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1 INTRODUCTION 
 

The Lower Feather River Corridor Management Plan (LFRCMP) is being developed to describe a long-

term vision and an integrated strategy for managing the 20-mile river corridor between the cities of 

Yuba City / Marysville and the Sutter Bypass. The LFRCMP will provide guidance and recommendations 

for planners, land managers and decision-makers to manage the lower Feather River in a way that 

protects public safety, facilitates flood protection system management and maintenance of flood 

control facilities, and conserves and enhances or restores habitat and ecosystem functions. The plan 

also seeks to promote economic sustainability, land use compatibility, and recreational opportunities. 

 

1.1 BACKGROUND / PHYSICAL SETTING 
 

The morphology of the Lower Feather River has been largely affected by historic perturbations within 

the watershed that have significantly impacted both the sediment and hydrologic regime over the last 

150 years. As a result of hydraulic mining in the mid to late 1800s, over 950 million cubic yards of 

sediment were delivered from the upper Feather, Yuba and Bear River watersheds through the lower 

Feather River corridor. Some of this material was deposited on floodplains of the Lower Feather River, 

and caused up to 20 feet of aggradation near Marysville (Ayres, 1997). With the cessation of hydraulic 

mining in the early 1900s, and the construction of dams through the middle of the 20th century, the 

supply of sediment to the system was dramatically reduced. As a result of the reduced sediment supply 

and extensive levee projects, dredging, and channelization, a period of channel incision through an 

aggraded bed condition occurred from the early to mid 20th century as influenced by the backwater 

conditions (reduced velocity) at the confluence of the Feather River with the Sutter Bypass (James et al., 

2009), after which the channel began to rest upon pre-hydraulic mining era deposits, which are 

significantly more resistant to erosion. The extensive aggradation of floodplain deposits during the 

hydraulic mining era, followed by post-mining incision, has dramatically reduced the frequency and 

duration of natural floodplain inundation that persisted prior to the hydraulic mining era. While bed 

incision has substantially diminished overall in the study reach over the last 20 to 30 years, head cutting 

continues along with lateral bank erosion and knick point migration at Shanghai Rapids. The erosion is 

currently somewhat controlled by the composition of the river banks, bank armoring (riprap), the 

limited supply of incoming sediment from the watershed below the major reservoirs (Ayres, 1997), and 

the integrity of the geologically resistant Modesto and Riverbank formations. However, the erosion at 

Shanghai Rapids is of ongoing concern due to the adverse effects it may pose on upstream fish spawning 

habitat and downstream sediment aggradation. 

 

The geologically resistant Modesto Formation at Shanghai Rapids had been retreating at a rate of 11.1 

feet/year (cbec, 2011) until recently. However, in January 2012 substantial headcutting occurred causing 

the Modesto Formation to breach, and compromised a major Yuba City pressurized sewer line buried 

approximately five feet below the surface of the Modesto Formation (Moffat & Nichol, 2012). The fate 

of Shanghai Rapids is of particular importance due to the potentially significant hydraulic and 

geomorphic changes that could ensue following breaching of the rapids (Mussetter, 1999; James et al., 

2009; cbec, 2011). Chute channel enlargement or full breaching could trigger significant upstream 

degradation of the river bed. Upstream channel degradation and sediment mobilization could be 



 
October 18, 2013 2 cbec, inc. 

followed by downstream aggradation, accompanied by bank instability and possible remobilization of 

mercury laden sediments (James et al., 2009). These hydraulic and geomorphic changes may result in 

the loss of salmonid habitat upstream, and a reduction in the frequency of inundation of natural 

floodplains and proposed actions as part of the LFRCMP to enhance floodplain habitats. 

 

1.2 STUDY OBJECTIVES 
 

As a component to the LFRCMP, cbec assisted AECOM in developing a conceptual corridor maintenance 

and habitat restoration plan to reduce flood system operation and maintenance costs while preserving 

river system dynamics and enhancing habitat and ecosystem functions. To help assess the geomorphic 

and ecological benefits and adverse effects of the floodway maintenance, management, and restoration 

plan, cbec conducted 2D hydrodynamic and sediment transport modeling of the Lower Feather River 

(see Figure 1 and Figure 2). During the course of the study, a substantial breach (i.e., headcutting) 

occurred at Shanghai Rapids in January 2012 after cbec evaluated a number of potential concept plan 

management actions relative to the existing conditions. The breach was substantial and the planning 

team expressed concern about the effects the breach might have on achieving the LFRCMP goals and 

objectives. As a result, cbec also assessed the geomorphic changes and ecological impacts related to the 

initial breaching of the rapids and the potential future widening of the breach at Shanghai Rapids. 

 

 

2 MODEL DEVELOPMENT 
 

A two-dimensional hydrodynamic and sediment transport model was developed for the Lower Feather 

River based on available data and new data collected as part of this project. The model area references 

the river mile (RM) stationing established by the United States Army Corps of Engineers (USACE) for the 

Sacramento-San Joaquin Rivers Comprehensive Study (Ayres, 2003) also known as and referred to in this 

report as the Comp Study. The model was prepared with a horizontal projection of North American 

Datum (NAD) 1983, Universal Transverse Mercator (UTM), Zone 10 North, meters, and a vertical datum 

based on North American Vertical Datum (NAVD) of 1988, meters. All model inputs were prepared in 

metric units and model outputs were subsequently converted to US customary units for reporting 

purposes. 

 

2.1 MODEL SOFTWARE 
 

MIKE 21C is a two-dimensional curvilinear grid model developed by DHI Water & Environment (DHI) to 

simulate changes in river morphology. The hydrodynamic model solves the vertically integrated 

equations of continuity and conservation of momentum (the Saint Venant equations) in two directions 

and includes descriptions for helical flow and vertical velocity profiles. These descriptions are important 

for simulating the physical processes associated with secondary flow in meandering systems. The 

morphological model, following calculation of bed material transport (bed load and suspended load), 

solves the equation for sediment continuity and simulates how the river bed develops in response to 

fluvial erosion (bed and bank), deposition, and shoaling. Two-dimensional models like MIKE 21C can be 

used to model sediment transport in the lower Feather River corridor. The available formulas in MIKE 
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21C can successfully describe transport of Feather, Yuba, and Bear River sediments ranging from fine 

sand to small cobbles. 

 

2.2 MODEL DOMAIN 
 

The model domain was made larger than the CMP study area boundary to minimize forcing effects from 

the model boundaries within the CMP area. Figure 2 shows the model domain, which extends just 

beyond the Project levees and includes the following boundaries: 

 

 Feather River at RM 30.1 

 Yuba River at RM 2.8 

 Bear River at RM 2.7 

 Sutter Bypass at RM 68.1 

 Feather River at RM 2.5 

 

An orthogonal curvilinear grid for the model domain was created using the MIKE 21C Grid Generator. 

The curvilinear grid was defined by four borderlines, typically with the J and J' borders along the 

streamwise (S) axis and the K and K' borders along the transverse or normal (N) axis. Figure 3 shows a 

zoom in on the grid downstream of Bear River Confluence. Typical grid cell size was 60 feet in the 

streamwise axis and 20 feet in the normal axis with an aspect ratio of 3:1 (S:N). Due to the constraints of 

a curvilinear mesh, it was not always possible to align the Feather River channel along the streamwise 

axis, but in these instances, the aspect ratio was inversed. 

 

2.3 BATHYMETRY AND TOPOGRAPHY 
 

Bathymetry and topography for the model domain was compiled by MBK (2012a) from multiple sources 

(see Figure 4), but predominately from the 1999 surveys performed by the USACE as part of the Comp 

Study (Ayres, 2003). Updates to the 1999 Comp Study data as prepared by MBK included: 

 

 Shanghai Bend levee setback completed in 1999 

 Star Bend levee setback completed in 2009 with the borrow pit swale completed in 2010 

 Bear River levee setback completed in 2006 

 Feather River levee setback completed in 2009 with existing levee degradation, borrow pit 

backfill, and final setback area grading completed in 2010 

 Sutter Bypass LiDAR data (DWR, 2010) to replace missing Comp Study data 

 

In addition to the above, cbec (2012) collected post-breach, low flow channel bathymetry, bed material, 

and surface data for the Modesto Formation in the vicinity of Shanghai Rapids (RM 24). The post breach 

elevation data was collected after initial breaching of the Modesto Formation and failure of a major 

Yuba City pressurized sewer line in late January 2012 (Moffat & Nichol, 2012). 

 

The composite surface model developed by MBK was prepared with a horizontal projection of NAD83, 

California State Plane (CASP), Zone 2, feet and a vertical datum based on National Geodetic Vertical 
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Datum (NGVD) of 1929, feet. For modeling in MIKE 21C, the data was reprojected from CASP feet to 

UTM meters and converted from NGVD29 feet to NAVD88 meters based on applying a conversion of 2.3 

feet (HJW, 2010). 

 

2.4 HYDRAULIC ROUGHNESS 
 

Baseline or existing conditions hydraulic roughness was informed by vegetation mapping (see Figure 5) 

performed by AECOM (DWR, 2011) within the CMP area and hydraulic model calibration performed by 

MBK (2012a) with Manning’s n-values provided in Table 1. Where needed, specifically outside the CMP 

area, vegetation mapping prepared by California State University at Chico (CSUC, 2011) was used to 

supplement the AECOM vegetation mapping based on coordination with AECOM staff and Manning’s n-

values for that vegetation is provided in Table 2. As part of the limited model calibration performed by 

cbec (see Section 4.1), Manning’s n-values for the Feather River low flow channel were modified from 

the MBK values and updated as shown in Table 1. 

