. 7B): Above RK 
400, cross-sectional area increases threefold, 
and below RK 400, the change in cross-sec-
tional area decreases, approaching unity below 
RK 200. During low-water discharge, minor 
undulations in channel cross-sectional area oc-
cur between RK 400 and 600, associated with 
regional increase in channel-bed elevation (e.g., 
Harmar and Clifford, 2007); however, these un-
dulations do not affect the overall trend of in-
creasing cross-sectional area downstream and 
are therefore not discussed in further detail.

Changes to cross-sectional area arise due 
to adjustments in fl ow depth and width in the 
lower Mississippi River. Upstream of back water 
infl uence (i.e., >RK 650), the increase in river 
stage from low- to high-water discharge roughly 
doubles fl ow depth (i.e., 100% increase in fl ow 
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size data, median diameter, col-
lected in the lower 900 km of 
the Mississippi River (USACE 
Report 17, 1935). The expo-
nential regression function fi t 
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Figure 7. (A) Cross-sectional area of fl ow for the lower 800 km of 
the Mississippi River, calculated at each transect for two water 
discharges (low and high, respectively): 10,000–15,000 m3 s–1 and 
>35,000 m3 s–1. Regression functions are fi t to the values to illustrate 
a smoothed trend. Note that cross-sectional area of fl ow increases 
downstream during low-water discharge; this trend is reversed 
during  high-water discharge, when fl ow area decreases downstream. 
(B) Ratio of cross-sectional fl ow areas, calculated from the cross-
sectional  area measurements. The variability for cross-sectional area 
is relatively large upstream of RK 400 (2–3×), and, downstream of 
RK 200, it converges to unity.
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depth; Fig. 8A). However, progressing down-
stream through the backwater segment of the 
river, the increase in fl ow depth from low- to 
high-water discharge is increasingly minor, so 
that downstream of RK 150, fl ow depth only 
increases ~10% from low- to high-water dis-
charge (Figs. 3 and 8A). Width also varies as a 
function of water discharge, with the magnitude 
decreasing downstream through the backwater 
reach (Fig. 8B).

Calculated Water Velocity in the Lower 
Mississippi River

Given conservation of water discharge, varia-
tions in calculated water-fl ow velocity arise 
due to changes in cross-sectional area. Figure 
9A plots transect velocity values calculated for 

 water-discharge conditions measuring 11,750 
m3 s–1 and 38,400 m3 s–1 (water discharges when 
shear velocity and sediment transport have been 
measured), determined for the water-discharge 
bins of 10,000–15,000 and >35,000 m3 s–1, re-
spectively. Six-order polynomial regression 
functions were fi t to the data to illustrate the 
velocity trend for these cases. Figure 9B plots 
only the six-order polynomial regression func-
tions for four additional discharge cases: low- 
(Qw = 7500 m3 s–1), moderate- (Qw = 17,500 and 
22,500 m3 s–1), and high-water discharge (Qw = 
40,000 m3 s–1), using Atransect values determined 
for water discharge bins 5000–10,000 m3 s–1, 
15,000–20,000 m3 s–1, 20,000–25,000 m3 s–1, and 
>35,000 m3 s–1. These values were compared 
to velocity data reported by the USACE (mean 
velocity at 60% of the local fl ow depth, which 

approximates the depth-averaged velocity) at 
three locations in the lower river (http://www
.mvn.usace.army.mil/eng/edhd/watercon.htm): 
Tarbert Landing (RK 493), Baton Rouge 
(RK 367), and New Orleans (RK 165). The range 
bars fi t to the model values at each of these three 
sites represent the range of high- and low-water 
velocities calculated within 5 km upstream and 
downstream of the survey site, and these range 
bars contain the measured data. The gray shad-
owing in Figure 9B represents the regression 
values ± one standard deviation of all transect 
velocity values determined in a 15 km window, 
which is suffi cient to cover a typical bend and 
straight-reach segment in the Mississippi River.

