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ABSTRACT

A range of studies shows that terrestrial and tidal channel dimensions increase in
the downstream direction, transitioning seaward from a power function of discharge to an
exponential function of distance from the coast. There are also an increasing number of
studies on tidal hydrodynamics and sedimentology in channel reaches where river and
tidal flows meet. However, there is a dearth of information on the channel form in
fluvial-tidal transition, and therefore we have little understanding of what constitutes the
fluvial-tidal transition channel, or channel reach. The Santee River in South Carolina is a
gently sloping (average 107°) coastal plain river that is fully terrestrial on one side and
fully tidal on the other. This thesis presents analyses of a 65-km long profile and
properties of sixty-five cross sections. Fluctuations in bed elevation increase toward the
mouth. Also, from the terrestrial to tidal reaches, the channel width and area increase in
the downstream direction. However, further downstream channel dimensions decrease
over a 30-km reach before increasing exponentially. These observations and analyses
lead us to propose that there exists a geomorphic expression of the fluvial-tidal transition,

and it can be detected in other river studies that illustrate similar data.
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CHAPTER 1

INTRODUCTION

Numerous studies discuss the interactions between flow processes and channel
geomorphology in rivers upstream of any tidal influence (e.g., Leopold and Maddock
1953; Schumm 1960; Leopold et al. 1964; Richards 1982; Knighton 1984; Finnegan et al.
2005). Likewise, readily available are investigations of tidal channel development (e.qg.,
Langbein 1963; Wright et al. 1973) as well as sediment transport and sedimentary facies
in estuarine or tidal rivers (e.g., Allen 1991; Cattaneo and Steel 2003; Blum and
Torngvist 2000; van den Berg et al. 2007; Dalrymple and Choi 2007). However, the
interactions between hydrodynamic processes and channel morphology where currents
transition from unidirectional downstream to bidirectional tidal are largely undocumented
(Phillips and Slattery 2007); only a handful of studies provide direct field observations
and insight on interactions between flow processes and channel geometric properties at
the intersection of the fluvial and tidal parts of the river continuum (Wright et al. 1973,;
Ashley and Renwick 1983; Inokuchi 1989; Gurnell 1997; Phillips and Slattery 2007;
2008; Ensign et al. 2014). This inadequacy in focused research is noteworthy because
such information is needed to help understand ecology (e.g., Bukaveckas et al. 2011;

Ensign et al. 2012) as well as flood hazards at the upper freshwater end of the estuary,



especially in the context of sea-level rise (Florsheim et al. 2008). Presumably, this
deficiency persists because of the difficulty in characterizing the highly variable fluvial-
tidal hydrodynamic conditions (Yankovsky et al. 2012).

Typically, as tidal waves pass through the river mouth and advance upstream,
their amplitudes increase due to channel convergence. This process leads to tidal
oscillations in stage and also the onset of bidirectional flows far upstream of both the
channel mouth (see the summary by Wright et al. 1973) and the zero salinity isohaline
(Allen 1991). As tidal waves advance further, however, they become increasingly
distorted due to bottom friction and superposition of fluvial currents (e.g., Godin 1999),
this resulting in an asymptotic decline in amplitude (e.g., Jay 1991). Complete
dissipation occurs far upstream of the mouth at the “tidal limit,” the maximum extent of
tidal effects on river systems (e.g., Wright et al. 1973; Dalrymple et al. 1992; 2007; van
den Berg et al. 2007) as well as on ecosystems as well (Odum 1988). Dalrymple et al.
(2012) recognized that from the mouth to the tidal limit, the channel condition shifts from
tide-dominated and river-influenced to river-dominated and tide-influenced. Since
discharge and tidal amplitude vary with terrestrial and marine conditions the tidal limit is
a dynamic feature of the landscape. Consequently, over timescales as short as the rise
and fall of a flood wave (~weeks), a lunar tide cycle (~1 month), or a variable dam
release (~1 day), some channel reaches may be characterized as a “transition zone” as it
links the fully fluvial to fully tidal flow conditions.

Transition zone processes have been described in facies models (e.g., van den
Berg et al. 2007; Dalrymple and Choi 2007), in hydrology-energy assessments (e.g.,

Ensign et al. 2013, 2014), and in terms of Holocene sediment accommodation models



(Phillips and Slattery 2008). However, these findings are mostly presented in the context
of qualitative long-term generalizations, and they do not necessarily provide the detailed
insight needed for understanding channel geomorphic process-form interactions at finer
temporal or spatial scales (e.g., Savenije 2005). In this sense this thesis proposes to
distinguish general, long-term average conceptualizations from modern fluvial-tidal
transition studies.

Much of our knowledge about modern fluvial-tidal transition geomorphology and
processes comes from only a few sources. For instance, Ashley and Renwick (1983) and
Ashley et al. (1988) have reported that the transition from fluvial to tidal currents and
corresponding channel features occurs in a gradual manner. However, they did not
sufficiently address the effects of bedrock channel and slope that are unrelated to fluvial-
tidal processes. Gurnell (1997) found similar systematic channel variations in 122 cross
sections along an 18-km channel reach. Regrettably, due to a downstream weir, the study
site only experienced backwater effects from higher tides and no current reversals.
Inokuchi (1989) examined particle size and channel properties of 466 cross sections from
a 1700-km reach of the lower Mississippi River. Overall he interpreted the
“inconsistencies” in sediment caliber and bed slope in the lowermost reach as a result of
tidal backwater effects. Using the same data, Nittrouer et al. (2012) reported systematic
variability of cross section width, depth and area at different discharge conditions and
their corresponding sediment transport regimes in response to backwater effects. Yet, the
study site lacked regular current reversals, which may occur only during hurricane events
(Demas 2012). Wright et al. (1973) studied channel development in the funnel-shaped

Ord River system. Their work related tidal distortion and tidal wavelength to channel
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Figure 1.1 US southeastern coastal plain and the rivers that flow through it. The Santee
River is denoted with a black cross, centering near the Hwy-Alt 17 Bridge near
Jamestown. Modified from Campbell et al. (2011).



properties expressed through equilibrium between tidal prism and equal work per unit
bed area that gives rise to a distinct channel form. Phillips and Slattery (2007)
highlighted the role of topography and antecedent landforms in sediment bottlenecks
upstream of the modern fluvial-tidal transition. Further downstream, however, they
report that channel slope and stream power decrease systematically (see also Ensign et al.
2013).

One interesting facet of these studies is that most are about rivers that traverse a
coastal plain, whereas the conceptual models presented above, which describe transition
zone processes, forms and sedimentary facies, have been developed almost exclusively
for submerged river valleys and strongly converging funnel-shaped estuaries (e.g.,
Dalrymple and Choi 2007). Yet, the U.S. coastal plain consists not only of drowned river
valleys but also of other estuarine variants depending on various tidal and sedimentary
regimes. For instance, Ensign et al. (2013, 2014) conducted hydrologic-tidal studies in
coastal plain rivers that lack submerged river valleys. How coastal plain rivers of various
types translate to processes, channel forms and facies has not been fully explored.

The purpose of this thesis is to investigate channel forms of the reach that links
fully fluvial and fully tidal conditions in the upper alluvial estuary. It endeavors to
improve on the characterization of fluvial-tidal transitions by observing channel
morphology in the Santee River—a coastal plain, tide-affected river (Figure 1.1). This
work will highlight a part of the geomorphic river continuum for which few
measurements exist. As Figure 1.1 shows, findings from this study will be applicable to
all rivers along the U.S. coastal plain from Texas to New Jersey. Moreover, given the

highly dynamic nature of the transition zone, it is likely that both process and form



respond over timescales commensurate with climate change and sea-level rise. Hence,
detailed observations and analyses of modern transition zones will, for example, help
with low-elevation land-use planning. Such investigations will help shed light on a
poorly documented component of the fluvial landscape, and they will help support the
utility of generalized facies models that are taken to represent average conditions over
much longer timescales (e.g., Blum and Torgvist 2000, Cattaneo and Steel 2003;
Dalrymple and Choi 2007). Furthermore, this thesis will highlight the relationships
between dependent and independent variables in landscape morphodynamics that vary
with the timescales under consideration (Schumm and Lichty 1965). This study focuses
on a modern coastal plain freshwater river reach where the channel flow shows current
reversals during low discharges and backwater effects during high discharges. Here we

ask the question: Are there channel features intrinsic to the fluvial-tidal transition?



CHAPTER 2

STUuDY SITE

The Santee River watershed has a drainage area of ~40,000 km? covering North
and South Carolina, with its headwaters starting in the Blue Ridge and the Piedmont
(Hughes 1994). The drainage basin constitutes one of the largest river systems in the
eastern U.S. (Eckard 1983). The Santee River is located in the U.S. southeast coastal
plain, this implying the potential applicability of this study to the majority of the tidal
river systems illustrated in Figure 1.1.

