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ABSTRACT

The quantification of the changes in channel geometry and sand load that have occurred on
the Missouri River after engineering works and that characterize the Altamaha River in the
fluvial-tidal transition zone is the main objective of this research. Dam construction and
channelization on the Missouri River resulted in flow regulation, sediment shortage by dam
reservoir trapping, channel straightening and narrowing. Quantifying the morphodynamic
response of the Lower Missouri River to these engineering projects at short and long-time
scales is a difficult problem that we approach with the analysis of the available field data
and with the aid of a one-dimensional morphodynamic model. The results show that the
peak discharge and suspended sand load have reduced remarkably downstream of Gavins
Point Dam, i.e. the lowermost dam on the Missouri River mainstem, and have recovered
gradually to pre-dam levels downstream of the junctions with major tributaries. The
analysis of mean daily flows reveals no observable change in high flow magnitude and
frequency downstream of the Missouri River — Grand River confluence. Model results
show no significant change in mean annual sand load in the downstream-maost part of the
study reach for short and long-term simulations. Recent studies on river morphology in the
fluvial tidal transition zone show significant changes in channel geometry and sediment
size over relatively short distances with the cross-sectional area and the sediment size
decreasing the oceanward direction. The collection and analysis of field data in the fluvial-

tidal transition zone of the Altamaha River presented herein provides greater insight into
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the characteristics and causes of these spatial changes. Stream power and Shields number
were used to explain the observed changes, which occur over a distance ranging from 1 to
4 km. The analysis showed a sharp decline in stream power and Shields number at the
boundary between the fluvial and tidal dominated reaches. This decline is thought to be

responsible for the observed changes in channel geometry and sediment size.

Vi
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CHAPTER 1

INTRODUCTION

Rivers transport water and sediment from continents to the ocean. Depending on the
system slope, the flow regime, the sediment supply and the sediment characteristics, river
morphology varies, adjusts, and adapts over multiple spatial and temporal scales (Leopold
and Maddock, 1953; Julien and Wargadalam, 1995). Natural and anthropogenic events
may induce changes in hydrology, sediment load and/or caliber that induce changes in river
shape and form (Lane, 1937; Mackin, 1948; Gurnell, 1997; Schumm, 1968; Church, 1995).

Rivers respond to natural and human-induced changes with a series of channel
adjustments, e.g. changes in channel geometry and morphology, in slope or in channel
pattern (Lane, 1955; Simon, 1989; Ortega et al., 2014; Boix-Fayos, 2007; Gregory, 2006;
Lane et al., 2007). Examples of anthropogenic activities that result in changes in river
characteristics include changes in land use, flow regulation, river engineering works. The
adjustments to these activities are generally confined within the watershed and its river
network. Natural conditions that can control channel shapes and processes include changes
in flow characteristics due to e.g. the interaction between unidirectional river flows and
bidirectional tidal currents or the confluence with a major tributary (Gurnell, 1997),
changes in climate and sea level. The response to these factors varies over temporal scales
that are much longer than those characterizing the response of a river reach to human

activities and over spatial scales that are larger than a single watershed.
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River adjustments to natural and anthropogenic forcing occur at different spatial
and temporal scales. Small scale adjustments can be associated with changes in channel
characteristics such as the changes in grain size distribution, channel width, and channel
depth. The large scale response of a river can be characterized by changes in channel
pattern, reach morphology and slope, and usually reflects the cumulative effect small scale
processes (Church, 1995; Buffington, 2012).

The research work presented in this dissertation focuses on the response of the
Missouri River to flow regulation and channel narrowing-straightening, and on the impacts
that the interaction between river flow and tidal oscillations have on river morphology in

the fluvial-tidal transition zone of the Altamaha River.

1.1 IMPACT OF FLOW REGULATION AND RIVER MODIFICATION ON RIVER

MORPHOLOGY AND HYDROLOGY

More than 40,000 dams higher than 15 m have been built around the world for e.g. flood
control, hydropower generation, navigation control, irrigation, industrial development,
municipal water supply and sediment control (ICOLD, 1988). Further, river engineering
works such as channel stabilization and straightening associated with the construction of
dikes and other structures are realized for e.g. flood control, navigation, and prevention of
bank erosion (Horsak et al., 2009; Painter and Heine, 2005).

With the increasing number of dam projects and river engineering works, the
awareness of the impacts that these projects have on natural systems has grown as well.
Thereby, the characterization of the impacts of imposed changes in flow regime, sediment

supply and downstream base level on river morphology and hydrology received significant
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attention last few decades (Williams and Wolman, 1984; Brandt, 2000; Benn and Erskine,
1994; Petts and Gurnell, 2005; Galay, 1983; Andrews, 1986; Gregory, 2006; Pisut, 2002;
Horsak et al., 2009; Painter and Heine, 2005).

Morphological and hydrological changes associated with dam construction are
generally characterized by 1) changes in flow rates and sediment loads delivered to the
downstream reaches, and 2) a sudden increase in base level for the upstream reaches. Flow
regulation downstream of dams is generally characterized by a reduction in the peak flood
discharges. Flow management to ensure safe navigation may be associated with increasing
magnitude in medium and low flows. In other words, the regulated flow regime
downstream of a dam is characterized by changes in shape, magnitude, and frequency of
the flow hydrograph compared to the natural conditions (Magilligan and Nislow, 2005).
The response of different river reaches to these changes depends on the reach
characteristics and as such it is very a complex problem that has to be approached with the
study of a significant amount of field data (Petts, 1979; Church, 1995).

The closure and the operation of a dam not only impacts the flow regime, it also
results in a reduction of the sediment that is supplied to the regulated reaches. In other
words, the majority of the sediment contributed from the basin upstream of the dam is
trapped in the reservoir and does not reach the regulated portion of a river. Depending on
the reservoir size and on the dam operational rules, the sediment trapping efficiency of a
reservoir may be as high as 95% (Williams and Wolman, 1984). As a result, the sediment
transport capacity of the flow released from the dam is in general higher than the sediment
supplied to the regulated reach and this may result in channel bed erosion and/or in the

formation of a static armor (Livesey, 1965). Due to the increasing drainage area, further
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downstream of the dam, the post-dam sediment supply and channel hydrology may recover

to pre-dam level (Li et al., 2009).

1.2 IMPACT OF TIDAL OSCILLATIONS ON CHANNEL MORPHOLOGY

The interaction between tidal oscillations at the downstream end of a river channel and the
sediment transport processes plays an important control on channel forms and processes.
In rivers, bankfull channel width and depth increase in the streamwise direction as the flow
discharges increases from the mountains to the ocean (Leopold et al., 1964). Predicting
the spatial changes in channel geometry becomes more complex in tide-dominated settings
due to the complex interactions between river flows and tidal oscillations.

The fluvial-tidal transition zone identifies the portion of a river at the boundary
between the river-dominated reach, where the flow hydrodynamics is significantly
impacted by the tidal oscillations (Dalrymple and Choi, 2007; Dalrymple et al., 2012;
Ensign et al., 2013; van den Berg et al., 2007; Wright et al., 1973). The location of the
fluvial-tidal transition zone depends on the flow regime, the channel morphology, and the
characteristics of the tides (Dalrymple et al., 2015, Freitas et al., 2012).

Yankovsky et al. (2012) described the tidal-fluvial transition as the portion of the
river in which the interaction between the unidirectional river flow and the bidirectional
tidal flow becomes significant. Progressing from the ocean towards land, tidal amplitude,
and current speed increase due to channel convergence. As the tide travels landward,
energy is gradually dissipated due to bed friction and the interaction with the river
discharge. In the transition zone significant dissipation of tidal energy occurs (Ensign et

al., 2013; Yankovsky et al., 2012; Dalrymple et al., 2015). Due to the interaction between
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unidirectional river flow from the land to ocean and bidirectional tidal flows, channel
morphology in the fluvial-tidal transition zone is characterized by noticeable changes over
relatively short distances (Gurnell, 1997; Sassi et al., 2012; Yankovsky et al., 2012).
Recent observations in tidal settings documented changes in channel morphology
through the fluvial-tidal transition zone (Torres, 2017; Kastner et al., 2017; Yankovsky et
al., 2012; Gurnell, 1997; Sassi et al., 2012; Ganju et al., 2004; Dashtgard and La Croix,
2017; Dalrymple and Choi, 2007; Lawrence et al., 2015). In particular, Yankovsky et al.
(2012) and Torres (2017) reported on a sharp change in cross-section geometry in this part
of the river (see also Kastner et al., 2017; Sassi et al., 2012). Ganju et al. (2004) and
Dashtgard and La Croix (2017) used suspended sediment concentration measurements to
determine the location of the fluvial-tidal transition over a tidal cycle. During flood flow
the transition migrates landward and corresponds to the location of a maximum suspended
sediment concentration. These studies notwithstanding, changes in channel morphology
and sedimentary processes in the fluvial-tidal transition are still poorly characterized and
interpreted due to the complex flow hydrodynamics and its interaction with sediment

transport processes.

1.3 RESEARCH OBJECTIVES

The overall objective of this dissertation is the study of how temporal changes in flow
regime, sediment supply and base level impact channel morphology. In particular, two
field cases are considered. The first field study focuses on the impacts of dam construction
and channelization works on the Lower Missouri River, USA, where widespread channel

bed erosion is thought to be a consequence of human-induced flow regulation and channel
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narrowing/straightening. The second field study focuses on the impacts of tidal oscillations
(i.e. periodic, natural changes in base level) on the morphology and flow hydrodynamics
of the fluvial-tidal transition zone in the unregulated Altamaha River in Georgia, USA.

The Lower Missouri River is the ~1300 km long reach of the Missouri River
starting at Gavins Point Dam, SD, and ending at the Mississippi River — Missouri River
confluence, MO. Water resources management in the Lower Missouri River basin focuses
on different purposes including flood control, hydropower generation, irrigation, water
supply and maintenance of navigation flows. Dam construction in the 1950s coincided
with extensive engineering works such as channel alignment and bank stabilization, on
more than 90% of the total reach length (Pinter and Heine, 2005; Simon and Rinaldi 2000,
2006; Halberg, 1981).

The impacts of the engineering works on the Lower Missouri River morphology
can be summarized as widespread channel bed erosion and changes in sediment load, as
well documented in previous studies (Pinter and Heine, 2005; Jacobson and Galat, 2008;
Holly and Karim, 1986; Simon and Rinaldi 2000, 2006; Halberg, 1981). Due to the
problem complexity, however, there are still questions on 1) the impact of dam closure
and channelization works on the sand load delivered to the Mississippi River (e.g.,
Nittrouer and Viparelli, 2014; Blum and Roberts, 2014; Meade and Moody, 2010;
Horowitz et al, 2001; Kemp et al., 2016; Syvitski et al., 2009), 2) the role of tributaries and
the streamwise increase in drainage area on the regulated flow regime and sand loads, and
3) the response of the Missouri River channel to the engineering works.

The objectives of the proposed research on the impacts of changes in flow regime

on the Lower Missouri River are:
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a- Quantify, analyze, and discuss the spatial and temporal changes in flow regime
and suspended sand load in the study reach.

b- Quantify the morphodynamic response of the Lower Missouri River to the
engineering works at short and long time scales.

c- Determine the role of tributaries on the short and long term morphodynamic

evolution of the study reach.

The second part of the proposed research is an investigation on the morphological
and hydrodynamic characteristics in the fluvial-tidal transition zone. The study area is
located on a 47 km long reach of the Altamaha River, USA, located ~30 km upstream of
the river mouth. The flow regime in the study reach is non-regulated and tidally influenced
in the lowermost part of the reach, in other words the fluvial-tidal transition occurs within
the study reach.

The upper limit of the transition zone is generally identified by the tidal limit, i.e.
the point where the influence of tidal oscillations on the river flow becomes negligible.
The tidal limit does not have a fix position in time, it migrates upstream or downstream
during a tidal cycle and due to the variability of the river discharge (Freitas et al., 2012;
Dalrymple and Choi 2007; Dalrymple et al., 2012; Kastner et al., 2017; Gurnell, 1997;
Sassi etal., 2012; Ganju et al., 2004; Dashtgard and La Croix, 2017; Lawrence et al., 2015).

Spatial changes in channel geometry and sediment characteristics have been
observed across the fluvial-tidal transition zones (Torres, 2017; Kastner et al., 2017,
Gurnell, 1997; Sassi et al., 2012; Ganju et al., 2004; Dashtgard and La Croix, 2017,
Dalrymple and Choi, 2007; Lawrence et al., 2015). However, the physic processes that are

responsible for these changes are still poorly understood. Investigating the causes of the
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observed changes in channel geometry and sediment grain size is the main objective of the
proposed second study.
Specific objectives of the proposed research are to combine field observations and
one-dimensional calculations to:
a- Investigate the spatial changes in channel morphology and grain size
distribution across the fluvial-tidal transition zone; and
b- Interpret the change in channel geometry and grain size distribution with respect

to the spatial distribution of stream power and Shields number respectively.

The remainder of this document is organized as follows. The study on the short
and long term morphodynamic evolution of the Lower Missouri River is presented in
Chapter 2. The study on the changes in channel morphology and grain size distribution of
a fluvial-tidal transition presented in Chapter 3. The summary and conclusion of the two

case studies in Chapter 2 and Chapter 3 are presented in Chapter 4.
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CHAPTER 2
NUMERICAL SIMULATION OF MISSOURI RIVER BED EVOLUTION AND

SAND LOAD DOWNSTREAM OF GAVINS POINT DAM*

2.1 INTRODUCTION

The Missouri River originates in the Rocky Mountains in southwestern Montana and flows
southeastward for ~3800 km before it joins the Mississippi River near St. Louis, Missouri.
The US Army Corp of Engineers manages water resources in the Missouri River basin with
particular attention to flood control, navigation, hydropower generation, irrigation and
water supply. Dams and other engineering structures were built to regulate the Missouri
River and its tributaries (Ferrell, 1993, Pinter and Heine, 2005). Dam construction started
in the 1930s and about 100 dams have been built since the 1950s as part of the Pick-Sloan
water development project (Ferrell, 1993, Pinter and Heine, 2005; Skalak et al., 2013).
Gavins Point Dam, SD, is the most recent and downstream most dam on the Missouri River
mainstem and was closed in 1954.

This study focuses on the ~1300 km of the Missouri River from Gavins Point Dam
to the confluence with the Mississippi River, MO. This reach is generally called the Lower
Missouri River and it is represented in Figure 2.1 with the main tributaries, USGS gaging

stations, and locations that are relevant for this study. Downchannel distances in Figure 2.1

1Zeyad A. Sulaiman, Basim M. Al-Zaidi, and Enrica Viparelli, in preparation for submission to
Water Resources Research
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and throughout this chapter are measured in river kilometers, RK, upstream of the
Mississippi River — Missouri River confluence, with RK= 0 indicating the Mississippi
River — Missouri River confluence and RK = 1305 indicating the location of Gavins Point
Dam.

Channelization works on the Lower Missouri River were performed in the 1960s
from Sioux City, lowa, to St. Louis, Missouri, to create a stable channel for navigation and
to reduce flood magnitude and frequency. In particular, the channel width was narrowed to
220 m — 360 m, equal to one half to one third of the original width, the main channel was
re-aligned, meanders were removed and the banks were armored to prevent lateral
migration (Pinter and Heine, 2005; Heine and Lant, 2009; Jacobson and Galat, 2008;
Simon and Rinaldi 2000, 2006; Halberg, 1981; Branyan, 1974). As a result, the Missouri
River mainstem was shortened of ~110 km and the sinuosity was reduced (U.S Army Corps
of Engineers, 2017).

Field observations show that the Missouri River response to these engineering
works has been complex. The Missouri River from Gavins Point Dam (RK 1305) to Sioux
City (RK 1178), IA and from St. Joseph (RK 719), MO to Kansas City (RK 589), MO
experienced 2.0 m - 4.0 m of bed degradation (see locations in Figure 2.1), while the reach
from Omaha (RK 991), NE, to Nebraska City (RK 937), NE, changed little since dam
closure (U.S Army Corps of Engineers, 2012; Pinter and Heine, 2005).

Quantifying the morphodynamic response of the Lower Missouri River to the
engineering works at short (decadal) and long (centennial) time scales is a difficult problem
that we approach with the analysis of the available field data and with the aid of a one-

dimensional morphodynamic model. In particular, we quantitatively analyze and discuss

10
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1) the streamwise changes in the Lower Missouri River daily flows, 2) the spatial and
temporal changes in suspended sand load in the study reach, 3) the morphodynamic
evolution of the Lower Missouri River channel, and 4) the role of tributaries on the short
and long term morphodynamics of the study reach.

