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1 Introduction

This report documents the hydrologic and hydraulic analyses performed by Northwest Hydraulic
Consultants Inc. (NHC) in support of the Skagit River Basin General Investigation (Skagit River Gl) under
contract W912DW-11-D-1006, Task Order No. 3. The work comprised five major technical tasks as

follows:

- Hydraulic modeling of the BNSF railroad bridge, which crosses the Skagit River between Mount
Vernon and Burlington and which provides an important hydraulic control under extreme flow
conditions (Chapter 2).

- Analysis of the effectiveness of a potential increase in early season flood regulation storage at
Upper Baker dam on regulated peak flows at Concrete (Chapter 3).

- Analysis of the flood peak discharge reductions achievable from potential new flood regulation
storage at Lower Baker Dam (Chapter 4).

- Hydraulic analysis of the lower Skagit River to support economic flood damage analysis under
existing conditions, with additional early season flood regulation storage at Upper Baker Dam,
and with improved levees (Chapter 5).

- Initial hydraulic design of three flood risk reduction alternatives specified by the Seattle District,
including hydraulic analysis in support of economic flood damage analysis for preferred
configurations of those alternatives (Chapter 6).

In addition to this study report, NHC also updated existing condition hydrology and hydraulic technical
documentation (USACE 2013a and USACE 2013b) to incorporate relevant information from the above
technical tasks. The hydrology and hydraulic technical documentation provide extensive background
information on hydrologic and hydraulic conditions in the Skagit River basin study area and detailed
descriptions of the development of existing condition hydrologic and hydraulic models.

The work conducted under this contract builds on a considerable body of previous hydrologic and
hydraulic modeling and analysis performed by the Seattle District and other parties over the past decade
and more.

The emphasis of much of this report is on hydraulic modeling for the lower Skagit River basin
downstream from Sedro-Woolley. A location map of this area, showing key features referred to in the
following chapters of this report, is provided in Figure 1- 1.

1.1 Datum

The vertical datum used for hydraulic modeling in this study, for both the FLO-2D and HEC-RAS models
and their output, is NAVD88. The horizontal datum is the Washington State Plane Coordinate System
North Zone, 1983/91 North American Datum. All elevations in this document are reported in feet to the
NAVD88 datum unless specifically stated otherwise.
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1.2 River Stationing

River stationing for the HEC-RAS models used in this study is understood to have originated from the
hydraulic model created for a 1984 Flood Insurance Study. It should be noted that the model stationing
reported as River Miles (RM), is inconsistent with current measured river lengths. The distance between
RM 10.1, just upstream of the North and South Fork split, to RM 22.27, on the downstream side of the
Highway 9 Bridge at Sedro-Woolley, is 12.17 miles based on the RM difference. However, the channel
distance within the HEC-RAS model between the same two cross sections is 13.25 miles in the 2004
model and 13.42 miles in the updated, geo-referenced 2011 and current (2013) models. The difference
in reach distance between the 2004 and 2011/2013 HEC-RAS models is relatively small - around 1,000
feet (1.4%) - and easily explained by slight variations in the channel centerline selected for measurement
between the two models. In contrast, the River Mile distance per the model stationing is over a mile
less than calculated channel distance in both HEC-RAS models. There are no known major channel
shifts, avulsions or meander cutoffs that can explain this discrepancy.

For consistency with previous work, the distributary point of the North and South Forks is set at RM 9.48
and with the exception of water surface profile plots, river miles (RM) in this report refer to the
stationing as used in 2004. Cross-section locations (XS) similarly refer to the 2004 stationing.

Water surface profile plots of the system downstream from Sedro-Woolley provided in the report show
actual distances as determined from the current (2013) geo-referenced HEC-RAS model. Thus, as an
example, the model cross-section with the name RM 22.27 (or XS 22.27 since this is a specific model
cross-section location), on the downstream side of the Highway 9 bridge, is the same cross-section in
the current work as in prior work. In the profile plots, this cross-section is positioned according to
measured channel distances at river mile 23.575. Table 1-1 lists the model cross-section RMs and
corresponding actual river miles for the mainstem downstream from Sedro-Wooley and for the North
and South forks.
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2 BNSF Bridge Hydraulic Modeling