 

Table 1. Baseline roughness values 

AECOM Description of Vegetation and Other Cover Types AECOM Code Manning’s n 

Channel Bed Low Flow / High Flow 

RM 2.5 to 14 

RM 14 to 24 

RM 24 to 30 

---1 

 

0.024 / 0.020 

0.029 / 0.025 

0.031 / 0.038 

Annual Grassland and Savannah, also includes Tilled Fields and 

Pasture ANG 0.030 

Barren BARREN 0.030 

Developed DEV 0.030 

Low Herbaceous Marsh LHM 0.030 

Open Urban Park PARK 0.030 

Open Water OW 0.030 

Open Water/Floating Aquatic OWF 0.030 

Perennial Grassland PGR 0.030 

Ruderal RUD 0.030 

Sutter Bypass - Agricultural Use (field crops) ---1 0.030 

Railroad Bridge and Embankment at Lower Yuba River ---1 0.030 

Highway 70 on the Lower Bear River ---1 0.030 

Highway 99 at Nicolaus on the Feather River ---1 0.030 

Gravel Bar/Sand Bar GBSB 0.035 

High Herbaceous Marsh HHM 0.035 

Himalayan Blackberry Scrub HBS 0.045 

All Other Bridge Crossings ---1 0.045 

Open Riparian Forest, Valley Oak Woodland ORF 0.050 

Orchard – Fallow OFA 0.050 

Short Tree Orchard STO 0.050 
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AECOM Description of Vegetation and Other Cover Types AECOM Code Manning’s n 

Upland Scrub, Open Willow Scrub, Elderberry Scrub, Bramble UPS 0.055 

Bear River Setback Area - Upper Setback Area Design Conditions ---1 0.060 

Dense Willow Scrub DWS 0.065 

Bear River Setback Area - Lower Setback Area Design Conditions ---1 0.070 

LD1 Setback Area - Design Conditions ---1 0.070 

Walnut Orchard WOR 0.075 

Dense Riparian Forest DRF 0.080 

Feather River Setback Area - Design Conditions ---1 0.100 

Bear River Setback Area - Lower Setback Area Design Conditions ---1 0.100 

Shanghai Bend - Areas behind Remnant Levee ---1 0.100 

Notes: 

[1] Assigned roughness values do not reflect AECOM vegetation mapping. Roughness values as assigned 

are for modeling design conditions, bridge crossings, or to address model stability. 

 

Table 2. CSUC baseline roughness values 

CSUC Description 
CSUC 

Code 
AECOM Description 

AECOM 

Code 

Manning’s n 

Agriculture- all types AGR More than one type - 0.03 

Dense orchard AGR Walnut orchard- mature WOR 0.07 

Sparse orchard AGR Short tree orchard STO 0.05 

Cultivated field crops 
AGR 

Annual grassland, field crops 
ANG, 

OFA 
0.052 

Bare gravel & sand BGS Gravel bar, sand bar GBSB 0.035 

Annual grassland, non-native CAI Annual grassland ANG 0.03 

Forest, non-native; eucalyptus 
IMF 

Dense or Open riparian forest 
DRF, 

ORF 
0.08, 0.05 

Riparian scrub, non-native RIS Himalayan blackberry scrub HBS 0.045 

Riparian woodland/forest 

RWF 
Dense or Open riparian forest,  

or Dense willow scrub 

DRF, 

ORF, 

or DWS 

0.08, 0.05, 

0.065 

Riparian wash/scrub 
RWS Dense willow scrub,  

or Upland scrub 

DWS, 

UPS 
0.065, 0.055 

Urban & roads 
URB 

Ruderal or Developed 
RUD, 

DEV 
0.03 

Standing water WAT Open water OW 0.03 

Broadleaf woodland; oaks 
WVO Dense or Open riparian forest or 

Valley Oak Woodland 
 0.08, 0.05 
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2.5 BOUNDARY CONDITIONS 
 

Boundary source data in the MIKE 21C model largely differs from that used in the RMA2 model 

developed by MBK (2012a). The RMA2 model used Comp Study synthetic flood hydrology with Shanghai 

Bend storm centering (USACE, 2002; USACE, 2008) as routed through an updated HEC-RAS model 

prepared by Peterson Brustad, Inc. (PBI, 2011) for the Sutter-Butte Flood Control Agency (SBFCA). For 

the 100-year flood, the synthetic flood hydrology from the PBI model was used. However, based on 

information from DWR, the synthetic flood hydrology likely overestimates the flood peaks and volumes 

for the more frequent flood events (e.g., 2-year, and 10-year) due to assumed reservoir operations used 

in the Comprehensive Study for the Feather and Yuba rivers and could result in an overestimate of 

floodplain inundation, duration, geomorphic response, and associated ecological benefits. Therefore, 

the discharge attributes of the more frequent flood events at the model boundaries was modified by 

cbec (2013) using a combination of updated flood frequency analyses, published flood flows, and 

hydrologic routing. Figure 6 and Figure 7 show the modified flood hydrology for the 2-year and 10-year 

floods. Figure 8 shows the synthetic flood hydrology for the 100-year flood. Table 3 summarizes the 

peak flows and stages for each flood event and also clearly shows that the flood peaks for the updated 

or modified hydrology for the 2- and 10-year floods is significantly reduced from the synthetic 

hydrology. 

 

The Floodplain Activation Flood (FAF) flow estimates were also updated by cbec (2013) from those 

developed by PWA (2005; 2008) to understand flow activation of proposed future features. The FAF is a 

representative flow (i.e., at least 7 days of persistent inundation between March 15 and May 15 in 2 out 

of 3 years) at which optimum ecological flood benefits are expected to accrue during small magnitude, 

springtime floods (PWA, 2006). The FAF flow on the Feather River upstream of the Bear River confluence 

was reduced from 8,414 cfs to 5,170 cfs which corresponds to an approximate 1.1-year recurrence 

interval. The FAF flow on the Feather River downstream of the Bear River confluence was reduced from 

9,030 cfs to 5,522 cfs. 

 

Table 3. Boundary conditions - peak flows and stages 

Boundary 
Location 

Units 
2-year Recurrence 10-year Recurrence 100-year 

Modified2 Synthetic1 Modified2 Synthetic1 Synthetic1 

Feather River RM 30.1 (cfs) 10,654 50,260 55,845 112,660 163,947 

Yuba River RM 2.8 (cfs) 19,000 27,540 60,000 92,180 154,574 

Bear River RM 2.7 (cfs) 4,447 8,150 19,902 19,340 44,038 

Sutter Bypass RM 68.1 (cfs) 893 55,331 58,300 99,194 179,224 

Feather River RM 2.5  (ft) 22.96 --- 38.0 --- 45.1 

Notes: 

[1] Based on the Shanghai Bend – Yuba River Centering  (or Lower Feather Centering) flood hydrographs 

at the model boundaries as provided by MBK 

[2] Based on updated flood frequency analysis and historical flood hydrographs (cbec, 2013) 
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2.6 SEDIMENT TRANSPORT 
 

The Yang total load sediment transport formula was used to simulate sand and gravel transport. The 

Yang formula was selected based on the guidance provided in Yang and Huang (2001), which indicates 

that this formula is more robust and accurate than other available sediment transport formulations for 

low-gradient, sand-bed systems similar to the Feather River. The Yang formula was used to simulate the 

transport of four representative grain size classes in MIKE 21C. As shown by Table 4, these grain size 

classes were very fine to medium sand (diameter geometric mean (dgm) = 0.25 mm), very coarse sand 

(dgm = 1.25 mm), fine gravel (dgm = 5 mm;), and coarse gravel (dgm = 20mm). The fifth size fraction was 

used to represent bed material within the Yuba River and was not considered to be a component of the 

incoming sediment load. The 80-mm size fraction was observed in the bed material by cbec (2012) and 

Ayres (1997), but was considered too large to be transported according to the bed material load rating 

curves used to derive the sediment boundary conditions (Ayres, 1997). A limited number of size classes 

were selected based on the fairly uniform distribution of grain sizes present within the system. Grain 

sizes less than 0.062 mm, which are typically considered to be washload and to not interact with the bed 

(i.e., mostly clays and silts in near permanent suspension), are not included in the available sediment 

transport formulas and thus were not simulated in the MIKE 21C model. 

 

Table 4. Sediment size fractions 

Size Fraction Description Median Size (mm) Suspended Load % Bedload % 

1 fine to medium sand 0.25 90 10 

2 very coarse sand 1.25 70 30 

3 fine gravel 5 0 100 

4 coarse gravel 20 0 100 

5 small cobbles 80 0 100 

 

The sediment transport boundary conditions for the MIKE 21C model were derived from calibrated total 

bed material load rating curves and gradation curves developed for the Feather, Bear and Yuba rivers as 

part of a previous study to calibrate a HEC-6 sediment transport model (Ayres, 1997). Based on the 

inflowing water discharge, these curves were used to compute the inflowing sediment load for each of 

the four (4) sediment size classes.  

 

The grain size distributions for the suspended and bed loads were defined using measurements taken 

during the 2012 field study (cbec 2012). Based on the results of this study, the representative grain sizes 

of the bed material were quantified (see Table 4). 

 

The active bed material thickness was arbitrarily set at 32.8 feet (10 meters) for the channel and 0.3 feet 

(0.1 meters) for the floodplain (see Figure 9). A bed thickness of 32.8 feet (10 meters) in the channel was 

considered an ample scour limit. A bed thickness of 0.3 feet (0.1 meters) in the floodplain was 

determined to be of sufficient depth to accommodate the potential erosion of floodplain soils with non-

cohesive components, though most were predominantly cohesive. The Feather River Setback area 
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floodplain swales and State Cut Channel, which serve as active floodplain flow corridors, were assigned a 

bed material thickness of 32.8 feet (10 meters) and 16.4 feet (5 meters), respectively. 

