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Abstract: 27 

Although the dynamics of meandering rivers have been the focus of considerable research, 28 

few studies have examined the three-dimensional flow structure and bed morphology within 29 

elongate loops of large meandering channels. The present study focuses on the spatial patterns of 30 

three-dimensional flow structure and bed morphology within two elongate loops along the Wabash 31 

River, USA.  It also examines how differences in outer bank roughness influence near-bank flow 32 

characteristics within these loops. The outer bank of one of the loops is forested with abundant 33 

large woody debris, whereas the outer bank of the other loop is unforested and lacks large woody 34 

debris. Bedrock is present locally in the banks and beds of both bends. Velocities were measured 35 

along cross sections oriented perpendicular to the channel centerline using a boat-mounted 36 

acoustic Doppler current profiler during two different events – a near-bankfull flow and an 37 

overbank flow event that extensively inundated the floodplain. Detailed channel bathymetry and 38 

bedform geometry were obtained using a multibeam echo sounder during the near-bankfull event.  39 

Flow structure within the loops is characterized by strong topographic steering by the point bar, 40 

by the development of helical motion associated with flow curvature, and by acceleration of flow 41 

where bedrock is exposed along the outer bank.  Near-bank velocities during the overbank event 42 

are less than those for the near-bankfull flow, highlighting the strong influence of the point bar on 43 

redistribution of mass and momentum of the flow at sub-bankfull stages.  Multiple outer bank 44 

pools are evident within the unforested elongate meander loop, but the forested loop lacks multiple 45 

pools, which may reflect the influence of abundant large woody debris on near-bank velocity 46 

characteristics. The positions of pools within both loops can be linked to spatial variations in 47 

planform curvature. The findings indicate that flow structure and bed morphology in these large 48 
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elongate loops is similar to that in small elongate loops, but differs somewhat from flow structure 49 

and bed morphology reported for experimental elongate loops.    50 
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1. Introduction 51 

 The meandering of alluvial rivers is the result of complex interactions among three-52 

dimensional flow structure, channel topography, sediment transport, and the geotechnical 53 

properties of the channel banks and floodplain. Past research on meandering rivers has focused 54 

largely on simple bends, in which the chord length, C, between points of inflection (zero channel 55 

curvature) at the upstream and downstream ends of the bend exceeds the radius of curvature of the 56 

bend, and in which the sum of the absolute values of angles of the channel path relative to the 57 

chord orientation, αS, does not exceed 180o (Frothingham and Rhoads, 2003).  As flow enters a 58 

simple bend, an outward-directed centrifugal force causes super-elevation of the water surface 59 

along the outer bank, which generates an opposing inward-directed pressure gradient force. The 60 

local imbalance between these two forces over the flow depth results in large-scale helical motion 61 

(Dietrich, 1987). Secondary circulation associated with the helical motion advects high momentum 62 

near-surface fluid outward and downward within the curving channel, resulting in the development 63 

of a submerged high-velocity core near the base of the outer (concave) bank (Thorne et al., 1985; 64 

Blanckaert, 2011). The development of a point bar within natural meandering channels also 65 

modifies the lateral extent of secondary circulation, confining it to the channel thalweg through 66 

the effects of topographic steering (Dietrich and Smith, 1983; Rhoads and Welford, 1991; 67 

Blanckaert, 2010).   68 

 Much less work has examined the structure of flow and bed morphology within elongate 69 

meander loops.  Here, the planform geometry is characterized by a chord length that is less than 70 

the perpendicular distance, P, from the chord to the loop apex, and by a value of αS that exceeds 71 

180o (Frothingham and Rhoads, 2003). Experimental work has shown that the bed morphology in 72 

elongate loops displays multiple outer bank pools and inner bank bars, commonly referred to as 73 
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shingle bars (Whiting and Dietrich, 1993a,b; Termini, 2009; Abad and Garcia, 2009b; Termini and 74 

Piraino, 2011). In the case of symmetrical loops, the first outer bank pool is typically located where 75 

a line projected tangentially from the upstream inner bank intersects the outer bank. At this 76 

location, the core of maixmum velocity often shifts from the inner bank to near the outer bank 77 

(Whiting and Dietrich, 1993a; Termini, 2009). For asymmetrically skewed, or Kinoshita, loops, 78 

experimental work has shown that the orientation of the bend skewness influences the flow 79 

structure and bed morphology throughout the bend (Abad and Garcia, 2009b). For upstream-80 

skewed conditions, the zone of maximum scour along the outer bank occurs upstream of the bend 81 

apex, whereas for downstream-skewed conditions the locus of maximum scour along the outer 82 

bank is downstream of the bend apex (Abad and Garcia, 2009b). Also, the spatial extent of the 83 

inner bank bar for downstream-skewed bends is shifted upstream relative to the case for upstream-84 

skewed bends. In addition to steady bars and pools, the bed morphology in experimental elongate 85 

bends is characterized by mesoscale bedforms (dunes) that migrate through the bend, producing a 86 

time-dependent variation in the bed morphology, which can reinforce or diminish variability 87 

associated with the steady signature of topography (Abad and Garcia, 2009b).  88 

 Field observations of flow and bed morphology within elongate meander loops have 89 

focused mainly on asymmetrically-skewed planform configurations (Jackson, 1975a,b). Whereas 90 

patterns of flow structure from field studies in asymmetrical elongate loops are in general 91 

agreement with findings from experimental channels (Jackson, 1975; Abad and Garcia, 2009a,b), 92 

field studies have yet to document the presence of well-defined shingle bars  in large elongate 93 

meander loops. Detailed field studies of the co-evolution of three-dimensional flow structure and 94 

channel morphology in compound meander loops, defined as loops that exhibit two or more offset 95 

lobes of curvature (Frothingham and Rhoads, 2003), have documented multiple outer bank pools 96 
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that correspond locally with zones of accelerated bank retreat (Hooke and Harvey, 1983; 97 

Frothingham and Rhoads, 2003; Engel and Rhoads, 2012). As flow moves through a compound 98 

loop, helical motion generated by spatially varying curvature, along with steering of the flow by 99 

the point bar, shifts the core of maximum velocity outwards toward the apex of each lobe of 100 

curvature and in loops of high curvature can even result in flow separation along the inner bank 101 

(Ferguson et al,. 2003). Between these lobes, helical motion decays as a result of reductions in 102 

channel curvature (Hooke and Harvey, 1983; Frothingham and Rhoads, 2003). The development 103 

and decay of secondary flow through compound loops leads to spatial variation in erosion and 104 

deposition, the formation of a secondary inflection point, and continued distortion of the loop 105 

planform over time (Harvey and Hooke, 1983; Frothingham and Rhoads, 2003; Engel and Rhoads, 106 

2012).  107 

 The lack of detailed process-based investigations of elongate meander loops, particularly 108 

in large rivers, limits understanding of the dynamics of complex bend geometries and accurate 109 

predictions of planform evolution of meandering rivers. To contribute to this research need, the 110 

aims of the present paper are to: 1) characterize the three-dimensional flow structure and bed 111 

morphology within two elongate meander loops with different outer bank roughness 112 

characteristics, and 2) compare these results to previous experimental and field studies of flow and 113 

bed morphology in bends with simple and complex planform geometries. The results provide 114 

insight into the influences of topographic steering, planform curvature, hydrologic variability, 115 

large woody debris, and exposed bedrock on spatial patterns of flow and bed morphology within 116 

elongate meander loops.  117 

 118 

 119 
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2. Field Site 120 

 The field site consists of two elongate meander loops on the lower Wabash River, roughly 121 