For a constant water discharge, there is non-
uniform fl ow in the lower Mississippi River 
(Fig. 9B); for example, during low-water dis-
charge (7500 m3 s–1), there is a distinct decel-
eration of water-fl ow velocity in the Mississippi 
River starting at RK 550 (1.07 m s–1) and ex-
tending to HOP (0.49 m s–1), and during high-
water discharge (40,000 m3 s–1), there is fl ow 
acceleration from RK 350 to HOP (2.14–2.44 
m s–1). Furthermore, the increase in water ve-
locity from low- to high-water discharge is not 
spatially consistent (Fig. 9): Water velocity in-
creases by less than a factor of 2 upstream of 
RK 400 (~1.3 m s–1 to ~2.1 m s–1), but down-
stream of RK 200, water velocity increases by a 
factor of 3 (~0.7 m s–1 to ~2.3 m s–1).

Sediment Transport and Channel-Bed 
Elevation Changes in the Lower 
Mississippi River

Dimensional bed-load transport rates for all 
transects, determined for low- and high-water 
discharges, are presented in Figure 10A; the 
smoothed transport values were computed using 
the regression functions fi t to the water-velocity 
data (i.e., regression functions in Fig. 9A). The 
range bars on Figure 10A near RK 40 repre-
sent measured bed-form transport rates dur-
ing the respective water-discharge conditions 
(Nittrouer et al., 2011a). Bed-load transport com-
puted for four water-discharge ranges is shown in 
Figure 10B: low- (Qw = 7500 m3 s–1),  moderate- 
(Qw = 17,500 and 22,500 m3 s–1), and high-water 
discharge (Qw = 40,000 m3 s–1). These transport 
values were calculated using the velocity values 
provided by the regression functions shown in 
Figure 9B.

Modeled bed-load sediment transport in the 
Mississippi River is spatially and temporally 
variable. The smoothed transport values pre-
sented in Figure 10A show that bed-load sedi-
ment transport increases fortyfold at RK 40 
from low- to high-water discharge (2.1 × 10–5 
to 8.4 × 10–4 m2 s–1); additionally, these values 
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(B) Transect width (wtransect) was measured for water discharges 
10,000–15,000 m3 s–1 and >35,000 m3 s–1. Regressions are fi t to the data 
to illustrate the downstream trends (gray regression fi t to >35,000 
m3 s–1 data, and black regression fi t to 10,000–15,000 m3 s–1 data).



Nittrouer et al.

408 Geological Society of America Bulletin, March/April 2012

are corroborated by measured bed-form trans-
port rates. Farther upstream, near RK 500, bed-
load sediment fl ux increases only fourfold over 
the same discharge range (1.69 × 10–4 to 6.25 × 
10–4 m2 s–1). These values demonstrate a signifi -
cant spatial and temporal departure for bed-load 
sediment fl ux in the lower river below RK 550. 
Bed-load sediment fl ux varies spatially and as a 
function of water discharge (Fig. 10B): During  
low-water discharge (Qw = 7500 m3 s–1), there is 
a 26-fold decrease in transport between RK 550 
(5.69 × 10–5 m2 s–1) and RK 100 (2.22 × 10–6 
m2 s–1). During a moderate-water discharge 
(Qw = 17,500 m3 s–1), fl ux decreases downstream 
by a factor of ~5 (3.57 × 10–4 m2 s–1 at RK 550, 
and 7.54 × 10–5 m2 s–1 RK 100), and for a water  
discharge of 22,500 m3 s–1, fl ux decreases by a 
factor of 2 (3.09 × 10–4 at RK 550 and 1.59 × 
10–4 m2 s–1 at RK 100). Bed-load transport 
for high-water discharge (40,000 m3 s–1) is 
relatively uniform downstream, until RK 350 
(6.23 × 10–4 m2 s–1), where the fl ux begins and 
continues to increase until near the outlet at 
RK 40 (9.85 × 10–4 m2 s–1).