 

2.7 CALIBRATION AND VALIDATION 
 

Limited model calibration was performed for low flow conditions on the Feather River using data 

collected by cbec (2012) during the Shanghai Rapids field data collection effort. Two low flow conditions 

were observed and modeled, which included a calibration flow at 8,360 cfs and a validation flow at 

6,052 cfs to water surface elevations (WSE) at six gage locations bounding Shanghai Rapids (see Figure 

10). 

 

2.8 MODEL LIMITATIONS 
 

The following model assumptions and limitations should be considered when interpreting and applying 

the model results: 

 

 MIKE 21C is a tool for assessing potential geomorphic change; sediment transport results are 

not intended to be taken as absolute. 

 Model results are based on short duration (less than 1 month) flood hydrographs; long-term 

morphological simulations were not performed. 

 All simulations relied on the Yang sediment transport formula for sand and gravel. Equation 

selection was based on the findings in Yang and Huang (2001) because Yang’s formula for sand 

transport is considered to be more robust and accurate in comparison to other available 

sediment transport formulations for sand-bed systems. 

 MIKE 21C was calibrated for low flow hydrodynamics only by adjusting the Manning’s n 

roughness coefficients so that predicted WSEs closely matched observed WSEs with a known 

flow. 

 MIKE 21C was not calibrated for sediment transport and relied upon readily available bed 

material load rating curves and recent bed material gradations. 

 The characteristics of the Modesto Formation at Shanghai Rapids and vicinity was informed by 

very limited geotechnical information and, as such, modeling assumptions were made regarding 

erodibility (i.e., not erodible during short duration simulations) and extents (i.e., formation 

extends beneath the Shanghai Bend sand bar). 

 Numerical thresholds for drying and flooding depths aid in model stability, but also affect the 

extent of inundation during flood wave propagation. Drying and flooding depths of 0.3 and 0.7 

feet were used for the FAF through 10-year and 0.7 and 1.0 feet were used for the 100-year. For 

example, the water depth in a neighboring wet cell for the FAF up to the 10-year event needs to 

exceed 0.7 feet before it will inundate the dry cell, so the extent of shallow inundation in very 

flat areas may be underestimated. 

 The composition and stratigraphy of the bed at depth are largely unknown and may be 

oversimplified in the model, especially in the vicinity of Shanghai Rapids. 

 The maximum WSE or water surface profile (WSP) has been used as a metric for relative 

comparisons between paired simulations. It is possible that while there may be a reduction in 
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inundated floodplain for a specific scenario, it is possible that the available floodplain may be 

inundated for a longer duration, which has not been assessed. 

 

 

3 CORRIDOR MANAGEMENT PLAN FUTURE FEATURES 
 

The ecosystem goals of the LFRCMP focus on improving riverine ecosystem functions to benefit fish and 

wildlife and promote natural dynamic hydrologic and geomorphic processes. Specific objectives include: 

 

 Increasing  the extent and connectivity of:  

o seasonal shallow aquatic habitat, 

o frequently inundated floodplains,  

o shaded riverine aquatic cover, and 

o riparian habitat and riparian/upland habitat mosaics.  

 Promoting the recovery and stability of native species populations and overall biotic community 

diversity. 

 Removal of fish entrapment depressions. 

 

The flood management goals of the LFRCMP focus on minimizing the flood management system 

operation and maintenance requirements while protecting human life, health, and safety from flooding, 

including protection of public safety infrastructure. Specific objectives include: 

 

 Minimizing floodway maintenance costs, 

 Minimizing conflicts between floodway maintenance with ecosystem function/habitat goals, 

 Ensuring adequate floodway conveyance capacity in constricted reaches, 

 Improving sediment management, and 

 Reducing erosion and other de-stabilizing influences on/near levees and other flood control 

structures. 

 

Table 5 summarizes proposed actions (arranged from upstream to downstream) on the LFR as modeled 

that would help achieve these ecosystem enhancement and flood management objectives. 

 

Table 5. Proposed future features simulated in MIKE21-C model runs 

Action Location of Proposed Actions Proposed Actions  

A Upper State Cut Channel 

Yuba RM 1 to Feather RM 26.5 

Fill depressions and skim high mounds in State Cut Channel to 

create uniform gradient south of Hwy 20 and widen narrow 

bend to 200 feet minimum width. 

B Lower State Cut Channel 

RM 26.5 to RM 25.5 

Remove or side-cast high mid-channel ridge; maintain 200 

feet minimum width; create positive gradient and 

unobstructed flow to Eliza Bend. 

 

Plant native shade trees on new channel margins. 
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Action Location of Proposed Actions Proposed Actions  

C Eliza Bend Channel 

RM 25.3 

Remove channel plug at left bank of Feather River; remove 

high mounds. 

D1, D2 Old Feather River Channel  

RM 25.3 to RM 22 

Remove mounds and fill depressions in historic channel. 

 

Connect and divert lower end of Old River to an excavated 

swale at upper end of FRS (approximately RM 23).  

 

Plant native shade trees along new channel margins and 

benches. 

E1, E2 Feather River 

Setback Floodplain 

RM 23 to RM 21 

Create diversion swale from Old Feather River; excavate 

swale through high ground at north end of FRS. 

 

Create parallel, interconnected swales and spoil ridges across 

floodplain, converging into low ground at Upper Messick 

Lake. 

 

Plant an extensive mosaic of riparian forest & scrub, oak 

woodland, scrubland, and native perennial grassland. 

 

Plant native shade trees on swale margins and benches 

F Lower Feather River 

Setback Floodplain 

RM 19.5 to RM 18 

In lower FRS, create drainage channel from south end of 

Lower Messick Lake into existing forested swale on Star Bend.  

 

Plant native shade trees along new swale margins and bench. 

G Abbott Lake Unit 

RM 20.8 to  RM 18.8 

Remove debris, culverts, and sediment blocking drainage to 

river. Install water control structure at outlet to river. 

 

Plant riparian trees & shrubs using modified DFW/River 

Partners planting plan. 

H Star Bend Unit 

RM 19.5 to RM 18 

Create a new swale and bench branching from existing FRS 

drainage swale, into existing forested swale. 

 

Plant native shade trees along new swale margins and bench. 

I O’Connor Lakes Unit 

RM 18.8 to RM 16 

Create notch in high right bank. Create 100 to 300-foot wide 

swale and bench across floodplain and through existing DWR-

managed corridor. 

 

Remove debris, mounds, and sediment blocking drainage to 

river.  

 

Plant native shade trees along new swale margins and bench. 
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Action Location of Proposed Actions Proposed Actions  

J Lake of the Woods Unit 

RM 17 to  RM 13.5 

Create terrace of backside of relic levee, RM 14.6-RM 15.  

 

Manage vegetation corridor to maintain floodway capacity. 

 

Create inlet and outlet swales to reduce fish entrapment and 

improve thru flow and drainage to river.  

K Bear River Setback 

RM 13.5 to RM 12.4 

Cease clearing vegetation in lower Lake of the Woods corridor 

where old levee was removed. 

L Nelson Slough Floodplain 

RM 9 to  RM 7.3 

Excavate two wide terraces along right bank of river with the 

lower terrace being excavated 12 feet to achieve inundation 

during the FAF and the upper terrace being excavated 5 feet. 

 

Plant a mosaic of riparian forest, oak woodland, and native 

perennial grassland. 

M Sutter Bypass Hook Levee 

RM 7.3 – RM 7 

Lower, realign, or remove portion or all of hook-shaped 

training levee on right bank of Feather River. 

 

3.1 TOPOGRAPHY 
 

The baseline topography developed by MBK (see Section 2.3) was modified by cbec as generally 

described in Table 5. Figure 12 shows the extent of the topographic modifications to accommodate the 

future features. The modifications were generally classified as swale excavation (e.g., Star Bend Unit), 

floodplain lowering or terrace excavation (e.g., Nelson Slough Unit and Feather River Setback 

Floodplain), skim grading (e.g., Upper State Cut Channel), and fill / spoil ridges (e.g., Feather River 

Setback Floodplain). The more complex topographic manipulations associated with the Feather River 

Setback Floodplain are shown by Figure 13, which is an example of how the setback area could be 

configured to enhance inundation frequency, habitat complexity, and onsite reuse of excavated 

materials. 

 

An existing feature of interest within the LFR is Shanghai Rapids. As discussed in Section 2.3, Shanghai 

Rapids partially breached in late January 2012. To understand the importance of Shanghai Rapids in 

controlling water levels, floodplain inundation, and channel morphology, three bathymetric conditions 

were considered (see Figure 14). The post breach condition was measured by cbec (2012) several 

months after the initial failure of the Modesto Formation. The pre-breach channel size and position of 

the falls was approximated by cbec based on bathymetry and aerial photos. The maximum breach 

channel size and upstream bed condition was approximated by cbec based on limited information, field 

investigation (cbec, 2012), and largely on extension of the large chute bisecting the Modesto Formation. 

The low flow width at the upstream crest of the Modesto Formation was reasonably assumed to have 

increased from 100 feet to 250 feet and to have lowered up to 18 feet deeper by the time of this model 

run. Complete failure of the Modesto Formation over a width of 550 feet and 20 feet deep was not 

modeled given the likely long geomorphic time scale associated with episodic failure. 
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3.2 HYDRAULIC ROUGHNESS 
 

The baseline vegetation described in Section 2.4 was modified as generally described in Table 5. Figure 

15 shows the extent of the vegetation modifications to accommodate the future features, which were 

developed in collaboration with AECOM. The calibrated roughness coefficients in Table 1 were then 

cross referenced by MBK (2012b) to derive the future conditions roughness values in Table 6. It should 

be noted that the existing conditions design roughness of 0.1 for the Feather River Setback Area was 

reduced under future conditions, so this change should provide a flood conveyance benefit. 