6 km upstream from Grayville, Illinois (Jackson, 1975a; Figure 1). At this location, the Wabash 122 

River has a bankfull width of 200 to 350 m, a bankfull depth of 4 to 8 m, and a drainage area of c. 123 

74,070 km2. Based on 85 years of hydrologic data from a U.S. Geological Survey gaging station 124 

at Mt. Carmel, Illinois (~20 km upstream of Grayville), the mean annual discharge of the lower 125 

Wabash River is 881 m3s-1 with a mean annual peak discharge of 4112 m3s-1. The lower Wabash 126 

River meanders freely across its floodplain, except at several locations where it erodes into 127 

Pleistocene glaciofluvial sediments or Carboniferous bedrock (Jackson, 1975a; Konsoer et al., 128 

2015; Figure 2A,B). 129 
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  130 

Figure 1. (A) Location of field site within Wabash River basin (blue hatched shading) shown 131 
by red dot. (B) Digitized banklines from aerial photography showing patterns of channel 132 
migration in the study area for ~74 years. (C) Location of Maier Bend and Horseshoe Bend 133 
with ADCP cross sections indicated. Black arrow shows general flow direction.  134 

 135 

The upstream site, Horseshoe Bend, is ~3 km in channel length with riparian forest along 136 

the outer bank (Figure 2A). Bank materials consist of a relatively thick layer (4-6 m) of cohesive 137 

fine sediments (> 70% silt and clay) underlain by a basal layer of coarse sand and fine gravel with 138 

median grain size of ~0.4 mm (Konsoer et al., 2015). The upper cohesive material maintains a 139 

nearly vertical face, whereas the non-cohesive lower part of the bank tends to be at, or close to, 140 
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the angle of repose. On the downstream limb of the bend, the channel erodes into Pennsylvanian 141 

shales of the Mattoon Formation (Illinois Basin Consortium – Study 5, 2001), restricting 142 

downstream migration of the bend (Figure 2A). Erosion of the outer bank supplies large trees to 143 

the channel, some of which are embedded in the base of the bank. The embedded trees tend to 144 

become aligned approximately parallel to the local mean flow direction, and are present along the 145 

majority of the outer bank. Repeat surveys suggest individual embedded trees can have residence 146 

times exceeding five years (Konsoer et al., 2015). These characteristic lead to an average migration 147 

rate for Horseshoe Bend of ~0.75 myr-1 (Konsoer et al., 2015). 148 

 The second site, Maier Bend, located ~12 km downstream of Horseshoe Bend, is ~4 km in 149 

length. No tributaries join the river between these two bends. The outer bank of Maier Bend is 150 

mainly unvegetated and flanked by agricultural fields (Figure 2B) in which corn and soybeans are 151 

grown. In contrast to Horseshoe Bend, the bank material at Maier Bend is composed of a lower 152 

layer consisting of 4-5 m of coarse sand and fine gravel with a median grain size of ~1.0 mm 153 

(Konsoer et al., 2015). This part of the bank has a slope angle of c. 30°.  The non-cohesive sediment 154 

composition of the banks and shallow-rooted crops along the outer bank contribute to an average 155 

outer bank migration rate ~10-12 myr-1 (Konsoer et al., 2015). The upper part of the bank, which 156 

is nearly vertical, consists of a 1-2 m layer of fine sand and silt. The outer bank morphology 157 

includes large-scale embayments (15-30 m) spaced irregularly along the bend. Downstream of the 158 

bend apex, the channel erodes into a low outcrop of interbedded shales and sandstones of the 159 

Pennsylvanian Bond Formation (Illinois Basin Consortium – Study 5, 2001; Figure 2B), exposing 160 

bedrock in the channel bed and lower part of the outer bank. 161 
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 162 
Figure 2: (A) Photograph looking upstream on Horseshoe Bend at low flow showing 163 
forested outer banks and the outcrop of bedrock (note detached slabs of rock on the 164 
bedrock surface). (B) Photograph looking downstream on Maier Bend showing a lack of 165 
vegetation on the banks and a local bedrock platform at the base of the outer bank. 166 
  167 
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3. Methods 168 

 The planform characteristics of Maier and Horseshoe bends were examined by digitizing 169 

both channel banklines from 2011 National Agriculture Imagery Program (NAIP) 170 

orthophotographs and using the Channel Planform Statistics Toolbox (Lauer, 2012) to interpolate 171 

the channel centerline, which provided the basis for establishing a streamwise (s) and cross-stream 172 

(n) coordinate system for each loop. A centerline curvature series was then calculated using the 173 

Matlab script PCS-Curvature (Guneralp and Rhoads, 2008), which was used to determine the s 174 

coordinates of inflection points and the average radius of curvature for each bend. The inflection 175 

coordinates and radius of curvature were overlain on the NAIP 2011 orthophotograph basemap, 176 

and the chord length, perpendicular distance from the chord to the bend apex, and the angles 177 

between channel path and chord orientation at inflection points were measured in ArcGIS. Cross 178 

sections orthogonal to the centerline were established at a streamwise (s) spacing of 150 m, 179 

corresponding to the channel half-width (Güneralp and Rhoads, 2008). These cross-sections are 180 

labelled by whole number increments, starting with the meander bend upstream of Horseshoe Bend 181 

and continuing downstream through Maier Bend.   182 

Flow measurements were obtained during two different flood events in the spring and 183 

summer 2011 (Table 1). The first set of measurements (Campaign 1) occurred on May 9-10, 2011 184 

during the receding limb of a flood with a peak discharge of approximately 7,650 m3s-185 

1 (05/03/2011) and a recurrence interval (R.I.) of ~15 years. The discharge during the two days of 186 

data acquisition at the two loops  produced substantial overbank flow along the Wabash River. 187 

The second set of measurements (Campaign 2) occurred on June 28-29, 2011 near peak flow of an 188 

event with a maximum discharge of 2450 m3s-1 and R.I. of ~1.2 years. This event closely 189 

approximated bankfull discharge along the lower Wabash River. Variations in discharge during 190 
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the two measurement campaigns were less than 4% and variations in stage were less than 1.6% 191 

(Table 1). Thus, flow conditions were remarkably steady for a natural river.  192 

Table 1: Summary of hydrologic conditions during field campaigns. Data obtained from USGS 193 
gaging station at Mt. Carmel, IL  194 

  195 
Q is range of discharge, Qav is average discharge for measurement campaign, S is range of stage, 196 
and Sav is average stage for measurement campaign. 197 
  198 

Three-dimensional velocity measurements were obtained along predetermined cross 199 

sections oriented perpendicular to the channel centerline using a boat-mounted Teledyne RDI 1200 200 

kHz acoustic Doppler current profiler (ADCP) with an integrated Trimble dGPS antenna located 201 

directly above the ADCP. The sampling frequency of the dGPS was ~1 Hz and the horizontal 202 

positional accuracy of the GPS was less than 0.60 m. Each cross section was traversed four to six 203 

times to ensure accurate time-averaging of the velocity fields (cf. Szupiany et al., 2007).  Each 204 

traverse had a duration of approximately 4 minutes. The ADCP is a 4-beam system with a 20° 205 

beam angle and a vertical bin dimension in profiling mode as small as 0.1 m. Velocity 206 

measurements were acquired with a sampling frequency ~1 Hz with a resolution of roughly 0.01 207 

ms-1 and an overall accuracy of +/- 0.25% of the water and boat velocity. For both campaigns, 208 

velocity measurements were collected across the entire width of flow along cross sections that had 209 

an average streamwise spacing of 150 m (Figure 1).  210 

 All velocity measurements were collected using RDI-WinRiver II, which resolves 211 

velocities into north, east, and vertical components. The data were exported in ASCII format and 212 

processed using the Velocity Mapping Toolbox (VMT), a suite of Matlab-based programs 213 