The changes of the Lower Missouri River hydrology associated with the
construction of dams have been thoroughly studied (Pegg et al. 2003; Pegg and Pierce,
2002; Galat and Lipkin, 2002; Jacobson and Galat, 2008). The vast majority of these
studies, however, primarily focused on the changes in flow regime at few gaging stations
and did not consider the impacts of water resources management on the flow regime of the
entire Lower Missouri River. Here we present an analysis of the daily flow data collected
at nine USGS stations to determine 1) the length of the Lower Missouri River where the
flow regime has been significantly impacted by the closure of Gavins Point Dam, and 2)
how the flow regime has changed in the Lower Missouri River due to flow regulation in
the river basin.

It is well accepted that historically the Missouri River contributed roughly 12% of
the total water and 50% of the total (sand and mud) sediment load to the Mississippi River
(Meade and Moody, 2010). However, the impacts of flow regulation in the Missouri River
basin on the sand and mud loads delivered to the Mississippi River are still a matter of
debate (e.g., Nittrouer and Viparelli, 2014; Blum and Roberts, 2014). The uncertainties
associated with the predictions of the sand load in the Lower Missouri River further
complicate the interpretation of the field observations. Here we use the available field data

and a model of river morphodynamics to predict the changes of the suspended sand load

11

www.manaraa.com



upstream of the Mississippi River — Missouri River confluence from the closure of Gavins
Point Dam at short (decadal) and long (centennial) time scales.

Finally, to the best of our knowledge the role of the main tributaries on the
morphodynamic evolution of a large, regulated river is a largely overlooked problem in the
engineering literature (Blom et al., 2016). Here a model of river morphodynamics is used
to investigate the role of the Missouri River tributaries on the evolution of the regulated

and engineered Lower Missouri River mainstem.

2.2 THE LOWER MISSOURI RIVER

The Missouri River basin occupies ~137,000 km? of the United States from South West
Montana to Missouri (Galat and Lipkin, 2002). For water resources management the
Missouri River is divided into three reaches, the Upper Missouri River from the headwater
to Fort Peck Dam, MT, the Middle Missouri River from Fort Peck Dam, MT, to Gavins
Point Dam (RK 1305) near Yankton, SD, and the Lower Missouri River from Gavins Point
Dam to the confluence with the Mississippi River near St. Louis, MO (Jacobson and Galat,
2008; Holly and Karim, 1986; Alexander et al., 2013). It is worth mentioning here that in
some studies the upstream end of the Lower Missouri River is located at Sioux City (RK
1178), 1A (Pegg et al. 2003; Pegg and Pierce, 2002; Galat and Lipkin, 2002).

The major tributaries of the Lower Missouri River are listed in Table 2.1 with
indication of the confluence location, tributary drainage area and confluence side, i.e. on
the hydraulically left or right of the Missouri River. In general, the tributaries on the
hydraulic left have low slopes and fine sediment load. The tributaries on the hydraulic right

have relatively high slopes and transport relatively coarse sediment (Carlston, 1969).

12
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The US Army Corps of Engineers conducted extensive bed sampling in the 1970s
from Yankton (RK 1305), SD, to St. Joseph (RK 719), MO, and showed that the median
bed material size ranges between 0.2 and 0.4 mm (Holly and Karim, 1986). Further,
Keown et al. (1986) reported that there was no significant change in the bed material (sand)
size at Hermann (RK 157) for the last 50 years, where the characteristics sand size varies

between 0.2 mm and 0.45 mm.

2.2.1 Lower Missouri River hydrology

The hydrology of the Lower Missouri River is analyzed using daily flows recorded at nine
USGS gaging stations on the Missouri River main channel. These stations are listed in
Table 2.2 with their USGS ID number, location in RKM, period of record and watershed
area. These stations were chosen based on the length of the period of record, the type of
available measurements and on the location.

The USGS stations with daily flow measurements and with a record of suspended
sediment measurements starting prior to 1954 were used to characterize the flow regime
and sediment loads. The USGS stations located on the mainstem immediately downstream
of the junctions with major tributaries were used to determine the streamwise changes in
flow regime. The downstream most USGS stations on the major tributaries were considered
to determine the input of sediment from major tributaries.

The majority of the Missouri River mainstem dams were completed in the 1950s
and 1960s, and the flow record at the USGS stations on the Lower Missouri River

considered herein starts in the late 1920s/early 1930s. We thus divided the flow record
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into two periods: pre-1954 or pre-Garrison Dam (pre-dam), and post-1954 or post-Garrison
Dam (post-dam).

Garrison Dam was completed in 1953 and it was the first large dam built on the
Missouri River mainstem after the closure of Fort Peck Dam, MT, in 1937. The area of the
Missouri River basin upstream of Fort Peck Dam is equal to 20% of the drainage area of
the Missouri River basin at Gavins Point Dam. We thus assume that the construction of the
Fort Peck Dam did not have a significant impact on the Lower Missouri River.

The same assumption cannot be made for Garrison Dam, ND, located ~610 km
downstream of Fort Peck Dam and ~930 km upstream of Gavins Point Dam. The area of
the Missouri River basin at Garrison Dam is equal to the 65% of the Missouri River basin
area at Gavins Point Dam, and the assumption that the construction of Garrison Dam did
not impact the flow regime at Gavins Point Dam cannot be reasonably made (Meade and
Moody, 2010; Shalak et al., 2013). Thus, the pre-1954, i.e. pre-Garrison Dam closure, daily
flow data are used to characterize the pre-dam flow regime of the Lower Missouri River.

The flow regime of the Lower Missouri River is here described with flow duration
curves based on the mean daily flows measured at the nine USGS stations listed in Table
2.2. Pre- and post-dam flow duration curves are presented in Figure 2.2, where the
continuous and the dashed lines respectively represent pre- and post-dam conditions. For
analysis and comparison purposes, high flows are characterized by probabilities of
exceedance are greater than 0.05 and low flows have probabilities of exceedance smaller
than 0.6.

After the completion of the engineering works on the Lower Missouri River, dams

were built on its major tributaries and management practices were introduced regulate
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agriculture (Simon et al., 2004; Ferrell, 1993; Meade and Moody, 2010). To determine if
the engineering works and the changes in land use and management practices in the Lower
Missouri River basin had an influence on the daily flows of the Lower Missouri River, we
compared the post-dam flow duration curves at the USGS stations of Table 2.1 for 20-year
intervals (1955-1974, 1975-1994, 1995-2015) with the pre-dam flow duration curve.

The flow duration curves for the 20-year time intervals are presented in Figure 2.3,
where the gray and black lines represent the pre-dam and the 1995-974 periods
respectively. The continuous dashed and dotted black lines represent the post-dam periods
between 1975 and 1994 and between 1995 and 2015 respectively.

The post-dam flow regime at Yankton (RK 1287), SD, immediately downstream of
Gavins Point Dam, did not significantly change from a 20-year period to the other (Figure
2.3a). The only noticeable difference between the flow duration curves is an increase of
the low flows (probability of exceedance greater than 0.6) for the period between 1975 to
2015.

From Sioux City (RK 1178), IA to Waverly (RK 467), MO, the 1955-1974 period
has the lowest flow rates (Figure 2.3b to 2.3g). This decline in the post-dam flow regime
is associated with impoundment of the large reservoirs that extended until the end of the
1960s (Galat et al., 1996; Pegg et al., 2003; Blevins et al., 2014). The 1975-2015 flow rates
with a probability of exceedance larger than ~0.3 are of the same order of magnitude of the
pre-dam flows with the same probability of exceedance (Figures 2.3c to 2.3h). Downstream
of the Grand River — Missouri River confluence at Hermann (RK 158), MO, the 1975-2015
intermediate and high flow rates reach the pre-dam flow level with no significant

differences (Figures 2.3i).
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In summary, Figure 2.2 and 2.3 show that 1) the effects of the dams on the Lower
Missouri River flows gradually decrease as major tributaries enter the mainstem, 2) post-
dam low flows are generally larger than the pre-dam flows with the same probability of
exceedance, 3) upstream of the Missouri River -Grand River confluence post-dam flows
with a probability of exceedance greater than ~0.1 are smaller than the pre-dam flows with
the same probability of exceedance, and 4) downstream of the Missouri River -Grand River
confluence, the 1975-2015 post-dam flows with probability of exceedance smaller than

~0.1 are higher than pre-dam flows.

2.2.2 Mean annual suspended sand loads
The mean annual suspended sand loads are calculated using two approaches. The first
approach uses the power relation between the daily flow and suspended sand load, as
illustrated and discussed in the continuing of this section. The second approach uses the
suspended sediment concentration rating curve. The calculation procedure and the
estimated mean annual sand loads are reported in the Appendix A. The comparison
between the mean annual sand loads at the USGS stations on the Missouri River mainstem
(Table 2.3) using these two methods shows that the maximum reported difference between
the calculated loads was less than 20% of the mean annual sand load based on the
suspended sand rating curve, which is used for the calculations presented in the continuing
of this chapter.

Mean annual suspended sand loads are calculated from the available data collected
at five USGS stations on the Missouri River mainstem (Table 2.3) and at the downstream

most USGS station on the nine major tributaries of Table 2.1 (Table 2.4). The station
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information (name and USGS ID) is reported in Tables 2.3 and 2.4 with the estimated pre-
and post-dam suspended sand loads based on the power relation between daily flow and
suspended sand load, the period of record of suspended sediment concentration and the
number of measurements used in the analysis. The procedures used to estimate the mean

annual suspended sand loads is illustrated below.

2.2.2.1  Pre-dam mean annual sand load
A limited number of suspended sediment concentration measurements are available at four
stations on the Missouri River (Omaha, NE, St. Joseph, MO, Kansas City, MO, and
Hermann, MO) for the pre-dam period, but the volume fraction content of sand in
suspension is not reported. To determine a pre-dam suspended sand rating curve the
suspended sediment discharges were estimated as the product of the measured suspended
sediment concentration, the discharge and the volume fraction content of sand in
suspension (Grey and Simoes, 2008). Heimann et al. (2011) reported that the average
fractions of sand in suspension was 0.43 at Omaha, NE, (39 samples); 0.26 at St. Joseph,
MO, (13 samples); 0.15 at Kansas City, MO, (9 samples); and 0.2 at Hermann, MO, (12
samples). These fractions were used to estimate the pre-dam suspended sand rating curves.
At Yankton, SD, where pre-dam suspended sand data are not available, the suspended sand
rating curve based on data collected between 2000 and 2008 was assumed to be
representative of pre- and post-dam suspended sand transport. At Omaha, NE, the pre-dam
mean annual sand load is estimated based on the 14 available values. The mean annual
suspended sand load was estimated by averaging the suspended sand rating curve over the

flow duration curve.
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2.2.2.2  Post-dam mean annual sand load

The post-dam suspended sand rating curves at the five stations on the Missouri River of
Table 2.3 were built with all the available data collected after 1954 for which the volume
fraction content of sand in suspension was reported. Due to the lack of measurements of
instantaneous discharge for a significant number of post-dam data and for all the pre-dam
data, the suspended sand load was estimated by multiplying the daily discharge by the
suspended sand concentration. Although this method does not provide an accurate estimate
of the instantaneous suspended sand load, it will give a reasonable estimate of the daily
loads (Joshi and Xu, 2015).

The pre- and post-dam mean annual suspended sand loads of Table 2.3 were
computed as the average sand transport rate over the pre- and post-dam flow duration
curves. In particular, the flow duration curves of Figure 2.2 were modeled in terms of 36
characteristics discharges, Qi, with pi being the average fraction of the year in which the
flow was equal to Qi. The suspended sand transport capacity, Qsi, for each characteristic
discharge was then computed with the suspended sand rating curves (USACE, 2006). The

mean annual suspended sand load, Qom,s was finally estimated as:

Qbm,s = Z pi0si (2-1)
i=1

After 1954 the mean annual suspended sand load decreased from 8.8 Mt/yr to 0.5
Mt/yr at Yankton, SD. The post-dam reduction in mean annual suspended sand load
gradually diminishes in the downstream direction with the post-dam suspended sand load
being equal to 57%, 29% and 20% of the pre-dam estimate respectively at Omaha, NE, St.

Joseph, MO and Kansas City, MO.
18
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The same procedure was used to estimate the suspended sand loads at the lower
most stations on the major tributaries of Table 2.4. Due to the lack of pre-dam data on
suspended sand transport and daily flows, only post-dam sand loads could be estimated.
Thus, in the model simulations presented in the continuing of this chapter we assumed that
the pre-dam loads were equal to the post-dam suspended sand loads.

Field measurements of bedload transport on the Lower Missouri River are scarce.
Based on measurements and observations performed by the USACE in 2012 the bedload
transport was assumed to be equal to ~10% of the suspended sand load (Joshi and Xu,

2015; USACE, 2012).

2.3 MODEL FORMULATION

Model governing equations are the shallow water equations of conservation of flow mass
and momentum (Chaudhry, 2008) and the equation of conservation of bed material (sand),
the Exner equation. Flow resistances and suspended sand loads are computed with the
Wright and Parker (2004) formulation for large, low slope sand bed rivers and the bedload
transport rate is estimated with the Ashida and Michiue relation, which was derived based
on experiments performed with sand and pea gravel (Parker, 2008).

For the model application to the ~1300 km long Lower Missouri River the problem
is simplified as follows:

1. The bed material load is assumed to be orders of magnitude smaller than the flow

rate so that the quasi-steady approximation holds (De Vries, 1965).
2. The channel cross section is assumed to be rectangular with effective width for

sediment transport calculations B,.
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3. The grain size distribution of the channel bed material is assumed to be uniform
with characteristic grain size D equal to 0.3 mm.

4. The sediment fluxes between the Missouri River channel and its floodplain are
not accounted for in the calculations. In other words, a perfect balance between
erosion and deposition associated with channel migration and overbank

deposition of suspended sediment is assumed (Lauer and Parker, 2008a, b).

2.3.1 Flow equations
The one-dimensional form of the shallow water equations for open channel flow is
(Chaudhry, 2008)

oH O0UH _

gL e 2.2
STt =0 (2.2)
OUH 0UZ2H oH

g — _gu 2t _ G2 2.3
p T gH =+ gHS = C;U (2.3)

where H and U respectively denote the cross-sectionally averaged flow depth and depth-
averaged flow velocity, Cr is a non-dimensional friction coefficient, S is channel bed slope
and equal to —dn/dx with 7 being the channel bed elevation, g is the acceleration of
gravity and x and t respectively are the downchannel and temporal coordinates.

Equations (2.2) and (2.3) are simplified with the aid of the quasi-steady
approximation (DeVries, 1965). The time dependence is dropped, and the one-dimensional
shallow water equation reduces to

q = UH (2.4)

UoUu 0H dn CrU?
———t—t+—=-
gox Odx Ox gH

(2.5)
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where g denotes the volumetric flow rate per channel width and is equal to Q /B, with Q
being the flow discharge.

Recalling the friction slope Sy is equal to CfFr2 with E. denoting the Froude

Number defined as /U /gH, equation (2.5) can be rewritten as

O0E
or _ 2.6
— =5 (2.6)
where E denotes to the total energy defined as

E=n+H+U?/2g (2.7)

n + H in equation (2.7) is equal to water surface elevation ¢.

2.3.2 Equation of conservation of bed material
The one-dimensional equation of conservation of bed material is used to compute the

changes in channel bed elevation as

(2.8)

d 0Q
(1= )85 = =52

at 0x

where Qy,, denotes the mean annual bed material (sand) load and is equal to the sum of
the suspended sand load and of the sand load transported as bedload, and A,, denotes the

bulk porosity of bed.

2.3.3 Flow resistance calculation
To numerically integrate equation (2.6), the friction slope, St, has to be computed as a
function of the flow characteristics. The Wright and Parker (2004) formulation is here

implemented and the non-dimensional friction coefficient, Cs, is computed as
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LU s 2.9

\/?f u, a \k.
where k¢ represents the composite roughness height, i.e. the roughness height-associated
with skin friction and form drag, u, denotes the shear velocity defined as u, = /t/p with
T denoting the bed shear stress, and a is a parameter that accounts for stratification effects
associated with suspended sediment transport.