The Santee River forms as the Wateree and the Congaree Rivers merge, and flows
~230 km through the coastal plain of South Carolina and out to its deltaic mouth ~24 km
south of Georgetown, SC. Downstream from the confluence, the Lakes Marion and
Moultrie were formed in 1941 with the construction of dams for hydroelectric power.

The flow had been diverted to the Cooper River temporarily and was subsequently
rerouted to the Santee River (Kjerfve and Greer 1978; Hodge 1981).

The mean annual discharge of the Santee River from 1987 to 2005 was ~311 m*/s,
flushing 0.86 megatons of sediment (Milliman and Farnsworth 2005). USGS maintains a
real-time gaging station ~2 km northeast of Jamestown (#02171700, 33.18° N, 79.40°W,
2.42 m at NAVDa88) that records the current velocity (using a SonTek Argonaut SL) and

water stage (using a wire weight gage). The recorded maximum discharge is
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2,888 m*/s (Mar 28, 2003) and the minimum, —67.7 m®/s (Oct 24, 2008). The maximum
and minimum discharge records for the study year 2013 were 1,537.6 m®/s (Jul 20) and
~40.8 m*/s (Nov 14), respectively. The NGS tidal datum at the Jamestown bridge is at
0.33 m (NAVDB88) with Mean High Water 0.50 m, Mean Sea Level 0.31 m and Mean
Low Water 0.16 m. Tide range at the mouth and adjacent inlets is 1.16 m (NAVD88),
with MHW 0.54 m, MSL —0.05 m and MLW at 0.63 m (See also Yankovsky et al. 2012).

The ~65-km survey reach is between ~95 km and 35 km upstream from the mouth.
The channel planform is mostly sinuous, with interment <5 km-long straighter reaches
(Figure 2.1). The best-developed meanders are near the distributary bifurcations. There
are 7 tributaries along the study reach but they are relatively small, with mouth width < 6
m, and the drainage area is limited to the adjacent and typically flat-lying floodplain. Our
geomorphic analyses end at the distributary bifurcation of the North and South Santee
rivers near Goat Island (Figure 2.1). However, there is one smaller distributary channel
in the study reach that is 7-m wide at the mouth and connects to the North Santee River
downstream of our survey.

The study reach can be characterized as freshwater tidal, knowing that the 1ppt
salinity isohaline is found 8 km upriver from the mouth during low discharge conditions
(Kjerfve and Greer 1978). The Jamestown bridge was selected as the reference frame for
distance due primarily to its tidal signals at low discharge conditions and to the absence
of another objective physical basis for reference in the vicinity (Figure 1.1). In reference
to the bridge, positive distance is in the downstream direction, and thus our study reach
spanned from —35 km to +30 km. Henceforth, locations are reported as km-distance from

the bridge.
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The underlying bedrock in the study zone is Eocene Santee Limestone generally
striking north/northeast and gently dipping south/southeast (Siple 1960). Also limestone
sinkholes are found commonly around the town of Santee, and based on air photo
interpretation they may exist near the study reach. However, limestone exposures are
confined to the left bank of a straight portion of the channel, and the majority of the
channel banks and floodplains consists of clay and silt.

The bed sediment thickness, c, along a 20.1-km extent, ranged from 0 m to 3m at
distinctly bedrock reaches that lack sediment (Figure 2.2, Walker 2011). For example,
thick c is found in the upper section from —6 km to —2 km and from +7 km to +14 km.
However, from —1 km to +7 km the value is ~0 m for the most part. The ¢ >0 m occurs
sporadically throughout the —6 km to +14 km, but thickest sediment ¢ >2 m occurs at
—5.5 km, -3 km, —2.5 km, from 2 km to +3 km and at +13.5 km.

The reach of ¢ >0 m constitutes ~12.6 km (~63%) of the total length. The
remaining ~7.5 km (~37%) lacks sediment and is thus identified as bedrock sections
(Figure 2.2). From —6 km to +14 km the thickness ranges between 0 m and 3.4 m. From
—6 km to —1 km the average thickness is 1.3 m+0.8 m, fluctuating between 0 m and 3 m
though 0 m rarely occurs. From —1 km to +7 km the thickness ranges from O mto 1 m
(mean 0.3 m+ 0.5 m) with the section of bank outcrop from +2 km to +7 km. In the
downstream from +7 km to +14 km, c fluctuates between 0 m and 1.5 m. Bedrock seems
to appear intermittently in this section though the mean sediment thickness remains
higher at 0.6 m+0.7 m; no bank exposure was observed in the field. The rock outcrop

observed in the field from +2 km to +7 km will henceforth be cited as the bedrock section.
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CHAPTER 3

METHODS

3.1 Equipment and settings

A Trimble R8 GPS system and the Seafloor SonarMite (Hydrolite-TM) echo
sounder were installed on a johnboat (average speed maintained at ~2 m/s) to acquire the
xyz-positions of the sounder (positioned ~0.1 m below the water surface) and distance to
the river bed, respectively. The South Carolina GPS Virtual Reference Station (VRS)
through the cellular wireless Internet connection served as the base station for a Real
Time Kinematic survey (Lapine and Wellslager 2007). The GPS has an accuracy of
10mm+1ppm RMS horizontally and of 20 mm+1 ppm RMS vertically for static surveys
(for every km added to the distance between the GPS and base station, 0.5 mm of given
error is added). The “Continuous Topo” mode was used, which lowers the accuracy 2—3
times as the frequency of sampling is raised to 2-3 Hz. The echo sounder transducer
pings at 6 Hz (wave frequency: 235 kHz), and its accuracy is <10 mm (or 0.1% of depth),
with a measurement capacity ranging from 0.3 m to 75 m. The VRS-GPS and echo
sounder were integrated with a Trimble survey controller TSC2 via wireless and Blue
Tooth connection. The Wilson Electronic Sleek Wireless Signal Booster was used to

augment the Internet connection.
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All field survey data were referenced to UTM (Universal Transverse Mercator, 17
North) for the horizontal and NAVD88 (North American Vertical Datum of 1988) for the
vertical. The USGS gaging station is at 2.42 m in NAVD88 (water surface was read for 5
minutes with our equipment to reference the station to this vertical datum). Surveys took
place, on Mar 11-12, Aug 31, Nov 17, and Dec 20-21 in 2013. The following are the
stage and discharge records from the gaging station during our surveys referenced to
NAVD88. On Mar 11-12, the water stage ranged between —0.82 m and —0.77 m, and
between —0.29 m and —0.26 m. The corresponding discharges were 109.6 m*/s to154.0
m*/s and 227.1 m%/s to 235.9 m*/s, respectively. On Aug 31 the stage and discharge were
1.27 m to 1.39 m and 433.3 m*/s to 441.7 m%s, respectively. On Nov 17 stage and
discharge were —0.9m to —0.77 m and 133.9 m*/s to 163.7 m%s, respectively. On Dec
20-21 the stages were 0.26 m to 0.27 m and 0.32 m to 0.37 m. The respective discharges

were 348.3 m¥/s to 359.6 m®/s.

3.2 Channel geometry data
3.2.1 Plan-view survey of width and sinuosity

Channel width was estimated by using Google Earth. The canopy-to-canopy
width was measured at 1-km intervals along the channel overlapping the field survey
reach. Full channel width was measured by selecting the nearest point without tree
canopy or assuming ~5 m for the channel bank under the canopy. The Santee River
bifurcates into the North and the South Santee Rivers ~30 km downriver from the bridge;
the widths of the distributaries were summed. Sinuosity was also measured by using

Google Earth at each transect. The 1-km river distance and corresponding straight line
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distance was represented as a ratio value of river distance to straight line distance.

Sinuosity values of 1.0 were the straight channel reaches (e.g., Leopold et al. 1964).

3.2.2 Riverbed long profile

The long profile was surveyed at a 5-m interval with the boat course maintained
in the middle of the river at straight sections and ~30% closer to the outer bank at bends.
This survey took place on two separate occasions covering the lower and the upper
reaches (Mar 11-12 and Nov 17, 2013). The two survey zones of the long profile
overlapped by ~3 km, which enabled the two datasets to be linked. The combined data
set spanned ~65 km. The riverbed elevation values were acquired by subtracting the
echo sounder depths from the water surface elevations (NAVD88). To assure that the
long profile dataset kept the general trends and omitted missing points, the data were
interpolated using a Matlab script with 5-m equidistance data. Also, general statistics

were acquired over a running 5-km window.