The Exner model uses bed-load sediment 
transport values evaluated from the regression 
functions fi t to the calculated water-velocity val-
ues (e.g., regression functions in Fig. 9B used to 
calculate bed-material transport in Fig. 10B) to 
provide smoothed qs values for the model. When 
calculated for an average annual hydrograph, 
the Exner model results (Fig. 11) depict a ten-
dency for the channel bed to aggrade between 
RK 600 and 150, and a tendency for the chan-
nel bed to degrade from RK 150 to the outlet. 
The implications for these results are explored 
in greater detail next.

DISCUSSION

Changes in Cross-Sectional Area of Flow, 
Water Velocity, and Sediment Transport 
in the Lower Mississippi River

An important fi nding in this study is the 
downstream reversal in the trend of cross-
sectional area of fl ow from low- to high-water 
discharge, and the effect this property has on 
fl ow velocity and sediment transport through 
the backwater segment of the Mississippi River. 
During low-water discharge, cross-sectional 
area increases downstream, due to the twofold 
increase in characteristic fl ow depth (Fig. 8A). 
This results in an enlargement of cross-sectional 
area and leads to the downstream reduction in 
fl ow velocity, and therefore the reduction in 
sediment transport between RK 150 and 600. 
During high-water discharge, the cross-sec-
tional area decreases downstream, because the 
channel width decreases and the water-surface 
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Figure 9. (A) Water velocity values calculated for a low-water discharge, 11,750 m3 s–1, and 
a high-water discharge, 38,400 m3 s–1. Velocity was determined at each transect by dividing 
the water discharge by cross-sectional area, determined in this fi gure for discharge ranges 
10,000–15,000 m3 s–1 and >35,000 m3 s–1. Analyses stop at RK 35, where loss of water from 
the Mississippi River channel becomes signifi cant. Values are fi t with regression functions 
to illustrate the smoothed trend. These values show a depreciation of water velocity in the 
backwater segment of the lower Mississippi River (below RK 400) during low-water dis-
charge, and an increase in the backwater segment during high-water discharge. These con-
ditions are associated with the downstream increase in cross-sectional area of fl ow during 
low-water discharge, and the downstream decrease in cross-sectional area of fl ow during 
high-water discharge (see Fig. 7). (B) Regression functions (black lines) determined for cal-
culated water velocity values given for low- (7500 m3 s–1), moderate- (17,500 m3 s–1 and 
22,500 m3 s–1), and high-water discharges (40,000 m3 s–1). The gray shading depicts the ± 1 
standard deviation from the calculation, determined by averaging calculated values over 
15 km segments of the river (high fl ow is outlined with a dashed line to distinguish from 
the moderate-water discharges). Note the spatial variation for calculated fl ow  velocity for 
various discharge conditions. Regression functions were constrained by water velocity 
measure ments reported by the USACE, collected at Tarbert Landing, Baton Rouge, and 
New Orleans (mean fl ow velocity measured at 60% of the local fl ow depth). Range bars 
represent the variation of calculated velocity values within 5 km upstream and downstream 
of the measurement sites, so these range bars contain the measured velocity values.
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elevation does not increase commensurately. 
This leads to the acceleration of water velocity 
downstream of RK 300, and an increase in sedi-
ment transport.

The Exner plot (Fig. 11) was computed based 
on water-discharge frequency; however, the 

Mississippi River water discharge in any given 
year deviates from an average annual hydro-
graph, and therefore the channel-bed elevation 
changes computed should not be interpreted as 
defi nite yearly aggradation/erosion rates. In-
stead, these values are meant to serve as a guide 

for the tendency of the channel bed to aggrade 
or erode over the lower 800 km of the river, 
given an average annual hydrograph. The results 
are nonetheless revealing, because they confi rm 
that the hydrodynamics in the backwater seg-
ment of the lower Mississippi River infl uence 
aggradation and erosion of the channel bed by 
driving spatial and temporal divergences in bed-
load sediment transport.