Site Date Q (m3s-1)  Qav (m3s-1) % diff Q S  (m) Sav (m) % diff S

5/9/2011 6031 - 5805 5918 -3.75 9.49 - 9.37 9.43 -1.26
6/28/2011 2339 - 2398 2369 2.52 6.33 - 6.43 6.38 1.58
5/10/2011 5465 - 5267 5366 -3.61 9.18 - 9.06 9.12 -1.31
6/29/2011 2424 - 2398 2411 -1.07 6.47 - 6.43 6.45 -0.62

Maier Bend

Horseshoe Bend
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designed for processing and visualization of ADCP data (Parsons et al., 2013). VMT projects 214 

multiple ADCP traverses onto a common plane of intersection, and spatially and temporally 215 

averages the data for visualization of the three-dimensional velocity field within cross sections.  A 216 

major advantage of VMT is that it can readily analyze  the velocity field using various frames of 217 

reference for transverse sections through the flow, including cross=stream (i.e. the orientation of 218 

the transverse sections orthogonal to the channel centerline), zero net secondary discharge (the 219 

transverse section corresponding to the plane of zero net discharge), and Rozovskii (1957; planes 220 

orthogonal to the local depth-averaged vector for each vertical profile of velocity measurements) 221 

frames of reference. In the present paper, the downstream – cross-stream frame of reference was 222 

used to provide a common fixed frame of reference for comparing the characteristics of the three-223 

dimensional flow structure for the two events.  224 

To investigate the influence of bed topography and flow stage on patterns of flow through 225 

the bends, the path of the cross-sectional median discharge (Q50) was compared to the path of the 226 

channel centerline. To determine the location of the median discharge, each cross section was 227 

divided into 1 m wide segments and the unit discharge was calculated for each segment. The unit 228 

discharges were then summed across the channel and the transverse location where 50 percent of 229 

the flow occurs on each side of that position (Q50) was determined from the summed data.   230 

 Detailed channel bathymetry and bed morphology data were obtained in the loops using a 231 

multibeam echo sounder (MBES). MBES surveys were performed using a RESON SeaBat 232 

7125SV, dual frequency 200-400 kHz system with an overall depth resolution of ~6 mm and a 233 

maximum sampling frequency of 60 Hz. This system utilizes 512 beams over a swath of 128° and 234 

is capable of beam steering, allowing for focused acquisition of bathymetric data near the channel 235 

thalweg and outer bank regions. The MBES was used with an Applanix POS-MV inertial motion 236 
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unit to compensate for boat motion. Locational information was provided by a Leica RTK-GPS 237 

system. The MBES survey for Maier Bend was obtained on February 2-4, 2012 with a flow 238 

discharge of ~2800 m3s-1 (R.I. ~1.3 years), whereas surveys from two campaigns were used for 239 

Horseshoe Bend, the first conducted on July 29-31, 2008 (Q ~ 600 m3s-1, R.I. ~1 year) and the 240 

second on January 18, 2013 (Q ~2300 m3s-1, R.I. ~1.2 years). Post-processing and visualization of 241 

the MBES data was performed in Caris HIPS/SIPS software.    242 

4. Results 243 

4.1 Characteristics of meander geometry and curvature  244 

 Both bends can be classified as elongate meander loops (P > C, |𝛼𝛼𝑆𝑆1| + |𝛼𝛼𝑆𝑆2| > 180°), 245 

with Maier Bend exhibiting ~8.5% more elongation – (Cm/Pm – Ch/Ph)/Ch/Ph , where subscripts 246 

m and h correspond to Maier and Horseshoe bends, respectively – than Horseshoe Bend (Figure 247 

3).  The curvature series for Maier Bend (Figure 4A,B) shows a pronounced decrease in curvature 248 

immediately downstream of the loop apex (s ~6000 m), nearly approaching a reversal in curvature 249 

(i.e. curvature ~0 at s ~7000 m) before increasing and then decreasing again toward the 250 

downstream inflection point. This near-reversal of curvature results from the influence of the 251 

bedrock outcrop on the planform geometry of the channel that restricts channel migration at this 252 

location. In contrast, the curvature series for Horseshoe Bend (Figure 4C,D) is relatively simple, 253 

with increasing curvature toward a maximum at the loop apex (s ~3650 m) and decreasing 254 

curvature to the downstream inflection point.   Despite these differences in the spatial pattern of 255 

curvature, both loops have similar values of maximum curvature that occur near the apexes (~1.3 256 

x 10-3 m-1). 257 
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 258 
Figure 3: Planform geometric parameters used to classify (A) Maier and (B) Horseshoe 259 
bends as elongate meander loops. (Rc – radius of curvature; C – chord length; P – 260 
perpendicular distance from chord to loop apex; α – angle between channel path and chord 261 
orientation) 262 
 263 

 264 
Figure 4: Extracted channel centerlines and curvature series for (A, B) Maier and (C, D) 265 
Horseshoe bends. Note the near reversal of curvature in Maier Bend due to bedrock 266 
outcrop around streamwise distance ~7000 m. Numbers correspond to locations shown on 267 
channel bathymetric maps (Figures 5 and 8). 268 
 269 
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4.2 Channel bed morphology  270 

 The bed morphology of Maier Bend is characterized by a series of pools and bars 271 

throughout the meander loop (Figure 5). The first two pools (P1 and P2, Figure 5) are relatively 272 

small and located along the outer bank of the upstream limb, directly across from a large gravel 273 

bar along the inner bank. A third pool (P3) is located along the outer bank at the bend entrance, 274 

whereas the fourth pool (P4) begins upstream of the bend apex and extends downstream past the 275 

bedrock outcrop in the downstream limb of the loop (Figure 5). Pools P3 and P4 extend over more 276 

than 1000 m and have scour depths up to 12 m below the top of the outer banks. These two pools 277 

are separated by a region of higher topography that is approximately 100 m in length (Figure 5).  278 

The fourth pool (labeled P4) increases in size immediately downstream of the constriction in 279 

channel width associated with the bedrock outcrop along the outer bank. A small fifth pool (P5) is 280 

located along the inner bank opposite an outer bank bar that has developed where the channel 281 

width increases in the lee of the bedrock outcrop (Figure 5). 282 
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 283 
Figure 5: Bathymetric map derived from 2012 multibeam survey (0.5 m horizontal grid 284 
resolution) for Maier Bend. White dashed boxes indicate locations of Figures 6 and 7, black 285 
dashed line approximates extent of bedrock outcrop, and pools (P) are labeled. 286 
 287 