3.2.3 Cross section transects

Sixty-five cross section profiles were surveyed perpendicular to the flow between
the ~65 km river distance covered by long profile survey (on Aug 30, Nov 17 and Dec
20-21, 2013). The transects were spaced at ~1 km. In some cases, maintaining a survey
transect that is perpendicular to the flow direction was problematic, especially at reaches
with strong currents. When this occurred, the cross sections were attempted multiple
times to obtain points within 5 m of the straight line across the channel, estimated in the

plan view with the Esri-ArcGIS. For each across-channel survey, or transect, the analysis

14



employed a Matlab script for orthogonal projection, collapsing the points within 5 m of
the transect line onto a single straight line across the channel.

In most cases the tree canopy caused disconnection to the VRS. Sometimes this
problem could be addressed by boating to the mid-channel to regain the signal and
quickly finishing the survey of the bank segment before disconnection. At times this
approach allowed data points to be collected within 1 m of the banks. In other cases
when GPS surveying was not possible under the canopy, the distance from the last survey
point to the water edge as well as the slope of the channel bank were estimated, and the
profiles were adjusted accordingly.

In order to estimate channel properties that correspond to a single discharge value,
it was necessary to adjust the water level data between surveys. In such instances, the
higher discharge was decreased to the lower discharge, to approximately the bankfull
discharge. The water stage was lowered to the Nov 17 conditions, which showed a minor
stage decrease (~0.30 m) at the USGS gaging station. The stage throughout the Nov 17
survey reach (~16.1 km) gave the slope —6.82x10~5. This slope was applied to the
surveys of higher water stages. The resulting water level projection was reliable given
that overlapping cross-channel and along-channel surveys from different stage conditions
yielded similar area estimates.

Cross section data were analyzed with the freeware WinXSPro from the US
Forest Service (e.g., Cornwell et al. 2003; Sandercock and Hooke 2010). The program
requires channel cross section data, and it computes width, mean depth, cross section area,
wetted perimeter (the “wetted” cross channel boundary distance) and hydraulic radius

(cross section area of flow divided by wetted perimeter). Area estimates employ
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Simpson’s method of integration, which calculates the area under the water surface
(Hardy et al., 2005). The program computes the area at 0.01-m stage increments up to
the desired stage level. Hence, cross section area was also acquired as a function of stage

height, or rating curves, for the flow stage at the time of the field survey.

3.2.4 Channel cross section shape analysis

Dimensionless stage-area rating curves were analyzed to characterize the cross
section shapes. Based on how much stage increment is needed from the channel bottom
to top, the curve of the stage-area trend changes. If area increases more per stage
increment, the channel depth across is relatively uniform; if area increases less per stage
interval, the channel depth is relatively irregular.

A dimensionless stage-area curve for a cross section consists of the ratios of stage
to maximum stage versus area to maximum area. The dimensionless values allow
comparison of channel cross section shapes irrespective of channel size. Exponential
curves were fits to the dimensionless stage-area plots using CurveExpert Professional
software:

y = ax®
where y is area/area(max) and x is stage/stage(max) with the coefficient a fixed at 1.0.
Though stage on the y-axis is intuitive and commonplace (e.g., Leopold et al. 1964), here

the output is an exponential function that allows the exponent to be an integer as opposed

to a power function, which would yield a decimal.
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CHAPTER 4

RESULTS

4.1 Long profile
4.1.1 Bed elevation

Overall, the 65-km riverbed profile elevation declines ~5 m in the downstream
direction, and the average slope of linear regression is —5.74x10~° (R*=0.48). However,
the decline is highly irregular (Figure 4.1A). For instance, the downstream reach that
extends from +7 km to +32 km has much larger and much more frequently occurring
depressions or “deeps” that are 2 m to 8 m lower than the background bed elevation. The
largest of these depressions are at +8 km and +32 km, and extend for several kilometers.
The upstream reach has typically smaller fluctuations with the exception of a 6-km reach
from —18 km to —12 km. Otherwise, the fluctuations from —34 km to +2 km are <2 m,
and they appear more frequently. Also, the slopes between upstream and downstream
differ substantially. The linear regression fit from the upstream limit to -5 km is
—9.05x10~2 (R?=0.43). The downstream slope from +5 km to the downstream limit is
—6.6x1072 (R?*=0.24). On the other hand, there are sections of the channel that have
very slight fluctuations in bed elevation (< 1 m). For example, at +3 km there is a 4-km

reach of relatively smooth bed. This section coincides with bedrock exposures on the
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bank, which likely reflects the occurrence of a bedrock channel (Walker 2011). This
location is accompanied by the break in slope between upstream and downstream reaches.
Two other reaches have a similar appearance, but their cause is not as clear because
bedrock was not found at either location (from +9 km to +10 km and from +18 km to +22
km). The mean elevation for the upstream reach from —35 km to +2.5 km is 0.5 m+0.8 m
and in the downstream from +2.5 km to +32 km is —1.1 m£1.3 m. The mean bed
elevation at the rock outcrop around +5 km is 0.4 m+0.5 m and corresponds to its flat top
with the least amount of fluctuation.

These trends in bed elevation are also apparent in the standard deviation of mean
bed elevation assessed over a 5-km window. This analysis shows an overall ~1 m
increase in the downstream direction (Figure 4.1B). The upstream reach shows a
relatively low and consistent standard deviation of 0.7 m except for the local increase
associated with the deeps between —25 km and —7.5 km. These fluctuations give a peak
value of 1.2 m. Therefore, we characterize the upstream reach as having a local high
amount of fluctuation surrounded by a much smoother reach. At +2.5 km there is a step-
like increase and a relatively smooth decrease that correspond to the start of the rock
outcrop reach described above; from +2 km to +7 km the values remain nearly constant at
1.2 m. Thereafter, the standard deviation consistently increases to the end of the survey

reach.

4.1.2 Thalweg elevation
The 65 thalweg values, the lowest elevation in each cross section, decrease ~7 m

from +2.5 m to —6.5 m in the downstream direction in a non-uniform fashion (Figure 4.2).
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In particular, these variations mimic those from the more frequently measured long
profile elevations. Many discrepancies, however, occur between the profile and thalweg
elevations, which is most likely due to the boat not traveling consistently along the
deepest part of the channel. Also, as with the long profile data, the thalweg profile shows
strong difference between upstream and downstream trends. For example, the upstream
reach is characterized by a uniform decline of ~4 m from —34 km to -5 km, with a linear
regression slope of —1.66x10~* (R?=0.68). From —5 km to +3 km the values vary
slightly (<1 m). At +4 km there is an abrupt increase followed by an overall decreasing
trend with 5-6 m fluctuations. The rock outcrop reach is represented by the locally high
thalweg values of about 0 m from +2 km to +7 km. The mean slope from +5 km to the
downstream limit is —1.48x10~! (R?=0.35).

Tidal elevations based on data from the mouth are displayed in Figure 4.2 as
horizontal lines in order to facilitate comparison with thalweg elevations. The tidal
elevations that were used include mean high water (MHW), mean sea level (MSL) and
mean low water (MLW), corresponding to 0.54 m, —0.05 m and —0.63 m, respectively.
As opposed to the full long profile (Figure 4.1A), Figure 4.2 compares tidal elevations to
thalweg data for two reasons. First, the river bottom can be considered as a type of
boundary to tidal effects. Second, the long profile survey was not necessarily over the
thalweg. Overall, the profile spans all three tidal elevations. From —34 km to —22 km the
thalweg is higher than MHW, and from —21 km to —15 km, most values are between
MHW and MLW, as are the thalweg elevations of the bedrock reach (+2 km to +7 km).
From —13 km to +30 km, all but 4 values are below MLW. Hence, the thalweg profile

spans all three tidal elevations, but most of the channel is below MLW. These
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observations indicate that most if not all of the channel, up to 100 km inland, is

influenced by tidal variations in velocity and stage.

4.1.3 Sinuosity(S)

The 65-km channel reach can be characterized as straight with mostly low
amplitude meanders. The largest and best-developed meanders occur near the
downstream end of the survey (Figure 4.3). At this location there are two meanders with
an amplitude and wavelength of ~1 km. Upstream to ~6 km past the bridge the channel
is mostly straight except for one tight set of bends midway at ~ +14 km. Further
upstream the channel transitions to a mostly sinuous planform with meanders having
amplitudes of 0.3 km to 0.6 km and wavelengths up to 2.2 km. S values range from 1.0
to 3.1, with an average of 1.21+0.39. Therefore, the entire reach can be characterized as
being relatively straight with low amplitude bends. Moreover, because each S value was
computed along a 1-km sample reach, the peaked nature of the sinuosity plot (Figure 4.3)
indicates that wavelengths of the bends are likely < 2 km.