There is a propensity for the river to erode 
its bed below RK 150. This fi nding is interest-
ing in light of recent work demonstrating that 
in the fi nal 165 km of the Mississippi River, the 
channel bed is only partially alluviated, with 
mobile trains of sandy bed forms and mud de-
posits (Nittrouer et al., 2011b). In this section of 
the river, as much as 40% of the channel bed 
consists of actively eroding, consolidated relict 
substrate, typically exposed in the channel thal-
weg. The results of this study show analytically 
that the lack of alluvial sand cover likely arises 
due to a downstream increase in sediment trans-
port during high-water discharge that is gener-
ated as fl ow is accelerated in the fi nal 300 km 
of the river—that is, there is increasing sedi-
ment transport capacity downstream for water 
discharges >23,000 m3 s–1, resulting in the re-
moval of sediment from the bed to the point that 
the underlying substrate is exposed. It should 
be kept in mind that erosion of exposed relict 
substrate cannot be related to the degradation 
rate calculated via the Exner equation, because 
this model conserves mass of bed-load sediment 
fl ux, calculated at each transect, to determine 
channel-bed elevation changes (therefore, we 
treat the exposed substrate as nonerodible).

There is a tendency for the channel bed to 
aggrade between RK 600 and 150. During low- 
and moderate-water-discharge conditions, fl ow 
velocities decrease through the lower reaches 
of the Mississippi River due to an increase in 
channel cross-sectional area, and as a result, 
bed-load transport decreases downstream, 
resulting in sediment deposition. Although 
bed-load transport increases throughout the 
river during high-water discharge, the spatial 
increase in transport capacity is not suffi cient 
to remove sediment deposited during low- and 
moderate-water discharges. Therefore, we 
hypothe size that the upper reaches of the Mis-
sissippi River backwater segment is a region of 
net sediment storage.

Assessing the Role of Suspended 
Bed-Material Transport

The focus of this study is on the infl uence of 
divergences in bed-load transport on channel-
bed elevation; however, a complete assessment 
of the morphodynamic interactions in the lower 
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Figure 10. (A) Predicted sediment transport at the location of each channel transect, for the 
water discharges 11,750 m3 s–1 and 38,400 m3 s–1, using the bed-load formulation of Ashida and 
Michiue (1972). Range bars near RK 40 show the measured bed-form transport values for 
the two water-discharge conditions (Nittrouer et al., 2011a). Smooth trends represent sediment 
fl ux calculated via regression equations fi t to the transect velocity values for the two water-
discharge cases (i.e., regressions in Fig. 10). (B) Bed-load sediment transport values predicted 
for low- (7500 m3 s–1), moderate- (17,500 m3 s–1 and 22,500 m3 s–1), and high-water discharge 
(40,000 m3 s–1). For this plot, bed-load transport values were calculated based on the regression 
functions fi t to the velocity values predicted for each water-discharge condition (i.e., Fig. 9B). 
These values show that during low- and moderate-water discharge, bed-load sediment trans-
port decreases signifi cantly in the backwater reach of the Mississippi River. A water discharge 
near or above 22,500 m3 s–1 provides roughly uniform bed-load fl ux downstream. During high-
water discharge (40,000 m3 s–1), sediment fl ux increases downstream beginning at ~RK 300.
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Mississippi River should also include predic-
tions for the spatial and temporal changes in 
the fl ux of suspended bed materials (i.e., sand). 
Similar to the nonuniform behavior of bed-load 
transport, suspended bed-material fl ux is likely 
to be spatially and temporally affected by back-
water fl ow conditions. We attempted to assess 
suspended-sand fl ux by using a Rouse (1937) 
profi le to predict water-column sand concentra-
tion at each transect. The analysis uses predicted 
skin-friction shear velocity and grain size of the 
channel-bed sands at each transect. We found 
that predicted suspended-sand fl uxes are ex-
tremely sensitive to the input grain sizes. Unfor-
tunately, these sizes are insuffi ciently resolved 
from available fi eld data, so that accurate predic-
tions of the time- and space-varying suspended-
sand-transport fi eld are not possible. Further 
fi eld data are needed to constrain the grain-size 
distribution of sediments, both on the channel 
bed and in suspension in the lower Mississippi 
River, before accurate calculations can be made.