The Burlington Northern Santa Fe Railway (BNSF) bridge is located just east (upstream) of the Interstate
5 and Riverside Drive bridges in Mount Vernon. The BNSF bridge is the most important hydraulic
structure in this reach of the river. The bridge has a relatively low deck elevation and a history of
entrapping and retaining debris during high flows. A debris jam estimated at about 450 to 500 feet wide
by 10 to 20 feet thick at its maximum formed on the bridge in the November 1995 flood*, providing the
basis for debris loading assumptions in recent hydraulic modeling for the Skagit River Gl. Previous HEC-
RAS hydraulic modeling for the Skagit River Gl, reported in the April 2011 draft Hydraulic Technical
Documentation (USACE, 2011b), showed head loss through the bridge of the order of three to four feet
for 25-year events and larger under the assumed 500 feet wide by 20 feet thick debris blockage.
Modeled backwater effects from the BNSF bridge extend upstream to approximately the Highway 9
crossing of the Skagit River at Sedro-Woolley, inducing additional flooding of the left bank Nookachamps
basin and resulting in potentially substantial spill from the right bank of the Skagit in the vicinity of
Sterling (from approximately RM 21 to RM 22 or roughly 12 to 13 miles upstream from the junction of
the North and South Forks). Right bank spill upstream from the BNSF bridge flows north and west
across the floodplain and does not re-enter the mainstem Skagit River. Previous modeling showed that
spill amounts upstream from the BNSF bridge are quite sensitive to the head loss through the bridge.
Large spills upstream from the BNSF bridge have the effect of reducing flows and hence flood risk
downstream from the bridge. The hydraulic performance of the bridge is therefore a potentially critical
factor in analysis and design of flood management measures and alternatives throughout the lower
Skagit River.

The head loss through the BSNF bridge in previous modeling (of the order of three to four feet for 25-
year events and larger, as noted above) is significantly larger than observed during recent large floods
(November 1990, November 1995, October 2003 and November 2006) raising concerns about the
reliability of previous modeling. The purpose of the work described in this report section was: to
reexamine the computational approach to modeling the hydraulic performance of the bridge; to
perform sensitivity analyses to determine how various model parameters and assumptions influence the
computed water surface profile through the bridge opening; and to recommend a computational
approach and set of model parameters and assumptions for future modeling. The following factors
were considered in the sensitivity analyses:

discharge rate (from approximately 120,000 to 320,000 cfs)
- debris blockage (from zero to 20,000 square feet)

- HEC-RAS contraction and expansion coefficients

- HEC-RAS right bank station placement

- Steady state vs. unsteady flow modeling

! The peak discharge during the 1995 flood was 141,000 cfs (about a 25-year return period) at the USGS Skagit
River near Mount Vernon gage, located 0.5 miles downstream from the BNSF bridge.
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Consideration was also given to scour potential at the bridge. The scour assessment was performed
after the sensitivity studies and the order of presentation in this report section reflects the order in
which the work proceeded.

Part way through this work, it was determined, from examination of photographs from the November
1995 flood (see Section 2.1), that the existing condition bridge geometry in the HEC-RAS model was
incorrect, and had apparently been incorrect for many years. Before completing the sensitivity analyses,
additional work was therefore conducted to survey the bridge, update the representation of the bridge
geometry in the HEC-RAS model, and reassess the model calibration.

2.1 Bridge Survey and Reassessment of HEC-RAS Model Calibration

2.1.1 Bridge Survey

NHC staff completed a partial survey of the BNSF bridge on 6 November 2012. For access and safety
reasons, the survey was restricted to the right bank piers and right bank low chord. Survey grade GPS
was used to establish control points from which a survey level was used to determine elevations. A
nearby WSDOT monument was surveyed before and after the bridge survey as a quality assurance
check. The low chord elevation of the over-water spans of the bridge were subsequently estimated
from spot elevations of the bridge deck taken from aerial mapping obtained from the City of Burlington,
dated 2009.

Substantial differences exist between the surveyed and previously assumed bridge geometry, as shown
in Figure 2-1 and Figure 2-2. The main differences are: 1) the bridge deck is approximately 6.4 feet thick,
not 10 feet as previously assumed; 2) the bridge deck has a vertical curve, with the right bank deck
about three feet lower than the deck in the main channel area; and 3) the low chord is significantly
lower than previously assumed (about six feet lower in the right overbank area and 3 feet lower over
the main channel). The lower low chord elevation is of particular importance since it results in the
bridge going into pressure flow at a lower discharge than previously assumed. The low chord elevation
varies from 43.01 ft. NAVD88 in the right overbank area to 45.51 ft. NAVD88 over the main channel and
approximately 47.5 ft. NAVD88 at the Whitmarsh Road underpass on the right bank. Bridge overtopping
elevations vary from 49.37 ft. NAVDS88 in the right overbank to 51.87 ft. NAVD88 over the main channel.

The results from the level survey were processed, the bridge geometry revised in the HEC-RAS model,
and the model calibration re-assessed, prior to sensitivity analysis.