Nearly 80% of the S values are < 1.3, and many instances of 1.0<S<1.1 occur over
the entire reach. In particular, from —35 km to —2 km, the mean is 1.27+0.42. From -2
km to +13 km, the mean S is 1.01+£0.02. This reach includes the bedrock section.
However, from +13 km to +30 km S becomes highly variable with an average of
1.28+0.42. Figure 4.3 highlights the variability in S. The values >1.4 coincide with the
downstream meanders and two sites upstream, where there are intermittent tight bends.
Also, along the survey reach the S>1.4 occurrences give rise to single-value peaks along

channel (Figure 4.3) at, for instance, —17 km, —6 km, +13 km and from +23 km to +27
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km. Moreover, the deeper parts of the upstream reach of the long profile (Figure 4.1A),
at —20 km to —15 km, coincide with some of the larger S values in that region. Hence, the
aberrant deep sections of the river in the upstream reach appear to be associated with the

larger meanders.

4.1.4 Summary

The 65-km channel thalweg is mostly below MLW. Nevertheless, based on slope
and variations in bed elevation, the channel can be divided into upstream and downstream
zones. In the upstream the river bed is relatively smoother than the downstream. Also,
the average slopes differ substantially with the upstream being much steeper. The break
in slope between upstream and downstream is associated with the occurrence of a 5-km

reach of bedrock channel.

4.2 Cross section properties

The following presents a one-dimensional assessment of variables that were
measured directly in the field or that were computed from field observations. There
follows a spatial assessment (4.3) that highlights how these variables change along the
channel, and identifies patterns of variation that may be associated with the fluvial-tidal

transition.

4.2.1 Width (w; and w)
The w; refers to the channel width measured from Google Earth. The w; value

was measured every 1 km from the mouth to 95 km upstream (Figure 4.4A). Widths
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ranged from 73 m to 828 m and averaged 197 m+164 m. Nearly 80% of the values were
upstream of the North and South Santee bifurcation and were typically <250 m. Roughly
~10% of the values were >590 m and occurred closer to the coast. Because of its highly
skewed distribution (2.26), >76% of the values were outside the 95% confidence interval.

Width increases at a very low rate per kilometer in the downstream direction
(Figure 4.4A), from —34 km to +30 km. Further downstream, width increases at a much
greater rate, with 7-8 fold increase over ~ 25 km, giving rise to the typical exponential
increase with distance downstream. The function that best describes the increasing trend
of w; is 29.4e%°% (R?*=0.87). Moreover, there are only three locations along the channel
that appear to depart from the expected values. These areas are centered at +7 km, +20
km and +47 km (Figure 4.4A).

The survey widths were taken from —35 km to +30 km, where the image-based
width (w;) begins to increase rapidly (Figure 4.4B). The w values range from 56 m to
232 m and average 115 m+44 m. Notably the values ranging from 176 m to 204 m are
outside the 95% confidence interval, this indicating the skewed or exponential
distribution. Also, these larger values are found in the middle of the surveyed length,
unlike the highest w; values, which occur near the mouth. A linear trend of w; and w has a
slope of 1.12 (R?=0.85). In the overlapping section upstream from the distributaries, the

positions of minimum and maximum between data sets nearly overlap as well.

4.2.2 Average depth (D) and hydraulic radius (R)
Water depth was highly variable due in part to variations in discharge but more

importantly to the large fluctuations in bed elevation, as described above. During the
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surveys, the higher water depths were 8 m to 12 m. On the other hand, average depth, D,
was less variable. Average depth was computed by dividing the cross section area by the
surveyed width. Average depth ranges from 1.27 m to 4.50 m, with a mean of

2.64 mz0.80 m; only the lowest value 1.27 m is outside the 95% confidence interval.
Most values are <3.5 m, and the two highest values, 4.50 m and 4.31 m, occur at —22 km
and +14 km, respectively.

The hydraulic radius, R, is taken as the cross section area divided by the wetted
perimeter. R values are typically interpreted as a type of “river efficiency parameter”
because it represents an estimate of the water-solid contact area. The values of R range
from 1.25 m to 4.14 m, with a mean of 2.53 m+0.65 m. The minimum R, or less efficient
channel, occurs in the downstream at +19 km, whereas the maximum or most efficient
channel occurs at +14 km. All values are within the 95% confidence interval. Fewer
than 10% of the values are >3.5 m.

In addition to an efficiency parameter, R is comparable to average depth, D. A
plot of D versus R shows a strong positive linear correlation at 0.81 (R?=0.93) but with D
greater than R at deeper depths (Figure 4.5). The correlation is strongest up to 3m.
Subsequently, the data fall below the 1:1 line, meaning that for values > 3m the R
underestimates D. This trend is likely due to greater wetted perimeters associated with
the larger channels. Therefore, larger channels seem to have more irregular bottom

profiles.

4.2.3w:d, and w:R

The ratio of width to depth, w:d, provides some insight into channel shape. Based
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on observations in the field, the channel is typically much wider than it is deep. This is
apparent in the high and highly variable w:d ratios, with a range from 14.4 to 163.0 and a
mean of 52.4+38.0. Although there are no statistical outliers, only 24 values or 36% of
the observations are within the 95% confidence limits.

The slope of the line relating width and depth for a series of observations along a
channel can provide an estimate for a population-averaged w:d ratio (e.g., Finnegan et al.
2005). Here we plot w versus R, with R taken as a proxy for depth because the D values
reported here were computed as area/width, whereas R represents area/wetted perimeter.
The w versus R relationship is characterized by a weak and negative association (Figure
4.6), with R?=0.33 and slope = —8.68x1073, respectively. The largest scatter occurs
over w range of 56 m to 100 m. The scatter, however, declines with increasing width,
perhaps because there are fewer points. This w-R trend indicates that the “average” w:R
~ 38.4. Two points about this value, first the absolute value 38, is in the range of the w:d
values measured directly. Second, the negative slope of the relationships is in contrast to
similar analyses applied to terrestrial rivers with a positive association (e.g., Finnegan et
al. 2005). Therefore, given the earlier observation that width is increasing slightly in the
downstream direction (Figures 4.4A, 4.4B), maintaining the w:R population average of

38 requires that channel R (~depth) also increase slightly.

4.2.4 Cross section area (A) and profile shape
The cross section area A ranges from 118 m? to 553 m? and averages 282 m?+82
m?. The minimum 118 m? is found at the upstream limit, whereas the maximum 553 m?,

an outlier, occurs in the middle of the survey reach (~ 0 km). Moreover, the channel
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cross sections with the five highest areas (from 430 m? to 488 m?) are all proximal to
each other. Hence, there is a ~5 km reach that has the greatest cross sectional area values
of the entire survey. Also, these five values are outside of the 95% confidence limit.

By precluding the vertical exaggeration from plots of the cross section bed
elevation versus distance across, it is clear that the width is substantially greater than
depth (Figure 4.7). Three main channel types were identified from the range of cross
sections evaluated. The “uniform” channel is characterized by relatively uniform channel
depth with gradual banks (Figure 4.7A). Departure from the uniform channel gives rise
to increasing variability in depth and bank steepness. Therefore, the “trapezoidal”
channel has a slightly varying depth with steeper bank (Figure 4.7B), and the third, the
“irregular” channel, is narrower, has a depth of at least 7 m, and features at least one
vertical bank (Figure 4.7C).

Values of cross section asymmetry, taken as the product of width and maximum
depth divided by area, range from 1.14 to 2.33 with an average of 1.45+0.26. About 12%
of these values lie outside the 95% confidence limits. Of these, the five lowest (from
1.14 to 1.17) occur in the upstream, whereas the three largest (from 2.0 to 2.33) are found
in the downstream. Moreover, 80% of the asymmetry values range from 1.14 to 1.64,
which indicates that the majority of the cross sections are nearly symmetrical. Both the
minimum and maximum values occur in the upstream reach.

Each channel cross section size and shape can be represented by a line (ranging
from straight to curved) that relates water stage to cross section area of flow, A vs z, often
cited as a “rating curve” (Figure 4.8). For the wide and shallow Santee River cross

sections, the curves increase from the origin at a relatively lower rate, but the rate (slope)
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increases quickly over a short stage interval. The transition from low to high slope with
increasing stage is endemic to natural rivers with large undulations on the bed. When
these are overtopped, A increases at a more uniform rate because the channel becomes
wider and more uniform. This transition, or break in slope, occurs at different stages for
the range of channels observed in this study. For example, the red curve of Figure 4.8
reflects a uniform shape where the break in slope occurs at a very low stage. For the blue
line, however, the cross section area increases with stage at a much lower rate. The break
in slope occurs at a much higher stage, and at the break in slope the rate increases, but it
is much lower than the red line (Figure 4.8). The red and blue double arrows identify the
range of the three categories of channel described above where the channel shape
becomes increasingly irregular from red to blue.