 

Table 6. Future conditions roughness values 

Description Manning’s n 

Channel Widening @ RM 7.5-8.0, right bank 0.020 

Grassland 0.030 

Open Water/Floating Aquatic 0.030 

Open Riparian Forest, Valley Oak Woodland 0.050 

Upland Scrub, Open Willow Scrub, Elderberry Scrub, Blackberry Bramble 0.055 

Dense Willow Scrub 0.065 

Walnut Orchard (mature) 0.075 

Dense Riparian Forest 0.080 

Wind-Wave Buffer along Feather River Setback Levee 0.100 

 

 

4 MODEL RESULTS AND DISCUSSION 
 

Geomorphic and ecological evaluation of LFRCMP proposed actions or future features was conducted 

using MIKE 21C with combinations of the data described in Section 2 and Section 3. Model run 

formulation is provided by Table 7. Model calibration and validation was performed for post breach 

conditions using measured low flows and measured water surface elevations. Following model 

calibration and validation, the proposed actions (i.e., future topographic conditions) were evaluated 

relative to existing conditions for four (4) hydrologic conditions and three (3) geomorphic conditions 

describing the state of Shanghai Rapids. The FAF, 2-year, and 10-year discharges are ecologically 

significant flows, but only the 2- and 10-year floods were evaluated using the coupled sediment 

transport model. The 100-year flood was also evaluated using the sediment transport model. To 

understand the importance of Shanghai Rapids in controlling water levels, floodplain inundation, and 

channel morphology, existing conditions were simulated for all three breach conditions (pre-breach, 

existing post-breach, and maximum potential future breach) while the proposed actions were typically 

simulated for pre-breach conditions. 
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Table 7. Model run catalog 

Hydrology Topography1 Shanghai Rapids2 Hydrodynamics Plus Sediment 

Calibration Existing Post X  

Validation Existing Post X  

Revised 

FAF 

Existing 

Pre X  

Post X  

Max X  

Future Pre X  

Modified 

2-year 

Existing 

Pre X X 

Post X X 

Max X X 

Future 
Pre X X 

Post X X 

Modified 

10-year 

Existing 

Pre X X 

Post X X 

Max X X 

Future Pre X X 

Synthetic 

100-year 

Existing 

Pre X X 

Post X X 

Max X X 

Future Pre X X 

Notes: 

[1] Existing = present-day topographic conditions; Future = proposed LFRCMP topographic conditions 

[2] Pre = Shanghai Rapids pre-breach condition; Post = Shanghai Rapids present-day or recent post-

breach condition; Max = Shanghai Rapids potential maximum breach condition 

 

4.1 CALIBRATION AND VALIDATION 
 

Feather River low flow calibration and validation was performed in the vicinity of Shanghai Rapids for 

post breach conditions using field data collected by cbec (2012) at a discharge of 8,360 cfs and 6,071 cfs, 

respectively. Figure 16, Figure 17, and Table 8 show the results of the calibration and validation. As 

shown on the figures, it is possible for the modeled water surface elevation (WSE) at the gage locations 

to differ from the water surface profile (WSP) as the WSP was extracted along the centerline of the river 

and the observed and model WSEs reflect their physical location off of the centerline (e.g., FR-4 is 

located just to the right of the main chute at the upstream face of the Modesto Formation). Table 8 

shows that the error between modeled and observed WSEs at each of the six gages was less than 0.3 

feet with the smallest error occurring in the backwater of Shanghai Rapids (i.e., at FR-2 and FR-3). The 

largest errors occurred at the transitions between the new bathymetry and the older Comp Study 

bathymetry (i.e., FR-1 and FR-6). The most variable (and expected) error between calibration and 

validation occurred within Shanghai Rapids (i.e., FR-4 and FR-5) due to the gages being located at the 

upstream and downstream faces of the Modesto Formation adjacent to the pour over and chute exit. 

Water levels at Feather River at Boyd’s Landing (FBL) two miles downstream were also checked. The 



 
October 18, 2013 14 cbec, inc. 

larger validation error during the smaller flow could be due to older Comp Study bathymetry not being 

consistent with present day channel geometry. 

 

The calibrated roughness coefficients (Manning’s n) for the Feather River channel for low flow are 

shown in Table 1 following several iterations and model adjustments to accommodate transition 

between older and newer bathymetry. The low flow roughness coefficients were subsequently used for 

the FAF, 2-year, and 10-year while the high flow values were used for the 100-year. 

 

Table 8. Calibration and validation summary 

Gage 

Location 

Calibration (8,360 cfs) Validation (6,071 cfs) 

Observed (ft) Modeled (ft) Error (ft) Observed (ft) Modeled (ft) Error (ft) 

FR-1 37.66 37.94 0.28 37.04 37.18 0.14 

FR-2 37.53 37.56 0.03 36.94 36.86 -0.08 

FR-3 37.47 37.49 0.02 36.84 36.79 -0.05 

FR-4 37.17 37.42 0.24 36.84 36.79 -0.06 

FR-5 32.41 32.32 -0.10 31.36 31.07 -0.30 

FR-6 32.25 32.05 -0.20 31.33 31.18 -0.15 

FBL 31.79 31.98 0.19 30.61 31.11 0.50 

 

4.2 EXISTING CONDITIONS AND FUTURE FEATURES 
 

The following sections describe the modeling outcomes for existing conditions and the proposed actions 

in relative terms through evaluation of maximum water surface profiles, maximum inundation extents, 

and changes in average bed elevation and floodplain sedimentation. The modeling outcomes for pre-, 

post-, and maximum breach conditions at Shanghai Rapids are also discussed. 

 

4.2.1 Maximum Water Surface Profiles and Maximum Inundation Extents 

Figure 18 through Figure 21 show the maximum water surface profiles for the FAF flow and 2-, 10-, and 

100-year floods. To compliment Figure 18 and Figure 19, Table 9 provides a summary of the frequent 

inundation characteristics for the future features. In addition, Figure 22 through Figure 27 show the 

maximum inundation extents for existing and future features for pre-breach conditions for the FAF flow 

and 2-, 10-, and 100-year floods. As demonstrated by these figures and table, the following was 

observed: 

 

 FAF Flow Inundation: only the existing Constructed Messick Lake Swale and the Nelson Slough 

Lowered Floodplain were inundated during the FAF flow. The WSE in the Messick Lake Swale 

was adequate to inundate Lower Messick Lake, but was insufficient to backwater into the 

Feather River Setback Floodplain and the Upper Messick Lake basin. The WSE adjacent to the 

Nelson Slough Floodplain was just sufficient to provide shallow floodplain inundation, but due to 

the flooding depth of 0.7 feet needed to inundate the floodplain, Figure 27 incorrectly shows 

only 3 acres of inundation when in fact there should be 73 acres of inundation (as updated in 

Table 10) because the water depth adjacent to the lowered floodplain did not exceed 0.7 feet. 
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 2-year Flood Inundation: the Setback Diversion Swale, Feather River Setback Lowered 

Floodplain, Constructed Messick Lake Swale, and Nelson Slough Lowered Floodplain were 

inundated during the 2-year flood. The Feather River Setback Lowered Floodplain was largely 

inundated via backwater conditions from the Constructed Messick Lake Swale as limited to 

inundation of the swales and the Upper Messick Lake mitigation site basin, but also via brief 

activation of the Setback Diversion Swale. The Nelson Slough Lowered Floodplain lower terrace 

was inundated up to a depth of 5 feet. As shown by Table 9, the Eliza Bend channel (inlet to Old 

Feather River) was within 1.3 feet of being inundated, O’Conner Lakes Swale was within 2.4 feet, 

Lake of the Woods Swale was within 1.2 feet, and the Nelson Slough Lowered Floodplain upper 

terrace was within 1.1 feet of being inundated. 

 10-year Flood Inundation: all future features were inundated during the 10-year flood. The 

Yuba River was spilling into the State Cut Channel with a maximum flow depth of 1.3 feet over 

the left bank berm for 5 days and then merging downstream into Old Feather River. The Feather 

River was backwatering into Eliza Bend for 4 days and flowing through the Eliza Bend inlet 

channel for 8 days. The Feather River was also overtopping its left bank just upstream of the 

Modesto Formation and comingling with the Yuba River flows in Old Feather River. Feather 

River flow also spilled into the Setback Diversion Swale. The Feather River Floodplain was largely 

flowing south due to inflows from Old Feather River and the Setback Diversion Swale. 

 100-year Flood Inundation: the majority of the CMP area was inundated during the 100-year 

flood with the exception of many of the spoil ridge features within the Feather River Setback 

Floodplain. 

 Water Surface Profiles: compared to existing conditions pre-breach, the future features WSPs 

were generally lower than existing with the FAF WSP being nearly identical to existing conditions 

given the limited amount of future feature inundation. The 2-, 10-, and 100-year WSPs were on 

average 0.1 feet, 0.3 feet, and 0.3 feet lower than existing conditions, respectively, which was 

also the WSE decrease experienced at Hwy 20. The largest WSE decreases for the 2-, 10-, and 

100-year were up to 0.5 feet, 0.6 feet, and 0.8 feet lower than existing conditions, respectively, 

and occurred opposite the Feather River Setback Lowered Floodplain and Nelson Slough 

Lowered Floodplain due to an overall decrease in floodplain roughness and an increase in 

conveyance capacity, respectively. The 100-year changes in maximum WSE are consistent with 

the flood modeling results (MBK, 2012b) due largely to the reduction in composite roughness 

from the conservative design value of 0.1 and suggest that there are no adverse impacts to flood 

conveyance. 