Within the upstream limb of the loop of Maier Bend, bedforms are composed primarily of 288 

two-dimensional dunes (Figure 6). The largest bedforms (~7 m wavelength, ~0.75 m amplitude) 289 

are located in the outer half of the channel, with the amplitude and wavelength of the bedforms 290 

decreasing toward the inner bank. Upstream of the zone of strong channel curvature, isolated 291 

barchan dunes of c. 0.20 m height are present on the large gravel bar along the inner bank of the 292 

loop (Figure 6).  The dunes transition into more three-dimensional geometries at, and immediately 293 
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downstream, of the loop apex where channel curvature increases, and large (amplitude > 1 m) 294 

composite dunes are present with maximum wavelengths and amplitues of 50 m and 1.5 m, 295 

respectively (Figure 7). These large bedforms become washed out in proximity to the bedrock 296 

outcrop, and small bedforms are present near the inner bank adjacent to the bedrock outcrop and 297 

within the downstream limb of the loop. 298 

 299 
Figure 6: Bathymetric map of upstream limb of Maier Bend (0.5 m horizontal grid 300 
resolution) showing transition of bedform geometry from right bank to left bank as 301 
described in text (extent of image shown in Figure 5). Inset shows point cloud data that 302 
reveal a barchan (sand) dune field on gravel bar substrate (white dashed box indicates 303 
location). Note color scale different for insert, with point cloud data ranging from 3.5 – 4.0 304 
m depth. 305 
 306 
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 307 
Figure 7: (A) Bathymetric map of Maier Bend (0.5 m resolution) showing bedform 308 
geometry immediately upstream and downstream of the loop apex (extent of image shown 309 
in Figure 5). (B) Profile of bed topography (dashed line in A) showing the presence of 310 
composite dunes and the abrupt increase in bedform wavelength and amplitude 311 
downstream of apex, as well as increased scour width (white dashed brackets). 312 

  313 

 Comparison of overlapping areas for the 2008 and 2013 multibeam surveys of Horseshoe 314 

Bend reveals that little or no large-scale morphological change occurred between the two surveys. 315 

Thus, the two datasets were merged with areas of overlap using the 2013 survey data only, thereby 316 

extending the spatial domain of bathymetric coverage throughout the loop. In contrast to Maier 317 

Bend, the bathymetric map produced for Horseshoe Bend shows only two pools: i) one along the 318 

inner bank upstream of the loop entrance (P1, Figure 8) and immediately downstream of a crevasse 319 

splay (CS), and ii) within the loop, a continuous pool along the outer bank that extends roughly 320 

the length of the point bar (P2, Figure 8). The outer bank pool (P2) displays abrupt upstream and 321 

downstream transitions and is continuous along the thalweg of the loop apex. However, the scour 322 
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depth within the pool varies locally with the zone of deepest scour (~11 m below the top of the 323 

outer bank) located just upstream of the loop apex (Figure 8). 324 

 325 
Figure 8: Bathymetric map derived from 2008 and 2013 multibeam surveys for Horseshoe 326 
Bend showing channel bed morphology. Arrow indicates flow direction, with a DEM 327 
resolution of 3 m. White dashed boxes indicate location of areas shown in Figures 9 and 10, 328 
and black dashed line approximates extent of bedrock outcrop within channel. Pools (P) 329 
and crevasse splay (CS) labeled. 330 

 331 

 Because flow conditions for the 2008 and 2013 MBES surveys were quite different, 332 

analysis of bedforms within Horseshoe Bend is restricted to areas encompassed by the 2013 333 

survey.  These bedforms primarily consist of two- and three-dimensional dunes that occur in the 334 

upstream limb of the loop, on the point bar, and along the inner bank of the downstream limb 335 

where bedrock is not exposed within the channel (Figures 8 and 9). In contrast to Maier Bend, no 336 
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large (amplitude > 1 m) dunes are  evident within the channel thalweg (Figure 9); however, both 337 

the 2008 and 2013 MBES surveys reveal a considerable amount of submerged large woody debris 338 

near the outer bank along the length of the pool (Figures 9 and 10). 339 

 340 
Figure 9: (A) Bathymetric map (0.5 m resolution) from 2013 MBES survey showing 341 
submerged large woody debris along the outer bank (dashed white oval) of Horseshoe Bend 342 
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(extent of area shown in Figure 8). (B) Profiles of bed topography along (solid line) point bar 343 
and (dashed line) thalweg (see part A for location of transects). 344 
 345 

 346 
Figure 10: Bathymetric point cloud data from 2013 MBES survey showing submerged large 347 
woody debris along the outer bank of Horseshoe Bend. (Location of area shown in Figure 8). 348 
 349 
4.3 Flow Characteristics 350 

4.3.1. Maier Bend 351 

The overall spatial pattern of depth-averaged velocity vectors at Maier Bend is similar for 352 

the two field campaigns. At the upstream limb (cross-sections 135-141), the cross-stream pattern 353 

of depth-averaged velocities is highly asymmetrical, with the highest velocities near the inner bank 354 

and the lowest velocities adjacent to the outer bank (Figure 11). As flow continues downstream 355 

into the apex region (cross-sections 146-151), the core of maximum velocity shifts towards the 356 

outer bank and the cross-stream pattern of depth-averaged velocity becomes asymmetrical, with 357 

the highest velocities along the outer bank and lowest velocities over the point bar.  At the local 358 

outcrop of bedrock (cross-sections 152-153), the flow is deflected away from the outer bank, yet 359 

velocities along this bank remain high above the bedrock platform. Downstream of the bedrock 360 

(cross-sections 154-156), where the channel narrows, the depth-averaged velocities attain their 361 

highest values within the bend (>2 ms-1).  The zone of maximum velocity in this region becomes 362 
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displaced away from the outer bank as the channel widens in the downstream direction (Figure 363 

12). Inward-directed secondary velocity vectors clearly show that the bedrock platform and 364 

constriction immediately downstream (cross-sections 153 and 154, Fig. 13) deflects flow away 365 

from the outer bank. Downstream from the constriction (cross-section 155, Fig. 13) a strong 366 

gradient in streamwise velocities separates the core of maximum velocity (~2.25 ms-1) from a zone 367 

of flow recirculation, which is defined by negative (upstream) streamwise velocities (-0.35 ms-1). 368 

Outward-directed secondary velocity vectors occur along the outer bank where flow expands 369 

toward the flow separation zone downstream of the constriction (cross-section 156; Fig. 13). 370 
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 371 
Figure 11: Depth-averaged velocity vectors along Maier Bend for (A) Campaign 1 (Q ~ 372 
5,660 m3s-1), (B) Campaign 2 (Q ~ 2,450 m3s-1). 373 
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 374 
Figure 12: Depth-averaged velocity vectors (Campaign 2, Q ~ 2,450 m3s-1) shown with 375 
multibeam-derived channel morphology for Maier Bend. Note redirection of primary flow 376 
away from outer bank due to bedrock outcrop and the presence of a shear layer and zone 377 
of recirculation downstream of the bedrock. 378 
 379 
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 380 
Figure 13. Cross-sectional flow fields at Maier Bend for June 2011 (Q ~ 2,450 m3s-1), using 381 
a cross section frame of reference showing streamwise (contours) and transverse (vectors) 382 
velocities. Cross-section 153 shows bedrock platform exposed within the channel (grey 383 
hatched region) directing flow away from the outer bank. Downstream of the bedrock flow 384 
separation occurs and a zone of recirculating fluid is present along the outer bank as shown 385 
by negative streamwise velocities. 386 
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 Despite these overall similarities, flow characteristics differ slightly between Campaign 1 387 

and Campaign 2. During Campaign 1, maximum velocities near the inner bank at the bend entrance 388 

are ~1.75 ms-1, whereas during Campaign 2 the maximum velocities are about 25% less (~1.3 ms-389 

1) (Figure 11). During Campaign 2, the core of maximum velocity shifts to the outer bank 390 

immediately downstream of the bend entrance (cross-section 141, s = 4750 m), while during 391 