Rating curves can be made dimensionless or proportional by normalizing each
rating curve by its maximum values. These ratios are useful because they essentially
remove the size effects and facilitate comparison of channel shapes without considering
the channel size. The range of shapes in dimensionless rating curves is amenable to
curve fitting (Figure 4.9). Here a function was applied to each curve expressed as
y = axP where y is area ratio, X is stage ratio, the coefficient a fixed at 1.0, and b is the
free exponent of the curve fit (Figure 4.9). The increasing curvature from red to blue
demonstrates increased deviation from a uniform shape of the channel, to one that is
more variable, particularly with respect to the river bed. For instance, the red curve,
representing the most uniform shape, may be expressed as y = x>, whereas the blue line,
exemplifying the most irregular shape and the greatest curvature, as y = x3-97,

All 65 channel cross sections give exponents ranging from 1.16 to 3.06 (all R*>
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0.985) with an average of 1.83+0.45. About 70% of the exponents range from 1.16 to
1.98, with this range varying from “uniform” to “trapezoid” channel types. The larger
exponents from 2.15 to 3.06 correspond to the irregular channel shape. The three lowest
values (1.16, 1.21 and 1.25) are outside the 95% confidence interval. Overall, the
channels with the lower exponent values tend to be in the upstream and the higher values

in the downstream.

4.2.5 Summary

Channel width increases exponentially in the downstream direction but channel
depth does not vary in any systematic way. Average water depth, D, is typically less than
4.5 m. The w:d values range from 14 to 163, with the population average w:d being 38.
Together, these variables reflect the characteristically wide and shallow nature of the
lower Santee River channel, with a narrow range of R or efficiency values. Channel
cross section areas of flow vary by a factor of ~5, and channel asymmetry estimates
indicate that the majority of profiles are trapezoidal and symmetrical. Channel shapes
that have been reduced to single dimensionless fit exponents demonstrate that the more
uniform channels are in the upstream reach and the more irregular shapes are in the

downstream.

4.3 Along-channel Variations
4.3.1 Spatial variations in cross-section asymmetry (a)
The downstream trend of a is highly irregular with relatively large values

occurring primarily in the downstream and smaller values throughout (Figure 4.10).
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Typically the majority of the values >1.8 (75%) occur in the downstream from +13 km to
+16 km and downstream from +24 km. In the upstream section from —35 km to —13 km,
the values are <1.64 with only two peak values >1.8 found at —35 km and —18 km.
Separation of the upstream and the downstream is evident in the mean value of
asymmetry in the upstream zone from —35 km to —10 km is 1.39+0.22. Excluding the
maximum value at —18.5 km, however, the average becomes 1.36+£0.17. In contrast, in
the downstream section from +10 km to +30 km, the mean is 1.57+0.27. The
downstream average value is higher with wider variation, and has a standard deviation

that reflects the wider range of cross sections.

4.3.2 Spatial variations of width:depth ratios (w:d)

The w:d values are highly variable but reveal a weak trend with position along the
channel. The maximum values are in the downstream reach in a range from +3 km to
+22 km but with lower values interspersed (Figure 4.11). These higher values are as
much as 5 times greater than those at either end of the survey reach. Also, intermediate
values approaching a factor of 2 occur near the upstream limit. Hence, the overall trend
from upstream to downstream begins with intermediate values that decline to minimum
values from —22 km to —15 km, with the values remaining relatively low until +3 km.
Subsequently, the w:d values fluctuate range from 10 to 160 before declining to the
background values at +22 km, where they remain lower to the end of the survey. In
particular, in the upstream 10<w:d<75, whereas in the downstream from +3 km to +30
km, wide fluctuations of 10 to 165 occur. Also, high w:d values are noted from +3 km to

+7 km, in the same location as the bedrock outcrops. Although not statistically
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significant, the w:d mean values upstream from +3 km and downstream from +3 km are
notably different. The upstream mean value is 36.3+15 and the downstream 71.2+ 47.4.
The highly variable w:d values in the downstream likely have a strong influence on

currents and perhaps also on the free surface elevation.

4.3.3 Water surface elevation and cross section area (z versus A)

The measured water surface elevations, z, for the range of discharges between
survey days revealed slightly varying but relatively uniform slopes each day. In order to
evaluate channel properties for a single discharge, the water surface elevations were
matched to the lowest flow conditions, and the sloping water surface was reconstructed
over the entire survey reach. The resulting water surface had a uniform decline with a
slope of —6.61x1072 (R*=0.99). Considering water surface elevation as a proxy for
channel distance, we plotted channel cross section area A versus water surface elevation z,
or A vs. z. This association gives rise to an unexpected result in that, although A
increases in the downstream direction at first (peaking at z = +2.5 m), the trend reverses
further downstream (Figure 4.12). Also, a set of five particularly higher A values occurs
at the ~2.5 m elevation, but these values are outside the 95% confidence limits.

Linear trends applied to z and A yield the pattern observed above. In the upstream
where z declines from 5.5 m to 2.5 m, the linear fit is —7.84x~3 (R=0.46). The extreme
five A values at a water surface elevation of ~2.5 m form —1.85x~* (R?=0.02) and
correspond with ~0 km. In the downstream both z and A decrease at 8.12x~3(R?=0.59),

which is the opposite of the previous trend. These observations have led to the inference
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Figure 4.12 Water surface elevation (z) and cross section area (A). Cross section area has
two major trends and a minor one with the continual decrease of water surface elevation.
The slopes of the trend lines from high to low elevation are - 7. 84x10~3 (R*=0.46),
—1.85x10~* (R?=0.02) and 8.12x10~3 (R?*=0.59). The first major trend is the increase
of area with decrease of water surface elevation. A peak of abrupt increase/decrease of
area occurs around 2.6 m elevation. This is followed by a decrease of area with
corresponding decrease of water surface elevation.
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that, during times of bankfull discharge, the water surface elevations >2.5 m correspond

to the “upstream,” whereas elevations <2.5 m are limited to the downstream reach.

4.3.4 Spatial variations in cross section area (x versus A)

The above observations relating z and A above translate directly to variations in A
with channel location. Overall, cross section area A forms a downstream increasing trend
up to the bedrock channel reach, but further downstream A tends to decrease to the end of
the survey. The opposing trends in A are separated by an abrupt and large increase that
begins at ~0 km (Figure 4.12). A increases from —35 km to —1 km, ranging from the
minimum of 118 m?to 310 m?. Over the following ~2 km, the value abruptly increases
from 300 m? to maximum 550 m?. Further downstream, A is highly variable but with a
decreasing trend to ~200 m?. The downstream values here are of a comparable range to
those from —25 km to —10 km. Fluctuations of <140 m? occur in both the upstream and
the downstream, most notably from —24 km to —13 km and from +8 km to +20 km.

The peak in A is a transition between the upstream and downstream trends. The
values forming the abrupt increase from —5 km to 0 km are outside the 95% confidence
interval, and their occurrence in the middle of the study reach is noteworthy.
Interestingly, this abruptly increasing section is ~2 km upstream from where the bank
bedrock outcrop occurs (from +2 km — +7 km). The bedrock zone displays an overall
decrease in A, with the local low of ~300 m? occurring at +5 km.

The mean for the whole reach is 282 m?+82 m?. From —35 km to —5 km, the trend
line slope is positive (3.9x10°) or a 39-m? increase per km (R?=0.49), with the mean

225 m?*+50 m?. Excluding the abrupt increase, the trend from +3 km to +30 km is
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—4.9x10° (R?*=0.59) or a 49-m? decline per km distance. The mean of 352 m?+66 m? in

this zone is higher than in the upstream zone.

4.3.5 Spatial variations of cross section shapes (x versus b)

The downstream trend in the dimensionless shape exponent b shows a net
increase of up to ~10 km from ~1.3 to 2.0 (Figure 4.13). From that location the values
fluctuate around an average value of 2.0. This trend indicates that the channel shape is
adjusted in a systematic fashion in the downstream direction. In this case the lower
upstream values indicate that the upstream channels have a more uniform and smooth
shape, becoming increasingly irregular downstream. Beyond +10 km, the channel shape
fluctuates strongly but consistently around a mean. This is likely in response to the effect
of meanders where profiles were taken at the apex of a bend and at the straighter reaches
of the meander limbs.