Based on field data collected in the Mississippi River basin Wright and Parker
(2004b) proposed the following relation to compute a as a function of the near-bed
volumetric suspended sediment concentration averaged over turbulence Cs at a distance zy
from the channel bed equal to 0.05H and the channel bed slope S, which is substituted here

with the friction slope St to account for gradually varying flow (Viparelli et al., 2015)

( C5 0.77 C5
| 1-006(= ) T < <10
{ 5 f (2.10)
| C C5
0.67 — 0.0025 —>10
\ S) S

Under the assumption of equilibrium suspension Cs is equal to the entrainment rate
of sediment in suspension, E,. In the Wright and Parker formulation E}, is function of the
shear velocity associated with skin friction wu,,, defined as the square root of the ratio
between the bed shear stress associated with skin friction, =, and the water density, the
characteristics of the bed material, and the friction slope St, as reported in Equation (2.11)

g BX°®
b = B (2.11)
—_ Y5
1+53X
where B is a model parameter equal to 7.8 - 10~7 , and X the entrainment parameter, that

in the case of uniform sediment is defined as
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Uy
X = (2R, 5, 000 (2.12)
US

with vs being the particle settling velocity and R,, denoting the particle Reynolds number
defined as (RgD)%°D/v where v is the kinematic viscosity of water, and R is the
submerged specific gravity of the bed material (1.65 for quartz).

The Wright and Parker criterion to partition the flow resistances between skin
friction and form drag is expressed as follows

13 =0.05+0.7(z*E.°7) 08 (2.13)
where t* and t; are the Shields numbers respectively defined as t/pRgD and 7,/pRgD.

The flow resistance calculation is characterized by four equations, i.e. (2.9)-(2.11)
and (2.13), in the six unknowns S, ke, U's, @, Ep, Ct. Two more equations are thus needed
to close the problem.

The first equation is analogous to equation (2.9) but it links the mean flow velocity

with the values of water depth, shear velocity and roughens height associated with skin

friction as
1/6
vy
*S S

where k, is the roughness height associated with skin friction as it is equal to 3Dy, with
Dy, denoting the diameter such that 90% of the bed material is finer.
The second equation to close the problem links the roughness heights with the flow

depths H and Hs as follows

% - (%)4 (2.15)
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Equations (2.9)-(2.11) and (2.13)-(2.15) are iteratively solved to determine the flow

resistance and the entrainment rate of sand in suspension.

2.3.4 Calculation of mean annual bed material load

The bedload transport capacity is computed with the Ashida and Michiue (1972) relation:

Qvmp = 17/RgDDB.(t; — 0.05)(/: — V0.05) (2.16)

The suspended-sand load @, s is computed as (Wright and Parker, 2004)

1/6

9.7
Qbm,s = ? Csu.HB, (k_c) I (2'17)

where [ is the integral and can be defined as

Zr

! 1-y s
I =] y'/® (— ) .
fysy Y yi—1 dy (2.18)

where Zr denotes the Rouse number defined as v,/ a K u, with k being the von Karman
constant set equal to 0.41, y a non-dimensional upward oriented coordinate normal to the
channel bed such that y = 0 on the channel bed and y = 1 at the water surface, y< the non-
dimensional distance from the channel bed where the concentration of suspended sediment
is equal to Cs (ys = 0.05) and | was numerically computed by Wright and Parker (2004b)
as:

[ ~ {0.679 exp(—2.23Zr), Zr<1

2.1
0.073Zr~ 144 , Zr>1 (2.19)

The volumetric mean annual sand load, Qom, is equal the average over the flow
duration curve of the transport capacity of sand in suspension (equations 2.17 and 2.19)

and as bedload transport (equation 2.16) as:
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M

Qpm = Z(Qbm,b,i + Qbm,s,i) Pi (2.20)

i=1
where M denotes the number of discharge bins used to discretize the flow duration curve,

equal to 24 in the simulations presented below.

2.4 NUMERICAL IMPLEMENTATION AND BOUNDARY CONDITIONS

Equations 2.6 — 2.8 are solved with a first order Euler scheme. The computational time step
At and the distance between two computational nodes Ax for pre-and post-dam simulations
are equal to 1/100 year and 4 km respectively. The channel bed porosity Ap is assumed to
be constant and equal to 0.35.

The schematic representation of the study reach is presented in Figure 2.4. In
Figure 2.4, input flow discharge and sand loads at the upstream boundary of the reach and
at the confluence with the major tributaries of Table 2.1 are respectively represented with
blue and orange arrows. The green dots represent the USGS stations that are used to
validate the model sand load predictions. In summary, the entire reach is divided into seven
subreaches and the flow discharge and sand load are specified at the upstream end of each
subreach.

Nine major tributaries are reported in Table 2.1 thus the modeled reach should have
been divided into 11 subreaches. Due to the lack of information on daily flows and
suspended sand loads between the confluences of the Missouri River with the Nishnabotna
River (RK 870) and the Nodaway River (RK 745), with the Grand River (RK 402) and the
Chariton River (RK 385), and with the Osage River (RK 209) and the Gasconade River

(RK 170), these confluences are modeled as three (and not six) confluences, as illustrated
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in Figure 2.4, and the modeled reach is divided into 7 subreaches. Each model confluence
is located where the Missouri River meets the largest tributary, i.e. at RK 870 (Missouri
River — Nishnabotna River confluence), and RK 402 (Missouri River — Chariton River
confluence) and at RK 209 (Missouri River — Osage River confluence).

The flow discharge and the input sand load are specified as boundary conditions at
the upstream end of the computational domain and at the confluences with major
tributaries. At each confluence a flow duration curve is specified based on the USGS
records at the stations of Table 2.2. Due to the lack of confluences with major tributaries
between the stations at Sioux City, IA, and Omaha, NE, the flow duration curves at Omaha,
NE, are not used in the numerical simulations. For same reason, flow duration curves at
Waverly, MO, downstream Kansas City, MO, station are also not used in the calculations
presented below.

The sand load at the upstream end of the modeled reach is equal to the mean annual
sand loads estimated at Yankton, SD. At each confluence, the sand load is equal to the
sum of the sand load supplied to the subreach upstream of the confluence plus the input
sand from the main tributary (Table 2.4). The mean annual sand load computed at the
USGS stations on the Missouri River mainstem downstream of Yankton, SD listed in Table
2.3 are not used as model input, but are used for model verification.

The hydraulic calculations at each confluence impose the conservation of energy
and flow mass in the absence of local head losses (for details see Chaudhry, 2008).
Equation (2.6) is integrated in the upstream direction, so that the energy level and the water

surface elevations downstream of each confluence are known during the calculations.
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The downstream boundary condition for equation (2.6) is a specified water surface
elevation at the Mississippi River — Missouri River confluence, which is a function of the
discharges in the Mississippi River, in the Missouri River, of the hydrodynamic conditions
in the Mississippi River, and of the confluence geometry. In other words, predicting the
water surface elevation at the Mississippi River — Missouri River confluence is not an easy
task.

The problem was simplified as follows: the average daily flow measured at the
USGS station on the Missouri River at Hermann, MO, (158 km upstream of the Mississippi
River — Missouri River confluence) and the gage height measured on the Mississippi River
at St. Louis, MO, (~24 km downstream of the Mississippi River - Missouri River
confluence) in the same day have been plotted to find a relationship to express the
downstream boundary condition as a function of the flow rate in the Missouri River.

The data points presented in Figure 2.5 show that the water surface elevation at
USGS station at St. Louis, MO, can be reasonably approximated as a function of the flow
rate at Hermann, MO, as &g ouis = 6809527 4 With &t iouis denoting the water surface
elevation at St. Louis and Qwrermann denoting the daily flow at Hermann, MO. To express
the model downstream boundary condition, it is further assumed that the water surface
elevation at the Mississippi River — Missouri River confluence is not much different from
the water surface elevation measured at the USGS station in St. Louis, and the power low

of Figure 2.5 is used in the calculations.
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2.5 PRE-DAM MODEL ZEROING

Model zeroing is the first and necessary step in field scale applications of morphodynamic
models. Depending on the problem of interest, these runs are performed with different
objectives, e.g. parameter calibration (e.g. Lauer and Parker, 2008; Viparelli et al., 2011),
definition of pre-disturbance conditions (e.g. Viparelli et al., 2015), characterization of an
initial equilibrium (steady-state) for the model runs (e.g. Cui et al., 2006; Viparelli et al.,
2013; Lauer et al., 2016). ). Here the pre-dam model zeroing was performed to determine
a reasonable equilibrium condition by comparing model results with the available field
data. This equilibrium condition was then used as initial condition for the post-dam runs.

The seven subreaches of the Missouri River presented in Figure 4 were modeled as
sediment-feed flume analogues, i.e. the flow rates and the bed material loads were specified
at the upstream end of each subreach and the water surface elevation was specified at the
downstream end of each subreach. Under these conditions the equilibrium profile is
independent from the initial condition of the simulations (Parker and Wilcock, 1993). The
channel width of the pre-dam Missouri River is assumed to be 460 m (Pinter and Heine,
2005).

Two types of zeroing runs were performed, one in which the streamwise increase
of the drainage area was neglected and the flow rate and sediment loads at equilibrium did
not change from Yankton, SD, to the Mississippi River — Missouri River confluence, and
the other in which the streamwise increase in drainage areas was accounted for as illustrated
in the previous section. Starting from an initial longitudinal bed profile with constant slope

equal to 0.00013 m/m, model simulations were performed until the system reached
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conditions of equilibrium, i.e. when the longitudinal profile did not change in time. Model
input parameters for the zeroing runs are summarized in Table 2.5.

Pre-dam equilibrium channel bed profiles are presented in Figure 2.6, where the
dotted black line represents the equilibrium profile with spatially constant flow rates and
sand load, and the continuous black line is the equilibrium profile that accounts for the
streamwise increase in flow rate and sand load. The vertical dashed lines denote the
location of the major tributaries, where changes in the flow duration curves and sand loads
were specified. The black square dots are measurements of thalweg elevation in 1954
reported by the USACE (U.S Army Corps of Engineers: Omaha District, 1993) and the
black cross dots are thalweg elevation measurements in 1952 reported by the USACE (U.S
Army Corps of Engineers, 2012).

The equilibrium profile in the case of spatially constant flow duration curve and
sand load has a constant slope of 0.00009 m/m, and sand transport capacity equal to the
upstream input rate. The equilibrium profile in the simulation with input of water and sand
from the main tributaries shows an upward concavity, i.e. decreasing slope in the
downstream direction, that is commonly observed in alluvial rivers (Blom et al., 2016) and
a reach averaged channel slope of 0.00022 m/m.

The comparison between predicted and measured pre-dam bed elevations of Figure
2.6 shows a reasonable agreement between measured and predicted bed elevations when
the streamwise changes in flow rate and sediment loads are accounted for in the
calculations suggesting that the model is able to reasonably reproduce the 1D

morphodynamics of the pre-dam Lower Missouri River.
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The comparison between the numerical predictions and field measurements of pre-
dam suspended sand loads at the USGS stations at Omaha (RK 991), NE, St. Joseph (RK
719), MO, Kansas City (RK 589), MO and Hermann (RK 158), MO, are presented in
Figure 2.7 for the simulation in which the spatial changes in flow duration curve and sand
load are accounted for. In this figure the numerical predictions at equilibrium are
represented with the black square dots and the measured data are represented with blue
square dots. The vertical bars on the numerical predictions indicate an error of £15 of the
numerical value showing that the model reasonably reproduces the suspended sand load at

the four USGS stations along the Lower Missouri River.

2.6 POST-DAM SIMULATIONS

In 1950s major engineering works were performed on the Lower Missouri River for water
resources management, flood control and navigation. Gavins Point Dam was closed in
1954, and channel straightening and narrowing was completed prior to 1960 on 90% of the
Lower Missouri River. Due to the lack of details on the channel straightening works, here
channel narrowing only is considered in the post-dam simulations as a reduction in channel
width from 460 m to 320 m from Sioux City (RK 1178), IA, to Mississippi River — Missouri
River confluence.

Two sets of post-dam simulations were performed to investigate 1) how the
equilibrium of the Lower Missouri River changes due to the closure of Gains Point dam
and/or channel narrowing, and 2) the combined effect of the engineering works and the

changes in flow duration curves (Figure 2.2) on the evolution on the Lower Missouri River
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between dam closure and 2015. The initial conditions for these runs are the equilibrium

profiles of Figure 2.6.

2.6.1 Post-dam equilibrium runs

Post-dam equilibrium runs were performed to determine the response of the Lower
Missouri River to 1) Gavins Point Dam closure without channel narrowing, 2) channel
narrowing with no closure of Gavins Point Dam, and 3) a combination of the two.

The numerical runs were performed in the idealized case of absence of streamwise
changes in flow rate and sand load, and in the more realistic case in which the streamwise
changes in flow duration curve and sand supply are explicitly accounted for. The flow
duration curves used in these simulations are representative of the entire post-dam period,
i.e. from 1955 — 2015 (Figure 2.2) and the mean annual sand loads are reported in Table
2.3 and Table 4 for the mainstem at Yankton, SD, and for the major tributaries.

The post-dam equilibrium results are presented in Figure 2.8. In Figure 2.8a the
net changes in equilibrium profiles are reported for the runs with no streamwise change in
flow duration curve and sand supply. The post-dam equilibrium runs with streamwise
changes in flow duration curves and sand supply are presented in Figure 2.8b. The vertical
dot grey lines in Figure 2.8b represent the location of the main tributaries, i.e. where the
changes in flow duration curve and sand supply are specified. In Figure 2.8 the horizontal
dashed line represents no net change in bed elevation. The black dot line represents the net
change in equilibrium bed elevation in the case of dam closure only, i.e. the channel width
in this numerical run was set equal to the pre-dam value of 460 m. The continuous grey

line represents the net change in bed elevation in the case of a reduction in channel width
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from 460 m to 320 m from Sioux City, IA, to the Mississippi River — Missouri River
confluence. The continuous black line is the net change in equilibrium bed elevation in the
case of dam closure and channel narrowing.

The comparison between net changes in bed elevation at equilibrium of Figure 2.8a
suggests that most of the channel bed erosion on the Lower Missouri River is associated
with channel narrowing with limited, but significant, contribution from dam closure. It is
also interesting to note that for the idealized conditions of Figure 2.8a, i.e. when the
streamwise changes in flow and sand load are not accounted for, significant changes in
channel bed elevation occurred in the upstream most ~450 km of the modeled reach.
Limited channel bed aggradation (less than 1 m) was predicted at the downstream end of
the modeled reach at equilibrium. The net result of the changes in equilibrium channel bed
profiles was a reduction of equilibrium bed slope from 0.000095 m/m to 0.000083 m/m for
the case of dam closure only, to 0.000068 m/m in the case of channel narrowing only, and
to 0.00005 m/m in the case of dam closure associated with channel narrowing.

The evolution of the bed profile is characterized by channel bed erosion in the
upstream part of the domain with this erosion progressing downstream. The celerity of the
waves of channel bed degradation induced by dam closure (black dot line in Figure 2.8a)
and dam closure associated with channel narrowing (continuous black line in Figure 2.8a)
are presented in Figure 2.9 where the black line represents the celerity of the degradational
wave in the case of dam closure and the grey line is the celerity of the degradational wave
in case of dam closure associated with channel narrowing.

The degradational wave celerity was computed as the length of the eroding reach

divided by the simulated time, e.g. if after 10 years channel bed erosion occurred in the
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upstream most 50 km of the domain the celerity of the degradational wave was equal to 5
km/yr. With this calculation procedure, degradation wave celerity could be computed until
a sudden increase in channel bed slope is observable on the longitudinal profiles, i.e. up to
~170 — ~250 years.

Figure 2.9 shows that the of the degradational wave induced by dam closure (black
line) is highest at the beginning of the simulation, i.e. when the disturbance is imposed on
an equilibrium bed, and it rapidly decreases for ~10 years of simulated time. The
degradational wave celerity continues to decrease at a relatively small rate for the following
250 years of simulated time.

In the case of dam closure associated with channel narrowing (grey line) the
degradational wave celerity is equal to that obtained in the case of dam closure (black line)
until the wave originated at the dam reached the narrowed portion of the modeled reach at
Sioux City, IA, after 13 years of simulated time. At Sioux City, IA, the erosional wave
induced by dam closure interacted with the erosion caused by channel narrowing with a
consequent increase in wave celerity. After ~175 years of the simulated time the initial
channel bed elevation mostly adjusted to the imposed channel geometry, flow regime and
sediment supply and the downstream end of the erosional wave were not identifiable on
the longitudinal profiles.