Campaign 1 this shift in the maximum-velocity core occurs farther downstream (cross-section 144, 392 

s = 5200 m, Fig. 11). As flow moves farther downstream (cross-sections 147-152, s = 5650-6400), 393 

the core of maximum velocity is located at a position about 80-85% of the cross-stream distance 394 

from the channel centerline toward the outer bank.  The outward shift of the maximum-velocity 395 

core during both campaigns results in substantial deviation between the path of the cross-sectional 396 

median discharge (Q50) and the channel centerline (Figure 14A).  Within the upstream limb of the 397 

loop where the lateral extent of the point bar is limited, the path of Q50 is nearly identical to the 398 

channel centerline. However, within the loop, channel curvature increases and the lateral extent of 399 

the point bar expands. These increases in curvature and channel asymmetry through the bend 400 

redistribute mass and direct high-momentum flow toward the outer bank, resulting in an outward 401 

shift in the location of Q50. The deviation between the path of Q50 and the channel centerline 402 

reaches a maximum near the loop apex.  The outward shift in Q50 is slightly greater in Campaign 403 

2 (~110 m from centerline), the near-bankfull flow, than in Campaign 1 (~90 m from centerline), 404 

the overbank flow.  Downstream of the loop apex the flow encounters the bedrock platform and is 405 

redirected away from the outer bank, reducing the deviation between the path of Q50 and the 406 

channel centerline (Figure 14A). 407 

 Cross-sectional velocity fields and patterns of secondary velocity vectors show the 408 

differences between the two campaigns and advection of the maximum velocity core toward the 409 
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outer bank (Figure 15). As flow travels through the upstream portion of the bend (cross section 410 

144-146), channel width increases and the cross-sectional distribution of velocity becomes more 411 

asymmetric as the point bar influences channel shape (Fig. 15). During Campaign 1, flow in this 412 

upstream part of the bend is directed outward within the thalweg and inward over the point bar, 413 

suggesting flow divergence. However, during Campaign 2, a decrease in flow stage results in 414 

relatively shallow flow over the top of the point bar, confinement of most flow within the thalweg, 415 

and enhanced topographic steering of the flow toward the outer bank (Fig. 15). Immediately 416 

downstream of the bend apex (cross section 149), secondary velocity vectors near the surface are 417 

directed outward, whereas those near the bed are directed inward, indicating the  development of  418 

helical motion (Fig. 15). The cross-sectional velocity fields also show that the core of high velocity 419 

adjacent to the outer bank extends from near the surface to the bank toe, with velocity magnitudes 420 

being slightly larger during Campaign 2 (~1.85 ms-1) than Campaign 1 (~1.75 ms-1). 421 
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 422 

Figure 14: Path of cross-sectional median discharge (Q50) through (A) Maier Bend and (B) 423 
Horseshoe Bend for Campaigns 1 (Q ~ 5,660 m3s-1) and 2 (Q ~ 2,450 m3s-1), shown with the 424 
channel centerline calculated from banklines. 425 
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 426 

 427 
Figure 15: Cross-sectional flow fields at Maier Bend for May (Q ~ 5,660 m3s-1) and June 428 
2011 (Q ~ 2,450 m3s-1), using a cross section frame of reference showing streamwise 429 
(contours) and transverse (vectors) velocities. 430 
 431 

4.3.2. Horseshoe Bend  432 

 At the entrance to Horseshoe Bend, the highest velocities (~1.75 ms-1) are located 433 

near the inner bank, whereas velocities adjacent to the outer bank are < 0.05 ms-1 (Fig. 16). 434 

Compared to Maier Bend, the outward shift of maximum velocities within Horseshoe Bend is less 435 

prominent. For both campaigns, a gradual outward shift in maximum velocities in the upstream 436 

part of the bend (cross sections 65-68, s = 2550-3000) results in a broad zone of fairly uniform 437 

velocities within the center of the channel. In campaign 1, a distinct core of maximum velocity 438 

near the bend apex is not clearly visible from the pattern of depth-averaged vectors (Fig. 16), but 439 

examination of the velocity data indicates that the greatest outward shift of the maximum velocity 440 

core occurs at the downstream part of the apex region (cross-sections 70-71, s = 3300-3450), where 441 

this core is located about 75% of the cross-stream distance from the channel centerline to the outer 442 

bank. In Campaign 2, the core of maximum velocities near the apex is somewhat more distinct 443 
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(Fig. 16) and this core is located closest to the outer bank (80% of the cross-stream distance from 444 

the centerline to the outer bank) at the same location as in Campaign 1 (cross-sections 70-71, s = 445 

3300-3450). Within the downstream limb of the bend (cross sections 75-80), the bedrock outcrop 446 

along the outer bank constricts the channel width, accelerating the flow and producing the highest 447 

velocities within the reach; however, the core of maximum velocity is shifted away from the outer 448 

bank relative to its position farther upstream. At many locations in Horseshoe Bend, velocities 449 

immediately adjacent to the outer bank are relatively small (0.10 – 0.75 ms-1) (Fig. 17). Cross-450 

sectional velocity fields near the bend apex (cross sections 68-70) reveal that the zone of near-451 

bank reduced velocity extends to the bank toe, and, despite velocity magnitudes as high as ~1.8 452 

ms-1 during Campaign 2 (roughly 20% higher than Campaign 1), the zone of reduced velocity near 453 

the outer bank persists. The orientations of secondary velocity vectors are outward near the surface 454 

and inward near the bed, suggesting that helical motion has developed through the bend (Fig. 17). 455 

However, this pattern of fluid motion is present only over the point bar and thalweg; near the outer 456 

bank the extent of helical motion is restricted by the zone of reduced velocity.  457 

The spatial pattern of flow through Horseshoe Bend shows a similar shift in the path of Q50 458 

from the channel centerline to that observed for Maier Bend; however, compared to Maier Bend, 459 

the locus of maximum deviation between the centerline and path of Q50 at Horseshoe Bend is 460 

shifted upstream (Figure 14).  Near the loop entrance, where channel curvature and the lateral 461 

extent of the point bar are limited, the path of Q50 follows the centerline closely (Figure 14B). As 462 

flow moves into the bend, increasing channel curvature and topographic steering of the flow by 463 

the expanding point bar along the inner bank shifts the zone of maximum streamwise velocities 464 

toward the outer bank. The greatest difference (~65 m) between the location of the centerline and 465 

the position of Q50 for Campaign 2 occurs near the loop apex. Deviation between the path of Q50 466 
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and the centerline decreases toward the downstream end of the loop, becoming nearly coincident 467 

at the tail of the point bar (Figure 14B). 468 
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 469 

Figure 16. Depth-averaged velocity vectors at Horseshoe Bend for (A) Campaign 1 (Q ~ 5,660 470 
m3s-1) and (B) Campaign 2 (Q ~ 2,450 m3s-1). 471 
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 472 
Figure 17: Cross-sectional flow fields at Horseshoe Bend for May (Q ~ 5,660 m3s-1) and June 473 
2011 (Q ~ 2,450 m3s-1), using a cross section frame of reference showing streamwise 474 
(contours) and transverse (vectors) velocities. 475 
 476 
4.3.3. Mass and momentum redistribution  477 

 The spatial patterns of Q50 (Figure 14) indicate that the flow path deviates from the path of 478 

the channel centerline in both loops.  To further explore this phenomenon,  the spatial position of 479 

the median cross-sectional unit discharge 𝑈𝑈𝑠𝑠ℎ can be examined to show how changes in the spatial 480 

position of median depth (h) and median velocity (Us) contribute to the redistribution of mass 481 

through each loop (e.g. Blanckaert, 2010). This method involves plotting the transverse positions 482 

(n coordinates) of the median  unit discharge 𝑈𝑈𝑠𝑠ℎ, median flow depth h, and median depth-483 

averaged streamwise velocity 𝑈𝑈𝑠𝑠 against streamwise distance along the channel centerline (s) 484 