Upon closer inspection, one might interpret the trend as having three
consecutively increasing plateaus, or three major “steps” of increase, that distinguish the
upstream, midstream and downstream at —35 km to —16 km, —15 km to +6 km, and +7 km
to +30 km, respectively. Each plateau is characterized by different means and ranges of
values. In the upstream the value is typically <1.7 (excepting 2.4). In the midstream the
range is wider (between 0.3 and 2.2), and in the downstream the range is the largest
(between 1.3 and 3.0). The peak values of >2.4 are found primarily from +10 km to +30
km, excluding the one value 2.4 at —19 km. The increase in b with distance downstream
indicates that the downstream channels tend to be more irregular. A linear correlation of

b and a have a weak positive correlation of 2.99x10~1 (R*=0.27).
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Figure 4.13 Curve-fit exponents (b) versus distance (x). The slope is 1.38x10~2 (R*=0.33) and the value range is from 1.16 to 3.06
with a mean 1.82+0.33.



4.3.6 Summary

The assessment of channel properties z, w, w:d, A, b and a with respect to x
demonstrates their overall distinction between the upstream and the downstream, and
possibly their response to the bedrock. The value z decreases in the downstream
throughout the reach. In the upstream section, w and w:d remain relatively uniform. A, b
and a, however, increase with x. Unexpectedly, within a short distance midstream (<2
km), w, w:d and A increase abruptly. Although b and a values do not increase abruptly in
relation to x, they are larger relative to their upstream values. Subsequently, with
consistently low c, bedrock outcrop occurs for the next 5 km. Notably, the pattern of
fluctuation begins where w and w:d increase and A decreases. The values of w, w:d and
A decrease with x, whereas b and a continue to increase. Thus, w, w:d and A are uniform

in the upstream relative to downstream, and b and a increase with x throughout the reach.
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CHAPTER 5

DISCUSSION

The flow processes and channel forms in terrestrial rivers (e.g., Leopold and
Maddock 1953) and estuaries (e.g., Pillsbury 1956) have been extensively studied.
However, the channel properties in reaches where the flow regime transitions from
unidirectional to bidirectional have been little researched. Therefore, the main purpose of
this study has been to investigate channel form in reaches where fluvial and tidal flows
meet. The driving question has been: “Are there geomorphic features that characterize
the fluvial-tidal transition.” The Santee River channel analyses indicate that the river’s
geomorphic fluvial-tidal transition is inadequately explained by hydraulic geometry and

tidal hydraulics.

5.1 Width and depth relationship in coastal rivers

The Santee River is located at a concave downstream end of the River Continuum.
This may explain the wide w range of ~70 m to 250 m and the narrower range of D or R
~1 mto5m. The consequent relationship of w and R is a negative trend —8.68x1073
(R®=0.33). However, such a negative relationship between these two metrics in coastal
rivers appears in the literature but has not been articulated. In terrestrial rivers, trends of

w versus D are positive (e.g., Schumm 1960). Finnegan et al. (2005) also report slopes of
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trend lines in w versus D that range from 5 to 59 for bedrock, boulder, cobble and gravel
alpine channels. In coastal rivers, however, the relationship of w versus D is generally
negative. In particular, the relationship of the two metrics at the Lower Mississippi River
(Inokuchi, 1989) displays an overall trend of —8.00x1073, where a smaller w (~750 m) is
associated with a larger D (~20 m) and a larger w (~2,000 m) with a smaller D (~10 m).
Likewise, at the lowermost 15 km of the Incomati estuary, a smaller D is associated with
a larger w and a larger D with a smaller w (Savenije 2005).

Such contrasting w versus D relationships between coastal and terrestrial rivers
can be qualitatively generalized where the w range is larger and the D range is smaller in
coastal rivers, and the reverse is true for terrestrial rivers (Figure 5.1). This difference is
intuitive because river channel systems widen in the downstream direction and reach their
maximum widths at the mouths. This factor gives rise to a negative relationship of w
versus D for coastal channels and a positive relationship for terrestrial channels. We
contend that these dissimilar w versus D trends are attributable to the gentle channel slope
(~107°) as a river approaches the mouth. This unexpected finding in the Santee River as
well as two coastal rivers mentioned above seems to be applicable to coastal rivers

worldwide.

5.2 Downstream trends
5.2.1 Sinousity (S), asymmetry (a) and cross section shape exponents (b)

A generic trend of the Santee River is represented by S, a and b. High S relates to
high a and b as all channels have thalweg at the cut-bank side, with shoals toward the

inner bank. The sinuous reaches from —35 km to -5 km and from +5 km to +35 km are
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characterized as well by high a and high b (Figures 4.3, 4.10 and 4.13). Interestingly, in
the Santee River the overall trends of these metrics have higher variance and larger
values that occur in the downstream. For instance, for S the widest range of values are
accompanied by five out of seven peak values from +13 km to +35 km. For a the
majority of the peak values >1.6 occur from +10 km to +30 km. For b the values that are
>2.1 as also the peak value (3.06) are found from +9 km to +30 km. These trends are a
simple indication that the downstream zone is featured by highly sinuous, asymmetrically

irregular shapes.

5.2.2 Riverbed

The Santee riverbed crosses all three tidal elevations projected from the coast.
Presumably, from the upstream to the downstream the flow regime in the channel is
driven increasingly less by topography and more by tides. As such, channel morphology

in the downstream zone from +5 km to +30 km appears less fluvial than the upstream

half from —35km to —-5km. For instance, the upstream reach is marked by progressive

uniform decreases in bed and thalweg elevation before starting to fluctuate in the
downstream from ~0 km. Such a higher gradient is necessary because unidirectional
flows are driven solely by the topographic gradient. However, since the middle and
lower part of the upstream section crosses the tidal elevations and the gaging data show
current reversals at low discharges, we suggest that the upstream from —35 km to -5 km
is fluvial-dominant with less tidal influence on the channel.

Downstream of the slope break and bedrock (+7 km to +30 km) are marked bed

elevation fluctuations and “deeps.” These trends are reflected in larger running standard
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deviation values of the riverbed. Interestingly, such increased fluctuations of the riverbed
downstream from such a slope break have been reported elsewhere. For instance, the
long profile analysis in the Lower Mississippi River shows wider fluctuations of the bed
and more “deeps” in the downstream reaches (Harmar and Clifford 2007). Additionally,
in the downstream zone—from ~500 km upstream to the “mouth” (Head of Passes)—the
approximate bed gradient is lower and the variance larger relative to the upstream section
(from ~900 km to ~500 km, measured from the “mouth”). The authors attributed the
deeps solely to low bank erodibility, but we suspect that such bed fluctuations in the
downstream are partially related to fluvial-tidal processes. Although current reversals are
rare in the Lower Mississippi River—for example, near Belle Chasse, LA (~ 130 km
upstream from the “mouth”; see Demas 2012)—backwater effects occur as far upstream

as 800 km from the “mouth” (Inokuchi 1989).

5.2.3 Cross sections

The general trends of w and w:d in the Santee River remain relatively uniform
overall but A increases in the downstream direction from —35 km to —2 km. The
relatively gradual increase of A is consistent with downstream hydraulic geometry (e.g.,
Leopold and Maddock 1953). However, from —2 km to 0 km these values increase
abruptly. The increases are peculiar because they coincide with the riverbed slope break.
We suggest that the abrupt increase of the dimensions constitutes a fluvial-tidal transition.
We concur with Yankovsky et al. (2012) that the feedback relationship of tidal energy

dissipation and the upstream direction convergence occurs in a relatively short distance.
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Subsequently, from +2 km to +30 km, w, w:d and A decrease overall with
fluctuations. Notably, decreased dimension values occur from +25 km to +35 km that are
close to the upstream values from —25 km to -5 km. The dimensional trend of the abrupt
increase and decrease of A is contrary to fluvial hydraulic geometry (e.g., Leopold and
Maddock 1953) and tidal hydraulics (e.g., Pillsbury 1956; Savenije 2005). These two
principles describe the increase of w, d and A in the downstream direction in terrestrial
and tidal channels toward the mouth. The discrepancy between our data and hydraulic
geometry suggests that this channel section of the Santee River (from ~+2 km to +30 km)
is neither fully fluvial nor fully tidal but rather fluvial-tidal—a geomorphic fluvial-tidal
transition. That the four highest values of abruptly increased A is outside the 95%
confidence interval bolsters our view. We therefore hypothesize that backwater effects

on the unidirectional flow by flood tide give rise to these anomalous channel properties.

5.2.4 Backwater effects and the geomorphic fluvial-tidal transition model

Backwater effects occur when any unidirectional channel flow is obstructed. For
instance, logjams and beaver dams inhibit river flows and lead to a water depth increase,
aggradation and overbank flows in the immediate upstream (e.g., Wohl and Beckman
2014). Upstream from the impoundment, the water volume will be larger than where
there is no hindrance to the flow. Likewise, at a fluvial-tidal transition, the flood tide acts
as a semi-diurnal blockage that is mobile along the channel. Flood tides obstruct the river
discharge, which leads to larger water retention in the upstream like a reservoir behind a
dam. Over time, with the continuous semi-diurnal filling of the reach, the channel would

have to enlarge in order to accommodate the larger water volume. The application of
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backwater effects to fluvial-tidal channel suggests that the abrupt increases followed by
the decreases of w, w:d and A over ~30 km downstream are a shape sculpted by
backwater effects.