In summary, the degradational wave in the case of dam closure associated with
channel narrowing was faster than in the case of dam closure only. Consequently, the time
required for the adjustment of the long profile was shorter than in the case of dam closure

only.
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The net changes in equilibrium bed elevation in the runs in which the streamwise
changes in flow discharge and sand supply are accounted for are presented in Figure 2.8b.
The equilibrium profile in the case of dam closure only (continuous black dot line) was
characterized by widespread erosion with localized deposition at the Missouri River —
Platte River confluence and in the lowermost ~50 km of the modeled reach with the largest
erosion occurring downstream of Gavins Point Dam. The localized deposition at the
Missouri River - Platte River confluence (between Omaha, NE, and St. Joseph, MO) was
caused by the relatively large input of sand from the Platte River. Downstream of the
confluences with the Nishnabotna River and the Nodaway River channel bed erosion was
associated with a relatively small increase in the sand load compared to the increase in the
flow rates. The inputs of sand downstream of the Missouri River - Grand River confluence
reduced the amount of channel bed erosion.

In the case of channel narrowing with pre-dam flows and sediment loads (grey line)
widespread erosion was predicted in the entire domain with the largest erosion occurring
in the upstream part in proximity of Sioux City, IA. Finally, in the case of channel
narrowing associated with the closure of Gavins Point Dam (continuous black line) the
erosion between Sioux City, IA, and ~ RK 750 was smaller than in the case of channel
narrowing (grey line). On the contrary, downstream of ~RK 750 channel erosion was
higher than in the case of channel narrowing only.

The different erosion patterns between the cases of channel narrowing (grey line)
and channel narrowing associated with dam closure (continuous black line) can be
explained as follows. Downstream of Sioux City, IA, channel bed erosion was limited by

the reduction in flow discharge (and thus sand transport capacity) caused by the closure of
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Gavins Point Dam (black line above the grey line). In the downstream part of the domain,
due to high post-dam flows compared to the pre-dam conditions (Figure 2.2), the post-dam
mean annual sand transport capacity was larger than in the pre-dam period, with a
consequent largest erosion of the initial channel bed (grey line above the black line).

The channel bed erosion presented in Figure 2.8b resulted in a decline of the reach-
averaged equilibrium slope from 0.00022 m/m to 0.00019 m/m in the case of dam closure,
to 0.00015 m/m in the case of channel narrowing and to 0.00012 m/m in the case of dam
closure associated with channel narrowing.

In summary, when the streamwise increase in flow rate and sediment supply was
accounted for in the calculations (Figure 2.8b) the long-term channel response to changes
in flow regime, sand supply and channel width was characterized by widespread erosion
of the channel bed. When the streamwise changes in flow duration curve and sand supply
were not accounted for in the calculations (Figure 2.8a), channel bed erosion was predicted
in the upstream ~450 km of the modeled reach and channel bed deposition occurred in the
downstream part of the modeled domain.

The evolutions of the initial equilibrium bed towards a new condition of
equilibrium presented in Figure 2.8 significantly changed if tributaries were accounted for
in the calculations. When the streamwise changes in flow regime and sediment supply
were not accounted for (Figure 2.8a), a rotation of the longitudinal profile around a point
located in the center of the modeled domain occurred. When the spatial changes in flow
discharge and sand load due to the streamwise increase in drainage area were accounted

for, widespread erosion was predicted in the entire modeled domain with a rotation of the
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equilibrium bed profile around a point located less than 100 km upstream of the Mississippi

River — Missouri River confluence.

2.6.2 Prediction of the transient evolution of channel bed

To determine if the model was able to reasonably capture the spatial and temporal changes
in bed profile associated with Gavins Point Dam closure and channel narrowing between
Sioux City, 1A, and the Mississippi River — Missouri River confluence, model predictions
were compared against the measured changes in water surface elevation between 1955 and
2015. The comparison was done in terms of water levels measured at a specified flow
discharge at the USGS stations of Table 2.2. The comparison between measured and
numerical changes in water surface elevation was not performed at the Missouri River at
Nebraska City, NE, which is close to the stations located at Omaha, NE, and St. Joseph,
MO.

The comparison between numerical and measured changes in water surface
elevation is presented in Figure 2.10, where the measured values are represented with blue
square dots. Model results obtained using a single post-dam flow duration curve (Figure
2.2) are reported with the continuous grey line. The dash grey lines represent the +20%
interval around the model results. The black lines represent net changes in water surface
elevation predicted when the flow duration curves of Figure 2.3 were used as input
parameters, i.e. one flow duration curve for the 20 year long period between 1955 and
1974, one for 1975-1994 and one for 1995-2015.

The comparison between numerical and measured water surface elevation changes

at a flow rate of 850 m®/s at Yankton (RK 1287), SD, is presented in Figure 2.10a. The
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field data show a progressive decrease in water surface elevation associated with channel
bed erosion. Between 1955 and 1995 a net change in water surface elevation of 2.8 m was
measured. This change in water surface elevation was primarily associated with the closure
of Gavins Point Dam. The comparison between field data and numerical results showed
that the model could reasonably capture the measured changes in water surface elevation.
Further, due to the lack in significant change in the post-dam flow duration curves,
significant changes between model results obtained with one and with three flow duration
curves were not observed.

The comparison between changes in water surface elevation at the USGS station at
Sioux City (RK 1178), IA, was done for a flow rate of 850 m®/s (Figure 2.10b). The water
surface elevation did not significantly change prior to 1960, when the channelization works
were completed. The channelization works caused a rapid decrease in water surface
elevation between 1960 and 1975 with ~2 m drop over ~15 years. No significant changes
in bed elevation occurred between 1975 and 1992. Significant water surface elevation
changes were then observed after the 1993 and the 2011 floods. The comparison between
numerical results and field measurements showed that the model captured the overall
changes in channel bed elevation but, due to the model simplification and the use of a
cycled flow duration curve, the model was not able to capture the erosion associated with
large flood events.

The changes in water surface elevation at Omaha (RK 991), NE, at a flow rate of
850 m®/s are presented in Figure 2.10c. The field data showed no net change before 1965,
an increase in the stage of less than 0.8 m between 1965 and the early 1980s followed by a

decrease in the stage to pre-dam valued prior to 1995. The model results with a single post-
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dam flow duration curve (Figure, 2.2¢) reasonably captured the increase in water surface
elevation between 1965 and 1985 but did not reproduce the decrease in water surface
elevation between 1985 and 1995, which was likely a consequence of the changes in flow
duration curve showed in Figure 2.3c. When 20 year-long flow duration curves were used
to describe the flow regime, the model predicted a rapid increase in water surface elevation
prior to 1965, which did not match the field data, but it then reasonably reproduced the
post-1985 decreasing stage (continuous black line in Figure 2.10c). However, given the
model simplifications, the magnitude of the pre-1985 change in water surface elevation
was reasonably predicted.

The changes in water surface elevation at St. Joseph (RK 719), MO, were recorded
for a flow rate of 1100 m%/s (Figure 2.10d). Field data show a relatively stable period (not
much change) prior to 1965 followed by a rapid 2.5 m drop between 1965 and 1975 that
was partially the result of man-made meander cutoffs and wing dams upstream of this
station (Pinter and Heine, 2005). The water surface elevation then remained relatively
constant between 1975 and 1985, increased between 1985 and 1990 and then stabilized
~1.5 m below the 1955 stage. These changes in water surface elevation cannot be captured
with the one-dimensional model presented herein. This notwithstanding, the model
predicted the observed ~1.5 m water surface elevation changes between 1955 and 2009. In
addition, when the changes in the flow duration curve were accounted for (black line) the
model reasonably reproduced the changes in water surface elevation between 1955 and
1968, i.e. prior to the meander cutoff.

The water surface elevation at Kansas City (RK 589), MO, at a flow rate of 1100

m®/s decreased of ~1.2 m between 1955 and 1992 and then it dropped of ~ 1 m during the
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1993 flood (Figure 2.10e). Significant changes in water surface elevation between 1994
and 2000 were not recorded. A drop of ~ 1 m in the water surface elevation was then
recorded between 2000 and 2005. In the simulation with a constant flow duration curve,
the model did not capture the slow decrease in water surface elevation that occurred prior
to 1993 and the sudden drop in the early 2000s (continuous gray line in Figure 2.10e).
However, the magnitude of the predicted changes in water surface elevation over the 60
year-long period were in reasonable agreement with the field measurements. The results of
the numerical simulations with 20 year-long flow duration curves (black line) reasonably
captured the measured changes in water surface elevation prior to 1993 and the magnitude
of the 1993-2015 water surface elevation changes.

The water surface elevation at a flow rate of 1300 m?/s at Waverly (RK 467), MO,
and Bonneville (RK 313), MO, and at 1900 m®/s at Hermann (RK 158), MO, decreased of
~ 0.5 m at Waverly, MO, and ~ 1 m at Hermann, MO. Relatively large changes in water
surface elevation were observed at Boonville, MO, with a drop of 1.7 m between 1975 and
2007 (Figure 2.10f, 2.10g, and 2.10h). The comparison between model results and field
observations showed that the model reasonably captured the declining water surface
elevations at these three stations, and that the results of the simulations with the 20 year
long flow duration curves better approximated the field data than the simulations with a
single post-dam flow duration curve.

In summary, the model reasonably predicted the magnitude and temporal change
of water surface elevation associated with Gavins Point Dam closure and with the reduction
in channel width downstream of Sioux City, IA. Model results obtained with 20 year-long

post-dam flow duration curves showed overall better agreement with the observed changes
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in water surface elevation than the results obtained using a single flow duration curve for
the 1955-2015 period. We can thus conclude that the changes in flow rate associated with
water resources management in the Missouri River basin, i.e. the changes in the flow
duration curve, play a significant control on the evolution of the Missouri River channel at

decadal time scales.

2.6.3 Simulation of post-dam suspended sand load

The comparison between numerical predictions of suspended sand load averaged over 20
year periods and field-based estimates for the same time intervals is presented in Figure
2.11 for the simulation with the 20 year-long flow duration curves of Figure TTT. The
comparison is done at the USGS gage stations Missouri River at Omaha, NE, Missouri
River at St. Joseph, MO, Missouri River at Kansas City, MO and Missouri River at
Hermann, MO (Figure 2.1).

In Figure 2.11 field measurements and numerical results are respectively
represented with blue triangle dots and black circle dots. The error bars on the predicted
values represents +15% error. The model results were in reasonable agreement with field
measurements at all the stations and for all the considered time intervals. At Omaha, NE,
for the period between 1975 and 1995 (Figure 2.11 al), the predicted suspended sand loads
were smaller than the majority of the measured data and this was likely a consequence of
the channel bed degradation (Figure 2.10c) that was not captured during the model
simulations.

The summary of the suspended load calculations is presented in Figure 2.12 in

terms of field-based estimates and numerical predictions of the mean annual suspended
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sand load averaged over 20 years at the same stations of Figure 2.11. Field estimates are
represented with colored bars (purple for pre-dam, pink for 1955-1974, green for 1975-
1994 and grey for 1995-2015) and model predictions are represented with black dots and
the vertical bars indicate a £15% error.

The field-based estimates of the mean annual suspended sand load in Figure 2.12
show that the pre-dam load increased from Omaha, NE to Hermann, MO, from ~12 Mt/yr
to ~25 Mt/yr. In the post-dam period the suspended sand load at Omaha, NE, and St.
Joseph, MO, respectively was ~1/3 and 2/3 of the pre-dam loads. Downstream of the
Missouri River — Kansas River confluence (station Missouri River at Kansas City, MO)
the post-dam load was the ~75%-85% of the pre-dam value and virtually no change
between pre- and post-dam loads were observed at Hermann, MO, for the post-1975 period.

The comparison between the three estimates of post-dam mean annual sand loads
of Figure 2.12 showed a noticeable decrease in the suspended sand load between 1955 and
1974 everywhere in the modeled domain. This was a consequence of the flow regulation
associated with the impoundment of the two Missouri River reservoirs upstream of
Garrison Dam and Gavins Point Dam that extended until the late 1960s (Galat et al., 1996;
Pegg et al., 2003; Blevins et al., 2014).

The 1955- 1974 was characterized by higher than pre-dam low flow (probability of
exceedance larger 0.6) and lower than pre-dam high flows (probability of exceedance less
than 0.05) (Figure 2.3). Due to the strongly non-linear dependence of the suspended sand
transport capacity on the flow rate (equation 2.17), the lower than pre-dam high flows

resulted in a significant reduction of the mean annual sand load.
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In the 1974-2015 period, the frequency and magnitude of high flows at the Lower
Missouri are larger than in the 1955-1974 interval and this resulted in higher mean annual
suspended sand loads. It is interesting to note that at Hermann, MO, the 1974-2015 mean
annual suspended sand loads were comparable with the pre-dam values.

The comparison between the model results and the field-based estimates showed
that the model can reasonably reproduce the suspended sand loads in the Lower Missouri
River. Significant differences (larger than 15%) between model results and field-based
estimates occurred at the station Missouri River at St. Joseph due to the changes in bed
elevation associated with an artificial cutoff and other engineering works (see Figure

2.10d).

2.7 DISCUSSION

The field data and the numerical results presented in the previous sections were performed
to study 1) the streamwise changes in daily flow frequency and magnitude in the post-dam
Lower Missouri River, 2) the spatial and temporal changes in sand load associated with the
engineering works, 3) the morphodynamic evolution of the Missouri River channel, and 4)
the impact of the major tributaries on the evolution of the Lower Missouri River at short
and long time scales.

The pre- and post-dam changes in daily flow frequency and magnitude were studied
using flow duration curves at the USGS stations of Table 2.2 for the time intervals: pre-
dam (or pre-1954), 1955-2015, 1955-1974, 1975-1994 and 1995-2015. The comparison
between pre- and post-dam flow duration curves showed that the impact of the flow

regulation on the Lower Missouri River resulted in 1) higher than pre-dam low (probability
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of exceedance larger than 0.6), 2) lower than pre-dam high flow (probability of exceedance
greater than 0.05) magnitude upstream of the Missouri River — Grand River confluence,
and 3) no observable change in high flow magnitude downstream of the Missouri River —
Grand River confluence in the 1975-2015 period (Figure 2.2 and 2.3).

The spatial and temporal changes in flow duration curves revealed that as the Lower
Missouri River drainage area increased from Yankton, SD, to the Mississippi River —
Missouri River confluence, the change in daily flows associated with the closure of Gavins
Point Dam became less significant. The Missouri River — Grand River confluence (903
km downstream of Gavins Point Dam) can be seen as the location that disconnects the
reach of the Missouri River where the flow regulation at Gavins Point Dam has a significant
impact on the magnitude of flood flows from the reach of the Missouri River in which
flood flows are not much different from the pre-dam values (Figure 2.2 and 2.3).

The observed spatial and temporal changes in mean annual suspended sand load
were not only associated with the changes in the flow regime, they were also a consequence
of the engineering works designed to increase the sand transport capacity of the flow to
create a stable channel for navigation (Pinter and Heine, 2005; Jacobson and Galat, 2008;
Simon and Rinaldi 2000, 2006; Halberg, 1981; Branyan, 1974).

Estimates of the mean annual suspended sand loads based on data collected at the
USGS stations of Table 2.3 and Figure 2.12 revealed that the post-dam suspended sand
load decreased to ~95% , ~58%, ~30% and ~20% of the pre-dam values at the USGS
stations Missouri River at Yankton, SD, Omaha, NE, St. Joseph, MO, and Kansas City,

MO respectively, i.e. upstream of the Missouri River — Grand River confluence.
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Downstream of this confluence, and virtually no change between pre- and post-dam loads
(less than 10%) occurred at Hermann, MO, between 1975 and 2015 (Table 2.3).

Numerical predictions and field observations revealed that the suspended sand load
in the Lower Missouri River between 1955 and 1974 was significantly smaller than in the
pre-dam period due to the imposed reduction in high flow frequency and magnitude
associated with impoundment of the large dam reservoirs (Galat et al., 1996; Pegg et al.,
2003; Blevins et al., 2014).