2.1.2 1995 High Water Data and Model Calibration

The error in the bridge geometry in the previous HEC-RAS model was identified from photographs of the
November 1995 flood (Figure 2-3 and Figure 2-4). These photographs, taken close to the peak of the
flood (reportedly at 12:30 pm on 30 November 1995), show the maximum water level close to the low
chord of the bridge and inconsistent with the previous model’s representation of the bridge.

After surveying the bridge low chord and piers, the photographs were used to estimate a November
1995 high water elevation on the upstream face of the bridge of 41.66 ft. NAVD88. This high water mark
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(HWM “A”) is deemed more reliable than a previously reported high water mark of 42.97 ft.
downstream of the bridge (HWM “B”), and was given substantial weight when re-assessing the model
calibration. In addition to the new high water mark, the same set of photographs shows that there was
no significant debris accumulation during the flood peak. Photographs of the large debris jam which
developed during this event were evidently taken on the receding limb of the flood, some time after the
peak stage. For this reason, the 4,000 square foot debris blockage previously assumed in model
calibration to the 1995 flood data was removed.

The changes described above (changing the bridge geometry, removing the debris blockage, and adding
a new high water mark) were significant enough to warrant a reassessment of the HEC-RAS model
calibration. Figure 2-5 shows 1995 water surface profiles for the previous calibration and for the
updated model configuration. This flood did not reach the low chord of the bridge, and changes to the
bridge pier geometry were minor. Therefore, the approximately 0.75 foot reduction in backwater seen
in Figure 2-5 is due to removal of the debris blockage and changing the “low flow” solution method
from momentum to energy (see definitions and discussion of computational approaches in Section 2.2
below). Downstream of the bridge, the difference in model results is minimal. The impact on the model
calibration of the change in bridge geometry is minimal because the new, lower deck elevation is still
above the peak water level for the 1995 flood, and so free surface flow is maintained.

Overall, calibration to the 1995 high water data was somewhat improved by the above changes. All high
water marks discussed here are shown on Figure 2-5. The newly identified high water mark on the
upstream face of the BNSF bridge (HWM “A”), determined from the photographs, matches the revised
water surface profile reasonably well. The high water mark just below the bridge (HWM “B”), was
discounted because it is inconsistent with the photographic evidence and would result in an implausibly
large water surface slope between the BNSF bridge and the downstream high water mark (HWM “G”)
taken from the USGS stream gage just downstream from the Riverside Drive bridge. HWM “C” is not
considered valid and was discounted as an outlier. Two of the remaining three high water marks
between the BNSF bridge and Highway 9 (HWMs “D”,”E” and “F”) are better replicated by the revised
model. Upstream of Highway 9, the differences between the models dissipate.

The 2003 and 2006 floods were also re-run with the new bridge geometry and energy solution method.
For both of these floods, simulated water surface elevations were reduced around 0.2 feet in the
Nookachamps area, slightly improving the calibration in this area. As neither of these floods was
modeled with a debris load and as neither flood reached the low chord of the bridge, these changes are
attributed to a change in solution method. The minor change in the bridge geometry to reflect the
pilings driven around the pier that failed in the 1995 flood is unlikely to affect the computed water
surface profile.

2.2 Investigation of HEC-RAS Bridge Computational Methods

The original scope of work called for investigating all bridge modeling approaches available in HEC-RAS
as part of the sensitivity testing. HEC-RAS allows the use of different computational methods for “low”
and “high” flow at bridges. “Low” flow is defined as flow under the bridge with water surface elevations
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not reaching the bridge low chord. For most significant bridges, this would include all but the largest
flood discharges. “High” flow is when water surface elevations result in pressure flow under the bridge
and potentially additional weir flow over the deck. For low flows, HEC-RAS modeling options are:

- energy balance
- momentum balance
- Yarnell method

- WSPRO Method

For high flows (pressure flow under the bridge, and weir flow over the bridge), options are:
- energy balance

- pressure/weir method
In addition, HEC-RAS allows the option of converting all bridges in a model to lidded cross sections.

In the course of this work, problems were encountered in application of most of the modeling options.
Converting bridges to lidded cross sections was determined not to be an option for this particular
application because debris blockage is not accounted for in the conversion process.

For low flow methods, efforts to use the WSPRO method were unsuccessful; the model crashed when
using this option. The momentum method gave numerous warnings regarding invalid solutions,
although results were still reported. The bridge modeling situation was discussed with Dr. Gary Brunner
at the USACE Hydrologic Engineering Center. His opinion was that the debris blockages being modeled
exceeded the range for which the Yarnell and momentum methods were appropriate and
recommended use of the energy method. He also noted that placing all debris in a single block such
that it covered multiple adjacent piers, as in previous modeling, would result in incorrect results. Debris
geometries were therefore modified to use multiple debris blockages sized to ensure no overlap with
adjacent piers or debris. The energy method was tested over the full range of debris blockages (0 to
20,000 square feet) for low flow conditions and was found to give apparently reasonable results without
error or caution notes. Therefore this method was used for all subsequent low flow sensitivity testing.