 Post Breach versus Pre-Breach Conditions: 

o There was no change in the maximum WSPs downstream of Shanghai Rapids 

o At Shanghai Rapids, the maximum decrease in WSE was 0.6 feet, 0.2 feet, 0.1 feet, and 

0.0 feet for the FAF, 2-, 10-, and 100-year, respectively. 

o At Hwy 20 (RM 29), the maximum decrease in WSE was 0.1 feet, 0.1 feet, 0.0 feet, and 

0.0 feet for FAF, 2-, 10-, and 100-year, respectively.  

 Maximum Breach versus Pre-Breach Conditions: 

o There was no change in the maximum WSPs downstream of Shanghai Rapids for all 

flows. 
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o At Shanghai Rapids, the maximum decrease in WSE was 4.8 feet, 1.4 feet, 0.3 feet, and 

0.0 feet immediately upstream of the Modesto Formation for the FAF, 2-, 10-, and 100-

year, respectively. 

o At Hwy 20, the maximum decrease in WSE was 0.3 feet, 0.7 feet, 0.2 feet, and 0.0 feet 

for the FAF, 2-, 10-, and 100-year, respectively. 

 

Table 9. Future Conditions Frequent Inundation Summary 

Location Topography Hydrology Max WSE 

(ft) 

Sill Elev (ft) Inundated 

Eliza Bend 

Pre-breach 
Revised FAF 

37.7 43.1 N 

Post breach 37.1 43.1 N 

Pre-breach Modified 

2-year 

41.8 43.1 N 

Post breach 41.6 43.1 N 

Setback Diversion Swale 

Pre-breach 
Revised FAF 

31.6 36.8 N 

Post breach 31.6 36.8 N 

Pre-breach Modified 

2-year 

38.0 36.8 Y 

Post breach 38.0 36.8 Y 

Constructed Messick 

Lake Swale 

Pre-breach 
Revised FAF 

30.0 22.0 Y 

Post breach 30.0 22.0 Y 

Pre-breach Modified 

2-year 

35.9 22.0 Y 

Post breach 35.9 22.0 Y 

Star Bend Swale 

Pre-breach 
Revised FAF 

28.5 35.1 N 

Post breach 28.5 35.1 N 

Pre-breach Modified 

2-year 

33.7 35.1 N 

Post breach 33.7 35.1 N 

O’Conner Lakes Swale 

Pre-breach 
Revised FAF 

29.4 37.5 N 

Post breach 29.4 37.5 N 

Pre-breach Modified 

2-year 

35.1 37.5 N 

Post breach 35.1 37.5 N 

Lake of the Woods Swale 

Pre-breach 
Revised FAF 

28.6 35.1 N 

Post breach 28.6 35.1 N 

Pre-breach Modified 

2-year 

33.9 35.1 N 

Post breach 33.9 35.1 N 

Nelson Slough 

Lowered Floodplain1 

Pre-breach 
Revised FAF 

23.8 23.5/30 Y/N 

Post breach 23.8 23.5/30 Y/N 

Pre-breach Modified 

2-year 

28.9 23.5/30 Y/N 

Post breach 28.9 23.5/30 Y/N 

Notes: 

[1] Double values shown (#/#) represent the excavated Lower and Upper Terraces 
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4.2.2 Inundated Area 

 

To understand how the changes in WSEs related to changes in inundated area or available habitat, Table 

10 provides the maximum inundated area for each scenario modeled. Table 10 also provides the change 

in inundation area between future features and existing conditions as well as between Shanghai Rapids 

breach conditions. In comparing future features to existing conditions, the following was observed: 

 

 A net gain of 73 acres of inundation under the FAF was associated with frequent inundation of 

the Nelson Slough lower terrace. 

 A net gain of 162 acres of inundation under the 2-year was associated with frequent inundation 

of the Nelson Slough lower terrace and backwater inundation of the Feather River Setback 

Floodplain swales and Upper Messick Lake basin. 

 A net loss of 291 acres of inundation under the 10-year was largely associated with reduced 

WSEs as a result of reduced hydraulic roughness in the Feather River Setback Floodplain along 

with a limited excavation footprint and creation of upland spoils ridge features, which was 

partially offset by the increased inundation at Nelson Slough. Recall that the baseline Manning’s 

n-value in the Feather River Setback Floodplain was 0.10 based on a very conservative 

assumption of a generic future condition with dense, mature riparian vegetation throughout 

the 1600 acre setback area. In the LFRCMP conceptual design, overall roughness was 

significantly reduced under future conditions with a mosaic of different vegetation types having 

Manning’s n-values ranging from 0.03 to 0.08. As such, a corresponding reduction in WSE was 

accompanied by a reduction in inundated area. 

 A net loss of 61 acres of inundation under the 100-year discharge event was largely associated 

with the tops of upland spoils ridges in the Feather River Setback Floodplain protruding through 

the water surface. 

  

In comparing the loss of inundated area or available habitat due to continued expansion and deepening 

of the breach at Shanghai Rapids for the maximum breach condition without proposed actions, the 

following was observed: 

 

 In general, floodplain habitat losses under the FAF, 2-year, and 10-year were likely understated 

and represent a lower bound because long-term channel morphological simulations were not 

performed, and because complete failure of the Modesto Formation was not assumed. 

 A net loss of 10 acres of floodplain under the FAF was mostly associated with loss of edge 

habitat upstream of Shanghai Rapids to the Yuba River confluence in a section of the river that is 

largely disconnected from its floodplain and bounded on the west by the Project levee. Most of 

the loss occurred between Shanghai Rapids and Eliza Bend due to the significant drop in the 

WSP. 

 A net loss of 37 acres (or 2.1%) of floodplain habitat under the 2-year was mostly associated 

with loss of edge habitat upstream of Shanghai Rapids given that a local drop in the WSE at the 

rapids of 1 foot propagated upstream and resulted in a drop in the WSE at Hwy 20 (and the 

upstream model boundary) of 0.7 feet. This would suggest that the loss of floodplain habitat 

was even greater along the Feather River upstream of Hwy 20. 
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 A net loss of 308 acres (or 4.0%) of floodplain habitat under the 10-year discharge event was 

mostly associated with a change in floodplain inundation as a result of a 0.3 foot decline in the 

maximum WSE upstream of Shanghai Rapids as well as the Yuba River, which resulted in a 

decrease in the overbank contributions from the State Cut Channel, Eliza Bend, and the left bank 

just upstream of the Modesto Formation that ultimately combine in Old Feather River before 

flowing into the Feather River Setback area. 

 A net loss of 3 acres of floodplain inundation under the 100-year event due to very small 

reductions in WSEs along the project levees. 

 

Table 10. Inundation summary within the LFRCMP area 

Hydrology Topography 
Shanghai Rapids 

Breach Scenario 

Inundated 

Floodplain Acres2 
Change (acres) 

Revised 

FAF 

Existing 

Pre 1422 --- 

Post 1421 -2 

Max 1412 -10 

Future Pre 1425 731 

Modified 

2-year 

Existing 

Pre 1766 --- 

Post 1765 -1 

Max 1729 -37 

Future 
Pre 1926 161 

Post 1928 163 

Modified 

10-year 

Existing 

Pre 7632 --- 

Post 7364 -268 

Max 7324 -308 

Future Pre 7341 -291 

Synthetic 

100-year 

Existing 

Pre 11193 --- 

Post 11196 3 

Max 11196 3 

Future Pre 11132 -61 

Notes: 

[1] the value of 73 acres was calculated in GIS because the WSE exceeded the lower terrace elevation of 

23.5 feet, but the model’s flooding depth minimum  of 0.7 feet to be indicated as a wet cell prevented 

the area from being shown as inundated. In addition, per recommendations to decrease the amount of 

excavation, the 73 acres would be reduced to 15 acres with a 50-foot wide lower terrace. 

[2] the total area of the LFRCMP is 11,751 acres 

 

4.2.3 Bed and Floodplain Elevation Changes 

 

Figure 28  through Figure 36 show the final bed level elevations and bed level change in profile for the 2- 

through 100-year and in plan view for the 100-year events. These figures demonstrated the following: 
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 The 2-year bed level with future features was very similar to existing conditions with no 

significant changes upstream and downstream of Shanghai Rapids as future feature inundation 

was minimal during the 2-year.  

 The 2-year bed level under the maximum breach condition at Shanghai Rapids showed the 

channel bed immediately upstream of Eliza Bend degrading or lowering up to 2 feet in response 

to the enlarged and deepened breach. There is little to no additional bed change relative to pre-

breach conditions at Hwy 20. 

 The 10-year bed level with future features was very similar to existing conditions. The only 

notable differences would occur in the vicinity of the Setback Diversion Swale and Nelson 

Slough. At each feature, there was localized deposition followed immediately downstream by 

localized scour. On the whole, there were no significant reach-wide changes between existing 

and future features with both conditions showing 0.3 feet of reach-average channel incision 

between Shanghai Rapids and the Bear River. Also, there was no significant volume of sediment 

trapping during the 10-year flood on either of the Nelson Slough Lowered Floodplain terraces. 

 The 10-year bed level under the maximum breach condition at Shanghai Rapids showed that 

there were small perturbations in bed level upstream of the rapids, but that these changes 

diminished at Hwy 20. 