The spatial changes in suspended sand load between Gavins Point Dam and the
Mississippi River — Missouri River confluence showed that as the drainage basin increased,
the reduction in suspended sand load associated with flow regulation became less
important. At the lowermost USGS station on the Lower Missouri River, i.e. Missouri
River at Hermann, MO, noticeable differences between pre- and post-dam suspended sand
loads were not observed (Figure 2.12).

Long term (equilibrium) model simulation suggested that there was no significant
change in mean annual suspended sand load at Hermann (RK 158), MO (Figure 2.13). In
particular, the numerical results suggested that, if the flow duration curve does not change,
a ~10% decrease in suspended sand load compared to pre-dam values can be expected at
Hermann, MO, in the future 3000 years,. Thus, field data suggested that the amount of
sand delivered to the Mississippi River at Saint Louis, MO has not been noticeably affected
by the closure of the Missouri River dams and river engineering works. Numerical
predictions showed that significant changes in the suspended sand load delivered to the

Mississippi River should not be expected.
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It is important to mention here, however, that the same conclusion, i.e. no change
from pre-1954 conditions, does not necessarily hold for the wash load (silt and clay) due
to the channel alignment works that significantly impacted the interaction between the
Missouri River channel and its floodplain. Further, due to the lack of information on the
wash load morphodynamics, quantifying the impact of dam sedimentation on the wash load
budget remains an open problem.

The implementation and validation of a model of river morphodynamics on the
Lower Missouri River showed that the channel response to engineering works and flow
regulation was characterized by channel bed erosion downstream of Gavins Point Dam
from Yankton, SD, to Sioux City, IA with up to 3 m of channel bed degradation between
1955 and 2015 upstream of the Missouri River - Platte River confluence (Figure 2.3a and
2.3b), i.e. where the post 1954 changes in flow duration curve are highest.

Downstream of the Missouri River — Platte River confluence, the magnitude of
channel bed erosion was smaller than in the upstream reach due to the relatively large sand
load of the Platte River. Downstream of the Missouri River — Kansas River confluence,
the observed 3 m — 3.7 m of channel bed degradation were primarily associated with a
change in channel width and channel straightening works, because the wave of degradation
induced by the closure of Gavins Point Dam had not yet reached this portion of the Missouri
River. Model results and field observation demonstrated that the amount of channel bed
lowering at Waverly, MO, and Hermann, MO, are less than 1 m that resulted primarily

from channel narrowing.
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2.8 CONCLUSION

A mathematical formulation of river morphodynamics and its implementation in a one-
dimensional numerical model were used to study the impact of dam closure and channel
narrowing on large sand bed rivers. Model governing equations are the shallow water
equation of open channel flow simplified with the aid of the quasi-steady approximation
and the Exner equation of conservation of bed material. Flow resistances and suspended
sand load were computed with the Wright and Parker (2004) formulation for large, low
slope sand bed rivers.

The analysis of field measurements at the USGS stations and model simulations
were used to investigate the impacts of dam construction and channel narrowing on a ~1300
km long reach of the Missouri River from Gavins Point Dam (RK 1305), SD, to the
Mississippi River — Missouri River confluence, MO. The main objectives of this work
were 1) the identification of the spatial and temporal changes in flow regime downstream
of Gavins Point Dam, which had a direct impact on the sand transport capacity of the flow,
2) the quantification of the changes in suspended sand load to characterize the decline in
suspended sediment concentration between 1955 and 1965 observed at the USGS stations
on the modeled reach, 3) the prediction of the short and long term changes in channel bed
elevation.

The comparison between pre- and post-dam flow duration curves showed that the
closure of Garrison Dam and Gavins Point Dam significantly reduced high flow magnitude
upstream of the Missouri River — Grand River confluence. Further, the controlled flow

regime resulted in an increase in medium and low flows in the entire Lower Missouri River.
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A ~60% decrease compared to pre-dam values in suspended sand load occurred
upstream of the Missouri River — Platte River confluence. A decline in suspended sand
load of about ~30% from pre-dam values occurred upstream of the Missouri River — Kansas
River confluence. A ~20% decrease in suspended sand load from pre-dam values were
observed at the USGS station downstream of the Missouri River — Kansas River confluence
and virtually no change in suspended sand load was predicted and observed in the
downstream of the Missouri River — Grand River confluence, i.e. Hermann, MO. It is
important to mention here that, due to the low flow rates in the 1955-1974 period, the
suspended sand loads were significantly lower than in the pre-dam and in the post-1974
periods.

The changes in channel bed elevation associated with flow regulation and channel
narrowing resulted in widespread channel bed erosion. Larger erosion rates were observed
and predicted in the upstream part of the domain, i.e. upstream of the Missouri River —
Grand River confluence, where the most significant changes in sand load, high flow
frequency and magnitude were recorded. Channel bed erosion on the order of ~1 m was
measured and predicted downstream of the Missouri River — Grand River confluence and
these changes were primarily associated with channel alignment and narrowing. Long term
simulations (up to 3000 years in the future) revealed that, if the flow regime downstream
of the Missouri River — Grand River confluence will not change, the reduction of mean
annual sand load at Hermann, MO, will be at the most equal to ~10% of the pre-dam value

These results suggest that 1) the observed decline in suspended sediment
concentration near the Mississippi River — Missouri River confluence has to be associated

with a decline is wash load more than suspended bed material (sand) load, and 2) the long
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term impact of the engineering works on the Missouri River will not be a major reduction
in suspended sand load downstream of the Missouri River — Grand River confluence and
thus the sand supply to the Mississippi River will likely remain close to historical values if

major changes in the Missouri River flow regime and geometry will not occur.
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Table 2.1: Major Lower Missouri River Tributaries.

Tributary name

Confluence location

Watershed area

Confluence side

km?

Big Sioux RK 1187 21,818 left
Platte RK 957 221,107 right
Nishnabotna RK 870 7,268 left
Nodaway RK 745 1,974 left
Kansas RK 589 154,767 right
Grand RK 402 17,819 left
Chariton RK 385 4,843 left
Osage RK 209 37,772 right
Gasconade RK 170 7,356 right

Table 2.2: U.S Geological Survey (USGS) Gaging Stations in the Lower Missouri River
considered in this study.

Station name USGS ID | River KM P?g::%? dOf Watershed area km?
1930-1995,

Yankton, SD 06467500 1287 2017-2018 723,905
Sioux City, 1A 06486000 1178 1928-2018 814,814
Omaha, NE 06610000 991 1928-2018 836,048
Nebraska City, NE | 06807000 937 1929-2018 1,061,900
St. Joseph, MO 06818000 719 1928-2018 1,104,635
Kansas City, MO | 06893000 589 1928-2018 1,253,819
Waverly, MO 06895500 467 1928-2018 1,258,481
Boonville, MO 06909000 313 1928-2018 1,296,813
Hermann, MO 06934500 157 1928-2018 1,353,275
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Table 2.3: Pre- and Post-dam Mean Annual Suspended Sand Load in the Lower Missouri River. The asterisks identify measurements
for which the volume fraction content of sand was not recorded.

U. S Geological Survey ID Pre-dam load | Post-dam load Period of available record Numb er_of measurements
used in the analysis

USGS ID: 06467500 Missouri River at Yankton, 8.80 0.49 2000-2008 57
South Dakota
USGS ID: 06610000 Missouri River at Omaha, 12.89 5.48 1940-1954*; 1971-1986, 1996-2015 14, 432
Nebraska
USGS ID: 06818000 Missouri River at St 17.28 12.2 1948-1976*; 1977-1993, 2002-2015 600*; 400
Joseph, Missouri
USGS 1D: 06893000 Missouri River at Kansas 2225 17.89 1948-1968*;1969-1991, 2009-2015 255*: 241
City, Missouri

a kj/l?sGsiulrliD: 06934500 Missouri River at Hermann, 259 23.8 1948-1971*: 1972-2015 5049*: 811
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TG

Table 2.4: Pre- and Post-dam Mean Annual Suspended Sand Load in the Lower Missouri River main Tributaries. The asterisks identify
measurements for which the volume fraction content of sand was not recorded . Also, the number with asterisks means the
number of measurements belongs to the period of record that has also asterisked. All number of measurements regardless with
asterisks or not are used in the calculations of the mean annual suspended sand load.

Number of measurements

U. S Geological Survey ID Pre-dam load | Post-dam load Period of available record . .
used in the analysis

té\SNGaS ID: 06485500 Big Sioux River at Akron, i 0.29 1966-1976*: 1977-2002 57%: 90
USGS ID: 06805500 Platte River at Louisville, i 29 1965-1978*: 1979-1995 89*: 68
Nebraska
USGS ID: 06810000 Nishnabotna River at i 0.74 1977-1993 62
Hamburg, lowa
USGS ID: 06817000 Nodaway River at Clarinda, i 0.38 1976-1992 82
lowa
USGS ID: 06892350 Kansas River at DeSoto, ) 231 1979-2015 719
Kansas
U$GS I_D: 06902000 Grand River at Sumner, i 1.75 1974-1995 159
Missouri
U$GS II?: 06905500 Chariton River at Prairie Hill, i 055 1978-1986 63
Missouri
U$GS I_D: 6926510 Osage River at St. Thomas, i 0.85 1974-1994 133
Missouri
USGS Ip: 06933500 Gasconade River at Jerome, i 0.23 1979-1986 12
Missouri
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Table 2.5: Model input parameters for the zeroing runs.

Parameter =~ Value Description
Bc 460 Channel width (m)
The geometric mean diameter of the Missouri River
D 0.3 .
sediment (mm)
Doo 0.5 Diameter such that 90% of the bed material is finer (mm)
S 0.0001 Initial channel bed slope (m/m)
dt 1/100 Computational time step (yr)
dx 4000 The distance between two computational nodes (m)
L 1300 The total length of modeled reach (km)
Nr 7 Number of subreaches in modeled reach
Channel bed elevation above NAVDD88 datum at the
7 109.4 downstream end of the modeled reach (St. Louis KM 0) in
1954 (Jordan, 1965).
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Figure 2.1: The Lower Missouri River, its main tributaries (blue arrows) and the USGS gaging stations used in this study (dots) (from
USGS, google earth and GIS)
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Figure 2.2: pre-dam and post-dam flow duration curves for selected USGS gage stations at
Lower Missouri mainstem. Continuous horizontal gray lines represent probabilities
of exceedance are equal to 0.05 and 0.6.
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Figure 2.3: pre-dam (1930-1954) and 20 year-long period post-dam flow duration curves
for Lower Missouri River at the USGS gage stations of Table 2.2. the continuous
gray and black lines represent the pre-dam 1995-974 periods respectively. The
continuous dashed and dotted black lines represent the post-dam periods between
1975 and 1994 and between 1995 and 2015 respectively. Continuous horizontal
gray lines represent probabilities of exceedance are equal to 0.05 and 0.6. In
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subfigure a, there is a gap in data from 1996 to 2016, therefore, data of 1995, 2017,
and 2018 are used as a post-dam (1995-2015).
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Figure 2.4: Schematic representation of the study reach. Gray and orange arrows represent
the flow and sediment load inputs at computational nodes respectively, and green
dots represent the U. S Geological Survey gage stations that used to validate the
model sand load predictions.
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modeled reach. The results of the panel (b) accounted for changes in flow duration
curve and sand load downstream of the confluences with major tributaries.
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Figure 2.10: Comparison between numerical (lines) and measured (blue square) for net
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post-dam time intervals. The continues dashed gray lines indicate the +20% of the
value predicted with a single post-dam flow duration curve (continuous grey line).
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Figure 2.11: measured (blue triangles) and predicted (black dots) suspended sand loads.
The error bars represent a £15% difference from the numerical value.
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are respectively represented with colored bar and black dots. The error bars indicate
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Figure 2.13: Long term prediction of the ratio between the post-dam and the pre-dam
suspended sand load at Hermann, MO.
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CHAPTER 3

THE FLUVIAL-TIDAL TRANSITION ZONE OF A COASTAL PLAIN RIVER

3.1 INTRODUCTION

Coastal plains are low elevation and low gradient landscapes that occur along many
continental margins and they extend up to hundreds of kilometers inland, occupying
5.7x10% km? worldwide (Colquhoun, 1968). They result from depositional processes
associated with recurring sea transgressions and regressions (Colquhoun, 1969). In North
America a large coastal plain extends from Long Island in the northeastern USA to the
Yucatan Peninsula, southern Mexico, and up to 600 km inland. Rivers that traverse coastal
plains facilitate floodplain development and their forested ecosystems have high
productivity and a range of habitats that account for many of the floodplains intrinsic values
(Sharitz and Mitch, 1993; Barko et al., 2006; Osterkamp and Hupp, 2010). In the lower
coastal plain the distinction between the terrestrial river system and the tide-influenced
estuary has been an active area of research (sensu Savenije, 2015).

Coastal rivers may be affected by tidal oscillations in stage and the system response
has been presented in a conceptual model of along channel sediment-transport, particle size
distribution, and the relative energy level (Dalrymple and Choi, 2007, Lawrence et al.,
2015). In addition to these effects, fluvial-tidal interactions give rise to a transitional
channel reach that links terrestrial and marine dominant components of the river system

(Dalrymple and Choi, 2007), typically referred to as the fluvial-tidal transition zone
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(FTTZ) (Dalrymple et al., 2012; Freitas et al., 2012). Researchers have identified the FTTZ
as a zone of sediment storage (Dalrymple and Choi, 2007; Ensign et al.,2015; Ensign et
al.,2017) of finer bed material (Dalrymple and Choi, 2007; Wang et al., 2009; Kastner et
al., 2017; Gugliotta et al., 2017), with a reduced sediment transport capacity (Dalrymple
and Choi, 2007; Nittrouer et al., 2011; Lamb et al., 2012) and high sediment accumulation
rate (Dalrymple and Choi, 2007; Ensign et al.,2014; Lawrence et al., 2015). Others have
shown how these effects translate to FTTZ channel morphology (Gurnell, 1997; Ensign et
al., 2013; Kastner et al., 2017) and Torres (2017) referred to the transitional effects as a
“fluvial-tidal discontinuity”. However, a clear mechanistic understanding of FTTZ
processes that can be used to explain these changes has not been well-developed.

In unsteady or tide-influenced river reaches the momentum equation can be used to
determine the energy gradient in order to help shed light on FTTZ dynamics. With tidal
freshwater rivers the energy gradient is mainly controlled by water surface slope (Knight,
1981), and therefore tidal effects can lead to disturbances in the energy gradient (Martinius
and Gowland, 2011; Yankovsky et al., 2012). Moreover, energy perturbations can be
expected to influence channel morphology and sedimentary processes. For example,
Wright et al. (1973) have shown that the lateral and vertical convergence in channel
morphology ceases at the upstream limit of tidal influence due to an inland declining tidal
prism. Also, Yankovsky et al. (2012) observed that a transition from fluvial to tidal
dominance can be distinguished by abrupt increase in energy dissipation and a distinct
channel geometry, and a downstream decline in particle size has been shown to occur at
the head of the tide (Chen et al., 2005; Dashtgard et al., 2012; Ensign et al., 2015; ;

Gugliotta et al., 2017).

72

www.manaraa.com



In this study we propose to provide greater insight on the development of channel
morphology and bed material size distributions between fluvial and tidal dominant reaches.
The spatial gradient in energy dissipation and sediment transport capacity are used to
highlight the morphodynamic interaction between the channel morphology and tidal river
hydrology. Hence, this study is guided by the hypothesis: Fluvial and tidal interactions
cause discontinuities in the energy gradient and corresponding channel metrics. Here a
“discontinuity” is taken as an abrupt or large change in along channel hydraulic or

geometric properties that occur over approximately kilometer scale distances.

3.2 STUDY SITE

The Altamaha River is a tide-affected river in Georgia, USA and it runs for ~200 km from
the confluence of the Ocmulgee and Oconee rivers to the Atlantic Ocean. The watershed
area is ~36,200 km? and the vast majority of the system is within the US southeastern
coastal plain (Di lorio and Kang, 2003; Gotvald et al., 2004). The tidal range at the mouth
is 1.5-3.0 m and the lower reach experiences bidirectional flows (Kang and Di lorio, 2006).
The zero salinity isoline is typically within 20 km of the ocean (Sheldon and Alber, 2002)
making most of the lower reach a tide-influenced, freshwater system. These attributes and
the absence of large dams were the main factors in site selection and thus one can infer that
much of the Altamaha can be considered as a reference coastal plain, fresh water, tide-
influenced river system. The study reach is a ~47 km long section between 29-76 km (0
km at the mouth, Figure 3.1). From 0-29 km there are several distributary channels, hence,
the work presented here is designed to preclude the effect of distributary channel and

therefore is focused on the single-threaded part of a meandering-straight, freshwater, tidal

73

www.manaraa.com



river section. Six tributaries are located along the study reach and all have nominal
watershed area limited to the local floodplain (Figure 3.1). Hereafter, we report along
channel distance from the mouth with a “km” prefix followed by the distance, e.g., km41
means 41 kilometers from the estuary mouth.