While forward modeling of suspended bed-
material transport is not possible, there is evi-
dence for a spatially varying sand transport in 
the Mississippi River backwater reach, based on 
measurements collected by the U.S. Geological 
Survey (USGS). Two sampling locations are 
considered (Fig. 1): St. Francisville (RK 425; 
USGS station 07373420) and Belle Chasse 
(RK 120; USGS station 07374525). Data were 
acquired over two decades (1977–2004) and 
cover a wide range of water-discharge con-
ditions. Sediment measurements were made 
primarily using a depth-integrated bag sam-
pler; sand fl ux was calculated by combining 
suspended-sand concentration (the portion of 
the sample with a reported grain size >63 μm) 

and the respective water discharge during the 
measurement (Figs. 12A and 12B). Suspended-
sand transport is temporally sensitive at both lo-
cations: Flux increases more than two orders of 
magnitude, over an eightfold increase in water 
discharge (Figs. 12A and 12B).

The interesting aspect of the data is the dif-
ferent sensitivity of suspended-sediment trans-
port to water discharge, as determined using 

the regression functions fi t to both data sets 
(Fig. 12C). We estimated the minimum water 
discharge necessary to transport a measurable 
quantity of sand at both locations by fi nding the 
water discharge necessary to produce a detect-
able volume of sand. This threshold is set at 0.01 
m3 s–1 sand transport, which, for their respective 
water discharges, is equivalent to ~2–4 mg L–1. 
Based on this standard, sand fl ux initiates at St. 
Francisville when water discharge exceeds 6000 
m3 s–1, and at Belle Chasse when water discharge 
exceeds 10,000 m3 s–1. The regression equations 
show that sand fl ux is greater at St. Francis-
ville than Belle Chasse until a water discharge 
of 23,000 m3 s–1, when sand fl ux equilibrates 
at both locations (Fig. 12C). The implication 
is that suspended-sand transport in the Missis-
sippi River is shut down as far upstream as St. 
Francisville when water discharge is less than 
6000 m3 s–1. When water discharge exceeds 6000 
m3 s–1, suspended-sand fl ux is larger at St. Fran-
cisville than Belle Chasse. Only when water 
discharge exceeds 23,000 m3 s–1 does sand fl ux 
approach the same value at both sites; however, 
for water discharges >23,000 m3 s–1, sand fl ux is 
slightly greater at Belle Chasse than St. Francis-
ville. Coincidently, ~23,000 m3 s–1 is also the 
water discharge threshold when water velocity 
(Fig. 9) and bed-load sediment transport mod-
eled in this study roughly equilibrate throughout 
the lower river (Fig. 10).
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Figure 11. Predicted annual change in channel-bed elevation in the 
backwater segment of the Mississippi River, using the modeled sedi-
ment transport with the Exner equation. The results show that there 
is a tendency for the channel bed to aggrade between RK 150 and 
650 and for the channel bed to erode between Head of Passes (HOP) 
and RK 150.