(Figures 18A-D).  These plots reveal close agreement between the spatial pattern of 𝑈𝑈𝑠𝑠ℎ and h for 485 

both loops and for each date of measurement (Figures 18 A-D).  This result suggests that mass 486 

redistribution of the flow through the loops is strongly influenced by the changing depth 487 

distribution across the channel, reflecting topographic steering by the point bar. The spatial pattern 488 

of 𝑈𝑈𝑠𝑠 generally follows a similar trend to 𝑈𝑈𝑠𝑠ℎ and h, but maintains transverse positions closer to 489 
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the channel centerline. Moreover, at Horseshoe Bend during Campaign 2, the median streamwise 490 

velocity shifts laterally in a different pattern than 𝑈𝑈𝑠𝑠ℎ and h (Figure 18D). Additionally, at 491 

streamwise distances greater than ~3700 m at Horseshoe Bend, the pattern of 𝑈𝑈𝑠𝑠 becomes aligned 492 

with the pattern of 𝑈𝑈𝑠𝑠ℎ more closely than does the pattern of h (Figures 18C-D), which most likely 493 

reflects the influence of extensive bedrock exposed within the downstream limb of the loop.  Thus, 494 

the spatial pattern of mass flux (𝑈𝑈𝑠𝑠ℎ) is also influenced to some extent by the redistribution of 495 

momentum (Us) within the loop.  496 

 Quantitative analysis of the redistribution of Us within meanders bends should be based on 497 

the depth-averaged streamwise momentum equation (Dietrich and Smith, 1983; Blackaert, 2010).  498 

Such an analysis requires accurate data on streamwise water surface gradients, which are not 499 

available in the present study.  If it is assumed that the streamwise water surface gradient through 500 

a bend is fairly constant, major factors contributing to the redistribution of streamwise momentum 501 

include topographic steering, which is related to changes in depth, and helical motion, which is 502 

related to channel curvature.  A key factor influencing channel migration is the extent to which 503 

redistribution of momentum affects near-bank velocities.   The magnitude of near-bank velocities 504 

has been linked to rates of channel migration (Pizzuto and Meckelnburg, 1989) and is included in 505 

convolution models that define channel migration as a spatially weighted function of upstream 506 

channel curvature (Parker and Andrews, 1986; Guneralp and Rhoads, 2010).  507 

In the absence of water-surface gradient data, the extent to which redistribution of mass 508 

and momentum affects depth-averaged velocities near the outer bank is examined by plotting 509 

values of U80, hn=-100, and Cc versus s for the two flows in each meander loop (Figure 18E-H).  510 

Here, U80 is the depth-averaged streamwise velocity at a location corresponding to 80% of the 511 

transverse distance from the channel centerline to the outer bank, hn-=-100 is the channel depth at a 512 
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transverse distance of 100 m from the centerline toward the inner bank, and Cc is the cumulative 513 

curvature along the channel centerline from the bend entrance to a particular location. Within the 514 

upstream limb of each loop, for each field campaign 𝑈𝑈80 increases rapidly as hn=-100 abruptly 515 

decreases and Cc increases (Figures 18E-H, shaded regions). Downstream of this zone of 516 

pronounced increase in near-bank velocity, both hn-=-100 and U80 remain fairly constant at Maier 517 

Bend even though Cc continues to increase linearly (Figures 18E-F).  At the downstream end of 518 

the loop, U80 decreases as flow expands beyond the region of bedrock and a region of separation 519 

develops along the outer bank.  At Horseshoe Bend, beyond of the zone of increase in near-bank 520 

velocity, U80 fluctuates, but does not increase systematically, while hn-=-100 systematically 521 

increases.  Toward the downstream end of the reach, where bedrock is exposed along the outer 522 

bank, U80 locally increases.  Cumulative curvature increases systematically until reaching the 523 

inflection point at the downstream end of the loop.  524 

The patterns of U80, hn=-100, Cc suggest that at the upstream end of the two loops both 525 

topographic steering associated with decreasing depth along the inner bank as well as outward 526 

transport of momentum associated with channel curvature lead to an abrupt increase in near-bank 527 

velocities. Once this momentum transfer at the upstream end of the loop occurs, the continued 528 

curvature of the channel sustains, but does not greatly enhance, the magnitude of near-bank 529 

velocities.  The near-bank velocity data also clearly indicate that values of U80 are greater at near-530 

bankfull flow in both loops (Campaign 2) compared to values for overbank flow (Campaign 2) 531 

(Figure 18; Table 2).  532 



38 
 

 533 
Figure 18: A-D) Normalized transverse position of cross-sectional median unit discharge 534 
𝑼𝑼𝒔𝒔𝒉𝒉, median flow depth h, and median depth-averaged streamwise velocity 𝑼𝑼𝒔𝒔 around each 535 
loop. E-H) Spatial evolution of U80, hn=-100, and C. Data presented for Maier Bend, Campaign 536 
1 (A and E); Maier Bend, Campaign 2 (B and F); Horseshoe Bend, Campaign 1 (C and G); 537 
Horseshoe Bend, Campaign 2 (D and H). 538 
 539 
 Although the redistribution of mass and momentum appears to be broadly similar 540 

throughout the two loops, the pattern of near-bank depth-averaged velocity vectors around 541 

Horseshoe Bend shows a pronounced region of reduced velocities that is not present around Maier 542 

Bend. To evaluate this difference quantitatively, statistical comparisons were conducted of U80 543 

and U95 for the two bends, where U95 is the depth-averaged velocity at 95% of the channel half-544 

width distance from the centerline to the outer bank, i.e. the velocity magnitude very close to the 545 

outer bank.  Only cross-sections upstream of the bedrock sections of the two bends were included 546 
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in the statistical comparison to eliminate the effect of bedrock on near-bank flow.  Results show 547 

that the ratio of the mean values of U95 and U80 is much less for Horseshoe Bend than for Maier 548 

Bend, indicating that depth-averaged velocity magnitudes decrease to a greater extent near the 549 

outer bank at Horseshoe Bend than at Maier Bend (Table 2).  Moreover, the ratio of coefficients 550 

of variability for U95 and U80 is greater at Horseshoe Bend than at Maier Bend, demonstrating that 551 

depth-averaged velocities near the bank at Horseshoe Bend are more variable than those at Maier 552 

Bend. Given that both loops exhibit similar patterns of mass and momentum redistribution, the 553 

likely factor contributing to reduced velocity along the outer bank of Horseshoe Bend is the 554 

presence of abundant LWD. The differences in the near-bank streamwise velocities confirm 555 

indicate a stronger effect of roughness on the flow near the outer bank at Horseshoe Bend than at 556 

Maier Bend, which lacks near-bank LWD. 557 

Table 2: Statistics of near-bank depth-averaged streamwise velocities at 80% and 95% of 558 
the channel half-width upstream of bedrock influence. 559 

 560 

 561 

5 Discussion 562 

 The results from this study provide insight into spatial patterns of three-dimensional flow 563 

structure and bed morphology in large elongate meander loops, how these patterns vary under 564 

different discharge conditions, and the influence of differences in outer bank roughness 565 

characteristics on these patterns. Generally, the patterns of three-dimensional flow structure within 566 

the elongate meander loops examined in the present study are in agreement with previous 567 

laboratory and field investigations of flow structure through high amplitude, elongate meander 568 

Date
5/9/2011 110.0 74.7 26.9 31.9 0.25 0.43 0.68 1.75

6/28/2011 133.5 86.9 19.6 18.7 0.15 0.22 0.65 1.47
5/10/2011 100.1 54.0 15.1 17.9 0.15 0.33 0.54 2.21
6/29/2011 128.2 68.6 21.1 30.8 0.16 0.45 0.54 2.73