From 2008-2017 the mean water surface elevation at the mouth is 1.1 m (all
elevations reported here are referenced to NAVD88) based on a US Geological Survey
(USGS) gaging station on the Brunswick River, 11km south (USGS 02226180;
31°08'00"N, 81°23'48"W). Data from a real time USGS gaging station (#02226160) at
km41l (31°25'37" N, 81°36'20"W) shows that the Altamaha flow regime exhibits strong
seasonality but with large fluctuations within the seasonal highs and lows, and with a
maximum tidal range of 1.2 m. The mean daily discharge ranged from -173 m%/sec to 3,255
mq/sec, with an average of 347 m®sec, and a median of 200 m®sec. All discharge values
reported here are taken from this station. The corresponding relationship between
magnitude and frequency, Pi, (Pi is percent exceedance) of daily discharge is concave up
and resembles y=a+x" where y = discharge, and x = fraction of exceedance (Figure 3.2).
Thus, the magnitude of discharges with P; lower than 0.1 are highly variable and generally
represent large flood events. Further, the steep decline of the curve indicates the low
frequency of flood events. From Po.1s to Pos the discharge gradually decreases from 480
m?/sec to 200 m*/sec, while from Pos to Pos, the discharge magnitude decreases by only
100 m3/sec. Also, 10% of time (Pi< Po.¢) discharge at this location experiences bidirectional
flows with discharge values below zero. The minimum discharge and stage height that

seems to damp the tidal oscillations are 495 m3/sec and 3.05 m, respectively. Overall, 34%
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of the daily discharge values exceed the mean daily flow for the lower four stations tidal

signals can be observed during the median discharge (Figure 3.2).

3.3 DATA AND METHODS

The field surveys and instrument deployments were conducted in 2014 and 2016, the tasks
and field conditions are shown in Table 3.1. River cross-section and longitudinal profile
soundings relied on a Seafloor Sonar Mite (Hydrolite_ TM) echo sounder connected to a
Trimble R8 real-time kinematic global position system (RTK GPS) system using a wifi
connection to a Georgia virtual reference station (eGPS Solutions). Soundings were
conducted at 6 Hz with a source frequency of 235 kHz. The expected error associated with
this set of equipment is £0.03 m in the vertical and £0.02 m in the horizontal coordinate.
A total of 69 cross-channel profiles at intervals of 0.2-1.2 km were surveyed
perpendicular to flow direction. At times the boat drifted off of the perpendicular track
and so the transect data within 5 m of the transect line were collapsed onto a single line,
and those outside of this threshold were deleted. The long profile was surveyed along the
middle of the river for straight reaches and closer to the outer bank at bends, both at 2.5 m
spacing. Because of losing the GPS connection, channel bed long profile data have some
gaps with no elevation data especially between km72 and km45. Standard deviation of a 3
km running mean of the long profile elevations were computed and river sinuosity was
determined for 2 km long reaches centered about each transect. We also collected 43 bed
samples between km33 and km73 at ~1 km spacing using a Ponar, Standard 1725-F10,
Box of 23x23 cm. During bed sampling on May 14, 2016, the average discharge and water

elevation at km41 were 212 m®/sec and 2.13 m, respectively, with tidal range of 0.34 m.
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The average wet weight of samples is about 720£190 gm. Samples were dried and
homogenized, and 400 gm dry material was sieved with mesh sizes of 0.15-4.0 mm, and
10 size classes.

Four HOBO U20 Water Level Loggers were deployed at km36, km45, km51 and
kmb56 to record pressure (water column length above sensor) and temperature every 5
minutes for a total of 75 days, March 5 — May 19, 2016. The logger operational range is O-
9 m with typical depth accuracy + 0.5 cm. The absolute pressure readings were
compensated for air pressure by using a fifth sensor as a barometer, the difference between
absolute and barometric pressure gives water depth. During deployment water surface
elevation was acquired at each station, giving sensor elevation, and this combined with
depth gives free surface elevation. The corresponding discharge values were highly
variable, ranging from 96 m*/sec to 1290 m®/sec, and the water surface elevation at each
varied by 2-3 m. Four different discharge values corresponding to the probability of
exceedance of 75, 50, 25 and 10% respectively, or Qzs, Qso, Q25 and Q1o were used to
explain the changes in water elevation data. A fifth water depth/elevation measurement
was taken from the USGS gauge at km41.

Cross-channel properties including channel width, mean hydraulic depth, cross-
section area, wetted parameter, and hydraulic radius at 0.1 m increments in the vertical
were computed using WinXSPro (Hardy et al., 2005) while the river was at or near bankfull
conditions. Also, since these transect data were collected during two different surveys, the
variability of river stage had to be compensated. For example, on March 8, 2014 and March

6, 2016 the water levels at km41 were (3.31-3.34) m and (3.41-3.43) m respectively (Table
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3.1). Despite these relatively small differences all transects were compensated by linearly
extending the bank to the higher level.

Cross-sectional stream power per unit channel width (unit stream power) was
calculated using Lane (1955) as :

Ww=pgQSyw ......... 3.1)

where w is the channel width, p is the density of water, g is gravitational acceleration, Q is
the discharge and S is the water surface slope. The water surface slope, S;, was computed
between each set of two consecutive water level stations where 7 is water level.

We use the USGS instantaneous discharge values to constrain discharges computed

with the Manning formula:

1
Q=-xAX R xS i (3:2)

where n is Manning’s roughness coefficient, A is cross-sectional area of flow and Ry is the
hydraulic radius. All parameters are computed as a function of the observed water level #.
Thus, we use the five channel transects to calculate discharge. We then determine A, h, Ry,
n and channel width w and water level at each transect.

Here, the n values at km41 were estimated using discharge from the USGS station
(average n =0.028 sec/m*®), as were A, and Rn. S, at this location is taken as water surface
slope between km45 and km 41 as Sz, as well as S, So, Szand S4 representing water surface
slopes at km56 and km51, km45, km41 and km36, respectively; S1 is applied to both km56
and km51 transects. With this simplification and with no major tributaries between km56
to km36, n is computed for all water level observations and it is assumed to be equal for
all other transects. Hence, discharge at 4 pressure transducer locations can be computed

using equation (3.2).
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Shield criterion (Shields,1936) for initiation of sediment motion is expressed with
dimensionless Shields number, t*, and calculated as:

 _ Rh Sn
U= 5 gD (3.3)

where D is grain size diameter and R is the specific weight of the particle. The t” estimates

for 0.5 mm particles are compared to the threshold value of the Shields number for the
initiation of motion. The critical value of Shields number (z¢") is empirically related to
particle Reynolds number, based on the modified Bronwlie (1981) and assumed to be ~
0.01614 for non-cohesive particles (Parker, 2004). Further, the effect of hiding or exposure
is neglected here.

The total study reach was split into the upstream fluvial reach, or “upstream reach”
and the mixed tidal-fluvial, or “downstream reach”. Here, we assume that the station with
maximum tidal amplitude <0.05 m is not significantly affected by tides and the station is
assumed to be at or near the head of tides. For brevity, hereafter we refer to the upstream
and downstream reaches as “Upstr” (km75 to km51) and “Downstr” (km51 to km?29).
Details on this distinction are presented in the results section. Trends in the Upstr and
Downstr data were assessed using linear regression. Further, we used box plots to explain
the variability in the data and to distinguish grouped sets of data. The quantiles of each box
are represented with D10, Dso, and Dgo which respectively denote the value at which 10, 50
and 90% of the bed particle are equal or less.

Channel properties, river bed profile, sinuosity, and bed grain size data are
examined with Spearman’s rho non-parametric (SR) test to reveal the trends of these

parameters along the study reach. The test is conducted at 0.05 significance level and it is
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applied to various properties taking channel distance as the independent variable. The

Spearman’s rho ,Rs, and standardized, Zsr test statistics are computed as:

6 Y. (Ri—1i)?
(m3 —m)

m—2
Zsp =R /— ST (1. o
SR N 1—R§ ( )

Ri denotes the rank of ith observation along the reach measuring from the upstream end of

Rs=1—

e (3.8)

the study reach and m is the number of measurements at each reach. The positive and
negative values of Zsr indicate increasing and decreasing trends, respectively (Yue et al,

2002; Agha and Sarlak, 2016).

3.4 RESULTS

3.4.1 River discharge and stage
Altamaha River annual discharge is characterized as having strong seasonality (Jiang et al.,
2008; Roebuck et al., 2018) and during our observation interval the km41 (Figure 3.1)
USGS hydrograph varied by one order of magnitude, from 96-1290 m?/s (Figure 3.3).
Initially, the hydrograph has a slight declining trend until March 18, and a much steeper
decline to March 31 (inferred). The discharge increases to the peak value on April 16,
followed by a sharp decline until April 24 and then a much more gradual decline until May
18. Tidal oscillations are evident for discharges <550 m®/s, and are particularly well
developed at all stations and for the lowest discharges (Figure 3.3).

Likewise, the five water level time series for the same time interval show similar

variability with averages of 4.49 + 0.71, 3.85 + 0.69, 3.37 £ 0.55, 3.05 + 0.49 and 2.75 +
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0.43 at km56, km51, km45, km41 and km36, respectively (Figure 3.3). Water levels attain
clear peaks of 2.0 to 2.9m at all sites on April 16; the minimum values occur at the end of
the monitoring period (Figure 3.3). The range of water level at each site varies depending
on the magnitude of discharge and tidal range. The water level range (the difference
between max and min observed) decreases in the downstream direction (Figure 3.3). At all
stations tidal oscillations are greatest during the lower discharge conditions; for instance,
water level time series during May, 2016 show the greater tidal amplitude. During low
discharge conditions the tidal amplitudes are 0.83 m at km36, 0.46 m at km41, 0.31 m at
km45, 0.14 m at km51 and 0.04 m at km56 (Figure 3.3, Table 3.2); similar to other studies
(e.g., Horrevoets et al., 2004). The discharge that completely damps tidal oscillations at
km36, km41, km45, km51 and km56 is 973, 541, 501, 237 and 116 m®/sec respectively.

The average and standard deviation of water surface slope between successive sites
and for all 7,105 measurements per site are of the order 10*m/m. In particular, from up-
to downstream the values vary as 1.3+0.1, 0.8+ 0.3, 0.8+0.2 and 0.6+0.2x10“*m/m, S, Sz,
Sz and Ss respectively. The corresponding 50% and 75% quantile values also decline
downstream, but the 25% quantiles have no clear pattern (Figure 3.4). Also, in general,
the inner quartile range is least for the inland observations and Si is statistically
significantly higher; the next three decrease in downstream direction although they are not
statistically significantly different (Figure 3.4). Together, the data reveal a clear and
frequently occurring break in slope at or near km51 (Figure 3.4).

In summary, during the observation interval river discharge varied 96-1,290 m/s,
and the corresponding river stage varied by 2.0-3.0 m at all stations. Tidal amplitude is

greatest during low discharge, reaching ~0.83 m at km36, but no tidal oscillations occurred
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at either station when the discharge exceeded 973 m3/sec. Also, tidal oscillations declined
upstream, leading to a head of tides near the km56 station. The surface slopes between
successive stations varied considerably, but between km56-km51 there is a statistically
significantly higher slope relative to those further downstream. This change is slope
represents a type of discontinuity at km51, separating the previously defined upstream and

downstream reaches.

3.4.2 Long profile and channel planform shape
The centerline river-bed elevation is highly variable, ranging from to -7.9 m to 6.2 m, but
overall it declines from upstream to downstream, and with a slight upward concavity
(Figure 3.5A). The steepest part of the river is from km73 to km67, with fluctuations of
about 2 m. At km66 there is channel deepening followed by a step-up, and these together
mark the start of a more gradual slope extending to km56, followed by a 5 km long, 2 m
deep trough. Km51 is the starting point for frequent 3-8 m fluctuations that persist to the
shoreward end of the survey. The standard deviation (sd) of river bed elevation ranges from
0.53 mto 1.91 m and it tends to increase in a stepwise fashion toward the ocean, at km72
and km42. From km42 to km32 sd varies from 0.7 mto 1.9 m. (Figure 3.5A). The minimum
values coincide with small fluctuations in bed elevation at km73 to km64. In contrast, sd
values increase sharply from 1.0 m to 1.8 m at km42 and another sharp change occurs at
km38 to km34.

Patterns in along channel variability reveal a statistically significant decreasing
trend with Upstr (Rs=-0.78), while the Downstr had a significant but moderate trend (Rs=-

0.40). We applied a linear fit to the Upstr and Downstr data and found bed slopes of 2.0x10"
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“and 0.7x10*, respectively. These values are comparable to the average water surface
slopes of 1.3x10 for the Upstr S; and 0.7x10* for Downstr at Sz, Sz and Sa. The Upstr
slope (S1) is about three times the Downstr values (S, Ss, S4) and the transition from Sy to
S coincides with a noteworthy break in the river bed profile at km54 (Figure 3.5A).

Channel sinuosity (S) varies from 1.1 to 2.7, and it has a declining trend with
distance downstream before reaching a quasi-steady range (Figure 3.5B). In particular, S
values decline between km75 to km51 with average sinuosity >1.8, but from km51 to km30
average sinuosity is <1.3 (Figurel and Figure 3.5B). The SR test for the Upstr reveals a
statistically significant decreasing trend with strong correlation (Rs=-0.69) while the
Downstr showed no significant change. Linear trends along the Upstr give a slope of
0.4x10"* while the Downstr trend does not depict significant change with distance (Figure
3.5B).

In summary, the slope of the river bed profile declines with distance downstream
and it is concave up. There is a large break in river bed slope at km54 and a decline in the
magnitude and along channel variability in sinuosity at km51 (Figure 3.5A and 3.5B).
These distinct changes channel properties coincide with the boundary between the
previously define Upstr and Downstr. The Upstr (km75 to km51) is characterized as having

higher channel bed slope and sinuosity relative to the Downstr (km51 to km29).

3.4.3 Channel geometry
Channel width, w, varies by a factor of ~4 from 64 to 259 m with average 134 + 45 m.
(Figure 3.6A). There is also substantial scatter along the channel, but with an overall

increase downstream. Locally, however, width can decline over 5+ kilometer long reaches
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(e.g., km75-km67). The rate of increasing width is higher for the Downstr by a factor of 3,
and with more scatter relative to Upstr. The SR test detected a moderate but statistically
significant increase (Rs = 0.45) for Downstr with non-significant increase (Rs=0.22) for
Upstr.

Likewise, the cross-section area of flow, A, varies substantially and also by a factor
of ~4, ranging from 205 to 844 m?, averaging 520 + 161 m2. The along channel response
however, differs from that of w. A increases downstream to a maximum and then gradually
declines (Figure 3.6B), giving an asymmetrical, convex pattern. The Upstr trend was
significant (Rs=0.79); while the test for Downstr was non-significant (Rs=-0.24). There are
local departures from these overall patterns, however. From km76 to km67 A persists at
200-310 m?, followed by a step increase from 250 m? to 425 m?. From km66 to km57 A is
between 380 m? to 610 m?, but at km56 there is an abrupt decline from 610 m? to 420 m?.
This is followed by a slightly increasing trend with nominal variability to km51.
Downstream of km50 A varies considerably and in the absence of comparable trends. This
distinct behavior was also reported by Sheldon and Alber, (2002) and with other rivers
(Torres, 2017). Thus, a peaked along channel trend of A in the single strand channel appears
to be an endemic feature of the FTTZ along southeastern coastal plain rivers..

The hydraulic radius Rn ranges from 2.38 to 5.10 m with average 3.74 + 0.65 m.
The along channel values have a peak at km53 (Figure 3.6C) and gives a net quasi-
symmetrical pattern. Amongst the two Upstr and Downstr reaches we find significant
trends in each, although the latter is declining (Rs = 0.91, and Rs = -0.71, respectively). Rn
trend for Upstr increases with values range from 2.40 to 4.85 m. Upon closer inspection

however, the reach can be characterized as having one part of nominal variability with a
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clearly increasing trend (km69 to km64) surrounded by sections with much higher
variation. The Downstr has no discernible smaller scale patterns. Nevertheless, these
observations indicate that the downstream trend is for greater efficiency up to km51,
followed by decreasing efficiency or bed and bank drag.