 The 100-year bed level with future features was very similar to existing conditions, generally 

mirroring areas of deposition and erosion. Similar to the 10-year, the most notable areas of 

localized deposition occurred at the Setback Diversion Swale and Nelson Slough, especially at 

Nelson Slough where in-channel deposition was accompanied by deposition on the lower and 

upper terraces up to 5 feet in places. While reach-average bed conditions were generally 

erosional by 0.8 feet under existing conditions, the following relative reach-average conditions 

were observed for future features: 

o Upstream of Shanghai Rapids, the bed was erosional by an additional 0.2 feet (or 1.0 

feet in total). 

o Between Shanghai Rapids and the Bear River, the bed was less erosional by 0.1 feet (or 

depositional relative to existing conditions). 

o Downstream of the Bear River, the bed was less erosional by 0.6 feet (or depositional 

relative to existing conditions) due to the increased flow conveyance area and slower 

velocities attributed to the Nelson Slough Lowered Floodplain terraces. 

 The 100-year bed level under the maximum breach condition at Shanghai Rapids showed that 

there were small perturbations in bed level upstream of the rapids, but that these changes 

diminished at Hwy 20. There were also small perturbations downstream of the rapids, but the 

net effect was no change in reach-average conditions. Recall that these results are based on a 

single flood event without long-term morphological simulation, which partially explains why we 

are not seeing more significant changes in the bed profile due to the maximum breach not 

having a significant effect on extreme flood hydrodynamics. Further explanation is provided 

below. 

 

The 100-year maximum breach results, in relative terms, are similar to the results of a sediment 

transport study performed by Mussetter (1999) that evaluated the failure of the Modesto Formation 

using a different model and set of working assumptions (i.e., 1D HEC-6 model, Parker-Toffaleti transport 
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function, 100-year flood with and without succedent flows, allowed Modesto Formation to erode in full 

during the simulation). It is important to note that this study differs from the Mussetter (1999) study 

due to the fact that long-term morphological simulations were not performed in 2D and complete 

failure of the Modesto Formation was not assumed. Based on the Mussetter (1999) study, additional 

erosion at Hwy 20 on the order of a foot can be expected based on long-term 1D sediment transport 

simulations. However, Ayres (1997) and James et al. (2009) further suggest that the upstream migration 

of the knickpoint through Shanghai Bend to the older channel position may have potentially more 

serious ramifications because channel incision here could lower the base level and expose a less 

resistant deposit beneath the cohesive native formation, allowing channel incision to migrate upstream 

at a more rapid rate. 

 

Pertaining to the proposed future features, the following observations were formulated from Figure 34 

through Figure 36: 

 

 Figure 34 shows that depositional and erosional processes in the State Cut Channel and Old 

Feather River are dynamic. The upper end of the State Cut Channel tends to be erosional during 

large floods where the channel coincides with the toe of the Project levee, which is a concern 

because this section of the levee has recently been hardened. Also, two large existing scour 

pools proposed to be skim graded in Old Feather River to minimize fish stranding would appear 

to re-erode. As such, proposed skim grading activities in this portion of Old Feather River to 

smooth out the topographic highs and lows may be warranted as an initial proposed action, but 

not as a long-term maintenance activity following large floods given the potential for the scour 

pools to re-erode. 

 Figure 34 and Figure 35 show that the inlets to Eliza Bend, the Setback Diversion Swale, and the 

Constructed Messick Lake Swale are potentially prone to aggrade with sediment on the receding 

limb of the 10- and 100-year floods, but less so during the 10-year flood. Deposition up to 8 feet 

at the inlet to Eliza Bend occurred where the existing sediment plug was proposed to be 

removed. Potential deposition in the Setback Diversion Swale occurred in the vicinity of its 

confluence with Old Feather River and will largely depend on the timing of flows coming down 

State Cut. Deposition in the Constructed Messick Lake Swale could be confirmed with future 

surveys, which would be potentially useful to verify model findings and inform the design of the 

Setback Diversion Swale; however, this swale is deep compared to other features having a bed 

elevation similar to the river versus perched above the river. 

 Figure 34 shows Shanghai Bend to be very dynamic during the 100-year flood, which was 

expected considering that the primary flow direction through Shanghai Bend was north to 

south. As a result, the point bar upstream of the rapids was eroded, material deposited 

immediately downstream of the Modesto Formation in the historically dredged section of the 

river, with significant deposition in the present-day river channel upstream of the Modesto 

Formation. While this outcome could be very real immediately following a major flood event, 

the flow and sediment dynamics were likely not fully captured in the 2D model due to the 

overall complexity of the flow structure at Shanghai Bend and limitations in the sediment 

transport assumptions. Because long-term morphological simulations were not performed, 

Figure 34 does not show the expected longer-term outcome where the sandbar could 
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potentially rebuild and the channel deposits may re-erode under more frequent flows. However, 

there remains the potential for significant knickpoint migration through Shanghai Bend from the 

widening breach at Shanghai Rapids. 

 Figure 35 shows that the O’Conner Lakes Swale may experience some deposition at portions of 

the inlet as well as at the connection to the existing, densely forested lake. This figure also 

indicates an erosional trend at the upstream third of the O’Conner Lakes Unit as flood flows cut 

across the existing floodplain. However, sand splays observed (August 2011 site visit following 

the more frequent March/April 2011 flood – approximately a 3- to 5-year flood) in light of 

riparian scrub uprooting at water’s edge suggests that this area is more depositional.  

 In the Lake of the Woods, Figure 35 shows that the channel is prone to deposition between the 

Lake of the Woods Terrace and the Bear River confluence. This trend can be verified with aerial 

photographs which show alternating sandbars and bar formation in the shadow of the relict 

levee feature (see Figure 37). Terrace excavation at this location (i.e., widening of the left 

overbank channel) does not appear to reduce 100-year flood stage and therefore does not 

provide an obvious flood reduction benefit. In addition, excavation of the terrace in the shadow 

of the relict levee feature may be unjustified given the tendency for deposition to occur at this 

location. 

 Downstream of the Bear River, Figure 36 demonstrates that the model is reliably predicting the 

presence of alternating sandbars in the channel (see Figure 37). 

 On the Nelson Slough Lowered Floodplain, Figure 36 shows up to 5 feet of deposition during the 

100-year flood on the lower and upper floodplain terraces. It should be noted that very little 

deposition was observed during the 10-year flood and no deposition during the 2-year flood. As 

such, extensive excavation of the floodplain intended to increase sediment capture may not be 

warranted. 

 Downstream of the Nelson Slough Lowered Floodplain and in the vicinity of the Sutter Bypass 

Hook Levee and Feather River east levee setback, Figure 36 shows increased potential for 

channel scour downstream of RM 8. Figure 33 also shows a rather significant drop in the 

average bed profile following the 100-year flood. This could be due to a combination of 

sediment trapping on the floodplain terraces as well as moving the flow constriction further 

downstream of RM 7. 

 Overall, deposition on the floodplains within the CMP study area was rather limited. One 

notable location was upstream of RM 10 on the right bank and the ditch supplying the Major 

Pump Plant. Floodplain erosion was also limited, often coinciding with dense riparian areas 

where erosion would not be expected due to the soil stabilizing effects of vegetation. This 

further confirms the use of the 0.3 foot active bed material thickness on the floodplains in the 

model as a surrogate for vegetation stabilization. 

 

 

5 SUMMARY 
 

A two-dimensional hydrodynamic and sediment transport model was developed for the Lower Feather 

River. The model was updated with recently collected bathymetry and topography in the vicinity of 

Shanghai Rapids (cbec, 2012) and calibrated and validated for low flows to more accurately characterize 
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the hydraulic conditions associated with frequents floods. The hydrology for the frequent floods was 

also updated to reflect actual reservoir operations over the past few decades (cbec, 2013). The model 

was used to assess the geomorphic and ecological benefits and impacts of the maintenance, 

management, and habitat restoration plans developed for the LFRCMP. The model was also used to 

assess the geomorphic changes and ecological impacts due to initial breaching and continued breach 

enlargement of the Modesto Formation forming Shanghai Rapids. The following is a brief summary of 

the flood modeling results, implications for breaching of Shanghai Rapids, and recommendations to 

modify the proposed plan. 

 

5.1 PROPOSED ACTION FAF FLOW 
 

There was a net gain of 73 acres of inundated floodplain with the proposed features due to shallow 

inundation on the lower terrace at Nelson Slough Lowered Floodplain. 

 

5.2 PROPOSED ACTION 2-YEAR FLOOD 
 

There was a net gain of 162 acres of inundated floodplain with the proposed features due to backwater 

inundation into the Feather River Setback Lowered Floodplain and Upper Messick Lake basin along with 

deeper inundation on the lower terrace of the Nelson Slough Lowered Floodplain. The Setback Diversion 

Swale was minimally activated and other proposed features were within 1 to 3 feet of being activated 

during the peak of the 2-year flood. As a result of modified 2-year flows not activating many of the 

future features, changes in the Feather River WSP and bed level were minimal. 

 

5.3 PROPOSED ACTION 10-YEAR FLOOD 
 

Model results indicate there was a theoretical net loss of 291 acres of inundated floodplain even though 

all proposed future features were inundated. The net loss of inundated floodplain was attributed to a 

decrease in the WSP of up to 0.6 feet in the Feather and Yuba Rivers due to floodplain excavation 

(increase in flow conveyance area) and a reduction in the composite roughness within the Feather River 

Setback Floodplain from the design condition (i.e., roughness coefficient of n=0.10 approved by the 

CVFPB to reflect dense riparian forest). Additionally, the increase in flow conveyance area through the 

Nelson Slough Lowered Floodplain contributed to the loss of inundated floodplain, which was partially 

offset by the increase in inundated terraces at the Nelson Slough Lowered Floodplain. The reduction in 

the WSP resulted in less water flowing from Yuba River into the State Cut Channel, as well as a reduction 

of flow overtopping the left bank of the Feather River just upstream of the Modesto Formation. In 

contrast to the reach-wide reductions in the WSP, there were not reach-wide changes in the bed profile. 