Figure 12. (A) (on following page) Suspended-sand fl ux at St. Francisville, Louisiana 
(RK 425) versus Mississippi River water discharge (n = 307). Data were compiled from sus-
pended-sediment samples collected by the U.S. Geological Survey from 1978 to 2004 (station 
07373420). A regression was fi t to the data. A zero sand fl ux was set at 0.01 m3 s–1 (equivalent 
to 4 mg L–1; excludes 7% of the data shown). The water discharge for this zero sand fl ux is 
6000 m3 s–1. Therefore, for water discharge less than this value, suspended-sand fl ux at St. 
Francisville is considered zero. (B) Suspended-sand fl ux at Belle Chasse (RK 120) versus 
Mississippi River water discharge (n = 143). Data were compiled from suspended-sediment 
samples collected by the U. S. Geological Survey from 1977 to 1997 (station 07374525). A 
regression was fi t to the data, and zero sand fl ux was set at 0.01 m3 s–1 (equivalent concen-
tration: 2 mg L–1; excludes 20% of the data shown). The water discharge for zero sand 
fl ux is 10,000 m3 s–1. The threshold discharge is larger than at St. Francisville, indicating 
that a larger water discharge is necessary to suspend sand at Belle Chasse. We hypothesize 
that the difference in threshold discharges can be attributed to downstream deceleration of 
water velocity and reduction in sediment-transport stress during low- and moderate-water 
discharge, similar to the bed-load transport model results discussed in this study. (C) Com-
parison of regression functions fi t to the suspended-sand data from St. Francisville and Belle 
Chasse. The regression functions indicate that for a water discharge less than 6000 m3 s–1, 
sand fl ux is negligible for the lower 425 km of the Mississippi River; for a water discharge of 
6000–23,000 m3 s–1, sand transport is greater at St. Francisville. A water discharge of 23,000 
m3 s–1 equilibrates suspended-sand fl ux between the two sites; for water discharges greater 
than this value, sand fl ux is slightly greater at Belle Chasse than St. Francisville. Average 
yearly suspended-sand fl ux was calculated using average annual water discharge and the 
formulas for the regression functions fi t to both data sets. The analysis depicts 20% larger 
sand fl ux at St. Francisville than Belle Chasse, and therefore we hypothesize that sand is 
stored in the channel between the two locations.
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Sand transport measured at St. Francis-
ville and Belle Chasse follow a similar trend 
to predicted bed-load movement: greater fl ux 
upstream during low- and moderate-water dis-
charge (<23,000 m3 s–1), and slightly greater 
fl ux farther downstream during high-water dis-
charge (>23,000 m3 s–1). While there is scatter 
in the suspended-sand data, it is notable that the 
best-fi t regression functions are independently 
consistent with the spatial and temporal trends 
predicted by bed-load transport modeling pre-
sented in this study. As such, we hypothesize 
that spatially varying fl ow conditions in the 
backwater segment of the Mississippi River also 
infl uence suspended-sand fl ux.

The regression functions fi t to the suspended-
sand data were used to evaluate the impact of 
backwater hydrodynamic conditions on mass 
fl ux of suspended sand at both locations over 
an average annual hydrograph. Daily water-
discharge measurements from Tarbert Landing 
were collected over the period 1961–2008; the 
data were binned at 250 m3 s–1 increments, and 
the frequency of occurrence was determined 
for each bin. The average water discharge for 
the bin was then inserted into both regression 
functions, and the output was multiplied by the 
frequency of occurrence. Sand volume was then 
summed for all bins and totaled for a 1 yr period. 
Total yearly suspended-sand fl ux calculated at 
St. Francisville (8.65 × 106 m3 yr–1; 22.9 × 106 
T yr–1) is ~20% larger than yearly suspended-
sand fl ux at Belle Chasse (7.17 × 106 m3 yr–1; 
19.0 × 106 T yr–1). This disparity indicates the 
possibility that suspended sand is stored be-
tween the two monitoring stations. Furthermore, 
the imbalance in suspended-sand transport may 
produce channel-bed aggradation, in addition to 
that estimated based on the spatial divergence in 
bed-load fl ux evaluated in this study (Fig. 11).

Spatially Varying Sediment Transport: 
Implications for Channel Planform 
and Kinematics

In the lower 1700 km of the Mississippi River, 
lateral migration rates have been measured  by 
Hudson and Kesel (2000). Their data show that 
lateral migration is relatively consistent above 
RK 700 (~38 m yr–1), and increases between 
RK 450 and 700 (~62 m yr–1) before essentially 
stopping for the segment of river downstream 
of RK 300 km (<1 m yr–1; Fig. 13). Theoreti cal 
models indicate that the transport of bed-
material  sediment is a driver for lateral mo-
bility, because the movement of sediment to 
the down stream end of channel bars redirects the 
thalweg to the opposite bank, leading to bank 
erosion and widening of the river channel; uni-
form channel width is maintained by commen-

surate sediment accumulation on the interior  
bar (Ikeda et al., 1981; Nelson and Smith, 1989b; 
Hasegawa, 1989).