Width to mean depth ratio w/d provided more insight to channel shape and showed
seaward deepening and shallowing for Upstr and Downstr respectively (Figure 3.6D). w/d
values range from 15-101with average = 37. The average value of w/d for Upstr and
Downstr are 27 and 46 respectively. The along channel values of w/d show high scattering
for Downstr compared to Upstr. The w/d trend for the Upstr shows a non-significant
decrease (Rs=-0.14); while the w/d trend for Downstr shows a significant increase
(Rs=0.6). The transition in the trend of w/d also occurred between km55 and km51 at which
w/d values reach minimum and range only from 15-23.

Taken together, from km76 to km51 it appears that A, Rn and w increase, albeit at
different rates. Below km51 however there is a departure in responses where w increases
but A declines. This response is translated to Rn as a clear peak with an apparently
symmetrical trend. Moreover, it appears the km51 is the focal point along the channel

where large changes are detected, and the channel becomes less efficient downstream.

3.4.4 Grain size distribution

For all river bed grab samples, the D10, Dso and Dgo quantile values range from 0.16 to 0.51
mm, 0.35 to 0.84 mm, and 0.59 to 1.9 mm, respectively, and the corresponding averages
are 0.34+0.09 mm, 0.57+0.15 mm, 1.06+0.30 mm. Hence, the bed material consists of fine

to coarse sand, but the median grain size is ~0.6 mm. However, the Upstr can be
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characterized as having poorly sorted coarse sand while the Downstr is more uniform
(Figure 3.7). The transition in sorting occurs from km51 to km44.

The Upstr and Downstr patterns of particle size show increasing but non-significant
(Rs=0.12), and decreasing significant, (Rs=-0.5) trends, respectively (Figure 3.7). From
km72 to km51 Do values are highly variable but decline slightly between km51 and km44,
and at km44 the values are grouped around 0.28 mm. On the other hand, Dgo trends show
decreasing and increasing trends along the Upstr and Downstr, respectively, but both were
not statistically significant. The weak trends are related to the large scatter from km72 to
km51, with a sharp decline over km50 to km47 followed by an overall increase toward
km44; downstream of km44, Dgo values are mostly consistent and close to 0.9 mm. The
average Dso for the Upstr bed samples is 0.72 + 0.08 mm compared with 0.45 + 0.05 mm
for the Downstr. Also, both reaches show that particle size decreases downstream with a
sharp decline from km51 to km47; and these lower Dsg values persist to the limit of the
survey. The high scatter at km72-km51 gives rise to a weak trend (Rs=-0.28) whereas
Downstr the trend is less scattered and significant (Rs=-0.46).

Overall, the median particle sizes have substantial variability along the inland
reach. Further downstream however, the median values are remarkably uniform. These
two distinctive patterns of variation are bridged by a 4km long reach of gradually declining

particle size; from km51 to km47 particle size declines from about 0.71 to 0.41 mm.

3.4.5 Unit stream power and sediment transport capacity
Stream power, w , represents the rate of potential energy loss and it is a measure of the

channel’s ability to perform geomorphic work (Bagnold, 1966; Bull, 1979; Knighton,
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1999). Therefore, it can be used to provide insight on expectations for bed material size
under a given discharge. Hence, a reach with high o is more likely to have a high stream
capacity and competence relative to a reach with low w. Thus, spatial variations in bed size
can be expected in response to longitudinal changes in w.

An assessment of w at each station shows that it is more variable but overall higher
for the inland stations by up to a factor of 5 (Table 3.3). The stations at km56 and km51
have comparable w conditions and they are statistically significantly higher than the values
from stations further downstream. Also, the range of w at km56 and km51 shows wide
scatter relative to those further downstream (Figure 3.8). At km36 it is remarkably
consistent with low variability and an inter-quartile range of ~0.5 watt/m?. Using the
predefined reaches described above we find that w estimates for Upstr are of the same
magnitude for the Clearwater River, Idaho in Bagnold (1980). Also, w estimates across the
FTTZ of Columbia River reported by Gies and Jay (1989) show that the « of the fully
fluvial part of Columbia River decreases downstream (from 7.8 to 1.4 watt/m?) but remains
significantly higher than the tidal part (1.9 to 0.2 watt/m?), and that  reaches minimum at
the FTTZ. Our estimates of w for Altamaha River are comparable in patterns and
magnitude relative to the Columbia River.

Dimensionless Shields number, z°, can provide deeper insight on trends in particle
size by providing estimates of the conditions necessary for initial or threshold sediment
motion. We thus compare the Shields number at the five stations with the critical Shields
number, 7", for Dsp = 0.5 mm, the median grain size between Upstr and Downstr (Figure
3.7). The quartiles of 7" decrease from km56 to km41 and then slightly increases at km36.

Both average and median values at km56 and km51 are comparable and significantly
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higher than " at km45, km41 and km36. For the Downstr, the average and median of km45
are 0.0148 and 0.0158, respectively, and slightly higher than at km41 and km36. " at km56
and km45 has high scatter compared to km51, km41 and km36. The recurrence of
conditions where " values exceed the critical value at km56 and km51 exceeds 80%. This
percentage then decreases to 47%, 19% and 7% at km45, km41 and km36, respectively.
This result shows that 80% of 7" estimates at Upstr are beyond the predicted threshold of
incipient motion, while Downstr the initiation of motion ranges from 7%-47%.

In summary, the range and magnitude of w are comparable between km56 to km51.
From km51 to km45 there is a 75% energy loss while from km45 to km36 « gradually
declines. Hence, the reach from km56 to km36 can be divided into an upstream high energy
reach but below km51 the river system is comparatively low energy. Likewise, 7~ decreases
in the downstream direction and shows a clear step-like decline from km51 to km45. The
median of ¢ for Upstr is higher than the Downstr, and overall the median values decline

seaward. The transect at km41 shows the lowest boundary shear stress among all transects.

3.5 DISCUSSION

The FTTZ has been a theme of focused research on sedimentology, geomorphology and
hydrodynamics, as detailed in the introduction. Here we assert that our study reach
includes the Altamaha River FTTZ in that the km56 station with maximum 0.04m tidal
oscillations is at or very near the head of tides. This combined with our non-quantitative
observations that current reversals do not occur at the station leads us to infer that the FTTZ
is downstream of km56. Further along, at station km41 we find that tidal oscillations

persist for discharge values up to the 10% exceedance probability (Figures 3.2, 3.3), with
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the tidal amplitude ranging from 0.0 during high discharges to 0.83 m when the terrestrial
runoff is distinctly lower (Figure 3.2). Also, the current reversals or negative discharges
serve to highlight the intermittent tidal dominance at this station, hence, we propose that
the fluvial-tidal transition zone is between km56 and km41. However, additional data will
allow us to refine and more definitively identify the FTTZ position.

The trends in channel geometry, stream power and particle size have distinct
attributes between the previously defined upper reach, from km75 to km51, and the lower
reach, km51 to km29 or the Upstr and Downstr, respectively. In particular, the data
collectively show a break in slope or inflection in the vicinity of km51. This is true for bed
elevation and sinuosity (Figure 3.5), for channel width, cross-section area of flow,
hydraulic radius and depth (Figure 3.6). Moreover, there are several equally identifiable
breaks or discontinuities that occur over a distance of several kilometers, but typically
between km51 and km45. For instance, this is true for water surface slope (Figure 3.4),
particle size (Figure 3.7), stream power (Figure 3.8) and to a lesser extend Shields number
(Figure 3.9). Lastly, it is noteworthy that three independent studies show the fluvial tidal
transition reach in coastal plain rivers is upstream of the distributary system, and within
the largely single strand river where there is a characteristic peak in cross-section area of
flow (this study; Sheldon and Alber; 2002 and Torres, 2017). We propose that the peak is
a feature endemic to tide influenced coastal plain river’s fluvial tidal transition reaches.
Overall, these data indicate that the fluvial tidal transition reach is about 4 km long,
extending from km51 to km47. Also, with the area, A, there is a distinct departure from

the general Upstr trend apparent as a step-decline in the area the starts upstream at km57,
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and ends at km51. A similar trough in the area trend was noted by Torres (2017), and this
may likewise be a FTTZ attribute.

Several studies report high energy dissipation rates associated with the FTTZ that
is coincident with the peak in cross-section area (Gies and Jay, 1989; Yankovsky et al.,
2012). For the Altamaha the high rate of energy dissipation (order 75%) and corresponding
decline in Shields number (about 40%) occur between km51 and km45 (Figures 3.8 and
3.9) where A, Ry and d are maximum and w/d is minimum (Figure 3.6). Also, at the inland
stations w values are significantly higher than the shoreward stations, and average w
decreases systematically downstream. Moreover, the Shields number decreases in the
downstream direction between km56 to km41, and with a significant decline at km51
(Figure 3.9 and Table 3.4). The downstream variations of w and ¢ are associated with
changes in water surface slope, channel bed slope and channel geometry (eq. 3.2 and 3.3).
Water surface slope between km56 and km36 is highly variable (Figure 3.4) but there is a
statistically significant break from km51 to km45, where the median values transition from
1.3t0 0.9 x 10* m/m. In other words, there is a remarkable decline in water surface slope
near the boundary between Upstr and Downstr. Further along the channel the median
values show a more gradual decline. The declining water surface slope is likely associated
with tidal waves advancing upstream (e.g., Gies and Jay, 1989; Yankovsky et al., 2012;
Kastner et al., 2017; Gugliotta et al., 2017) giving rise to a highly irregular and declining
channel bed slope (Figure 3.5A). During high discharge periods (Q>Q10), the tidal range
is less than 0.07 m at km36 (Figure 3.3, 3.4 and Table 3.2). Thus, changes in water surface
slope are most likely associated with upstream variations in terrestrial runoff (Gies and Jay,

1989).
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During low discharge conditions, water surface elevation from km56 to km36 is
affected by tide oscillations although tides at km56 are <0.04m. Hence, we assume the
head of tides is at or near km56. However, the head of tides varies with discharge (e.g.,
Horrevoets et al., 2004; Freitas et al, 2012), therefore the head of tides may advance
downstream but the data show it is limited to remaining between km56 and km45 (Figure
3.2). On the other hand, average water surface slopes at Upstr and Downstr reaches were
comparable to the river bed slope (2.0x10*m/m for Upstr, and 0.7x10* m/m for Downstr).
Thus, the Upstr is has a relatively higher water surface slope and lower variability
compared to the Downstr. Similarly, the estimates of o and 7" are high in the Upstr but
below km51 they are lower (Figure 3.8 and 3.9 ; Table 3.3 and 3.4). This pattern of w are
in good agreement with the magnitude and trend of w across the FTTZ of Columbia River
(Gies and Jay, 1989). It is likely that the Upstr meandering planform is required to dissipate
excess available power and the transition from the meandering Upstr to the mostly straight
Downstr developed to utilize available stream power needed to maintain a progressive
movement of sediment over the lower slope (Figure 3.5A and Figure 3.1).

Along the channel a decline in median grain size is predicted as relative energy
decreases along the FTTZ ( Dalrymple and Choi, 2007). Thus, spatial variation in bed size
and range are expected due to longitudinal changes in . Comparing the downstream trend
of Dso in Figure 7 with downstream variations of o (Figure 3.8) it is apparent that both
and Dso have an abrupt decline going from km51 to km45 where w declines by more than
75% and Dso by 50%. Thus, large bed particles are excepted along the Upstr while for
Downstr the particles are expected to be relatively smaller due to the large decline in w

downstream km51. Further, by comparing the 7~ with expected critical shear stress z." for
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Dso= 0.5 mm we find that more than 80% of 7" for the Upstr exceed z. . This indicates that
median grain sizes are larger than 0.5 mm. The discordance of 7" with z=." declines to 47%
at km45 and to less than 20% at km41 and km36 shows that the median grain size for
Downstr is <0.5 mm. This set of conditions appears as a sharp decline in Dso between km51
and km47 and is coincident with the abrupt decline in 7~ downstream km51. Consequently,
the downstream trend of median grain size in Figure 3.7 can be reasonably measurable and
quantified through the analysis and trend of 7.

The spatial changes in sediment transport capacity may help explain some
adjustment processes between channel geometry and channel hydraulics. Upstr has
relatively high transport capacity and may tend toward downcutting while the Downstr
tends toward lateral cutting (Bull, 1979). These can be detected in the downstream trend of
w/d where Upstr w/d is slightly decreasing shoreward while for Downstr it is highly
variable, but overall increasing downstream (seaward shallowing). As a result, the A for
Upstr increases as w and d increase but for Downstr, w increases more rapidly and d
decreases (Figure 3.6). Thus, the trend in A for Downstr has a non-significant downstream
decrease. If the typical increase of w to seaward along Downstr is associated with tidal flux
(e.g., Dalrymple et al., 2012), the downstream decrease of d may be associated with low
transport capacity and an aggrading reach with relatively low bed slope (Figure 3.5A). The
trend of channel morphology and bed particle size abruptly changes over a short distance
across the fluvial tidal transition zone, km51 to km47. This geomorphic transition is
associated with a sharp decline in stream power and sediment transport capacity that caused
by change in water surface slope near the head of the tide. These results with other recent

related studies (e.g., Dalrymple and Choi, 2007; Yankovsky et al., 2012; Torres, 2017;
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Kastner et al., 2017) help define the fluvial tidal transition zone with common geomorphic

and hydrodynamic features.

3.6 CONCLUSIONS

The fluvial-tidal transient reach is approximately 1-4 km long. We found that the abrupt
changes in trends of channel geometry and median grain size that can be associated with a
remarkable decline in estimates of unit stream power and dimensionless Shields number
which declined by 82% and 42%, respectively. These analyses further illustrate that the
fluvial reach has higher stream power and transport capacity than the downstream tide-
dominated reach. The distribution of stream power and Shields number can be used to
explain some of the fluvial-tidal transition channel adjustments in channel hydraulics,
geometry and planform, and it provides some insight on the channel conditions that
transition from seaward-deepening along fluvial reach to seaward shallowing along the
tidal reach, leading to adjustments in, for example, cross-section area of flow. This may
explain why the channel planform displays meandering and associated dissipation of the
excess energy and the maintenance of straight channel for tidal dominated reach to ensure

enough power for sediment transport over the relatively low slope.
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Table 3.1: Coverage of fieldwork data used in this paper.

) ) Discharge range during | Stage range during
Period Kind of Survey
survey at km41 (m?/sec) | survey at km41l(m)

43 transects along the study

March 8/2014 649-665 3.31-3.34
reach.
26 transects along the study
713-724 3.41-3.43
reach.
March 6/2016 — _
longitudinal profile along
713-719 3.41-3.42
the study reach.
March 5-May
water level data 96-1290 1.83-3.98
18/2016
May 14/2016 river bed sample 161-258 1.99-2.23

Table 3.2: Maximum and minimum tidal ranges with their corresponding discharges.

S S Tidal range at discharge with frequency is
~~ (2] —~ Q
E E E E equal to
5 | o2 | & | Se
) @© o . © o
= c X —- c c
n T S g T S E
2 S & 2 S < Qs Qso Q= Q1o
x 2 © c 2 °
[ D = D 100md/sec 200m®/sec | 480m3/sec | 815m?®/sec
= = = <
S S
O O
km36 0.83 119 0.06 897 0.78 0.67 0.21 0.07
km41 0.46 139 0.06 544 0.41 0.29 0.08 -
km45 0.31 182 0.06 413 0.34 0.17 - -
km51 0.14 171 0.06 326 0.18 0.08 - -
km56 0.04 116 0.04 116 - - - -
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Table 3.3: Statistical summary of the unit stream power estimates.

Site Average of w Median of w Range of w Inter-quartile range
(watt/m?) (watt/m?) (watt/m?) of w (watt/m?)
Kmb56 6.7 7.1 1.8-12.2 3.6
Km51 6.4 6.9 2.4-12.1 3.8
kma45 2.2 3.1 0.1-6.2 2.2
Km41l 1.8 1.9 0.1-5.8 1.1
Km36 1.3 2.8 0-2.8 0.5

Table 3.4: Statistical summary of the Shields number.