Applying backwater effects on the peculiar Santee River properties, we have
developed a conceptual model for fluvial-tidal transition (Figure 5.2). River continuum
in the coastal plain contains terrestrial and tidal parts. Migrating downstream, the
channel transitions from Terrestrial to Tidal, with w or A increasing overall. The fluvial-
tidal transition consists of Head of tide, Backwater effect limit, Salinity transition and
Sedimentary transition. The channel form changes drastically within the Geomorphic
transition, which encompasses the zones of Backwater effect limit and the immediate
upstream section of Salinity transition. From Fluvial response to tide to the Fluvial-Tidal
Bridge, the terrestrial river transitions to the tidal estuary. Our study site spans between
the Salinity transition and possibly upstream of the Head of tide. In the Geomorphic
transition, flood tide causes backwater effects that increase water volume in the upstream.
Downstream from the decrease of w and A in the Fluvial-Tidal Bridge is bidirectional
flow, which is more dominant than flow blockage. Recurrence of the tidal process over a
prolong period of time would augment the channel between the Backwater effect limit

and the Salinity transition, thus creating the Geomorphic transition.

5.3 Potential complications due to bedrock

The coincidence of the Geomorphic fluvial-tidal transition with bedrock (from +2 km to

+7 km) could be considered a weakness of the interpretation that backwater effects are
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responsible for the peculiarities in the Santee River. Three major reasons why the
bedrock influence is insignificant include the width trends in a terrestrial river that
contains alluvial-bedrock reaches, the feedback relationship of tidal energy and channel
morphology, and observations in other rivers that are similar to the Santee River. These

reasons will be discussed below.

5.3.1 Widening at an alluvial-bedrock channel

The Santee River w increases by 70% at the alluvial-bedrock transition. However,
width variations of the alluvial-bedrock reaches of a non-tidal river illustrate a negligible
effect of bedrock on w; Keen-Zebert and Curan (2009) report the w of the Upper
Guadalupe River at its bedrock sections (28 m+8.9 m) that are merely 7% wider than its
alluvial reaches (26 m+9.0 m). Such a meager difference of w in a non-tidal river and the
large difference of w in the tidal Santee River at its alluvial-bedrock reach suggest that
the bedrock influence in the Santee River is negligible. Hence, the bedrock presence in

the Santee may not necessarily be a main contributor of the abruptly widening channel.

5.3.2 Morphology and tide energy

Yankovsky et al. (2012) concluded that fluvial-tidal processes and the channel
form interact in the reach of strong convergence, or abrupt increase in w and A in the
downstream. Here, a feedback loop exists as tidal energy is rapidly dissipated due to the
upstream convergence in the transition zone, and the process of energy dissipation
modifies the channel morphology. The authors’ conclusion was based on estimations of

tidal energy dissipation and channel morphology, and was not hindered by the bedrock in
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the vicinity (for similar interactions between channel shape and tidal wave, see also

Wright et al. 1973; Lanzoni and Seminara 1998).

5.3.3 Similar observations in other rivers

The Fluvial Response to tide and Fluvial-Tidal Bridge may be prevalent in other
coastal plain rivers reported in the literature, which reinforces our indifference of the
bedrock presence in the Santee River. The following works unwittingly have overlooked
the anomalous channel trends as shown in the Santee River. Inokuchi (1989) presented
the plots of the cross section w, d, and A of the Lower Mississippi River. At ~200 km—
400 km inland from the mouth, A and w appear to be decreasing in the downstream
direction. For example, in this section A increases abruptly from 1,400 m? to 1,700 m?
for 50 km downstream and decreases gradually to 1,500 m? for 250 km. Friedrichs (2006)
showed river valley estuaries—Potomac, Delaware, James and Rappahannock—all of
which have pronounced decrease of A in 10s of km in the downstream direction. Ensign
et al. (2012, 2014) likewise present narrowing of channels in the downstream direction.
Such previously unnoticed trends of w and/or A versus distance data from other coastal

rivers strengthen the case for a geomorphic fluvial-tidal transition.

5.4 Summary

The negative w versus D or R relationships, the increasing fluctuations of the
riverbed elevation and thalweg in the downstream reaches, and the abrupt increase and
following decrease of w, w:d and A in the downstream—all of these are some

peculiarities of the freshwater tidal Santee River. Especially the w and A trends are in
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contrast to hydraulic geometry and tidal hydraulics. We conclude that these features are
intrinsic to coastal plain rivers and are the signatures of backwater effects induced by
tides in the fluvial-tidal transition. We therefore expect that these are likely to be found

worldwide.
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CHAPTER 6

CONCLUSIONS

In geomorphology, process and form are interrelated, where flow processes and
channel form influence one another in a feedback relationship (e.g., Richards 1982).
Presumably, in freshwater channel reaches where both riverine and estuarine flows
coexist, a channel would form that is distinct from fully fluvial channels or fully tidal
counterparts. Analyses of the Santee River suggest that there are intrinsic channel
properties at the fluvial-tidal flow juncture, namely, a geomorphic fluvial-tidal transition.
In the upstream zone, the channel resembles a terrestrial river that features relatively
uniform trends in cross section area (A), width (w) and depth (D) in the downstream
direction (~30 km) and overall descending riverbed elevations. In the downstream zone,
however, A, w and D sharply increase and then markedly decrease over a short distance
(~30 km). In this short reach, the riverbed also fluctuates irregularly while maintaining
an overall low-gradient (10®). These trends of abrupt increase and marked decrease in
the channel dimensions downstream, as also the increasing fluctuations of the riverbed,
are distinct features of fluvial-tidal channel transition, sculpted primarily by backwater
effects. The Santee River’s fluvial-tidal transition channel form is distinct from fully
terrestrial and fully estuarine channels. Similar results should be found in other coastal

plain rivers, as other reports in the literature seem to corroborate our findings.
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APPENDIX A: MATLAB SCRIPTS

This appendix includes the Matlab scripts employed in the data analyses as well
as some results that are unreported in the main text.
A. Matlab scripts used for analyses

The data analyses involved Matlab scripts for long profile data and for cross
section data. The 5-m interpolation and the 5-km running standard deviation were

acquired using the scripts given below.

A.1 The interpolation script

The long profile field survey was set at a 5-m interval to assure a consistent data

interval, the riverbed elevation was interpolated using the following script.

A=[“Raw distance” “Depth”];
% Get distance from loaded data
Xle(:ll);

% Get depths from loaded data
hl = A(:,2);

a=diff (x1);

0);

mn
\_ll_lQJ

[ .
[ .

(a==

ooxYd
il |

fin
(3)
(3)

% Create new x with 5 m differences
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x2 = min(x1l) :5.0:max (x1) ;

% Interpolate the data from original x1 and hl for x2.
h2 = interpl (x1l,hl,x2);

h3=h2"';

x3=x2";

% the distance-interpolated final product.

XH=[x3,h3];
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A.2 The 5-km running standard deviation
The script used for the running standard deviation of the riverbed (Figure 4.1B)
was designed by John D’Errico and obtained from the Mathworks Matlab forum (URL:

http://www.mathworks.com/matlabcentral/fileexchange/9428-moving-window-standard-

deviation/content/movingstd.m, accessed 5/21/2014). The script is reproduced below:

function s = movingstd(x,k,windowmode)
% movingstd: efficient windowed standard deviation of a time series
% usage: s = movingstd(x, k,windowmode)

oe

o

Movingstd uses filter to compute the standard deviation, using
the trick of std = sgrt((sum(x.”2) - n*xbar.”2)/(n-1)).

Beware that this formula can suffer from numerical problems for
data which is large in magnitude.

o o° o° o°

o

At the ends of the series, when filter would generate spurious
results otherwise, the standard deviations are corrected by
the use of shorter window lengths.

o° oo

oe

% arguments: (input)

% % - vector containing time series data

%

$ k - size of the moving window to use (see windowmode)

oe

All windowmodes adjust the window width near the ends of
the series as necessary.

o° o

o\°

k must be an integer, at least 1 for a 'central' window,
and at least 2 for 'forward' or 'backward'

o o

oe

windowmode - (OPTIONAL) flag, denotes the type of moving window used
DEFAULT: 'central'

o° oo

oe

windowmode = 'central' --> use a sliding window centered on
each point in the series. The window will have total width
of 2*k+1 points, thus k points on each side.

o 0o oe

o\°

windowmode = 'backward' --> use a sliding window that uses the
current point and looks back over a total of k points.

o oe

oe

windowmode = 'forward' --> use a sliding window that uses the
current point and looks forward over a total of k points.

o° oo

oe

Any simple contraction of the above options is valid, even

% as short as a single character 'c', 'b', or 'f'. Case is
% ignored.