Only localized increases in the bed profile occurred due to deposition within the river channel in the 

vicinity of the Setback Diversion Swale and the Nelson Slough Lowered Floodplain. Even with channel 

deposition adjacent to the Nelson Slough Lowered Floodplain, there was not a significant volume of 

sediment trapping on the excavated terraces from the 10-year flood event. 
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5.4 PROPOSED ACTION 100-YEAR FLOOD 
 

There was a net loss of 61 acres of inundated floodplain associated with the tops of the upland spoil 

ridge features in the Feather River Setback Floodplain protruding through the water surface. The net 

loss of inundated floodplain was largely attributed to a decrease in the WSP of up to 0.8 feet due to 

floodplain excavation and a reduction in the composite roughness within the Feather River Setback 

Floodplain from the design condition. The changes in the 100-year WSP were consistent with the flood 

modeling results (MBK, 2012b). Unlike the 10-year flood, the 100-year flood demonstrated that the 

proposed plan was slightly more erosional upstream of Shanghai Rapids due to steepening of the 

hydraulic gradient and more depositional downstream of Shanghai Rapids, especially in the vicinity of 

the Setback Diversion Swale and the Nelson Slough Lowered Floodplain with up to 5 feet of deposition 

on the terraces of the Nelson Slough Lowered Floodplain. Overall, the future Feather River Setback 

Floodplain, and both Messick Lakes, appear to be stable relative to deposition and scour. 

 

5.5 NO ACTION POST BREACH VERSUS PRE-BREACH 
 

There was no change in the maximum WSP downstream of Shanghai Rapids resulting from the 2012 

breach condition of the Modesto Formation. As expected, there was a local decrease of up to 0.6 feet at 

Shanghai Rapids under the FAF flow which reduced to 0.1 feet under the 10-year and diminished to no 

change under the 100-year flood. The maximum reduction in the WSP at Hwy 20 was 0.1 feet under the 

2-year flood. 

 

5.6 NO ACTION MAXIMUM BREACH VERSUS PRE-BREACH 
 

There was no change in the maximum WSP downstream of Shanghai Rapids. As expected, there was a 

local decrease of up to 4.8 feet at Shanghai Rapids under the FAF flow which reduced to 0.3 feet under 

the 10-year and diminished to no change under the 100-year flood. The maximum reduction in the WSP 

occurred during the 2-year and was 0.7 feet at Hwy 20 and 0.3 feet on the Yuba River. The WSP 

reduction translated to a net loss of inundated floodplain under the FAF flow and 2-, 10-, and 100-year 

floods of 10, 37, 308, and 3 acres, respectively. The largest decreases in inundated floodplain were a 

result of less water flowing from Yuba River into the State Cut Channel as well less Feather River flow 

overtopping the left bank of the river just upstream of the Modesto Formation under the 10-year, which 

is similar to the proposed action pre-breach 10-year findings. This suggests that losses in inundated 

floodplain would be even greater under a proposed action maximum breach condition. 

 

Furthermore, the loss of inundated floodplain may be understated because long-term morphological 

simulations were not performed. The sediment transport results generally demonstrated that there 

were small perturbations in the bed level upstream of Shanghai Rapids that diminished at Hwy 20 with 

more significant changes occurring within Shanghai Bend. Recall that these results are based on short 

duration flood events without the benefit of long-term morphological simulation of cumulative effects 

of multiple flood events, which partially explains why we are not seeing more significant changes in the 

bed profile propagate further upstream. The largest changes from the pre-breach condition occurred 

during the 2-year flood because the hydraulic gradient across the rapids was the greatest during smaller 
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flows whereby the hydraulic effect of the rapids tends to diminish during larger, deeper flood flows. 

Another possible factor is that the modeled maximum breach configuration was not as extreme with 

respect to its assumed expansion and deepening, and therefore the remaining Modesto Formation still 

behaved as a hydraulic and sediment control. Based on the Mussetter (1999) study, additional erosion 

at Hwy 20 on the order of a foot can be expected based on long-term 1D sediment transport 

simulations. However, Ayres (1997) and James et al. (2009) further suggest that the upstream migration 

of the knickpoint through Shanghai Bend to the older channel position may have potentially more 

serious ramifications because channel incision here could lower the base level and expose a less 

resistant deposit beneath the cohesive native formation, allowing channel incision to migrate upstream 

at a more rapid rate. 

 

5.7 RECOMMENDATIONS 
 

Based on the hydrodynamic and sediment transport results, the following recommendations are 

proposed for the LFRCMP to maximize ecosystem functions while maintaining flood system operations 

and maintenance: 

 

 To offset the effects of continued expansion and deepening of the breach at Shanghai Rapids, 

which lowers the WSP and bed elevations upstream of the rapids and contributes to a loss of 

inundated floodplain, the left bank berm on the Yuba River at the north end of the State Cut 

Channel should be reconsidered for degradation to allow more frequent inflow to Old Feather 

River and inundation of the Feather River Setback Floodplain. 

 Skim grading and removal of the mid-channel ridge in the lower State Cut Channel (downstream 

of Island Avenue) should be performed to promote a positive flow gradient toward the Feather 

River Setback Floodplain. 

 The plug at Eliza Bend should be removed to enhance flow in Old Feather River toward the 

Feather River Setback Floodplain and to provide shaded backwater habitat in the absence of 

flow through conditions. However, it was noted that sedimentation may partially re-establish 

the plug following major flood events unless sediment maintenance is performed. 

 To allow more frequent flow-through inundation into the Feather River Setback Floodplain, and 

understanding that this will increase excavation volumes, the Setback Diversion Swale should be 

lowered (e.g., up to 2 feet) so long as it does not promote excessive sedimentation within the 

swale itself or promote overly erosive conditions. Hardening (rock armoring) of the swale 

entrance should also be considered given the erodibility of the overlying hydraulic mining 

sediments (as informed by geotechnical data) and the need to minimize the risk for channel 

avulsion. Based on the sediment transport outcomes, and in consideration of the frequent 

backwater into the lower end of the Feather River Setback Floodplain as well as the topographic 

complexity within the setback area (i.e., swales, floodplains and spoil ridges), it would appear 

that the risk for avulsion is minor. 

 To maximize inundated floodplain via backwater through the Constructed Messick Lake Swale, 

the Feather River Setback Floodplain could be sculpted further to the north. 

 The Feather River Setback Floodplain spoil ridges should be designed such that the primary axis 

is oriented in the streamwise direction, they are flood neutral, and positioned strategically to 
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provide additional wind-wave buffer to augment the function of the vegetated wind-wave 

buffer at the levee toe. 

 Skim grading in Old Feather River by filling scour pools to minimize fish stranding should be 

performed should the benefits outweigh the excavation costs. It was noted that the model 

results predicted that major floods would re-erode some of the pools, so long-term skim grading 

maintenance may not be warranted in some locations. 

 The Lake of the Woods Terrace (excavated left overbank), which is situated in the shadow of a 

relict levee feature in the middle of the narrowest section of the flood corridor, may not warrant 

excavation because the model results demonstrate that it is prone to sedimentation during 

major floods and provides no apparent flood benefit to reduction of major flood stage. 

 Excavation of the Nelson Slough Lowered Floodplain should be reconsidered. The sediment 

transport outcomes demonstrated that the sediment trapping capabilities of the floodplain 

terraces were insignificant during the 2- and 10-year floods, but potentially significant during the 

100-year flood. The lack of frequent sediment capture, especially on the upper terrace where 

sediment removal is proposed, may not justify the excavation for the purpose of reducing 

sediment accretion in the Sutter Bypass. Furthermore, sediment removal on the lower terrace 

would also result in periodic removal of mature riparian vegetation, with associated 

requirements for mitigation. 

 . 

 Setting back the Feather River training levee farther back (westward) from the left bank of the 

river at the south end of the Sutter Bypass Hook Levee should be evaluated further, with the 

goal of minimizing channel scour along the toe of the east levee downstream of RM 8. This 

action should be considered in conjunction with realignment of the upper end of the Hook 

Levee and setting back the eastside corner levee upstream of RM 7.3.Proposed boat launch 

facilities, especially downstream of RM15, need to carefully consider the sedimentation patterns 

in the river (i.e., alternating sand bars) and the typically shallow conditions during low flows. 

These conditions can increase the need for annual maintenance at ramps and channel inlets and 

create potentially hazardous boating situations. 