Channel-bar development in the Mississippi 
River is likely infl uenced by spatial divergences 
in sediment transport, and therefore a relation-
ship may arise between rates of lateral migration 
(measured by Hudson and Kesel, 2000) and re-
gions of aggradation and degradation evaluated 
in this study (Fig. 11). At RK 700, where the 
Mississippi River migrates laterally at a uniform 
rate, the Exner model shows spatially equili-
brated sediment transport and therefore little 
tendency for aggradation or erosion of the chan-
nel bed. Interestingly, the increase in the rate 
of channel mobility for RK 400–800 coincides 
with the location of predicted channel-bed sedi-
ment aggradation (Fig. 11). Downstream of 
RK 300, lateral migration nearly ceases in the 
region where the channel bed tends to erode. 
Therefore, at minimum, the spatial trends for 
lateral mobility coincide with predicted trends 
for aggradation and erosion of channel-bed sedi-
ments. However, a stronger morphodynamic 
link likely exists among spatially divergent sedi-
ment fl ux, the evolution of channel bars, and 
rates of channel migration.

The channel-bed morphology and kinematics 
of the lower Mississippi River are similar to 
those described for the Teshio River (Ikeda, 
1989), and the changing fl uvial characteris-
tics of the Teshio River also coincide with the 
system’s backwater length. For example, both 
rivers  display a change in channel-bed character 
and migration rates as they approach their out-
lets. Downstream of their respective backwater 
lengths, both systems have diminished lateral 
migration associated with channel incision into 
consolidated paleodeltaic sediments and limited 
alluvial cover of the channel bed; both channels 
are relatively fi xed due to incision into fl ood-

plain deposits. Ikeda (1989) showed that the 
composition of the Teshio River’s channel bed 
coarsens near the backwater transition, and that 
this coincides with increased lateral migration 
of the channel. Similar channel morphology and 
kinematics exist for both river systems, scaled 
by their respective backwater lengths, and the 
work here shows that these changes likely arise 
due to spatial divergences in the bed-material 
sediment transport associated nonuniform 
 water-fl ow conditions.

Finally, there may also be an important link 
between fl ow dynamics in the Mississippi River 
and the location of the fi rst distributary chan-
nel, the Atchafalaya River (RK 505; Fig. 1). A 
requisite for fl uvial avulsion is the positioning 
of the river’s water surface above the surround-
ing fl oodplain (Heller and Paola, 1996; Bryant 
et al., 1995; Mohrig et al., 2000). This condition 
is present at RK 505, and it is likely augmented 
through time by deposition of sediments to the 
channel bed as predicted in this study, particu-
larly if aggradation is considered over the time 
scale of the modern Mississippi River channel 
(~1000 yr). The backwater length scale (Lb = 
HS –1) has been related to the occurrence of the 
fi rst distributary node in a number of other low-
land river systems nearing the coastline (Jerol-
mack, 2009; Jerolmack and Swenson, 2007). 
This study confi rms that changing hydrodynamic 
conditions in the backwater segment of rivers 
generate sediment deposition in the channel, 
and therefore play an important role in facilitat-
ing channel avulsions that lead to formation of 
fl uvial distributary channels.

CONCLUSIONS

The principal contribution of this study is to 
demonstrate that the fl ux of bed materials is 
signifi cantly modifi ed through the back water 