. Average | Median * Inter-quartile Percen_t of \*/alue*s
Site of -° of - Range of ¢ range of r° at WhICcQ)T > 7
Km56 | 0.0237 0.0248 | 0.0107-0.0353 0.0082 83
Km51 | 0.0215 0.0225 | 0.0120-0.0288 0.0054 85
km45 0.0148 0.0158 | 0.0010-0.0198 0.0110 47
Km4l | 0.0127 0.0124 | 0.0021-0.0145 0.0059 19
Km36 | 0.0120 0.0134 0-0.0183 0.0036 7
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Figure 3.1: The main stem of the lower Altamaha River. The U.S. Geological Survey
(USGS) gauging station (USGS 1D:02226160, Altamaha River near Everett City,
31°25'37" N, 81°36'20"W) is on a bridge pier at km41 from the river mouth.
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Figure 3.2: Flow discharge duration curve of the Altamaha River for available mean daily
recorded data (2008-2017).
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Figure 3.3: Simultaneous water level for monitoring stations. Where the main axis
represents the water surface elevation at km41, km45, km51, and km56; while
discharge at km41 at and water surface elevation at km36 are represented with a
secondary axis.
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Figure 3.4: Water surface slope at four subreaches between km56 and km36 S, Sz, Sz and
S4 respectively represent water surface slopes between km56-km51, km51-km45,
km45-km41 and km41-km36.
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Figure 3.5: Along-channel variations in channel bed elevation and sinuosity. A- Main axis
is the riverbed long profile elevation (black points) as a function of the along-
channel distance. Secondary axis (inset) is the 3km running average long profile
standard deviation. The cross sign is used to identify the location of the bridge. B-
2km average sinuosity (black points) along the study reach. Sinuosity here is used
to describe the meandering of the study reach and defined as a ratio of channel
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length measured between two points along the river to straight-line length between
the two selected points.
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Figure 3.6: A long-channel variation in: A- Channel width w, B- The cross-section area A,
C- Hydraulic radius Rn and D- Width to depth ratio w/d.
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Figure 3.8: Cross-sectional stream power per unit channel width at five sites between km56
and km36.
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Figure 3.9: Shields number estimates at five sites between km56 and km36.
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CHAPTER 4

SUMMARY AND CONCLUSIONS

Morphological and hydrological changes in rivers due to natural and anthropogenic
induced changes were studied with the field and numerical investigations. Two studies
were presented herein. The first study focused on the impacts of dam construction and
channelization works on the Lower Missouri River, USA. The second study focuses on
the changes in channel morphology and bed material characteristics in the fluvial-tidal
transition zone of Altamaha River, USA.

The major findings of these two study cases are separately summarized below.

4.1 CHANGES IN RIVER MORPHOLOGY AND HYDROLOGY DUE TO IMPACT
OF DAM CONSTRUCTION AND CHANNEL MODIFICATION: CASE STUDY

OF THE LOWER MISSOURI RIVER, USA

The Lower Missouri River is the ~1300 km long reach of the Missouri River starting at
Gavins Point Dam, SD, and ending at the Mississippi River — Missouri River confluence,
MO. The Lower Missouri River basin is regulated by dams and river-engineering
structures. In particular, the closure of dams causes a significant truncation for peak flows
below the dam and hold fine sediment in dam reservoirs. While channel bank stabilization
and narrowing prevent lateral bank erosion and create a stable channel for navigation

purposes.
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The morphological and hydrological response of the Lower Missouri River to river
engineering works were approached through the field measurement analysis and numerical
simulations. We first collected and analyzed the available mean daily flow and suspended
sand load data for pre-and post-dam downstream the Gavins Point Dam, SD, to the
Mississippi River — Missouri River confluence at St. Louis, MO. Suspended sand load data
for major tributaries at the study reach also collected and analyzed to account for lateral
sand load feeding from major tributaries.

We then implemented a one-dimensional mathematical formulation of river
morphodynamic to study the impact of dam closure and channel narrowing on the Lower
Missouri River (large sand bed rivers). Model governing equations are the shallow water
equation of open channel flow simplified with the aid of the quasi-steady approximation
and the Exner equation of conservation of bed material. Flow resistances and suspended
sand load were computed with the Wright and Parker (2004) formulation for large, low
slope sand bed rivers. The model was zeroed based on pre-dam field scale by comparing

model predication with field measurement. The major findings of this study were:

e The post-dam peak discharge and suspended sand load have reduced remarkably
downstream the dam to the upstream of the Missouri River — Platte River
confluence and recovered gradually to pre-dam levels downstream of the Missouri

River — Grand River confluence when major tributaries meet the mainstem.

e The post-dam low flow magnitude (probability of exceedance smaller than 0.6) is
significantly higher than pre-dam low flow in the entire reach due to ensuring a safe

navigation depth during low discharge periods.
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Field observations showed that as the drainage basin increased the reduction in
suspended sand load associated with flow regulation became less important. A
decline in suspended sand load of about ~30% from pre-dam values occurred
upstream of the Missouri River — Kansas River confluence. A ~20% decrease in
suspended sand load from pre-dam values were observed at the USGS station
downstream of the Missouri River — Kansas River confluence and virtually no
change in suspended sand load was predicted and observed in the downstream of

the Missouri River — Grand River confluence, i.e. Hermann, MO.

Long term model simulation suggested that there is no significant change in mean
annual suspended sand load at Hermann (RK 158), MO, if there is no change in

flow regime.

The Missouri River — Grand River confluence (903 km downstream of Gavins Point
Dam) can be seen as the location that disconnects between the regulated and
unregulated reach in term of changes in flow and sand load due to engineering

works.

One-dimensional simulations of river morphodynamics and field observations
showed that the channel response to narrowing and flow regulation was
characterized by widespread channel bed erosion. Larger erosion rates were
observed and predicted in the upstream part of the domain, i.e. upstream of the

Missouri River — Grand River confluence.

The model reasonably predicted the magnitude and temporal change of water

surface elevation associated with the engineering works. Model results obtained
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with 20 year-long post-dam flow duration curves showed an overall better
agreement with field data than the results obtained using a single flow duration

curve for the 1955-2015 period.

These results of this study suggest that the observed decline in suspended sediment
concentration near the Mississippi River — Missouri River confluence has to be associated
with a decline is wash load more than suspended bed material (sand) load. Further, the long
term impact of the engineering works on the Missouri River will not be a major reduction
in suspended sand load downstream of the Missouri River — Grand River confluence and
thus the sand supply to the Mississippi River will likely remain close to historical values if

major changes in the Missouri River flow regime and geometry will not occur.

4.2 CHANGES IN CHANNEL MORPHOLOGY AND SEDIMENT
CHARACTERISTICS ACROSS A FLUVIAL TIDAL TRANSITION ZONE:

CASE STUDY OF THE ALTAMAHA RIVER, USA

The Altamaha River is a tide-affected river in Georgia, USA and it runs for ~200 km from
the confluence of the Ocmulgee and Oconee rivers to the Atlantic Ocean. Recently,
morphological studies have shown changes in channel characteristics and sediment grain
size distribution across the fluvial tidal transition zone. The sources of these changes,
however, are still poorly understood. In this study we use field data collected in the fluvial
and tidal dominated reaches of Altamaha River to investigate the causes of the observed

changes in channel geometry and sediment grain size.
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The study reach is a ~47 km long section between 29-76 km (0 km at the mouth).
The total study reach was splitted into two reaches depending on maximum upstream tide
penetration during monitoring period: The upstream fluvial reach, which has no tide effect
and the downstream mixed tidal-fluvial which experiences periodic tide effect. The
statistical significance of the observed changes in channel geometry, river bed profile and
sinuosity, and bed grain size data for both fluvial and tidal reaches were tested with
Spearman’s rho non-parametric test to reveal the trends of these parameters along the study
reach.

Spatial changes in observed stream power and shields number were employed to
explain the observed trends of channel geometry and bed material distribution. In
particular, the spatial variability of the dimensionless Shields number is used as a physical
approach to understand the spatial change in grain size distribution and to explain channel
capacity to either entrain or mobilize. While the spatial variability of stream power is used
to interpret some changes in channel geometry properties.

The following major findings were made in this case study.

e The fluvial-tidal transient reach is approximately 1-4 km long extending from km
51 to km 47. Over this relatively short distance reach, abrupt discontinuities in
trends of cross-section area, hydraulic radius and depth, width to depth ratio,
median grain size, sinuosity and channel bed and water surface slopes are detected.
This discontinuity in the trend of the mentioned parameters addresses the fluvial

and tidal dominated reaches with distinctive characteristics.

e The fluvial reach is characterized by an increasing trend of cross-sectional area,

hydraulic radius and depth and a decreasing in the trend of width to depth ratio.
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e The tidal-dominated reach is characterized by an increasing trend of width to depth

ratio and a decreasing trend of cross-sectional area, hydraulic radius and depth.

e Channel width increases slightly along the fluvial reach and increases measurably
along the tidal dominated reach. Median grain size and sinuosity decrease seaward

with a sharp decline near the boundary between fluvial and tidal dominated reaches.

e The abrupt changes in trends of channel geometry and median grain size that can
be associated with a remarkable decline in estimates of unit stream power and
dimensionless Shields number which declined by 82% and 42%, respectively.
These analyses further illustrate that the fluvial reach has higher stream power and

transport capacity than the downstream tide-dominated reach.

e The distribution of stream power and Shields number can be used to explain some
of the fluvial-tidal transition channel adjustments in channel hydraulics, geometry
and planform, and it provides some insight on the channel conditions that transition
from seaward-deepening along fluvial reach to seaward shallowing along the tidal
reach, leading to adjustments in, for example, cross-section area of flow. This may
explain why the channel planform displays meandering and associated dissipation
of the excess energy and the maintenance of straight channel for tidal dominated
reach to ensure enough power for sediment transport over the relatively low slope.
These results are consistent with recent observations from modern tide

environments that have referenced spatial changes in channel morphology across the of
fluvial-tidal transition zone (Torres, 2017; Kastner et al., 2017; Gugliotta et al., 2017,

Gurnell, 1997; Ensign et al.,2012; Ensign et al.,2017). Together, these studies may
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introduce a framework schematic models for geomorphological common features and
trends of the fluvial-tidal transition zone. With respect to interpretation and explanation of
these changes, this study suggests that the changes in the trend of channel geometry and
grain size distribution at the boundary between fluvial and tidal reaches can be explained
with respect to spatial changes in stream power and sediment transport capacity that

represented here with dimensionless Shields number for initiation of sediment motion.
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APPENDIX A

MEAN ANNUAL SUSPENDED SAND LOAD BASED ON SUSPENDED

SEDIMENT CONCENTRATION CURVE

Mean annual suspended sand loads are calculated from the available data collected at five

USGS stations on the Missouri River mainstem. The station information (hame and USGS

ID) is reported in Tables A.1 with the estimated pre- and post-dam suspended sand loads,

the period of record of suspended sediment concentration and the number of measurements

used in the analysis. The procedures used to estimate the mean annual suspended sand

loads is illustrated below.

Table A.1: Pre- and Post-dam Mean Annual Suspended Sand Load in the Lower Missouri
River based on suspended sediment concentration rating curves. The asterisks
identify measurements for which the volume fraction content of sand was not

recorded.
U. S Geological Survey ID Prlec;ggm Pols;—ac(ijam Periodr(;;‘:r\(/jailable mea;l,\LIJLrqurT?:r:tgfused
in analysis
s e e | s | o | womm | s
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In the pre-dam period, a limited number of suspended sediment concentration
measurements are available at four stations on the Missouri River (Omaha, NE, St. Joseph,
MO, Kansas City, MO, and Hermann, MO), but the volume fraction content of sand in
suspension is not reported. To determine a pre-dam suspended sediment concentration
rating curve, the suspended sediment concentrations were estimated from of the measured
suspended sediment load, the flow discharge and the volume fraction content of sand in
suspension (Grey and Simoes, 2008). Heimann et al. (2011) report the average fractions
of sand in suspension were set equal to 0.43 at Omaha, NE, (39 samples); 0.26 at St. Joseph,
MO, (13 samples); 0.15 at Kansas City, MO, (9 samples); and 0.2 at Hermann, MO, (12
samples), and these fractions have been used to estimate the pre-dam suspended sand rating
curves. At Yankton, SD, where pre-dam suspended sediment concentration data are not
available, the suspended sediment concentration rating curve based on data collected
between 2000 and 2008 was assumed to be representative of pre- and post-dam suspended
sediment concentration.

The post-dam suspended sand rating curves at the five stations on the Missouri
River of Table A.1 were built with all the available data collected after the 1954 for which
the volume fraction content of sand in suspension was reported. Due to the lack of
measurements of instantaneous discharge for a significant number of post-dam data and
for all the pre-dam data, the suspended sand load was estimated by using the rating curve
between daily discharge and suspended sand concentration. Figure A.1 to A.4 shows pre-
and post-dam suspended sediment concentration rating curves at four USGS stations on

the Missouri River mainstem.
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Suspended Sediment Concentration Rating Curve at Hermann (RK 157), MO
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Figure A.1: Pre- and post-dam suspended sediment concentration rating curve of Missouri
River at Hermann (RK 157), MO.

Suspended Sediment Concentration Rating Curve at Kansas City (RK 589),
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Figure A.2: Pre- and post-dam suspended sediment concentration rating curve of Missouri
River at Kansas City (RK 589), MO.
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Suspended Sediment Concentration Rating Curve at St. Joseph (RK 719),

10000 - MO post-dam(1955-1974) = 0.0993x0-8664

- . R*=0.1103
post-dam(1975-1994) = 1.8619x0-674>
R*=0.0907
TOR post-dam(1995-2015)=0.7084x0-6845

AL R*=0.1529
X pre-dam(1948-1954)= 0.0422x!-1401
: R*=10.2963

1000 -

pre-dam(1948-1950)
100 post-dam(1955-1974)

+  post-dam(1975-1994)

4 post-dam(1995-2015)
——— Power (pre-dam(1948-1950))

——— Power (post-dam(1955-1974))

Suspended Sediment Concentration (mg/1)

W e T ——— Power (post-dam(1975-1994))

—— Power (post-dam(1995-2015))

1 = = T = T 1
100 1000 10000 100000

Flow Discharge (m?/sec)

Figure A.3: Pre- and post-dam suspended sediment concentration rating curve of Missouri
River at St. Joseph (RK 719), MO.

Suspended Sediment Concentration Rating Curve at Omaha (RK 991), NE
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Figure A.4: Pre- and post-dam suspended sediment concentration rating curve of Missouri
River at Omaha (RK 991), NE.
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The pre- and post-dam mean annual suspended sand loads of Table Al were
computed as the average sand transport rate over the pre- and post-dam flow duration
curves. In particular, the flow duration curves of Figure 2.2 were modeled in terms of 36
characteristics discharges, Qi, with p; being the average fraction of the year in which the
flow was equal to Qi. Estimated suspended sediment concentration for each characteristic
discharge Ci is computed from suspended sediment concentration rating curve. The
suspended sand transport capacity, Qsi, for each characteristic discharge was then computed
as the product of the estimated suspended sediment concentration and the flow discharge
(Horowitz, 2003; USACE, 2006).

Qsi = K+ Ci* Qi
where K is constant and equal to 0.0864 when Ci in (mg/L), Qi in (m*/sec) and Qs in
(tan/day).

The mean annual suspended sand load, Qom,s Was finally estimated as:

n
Qbm,s = Z PiQsi
i=1
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Figure A.5: Pre- and post-dam mean annual sand load. Field estimates and model results
are respectively represented with colored bar and black dots. The error bars indicate
+15% of the numerical value. Due to limited suspended sediment concentration
recorded values for post-dam( 1955-1974) at St. Joseph and Kansas City, average
fractions of sand in suspension were set equal to 0.33 at St. Joseph, MO, and 0.27
at Kansas City, MO, is used estimated the mean annual suspended sand load
(Heimann et al., 2011). Pre-dam mean annual sand load based on suspended
sediment concentration rating curve at Omaha, NE is determined based on only two
available records.

135

www.manharaa.com




	University of South Carolina
	Scholar Commons
	Fall 2018

	Characterization of the Spatial and Temporal Changes in River Geometry and Sand Load with Field Data Analysis and 1D Numerical Modeling
	Zeyad Ayoob Sulaiman
	Recommended Citation


	tmp.1550685896.pdf.s3xmS