% arguments: (output)

% s - vector containing the windowed standard deviation.

% length(s) == length (x)
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% check for a windowmode

if (nargin<3) || isempty(windowmode)
% supply the default:
windowmode = 'central';

elseif ~ischar (windowmode)

error 'If supplied, windowmode must be a character flag.'

end

% check for a valid shortening.

valid = {'central' 'forward' 'backward'};
windowmode = lower (windowmode) ;

ind = strmatch (windowmode,valid);

if isempty (ind)

error 'Windowmode must be a character flag: ''c¢'', '"'b'',

else
windowmode = valid{ind};
end

% length of the time series
= length(x);

o]

% check for wvalid k
if (nargin<2) || isempty(k) || (rem(k,1)~=0)
error 'k was not provided or not an integer.
end
switch windowmode
case 'central'
if k<1

error 'k must be at least 1 for windowmode = central''.

end
1if n<(2*k+1)

error 'k is too large for this short of a series and this

windowmode. '
end
otherwise
if k<2

or

error 'k must be at least 2 for windowmode = ''forward''

''backward''.'
end
if (n<k)
error 'k is too large for this short of a series.'’
end
end

o\°

oe

this has no effect on the standard deviation.
= X - mean (x);

X

oe

we will need the squared elements
X2 = x."2;

% split into the three windowmode cases for simplicity
A= 1;
switch windowmode
case 'central'
B = ones(1,2*k+1);
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oe

o\°

s = sgrt((filter(B,A,x2) - (filter(B,A, x)
s(k:(n-k)) = s((2*k) :end);
case 'forward'

B = ones(1l,k);
s = sgrt((filter(B,A,x2) - (filter(B,A,x)
s(l: (n-k+1)) = s(k:end);

case 'backward'
B = ones(1,k);
= sqrt((filter(B,A,x2)

@]
|

(filter (B,A, x)

special case the ends as appropriate

switch windowmode

case 'central'

[

% repairs are needed at both ends
for i = 1:k

s(i) = std(x(l:(k+1i)));
s(n-k+i) = std(x((n-2*k+i):n));
end

case 'forward'
% the last k elements must be repaired
for 1 = (k-1):-1:1
s(n-i+1) = std(x((n-i+1):n));
end
case 'backward'
% the first k elements must be repaired
for 1 = 1:(k-1)
s(i) = std(x(1:1));
end

end

Sh2)*(1/(2%k+1))) /(2%k) ) ;

Sh2)*(1/k)) /(k=1)) ;

Lh2)*(1/k)) / (k-1)) ;

catch any complex std elements due to numerical precision issues.
anything that came out with a non-zero imaginary part is

% indistinguishable from zero, so make it so.
(imag(s) ~= 0) = 0;
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A.3 Orthogonal projection for cross sections
The following orthogonal projection code was designed to align points across the

channel that deviated from a straight line.

% 1) The RELATIVE easting, northing, depth data below.
UTM=[ “Easting”, “Northing”, “Depth”];

% 2) set the Left bank value and the Right bank value to find the line
equation of (y2-yl)/(x2-x1). (Mapview slope)

v=[1,-0.5596];

% 3) the line equation (figure out from the relative UTM)
easting=UTM(:,1); northing=UTM(:,2);

cUTM = [easting, northing];
% 4) type in 1 through the number (#) of rows there are, i.e. (1l:#).
% Start a For loop:
for 1 = 1:”# of points”;
PUTM (i, :)=(dot (v, cUTM (i, :)) /dot (v, Vv)) *v;
end

xyz=[pUTM, UTM(:,3)];

o)

% 5) the straight line across the channel.
real xyz = sortrows(xyz);
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APPENDIX B: UNREPORTED RESULTS

B. Additional results unreported in the main text
The following results were unreported in the main part of the study: a running
mean riverbed with slope breaks, the relationship of sinuosity (S) versus asymmetry (a),

and the trends of natural log-transformed width (w), depth (D) and area (A).

B.1 A 5-km moving averaged riverbed

Riverbed elevation (m, NAVD88)

10 Tt T T Tt
-35 -30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30
Distance downstream (km)

Figure B.1: A 5-km moving average smoothed riverbed slope. Note that there are seven
distinct slopes of the riverbed. Although the entire long profile is characterized by the
average slope of - 5.74x107~°, the bed profile shows local changes in slope. From
upstream, the first three, the fifth and the seventh fit in the downstream exhibit
downstream slopes, whereas the fourth and the sixth (denoted red) show upstream slopes.
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The riverbed long profile has been smoothed with a 5-km running mean (Figure
B.1). The bed profile is divided into seven differently sloped reaches, highlighted by the
exponents of the linear fits that vary between —5 and —4. The majority of the slope face
downstream, but two slopes trend upstream for ~ 5 km and ~ 3 km as shown in red. The
first slope from -35 km to -25 km is —3.22x1075. The next two, from -25 km to -14 km,
and from -14 km to 0 km the bed becomes steeper and then turns gentler at —1.55x10~*
and —1.04x1075, respectively. From 0 km to +5 km, the slope trends up at +1.63x107*.
From +5 km to +17 km the slope is —1.86x10~*. From +17 km to +19.5 km, it trends up
again at +2.8x10~*, and from +19.5 km to +30 km, it descends at —1.32x10~*. The
first three trend lines show downstream slopes, but the last four slopes form two local
“peaks” by alternating from increasing to decreasing trends in the downstream direction
(Figure B.1). It is notable that both increasing and decreasing slopes are at +10*. The
first upstream slope corresponds to the bedrock section noted in Chapter 2, and both the

up-dip sections exhibit low sinuosity.

B.2 Sinuosity (S) versus Asymmetry (a)

A weak positive relationship exists between sinuosity and asymmetry 2.28x101
(R?=0.11) (Figure B.2). About 80% of the asymmetry ranges from 1.1 to 2.1 and occurs
at sinuosity <1.25. The seven peak sinuosity values previously noted (Figure 4.3) tend to
have asymmetry of >1.4. Therefore, the Santee River’s sinuosity versus asymmetry
relationship shows higher sinuosity related to higher asymmetry; the more severe the
bend the larger contrast between the cut-bank side and the point-bar side, thereby

increasing asymmetry.
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Asymmetry

3.5

Sinuosity

Figure B.2 Sinuosity (S) versus asymmetry (a). These two parameters exhibit a weak
correlation, 22.8x~1 (R?=0.22), which links higher sinuosity to higher asymmetrry; at
channel bends the cut-bank thalweg side is deeper than the point-bar side.

B.3 Natural log width (w), average depth (D) and area (A).

Natural log transformed width, average depth and area all all >95% confidence
interval (Figure B.3). The plot elucidates the distance trends of the dimensions as the
major trends are noted as follows. From —35 km to —2 km, D and A increase, at
—1.79x 2 (R®=0.47) and —1.82x~2 (R*=0.30) respectively, while w decreases
at—9.44x10~* (R?=0.01). From -2 km to +30 km in the downstream, all three categories
decrease: A at —1.46x10~2 (R?*=0.57), w at —1.94x10~2 (R?*=0.28) and D at
—2.73x1073(R?=0.01). Significantly, the trends start to decline in the downstream after

a sudden increase at —2 km.
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Figure B.3 Natural log transformed width, depth and area values (Cl >95%) downstream.
From —35km to —2km, area and depth increase at - 1.79x10~2 (R?=0.47) and
-1.82x1072 (R*=0.30), whereas width decreases at - 9.44x10~* (R?=0.01). From -2 km

to +30 km area, width and depth all decrease at - 1.46x10~2 (R*=0.57),—1.94x10~2
(R?=0.28) and —2.73x10~3(R?=0.01), respectively. Note the step-like increase of area

and width at —2 km, while depth appears to decrease steadily from —7.5 km to +3 km.

The Levene’s test for two variances of the metrics was performed for the apparent
upstream (from —35 km to —2 km) and the downstream (from —2 km to +30 km)
distinctions of the trends. The D trends almost entirely overlapped in a box plot, with a
P-value of 0.96. By contrast, the A trends had little overlap, having a P-value of 0.25 and
thus still lacking statistical significance. The w trends, however, had no overlap with a

(P-value = 0.00), bolstering the visually recognized trends of w.
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