Figure 13. Lateral migration 
for the lower Mississippi River, 
from Cairo, Illinois (RK 1700) 
to Head of Passes (HOP). Data 
were reported by Hudson and 
Kesel (2000).  Upstream of 
RK 800, average lateral migra-
tion is ~38 m yr–1. Between 
RK 400 and 800, where the 
Mississippi River transitions to 
backwater fl ow, lateral migra-
tion increases to ~62 m yr–1. 
Downstream of RK 300, the 
river transitions to a mixed bed-
rock-alluvial channel (Nittrouer 
et al., 2011b), and lateral migration diminishes signifi cantly. These changes in the rates of 
lateral mobility coincide with the regions of predicted channel-bed aggradation and erosion.
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reach of the Mississippi River. The spatial and 
temporal divergence in sediment transport re-
sults in a tendency for the channel bed to ag-
grade in the upper segment and degrade in 
the lower segment of the backwater reach. At 
minimum, these changing channel properties 
coincide with dynamic rates of lateral mobil-
ity, and likely infl uence the positioning of a 
modern distributary node. However, we pro-
pose a morphodynamic link, whereby changing 
hydro dynamics in the backwater reach affect 
sediment transport, which in turn infl uences 
channel morphology and kinematics. The inter-
action of the processes is the focus of ongoing 
research. Here, we summarize the primary fi nd-
ings discussed in this study.

Channel cross-sectional data over the normal-
fl ow to backwater transition in the Mississippi 
River show two distinct trends: (1) During 
low- and moderate-water discharge, there is 
a downstream increase in the cross-sectional 
area flow, and (2) during high-water dis-
charge, cross-sectional flow area decreases 
downstream. Changing fl ow area affects cal-
culations for depth-averaged velocity: During 
low- and moderate-water discharge, fl ow ve-
locity decreases downstream, and during high-
water discharge, water-fl ow velocity increases 
downstream.

Bed-load transport rates, modeled using cal-
culated fl ow velocity converted to skin-friction 
shear stress, vary spatially and also as a func-
tion of water discharge through the back water 
segment of the Mississippi River. During low- 
and moderate-water discharge, there is a down-
stream decrease in bed-material transport, and 
during high-water discharge, there is a down-
stream increase in bed-material transport. The 
predicted rates of sediment transport were 
coupled with an Exner model run for an aver-
age yearly hydrograph and used to evaluate a 
tendency for the channel bed to aggrade in the 
upper segment of the backwater reach (RK 600–
150), and a tendency for channel bed to erode 
near the river outlet (downstream of RK 150).

A spatial imbalance for suspended-sand trans-
port in the lower Mississippi River is noted, 
and the patterns are similar to bed-load trans-
port. The data show that sand fl ux is rarely 
equilibrated between the St. Francisville and 
Belle Chasse: For low- and moderate-water 
discharge, measureable suspended-sand fl ux 
is larger at St. Francisville, and for high-water  
discharge, suspended-sand fl ux is slightly 
greater at Belle Chasse. When considered over 
an average annual  hydrograph, total sand vol-
ume transported is roughly 20% greater at St. 
Francisville, and this imbalance points to the 
possibility of additional net storage of sand 
within the lower reaches of the Mississippi 

River in addition to bed-load transport disequi-
librium predicted in this study.

Several dynamic planform characteristics 
of the Mississippi River coincide with the 
predicted locations of deposition and erosion 
of the channel bed. Aggradation of the chan-
nel bed, in the upper reaches of the backwater 
segment, arises where high rates of lateral mi-
gration are measured . Deposition of bed-load 
sediment contributes to the growth of channel 
bars, and therefore enhances lateral migration. 
Conversely, near the fl uvial outlet, channel-bed 
erosion limits bar growth and lateral mobility. 
Furthermore, the location of the modern avul-
sion node for the Mississippi River coincides 
with the region of predicted sediment aggra-
dation. The deposition of sediment in the river 
channel will facilitate avulsions and lead to the 
development distributary channels. We postulate 
that channel-bed aggradation at the normal-fl ow 
to backwater transition has located the modern 
Atchafalaya distributary channel.

Backwater hydrodynamics associated with 
a river nearing the coastline will operate in all 
lowland river systems, and should be especially 
pronounced in deep and/or low-sloping rivers, 
where nonuniform fl ow can extend tens to hun-
dreds of kilometers above the outlet. Therefore, 
similar dynamic channel properties are likely to 
arise in past and present lowland river systems, 
and ultimately this hydrodynamic infl uence will 
affect channel morphology and the character 
and timing of sediment transferred from rivers 
to marine settings.
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