Maier Bend

Horseshoe Bend

𝜇80 𝜇95 𝜎95 𝑐𝑣95𝜎80 𝑐𝑣80 𝜇95 𝜇80⁄ 𝑐𝑣95 𝑐𝑣95⁄
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bends (Jackson, 1975a,b; Whiting and Dietrich, 1993a,b; Frothingham and Rhoads, 2003; Abad 569 

and Garcia, 2009a,b; Blanckaert, 2010; Termini and Piraino, 2011; Engel and Rhoads, 2012). At 570 

the upstream limb of the loops, the highest velocities are located along the inner bank, reflecting 571 

both inherited flow structure from the upstream bend of opposite curvature (Jackson, 1975a; Abad 572 

and Garcia, 2009a), as well as spatial variations in water-surface topography through sequential 573 

bends of opposing curvature that lead to high velocities along the inner bank at bend entrances 574 

(Dietrich, 1987). As flow moves through the bends, topographic steering of the flow by the point 575 

bar along with centrifugal effects associated with flow curvature shift the core of maximum 576 

velocity from the inner to the outer bank (Figures 11, 16, and 18). Upstream of the bend apex, the 577 

discharge vector is oriented toward the outer bank relative to the orientation of the channel 578 

centerline, resulting in a net increase in discharge over the outer half of the channel.  This net 579 

outward movement of flow can be attributed mainly to topographic steering by the point bar, which 580 

diminishes the cross-sectional area over the inner portion of the channel (Figure 18). Near the bend 581 

apex, secondary velocity vectors in both loops display outward directed near-surface flow and 582 

inward directed near-bed flow – a pattern indicative of large-scale curvature-induced helical 583 

motion. This helical motion advects high-momentum, near-surface flow toward the outer bank, 584 

maintaining  large near-bank velocities and boundary shear stresses in the channel thalweg. At 585 

both bends, the core of maximum velocity is positioned closest to the outer bank immediately 586 

downstream of the loop apex, consistent with findings of previous field and laboratory studies 587 

(Jackson, 1975a,b; Whiting and Dietrich, 1993a; Frothingham and Rhoads, 2003).  588 

 As illustrated by the results for Horseshoe Bend, the presence of large woody debris (LWD) 589 

along the outer bank can produce substantial differences in the overall flow structure through the 590 

bend compared to patterns of flow in meandering channels that lack large wood (e.g. Maier Bend). 591 
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In particular, as curvature and the effect of topographic steering increase through the loop and the 592 

core of maximum velocity gradually shifts toward the outer bank (Figure 18), the increased flow 593 

resistance generated by submerged trees leads to the development of a zone of low velocities 594 

adjacent to the outer bank (Figures 16-17). As a result, the magnitude of streamwise velocities in 595 

the vicinity of the outer bank are diminished to a greater extent than near-bank velocities in loops 596 

without abundant near-bank LWD (e.g. Maier Bend, Figure 15 and Table 2). Moreover, the 597 

presence of LWD inhibits extension of large-scale curvature-induced helical motion into the near-598 

bank region. These findings are generally consistent with past work on flow structure in a small 599 

meander bend with woody vegetation along the outer bank (Thorne and Furbish, 1995).  600 

 The present study has also documented the effect of variable high discharges on the flow 601 

structure through elongate bends. For the near-bankfull conditions at Maier Bend (Campaign 2), 602 

the shift of maximum velocity from inner to outer bank occurred at a location roughly coincident 603 

with the intersection of the inner bank tangent with the outer bank, a finding consistent with 604 

experimental results (Whiting and Dietrich, 1993a,b). However, for overbank conditions 605 

(Campaign 1), the core of maximum velocity crossed from inner to outer bank farther downstream, 606 

close to the bend apex (Figure 11). This lag in the shift of the maximum velocity core is most 607 

likely related to the diminished topographic steering caused by the point bar during this overbank 608 

event given that a large proportion of the total flow moved across the interior part of the meander 609 

loop in the down-valley direction. However, it is interesting to note that near-bank velocities in 610 

the upstream part of the bend increase abruptly at nearly the same position in the loop during both 611 

events (Figure 18E-F). Because near-bank velocities influence outer bank erosion rates, the effect 612 

of mass or momentum redistribution on these velocities is important for understanding patterns of 613 

bank erosion and channel migration. This zone where near-bank velocities increase abruptly 614 
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corresponds closely with the location where bank erosion within Maier Bend begins (Konsoer et 615 

al., 2016).  Maximum rates of bank erosion occur farther downstream near the bend apex where 616 

the maximum velocity core is closest to the outer bank. During the overbank event, near-bank 617 

velocities near the bend apex are less than velocities at this location during the near-bankfull event.. 618 

In addition to the diminished topographic steering effect during the overbank flow, this reduction 619 

in near-bank velocities may be partly related to flow bypass (Jackson, 1975a, p. 38), whereby 620 

overbank flow extracts momentum from the flow in the main channel, resulting either in steady or 621 

decreasing depth-averaged velocities as discharge increases from bankfull to overbank conditions.  622 

 Similarly, at Horseshoe Bend depth-averaged, near-bank velocities during the near-623 

bankfull event are greater than those during the overbank event (Figure 16). However, in contrast 624 

to Maier Bend, the position of the core of maximum velocity throughout the loop does not appear 625 

to be strongly influenced by the change in flow conditions. Instead, the position of the core of 626 

maximum velocity remains relatively farther from the outer bank for both campaigns than at Maier 627 

Bend. The abundant LWD along this bank is effective at preventing penetration of high momentum 628 

fluid, which can produce high boundary shear stresses, into the near-bank region during 629 

geomorphically active flood events. Additionally, given that the curvature series for Maier and 630 

Horseshoe bends display similar peak magnitudes and both bends contain large point bars capable 631 

of steering flow toward the outer bank, the LWD along the outer bank at Horseshoe Bend may 632 

partly contribute to differences in the deviation of the path of Q50 from the channel centerline. At 633 

Maier Bend, the path of Q50 reaches a maximum deviation near the apex of ~110m, roughly 55% 634 

of the distance from the centerline to the outer bank, whereas at Horseshoe Bend the outward shift 635 

of Q50 is only ~65 m, roughly 40% of the distance from the centerline to the outer bank.  636 
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 At Maier Bend, the largest outer bank pool upstream of the loop apex (P3) is located close 637 

to the region where the core of maximum velocity intersects the outer bank (Figures 5 and 11), a 638 

finding similar to that of past experimental studies (Whiting and Dietrich, 1993a,b; Termini 2009), 639 

and findings from small elongate meander loops (Engel and Rhoads, 2012). Additionally, the 640 

locations of the pools along the outer bank upstream of the bedrock outcrop appear to be closely 641 

correlated to local maxima within the curvature series. For example, the location of P3 corresponds 642 

closely with the first local maxima in the curvature series for Maier Bend (i.e. Figures 4-5, #1), 643 

whereas P4 is broadly centered around the maximum curvature value (i.e. Figure 4-5, #3), with 644 

the deepest scour occurring immediately downstream of the locus of peak curvature. The local 645 

topographic high along the outer bank between these two pools occurs near a local minimum in 646 

the curvature series (i.e. Figures 4-5, #2). This finding is also consistent with results of previous 647 

studies, which have shown that the locations of multiple pools in elongate bends are associated 648 

with spatial variations in channel curvature (Harvey and Hooke, 1983; Engel and Rhoads, 2012). 649 