 The remaining proposed actions should be pursued as conceptualized. 
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Note: shown as implemented in the MIKE 21C model; post breach
condition surveyed on June 29, 2012

Figure 14

Lower Feather River Corridor Management Plan

Shanghai Rapids bathymetry
Project No. 11−1009 Created By: SB

0 200 400 600 800 1000 1200 1400 1600 1800
10

20

30

40

50

60

70

80

Distance from left to right bank (feet)

E
le

va
tio

n 
(f

t, 
N

A
V

D
88

)

 

 

Modesto Formation

Wastewater Treatment Pond

Project LeveePre−Breach
Post Breach
Max Breach



 
 
 



R:\Projects\11‐1009_Feather_R_CMP\Reporting\Modeling\Figures\Fig15_Future_Veg_Changes.docx 
8/30/2013 

 

Notes: 
Source: AECOM 

  Lower Feather River Corridor Management Plan 

Future features vegetation changes 
Project No. 11‐1009  Created By: PR  Figure 15 

 





Notes:  FR−# refers to gage location

Figure 16

Lower Feather River Corridor Management Plan

Water surface profiles — calibration
Project No. 11−1009 Created By: SB
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Notes:  FR−# refers to gage location

Figure 17

Lower Feather River Corridor Management Plan

Water surface profiles — validation
Project No. 11−1009 Created By: SB
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Notes:  elevation callouts reference sill or terrace elevations of proposed features

Figure 18

Lower Feather River Corridor Management Plan

Water surface profiles — FAF
Project No. 11−1009 Created By: SB
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Notes:  elevation callouts reference sill or terrace elevations of proposed features

Figure 19

Lower Feather River Corridor Management Plan

Water surface profiles — 2–year
Project No. 11−1009 Created By: SB
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Notes:  elevation callouts reference sill or terrace elevations of proposed features

Figure 20

Lower Feather River Corridor Management Plan

Water surface profiles — 10–year
Project No. 11−1009 Created By: SB
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Notes:  elevation callouts reference sill or terrace elevations of proposed features

Figure 21

Lower Feather River Corridor Management Plan

Water surface profiles — 100–year
Project No. 11−1009 Created By: SB
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Notes: Graphic depicts the maximum inundation extents 
associated with a given n‐year flood event. 
Source: MIKE 21C model output. 
Scale: 1 in = 3000 ft 

  Lower Feather River Corridor Management Plan 

Existing inundation extents – north study area 
Project No. 11‐1009  Created By: JS  Figure 22 
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Notes: Graphic depicts the maximum inundation extents 
associated with a given n‐year flood event. 
Source: MIKE 21C model output. 
Scale: 1 in = 3000 ft 

  Lower Feather River Corridor Management Plan 

Existing inundation extents – central study area 
Project No. 11‐1009  Created By: JS  Figure 23 
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Notes: Graphic depicts the maximum inundation extents 
associated with a given n‐year flood event. 
Source: MIKE 21C model output. 
Scale: 1 in = 3000 ft 

  Lower Feather River Corridor Management Plan 

Existing inundation extents – south study area 
Project No. 11‐1009  Created By: JS  Figure 24 
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Notes: Graphic depicts the maximum inundation extents 
associated with a given n‐year flood event. 
Source: MIKE 21C model output. 
Scale: 1 in = 3000 ft 

  Lower Feather River Corridor Management Plan 

Future inundation extents – north study area 
Project No. 11‐1009  Created By: JS  Figure 25 
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Notes: Graphic depicts the maximum inundation extents 
associated with a given n‐year flood event. 
Source: MIKE 21C model output. 
Scale: 1 in = 3000 ft 

  Lower Feather River Corridor Management Plan 

Future inundation extents – central study area 
Project No. 11‐1009  Created By: JS  Figure 26 
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Notes: Graphic depicts the maximum inundation extents 
associated with a given n‐year flood event. 
Source: MIKE 21C model output. 
Scale: 1 in = 3000 ft 

  Lower Feather River Corridor Management Plan 

Future inundation extents – south study area 
Project No. 11‐1009  Created By: JS  Figure 27 

 



Notes:  final bed level was derived from MIKE 21C model outputs by computing the average bed level every 1/4−mile over the low flow width

Figure 28

Lower Feather River Corridor Management Plan

Final bed level — 2–year
Project No. 11−1009 Created By: SB
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Notes:  final bed level was derived from MIKE 21C model outputs by computing the average bed level every 1/4−mile over the low flow width

Figure 29

Lower Feather River Corridor Management Plan

Final bed level — 10–year
Project No. 11−1009 Created By: SB
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Notes:  final bed level was derived from MIKE 21C model outputs by computing the average bed level every 1/4−mile over the low flow width

Figure 30

Lower Feather River Corridor Management Plan

Final bed level — 100–year
Project No. 11−1009 Created By: SB
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Notes:  final bed level change was derived from MIKE 21C model outputs by computing the average bed level every 1/4−mile over the low flow width

Figure 31

Lower Feather River Corridor Management Plan

Final bed level change — 2–year
Project No. 11−1009 Created By: SB
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Notes:  final bed level change was derived from MIKE 21C model outputs by computing the average bed level every 1/4−mile over the low flow width

Figure 32

Lower Feather River Corridor Management Plan

Final bed level change — 10–year
Project No. 11−1009 Created By: SB
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Notes:  final bed level change was derived from MIKE 21C model outputs by computing the average bed level every 1/4−mile over the low flow width

Figure 33

Lower Feather River Corridor Management Plan

Final bed level change — 100–year
Project No. 11−1009 Created By: SB

7 10 15 20 25 29
−10

−8

−6

−4

−2

0

2

4

6

8

River Miles

F
in

al
 B

ed
 L

ev
el

 C
ha

ng
e 

(f
t)

 

 

S
utter B

ypass C
onfluence

N
elson S

lough Low
ered F

loodplain

H
w

y 99

B
ear R

iver C
onfluence

Lake of the W
oods T

errace

Lake of the W
oods S

w
ale

O
’C

onner Lakes S
w

ale

C
onstructed M

essick Lake S
w

ale

F
eather R

iver S
etback D

iversion S
w

ale

S
hanghai R

apids

O
ld F

eather R
iver / E

liza B
end

Y
uba R

iver C
onfluence

H
w

y 20 / 5th S
t

Existing Pre−Breach
Existing Post Breach
Existing Max Breach
Future Pre−Breach



R:\Projects\11‐1009_Feather_R_CMP\Reporting\Modeling\Figures\Fig34_100_Pre_Fut_BedChg_North.docx 
8/30/2013 

  

Notes:  
Source: MIKE 21C model output. 
Scale: 1 in = 3000 ft 

  Lower Feather River Corridor Management Plan 

Future 100‐year final bed level change – north study area 
Project No. 11‐1009  Created By: JS  Figure 34 
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Notes:  
Source: MIKE 21C model output. 
Scale: 1 in = 2953 ft 

  Lower Feather River Corridor Management Plan 

Future 100‐year  final bed level change – central study area 
Project No. 11‐1009  Created By: JS  Figure 35 
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Notes:  
Source: MIKE 21C model output. 
Scale: 1 in = 2625 ft 

  Lower Feather River Corridor Management Plan 

Future 100‐year final bed level change – south study area 
Project No. 11‐1009  Created By: JS  Figure 36 
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Notes:  Background image 
courtesy Digital Globe (2008). 

  Feather River Corridor Management Plan ‐ Geomorphic Assessment

Alternating Bars on the Lower Feather River 
Project No. 11‐1009  Created By: CC  Figure 37

 



 
   


	1 INTRODUCTION
	1.1 BACKGROUND / PHYSICAL SETTING
	1.2 STUDY OBJECTIVES

	2 MODEL DEVELOPMENT
	2.1 MODEL SOFTWARE
	2.2 MODEL DOMAIN
	2.3 BATHYMETRY AND TOPOGRAPHY
	2.4 HYDRAULIC ROUGHNESS
	2.5 BOUNDARY CONDITIONS
	2.6 SEDIMENT TRANSPORT
	2.7 CALIBRATION AND VALIDATION
	2.8 MODEL LIMITATIONS

	3 CORRIDOR MANAGEMENT PLAN FUTURE FEATURES
	3.1 TOPOGRAPHY
	3.2 HYDRAULIC ROUGHNESS

	4 MODEL RESULTS AND DISCUSSION
	4.1 CALIBRATION AND VALIDATION
	4.2 EXISTING CONDITIONS AND FUTURE FEATURES
	4.2.1 Maximum Water Surface Profiles and Maximum Inundation Extents
	4.2.2 Inundated Area
	4.2.3 Bed and Floodplain Elevation Changes


	5 SUMMARY
	5.1 PROPOSED ACTION FAF FLOW
	5.2 PROPOSED ACTION 2-YEAR FLOOD
	5.3 PROPOSED ACTION 10-YEAR FLOOD
	5.4 PROPOSED ACTION 100-YEAR FLOOD
	5.5 NO ACTION POST BREACH VERSUS PRE-BREACH
	5.6 NO ACTION MAXIMUM BREACH VERSUS PRE-BREACH
	5.7 RECOMMENDATIONS

	6 REFERENCES
	7 LIST OF PREPARERS
	8 ACKNOWLEDGMENTS
	FigsAll_101813.pdf
	Fig1_Loc_Map
	Fig2_Model_Domain
	Fig3_Mesh
	Fig4_Existing_Topo
	Fig5_Existing_Veg
	Fig6_BC_Q2
	Fig7_BC_Q10
	Fig8_BC_Q100
	Fig9_Sed_Depth
	Fig10_Loc_Gages
	Fig11_Loc_Proposed_Actions
	Fig12_Future_Topo_Changes
	Fig13_Future_Topo_Setback
	Fig14_Shanghai_Bathy
	Fig15_Future_Veg_Changes
	Fig16-21
	Fig22_Max_WSE_EX_North
	Fig23_Max_WSE_EX_Central
	Fig24_Max_WSE_EX_South
	Fig25_Max_WSE_Fut_North
	Fig26_Max_WSE_Fut_Central
	Fig27_Max_WSE_Fut_South
	Fig28-33
	Fig14 Bathy_xsec
	Fig16 Calibration
	Fig17 Validation
	Fig18 FAF
	Fig19 Q2
	Fig20 Q10
	Fig21 Q100
	Fig28 Q2 Final bed level 
	Q10 Final bed level 
	Q100 Final bed level 
	Q2 Final bed level change 
	Q10 Final bed level change 
	Q100 Final bed level change 

	Fig34_100_Pre_Fut_BedChg_North
	Fig35_100_Pre_Fut_BedChg_Central
	Fig36_100_Pre_Fut_BedChg_South
	Fig37_Alternating_Bars