In contrast to Maier Bend, only one large, continuous pool at Horseshoe Bend is present 650 

along the outer bank. Although the upstream and downstream extents of the pool coincide roughly 651 

with the two local maxima of the curvature series (i.e. Figure 4 and 8, #6 and #8), the local minima 652 

in curvature (#7) does not correspond to a local topographic high along the outer bank, but in fact 653 

at this location the depth of the outer bank pool reaches its maximum.   Modification of the near-654 

bank flow by abundant LWD may disrupt the relationship between channel curvature and pool 655 

development.  656 

Despite the presence of multiple outer bank pools along Maier Bend, the bed topography 657 

throughout this elongate meander loop does not appear to be organized into a series of shingle bars 658 

(i.e. Whiting and Dietrich, 1993a, b). Likewise, the bed topography of Horseshoe Bend does not 659 
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show evidence of overlapping, channel-wide, bar forms throughout the loop. The point bars in the 660 

two elongate meander loops are not segmented into discrete lobes with distinct bar fronts. Instead, 661 

the bed morphology is better characterized as possessing a single point bar that extends over much 662 

of the length of the inner bank, two or more pools associated with maxima in channel curvature, 663 

migrating dunes that scale with flow depth, and zones of scour along the outer bank that are 664 

influenced by bedrock outcrops and large woody debris.  The reason why the meander loops in the 665 

Wabash River lack well-defined shingle bars is unclear, but previous field studies have confirmed 666 

that such bars also are absent in compound meander loops (Engel and Rhoads, 2012).  Possible 667 

factors that could account for this discrepancy between results of laboratory and field studies 668 

include scaling issues related to flow width:depth ratios and to bed material characteristics, or to 669 

the effects of  flow unsteadiness on bar development.  Further work is needed to evaluate the utility 670 

of the shingle-bar concept in meandering rivers.  671 

Spatial variation in bedform morphology throughout these two elongate meander loops is 672 

dependent on the local hydraulic conditions, which are influenced by channel curvature, flow 673 

discharge, and the presence of bedrock outcrops and in-channel wood. Within the upstream limb 674 

of Maier Bend, channel curvature values are small, depth-averaged velocities are asymmetric with 675 

highest values along the inner bank, and the strength and coherence of secondary flow is weak. In 676 

this reach, bedform morphology changes across the channel from two-dimensional dunes along 677 

the outer bank, to smaller dunes in the middle of the channel, to a barchan dune field migrating 678 

over a gravel-covered bar along the inner bank. The barchan dune field demonstrates that sand 679 

supply is locally limited over the gravel bar. Similarly, exposed bedrock within the downstream 680 

limbs of these meander loops decreases the channel width, which in turn accelerates the flow.  The 681 

increased velocities lead to local scour of the channel bed where the substrate is mobile (e.g. Maier 682 
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Bend) or, where alluvial cover is thin or absent, exposure of bedrock on the bed of the channel 683 

(e.g. Horseshoe Bend).  Thus, bedforms are absent near the bedrock at these locations.  684 

Dune wavelengths and amplitudes obtained from the high-resolution multibeam 685 

bathymetry for both meander loops do not always agree with predictions of dune geometries based 686 

on empirical relations. Using measurements of flow depth and a characteristic median grain size 687 

𝑑𝑑50 for bed material of 0.0007 m,  bedform geometries for the Wabash River (Figures 6, 7 and 9) 688 

were compared to predictions based on: 𝜆𝜆 = 6.25ℎ and Δ = 2.5ℎ0.7𝑑𝑑500.3, where 𝜆𝜆 is dune 689 

wavelength, and Δ is dune amplitude (Julien and Klaassen, 1995). Predicted dune wavelengths 690 

generally are 3-7 times larger than measured values, while predicted amplitudes are roughly 1.5 691 

times larger than measured values.  However, predicted values of dune wavelength (59 m) and 692 

amplitude (1.4 m) do correspond closely to measured values of  wavelength (50 m) and amplitude 693 

(1.5 m) of the large composite dunes located immediately downstream of the loop apex on Maier 694 

Bend. Despite this local agreement, it is worth noting that immediately upstream of the apex on 695 

Maier Bend the average dune wavelengths (17 m) and amplitudes (1.2 m) are much smaller, and 696 

the transition between  small dunes and large composite dunes in the apex region is rather abrupt 697 

(Figure 7). The lack of agreement between the observed and predicted bedform geometries might 698 

indicate that bedform morphology was not in equilibrium with local hydraulic conditions and was 699 

adjusting to unsteady flow conditions related to the passing flood wave..  700 

Lastly, mesoscale bedform development within these two bends may be influenced by the 701 

presence or absence of large woody debris. At Maier Bend, where LWD along the outer bank is 702 

absent, large dunes develop in the thalweg immediately adjacent to the outer bank.   In contrast, at 703 

Horseshoe Bend, where abundant LWD strongly affects hydraulic conditions, large dunes are not 704 

present in the thalweg.  The hydraulic effects of the LWD at Horseshoe Bend may sufficiently 705 
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disrupt patterns of sediment transport to inhibit the development of dunes within the channel 706 

thalweg. 707 

 708 

6 Conclusions 709 

 The present paper has examined spatial patterns of three-dimensional flow structure and  710 

bed morphology within two elongate meander loops on a large meandering river during two flow 711 

events with different discharges. The two bends have similar planforms and are influenced locally 712 

by outcrops of bedrock, but have different outer-bank roughness characteristics. The principal 713 

findings are: 714 

1. In large elongate loops , the highest velocities are observed along the inner bank at the bend 715 

entrance with the zone of maximum velocity crossing over to the outer bank upstream of 716 

the loop apex.  Redistribution of mass and momentum is dependent on flow stage with 717 

greater redistribution towards the outer bank occurring during near-bankfull events than 718 

during overbank events.  As a result, near-bank velocities are greater during near-bankfull 719 

flow than during overbank flow. Redistribution of mass and momentum around the loop 720 

appears to be primarily effected by topographic steering of the flow by the point bar with 721 

momentum redistribution by curvature effects sustaining high near-bank velocities in 722 

downstream parts of the loops. 723 

2. In elongate meander loops with abundant near-bank large woody debris, a zone of low flow 724 

velocity is produced near the outer bank  that persists along the majority of the bend. This 725 

zone of low velocity is situated adjacent to the maximum core of velocity within the 726 

channel thalweg and confines curvature-induced helical motion to the region between the 727 

channel thalweg and the face of the point bar. In addition to enhancing the  lateral gradient 728 
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in depth-averaged near-bank velocities, this LWD also increases the lateral gradient in 729 

relatively variability of near-bank velocities. 730 

3. Channel bed topography in the loop without LWD displays multiple outer bank pools, 731 

whereas bed topography in the loop with LWD exhibits only one large, outer bank pool 732 

that extends the length of the point bar. The morphology of these bed features does not 733 

conform to the structure of shingle bars that develop in experimental channels, but the 734 

location and size of the pools in the Wabash River are related to spatial variations in 735 

channel curvature and three-dimensional flow structure through the loops. Observed 736 

bedform morphology also was not consistent with morphology predicted by empirical 737 

relationships based on flow depth and grain size..  738 

Although time-averaged measurements of three-dimensional velocities and bed morphology were 739 

obtained herein for two different high discharge flow events, future research should examine a 740 

wider range of geomorphically relevant discharge events to investigate the temporal response of 741 

the bed morphology to hydraulic conditions throughout elongate meander loops. Furthermore, 742 

detailed investigations of the interactions between outer bank roughness, near-bank three-743 

dimensional flow structure, and rates of bank erosion and migration should be conducted to explore 744 

the efficacy of LWD, slump blocks, and topographic roughness on mitigating planform evolution 745 

in large rivers. 746 
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