Under high flow conditions, the energy method resulted in numerous errors and cautions. The
pressure/weir flow method produced somewhat higher headwater results, but did not exhibit the same
computational issues. High flow modeling methods were also discussed with Dr. Brunner and he
concurred that the pressure/weir flow method should be used. All sensitivity testing discussed herein
uses this method for high flows. It was determined that the most appropriate trigger elevation to use
for pressure/weir flow calculations was the main bridge span low chord elevation of 45.5 ft. NAVDS8S, as
opposed to the highest low chord elevation which occurs on the span crossing Whitmarsh Road near the
right bank (Station 1000,Figure 2-2).
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2.3 Sensitivity Analysis

Sensitivity analyses were conducted on a number of key model variables. For comparison, a “base” case
was selected. This consisted of 10,000 square feet of debris blockage, the right bank station set at 727
feet (i.e. at the edge of the low flow channel — see Figure 2-2), and contraction/expansion coefficients of
0.1 and 0.3 respectively. The amount of debris blockage, right bank station and contraction/expansion
coefficients were then varied systematically to explore the sensitivity of the bridge to the various
parameters. In all cases, only one variable was changed per run. The base case right bank station and
contraction/expansion coefficients were as used in the model calibration.

The existing condition HEC-RAS model was modified for the sensitivity analysis in order to allow
evaluation of BNSF bridge performance under extremely high flows. The right bank levees between
Sedro-Woolley and the bridge were removed to prevent overtopping flows from leaving the model
domain upstream from the bridge. The left bank Nookachamps storage areas were also disconnected in
order to improve model speed and stability at high flows. Levees downstream of the bridge were left at
their current (existing condition) height. As a result of the miles of overtopping levee downstream from
the bridge, tailwater elevations are very similar over a large range of high flows. Minor modification to
the levee geometry at the bifurcation of the North and South Forks was also required in order to allow
the model to run in HEC-RAS Version 4.1 (previous analyses used Version 4.0).

The 500-year average regulation condition flood from the March 2011 draft Hydrology Technical
Documentation (USACE, 2011a) was run for each scenario in order to obtain results over a wide range of
flow, including the transition from low flow to high flow hydraulics. Results are presented as ratings
curves, selected water surface profiles, and in tabular form as described below. It should be noted that
in the rating curve plots, a small hysteresis loop is evident in all runs. The water surface profile plots use
nominal flow rates for each profile. Because the model was run in unsteady mode, flows between runs
were never exactly the same for a given time step; therefore the water surface profile figures show
results for flows that are within a few of percent of each other but not equal. This causes slight
variations in results (including tail water elevations), but the dominant variation by far in each
comparison is due to the variable being tested. Model results for each group of sensitivity runs are
discussed in Sections 2.3.1 through 2.3.4 below. Table 2-1 gives detailed hydraulic output results at the
bridge for all sensitivity runs over the full range of flows.

Interpretation of data in Table 2-1 requires some care. In particular, it will be noted that the data show
some significant variations in the elevation above which pressure/weir flow calculations are used.
Several factors appear to affect the apparent switch to pressure flow as reported in Table 2-1:

i) The model will default to energy calculations if a valid pressure/weir solution cannot be found —
this appears to be occurring at the transition to pressure flow.

ii) The upstream water level reported in Table 2-1 is from the cross-section immediately upstream
from the bridge, whereas the trigger for switching to pressure flow is at a cross-section internal
to the bridge.
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iii) Model output is reported at an hourly time step so reporting of the change from energy to
pressure flow may be up to one hour later than actual.

2.3.1 Model Sensitivity to Debris Blockage

The BNSF bridge has demonstrated a propensity for spurring the formation of debris jams during high
flows. The debris jams do not occur during every large flood, however, and, as shown in the 1995 event,
the bridge may remain clear of debris during the peak flow but trap debris later in the event. Because a
debris jam could potentially influence discharge rates and water levels upstream and downstream of the
bridge, a sensitivity analysis of various debris blockages was conducted. The debris jam sizes considered
were: 0, 3000, 6000, 8000, 10000, 14000, and 20000 square feet. Debris was distributed over a number
of piers, and the areas quoted above are in addition to the blockage due to the piers themselves. To the
extent possible, debris was placed to avoid encroachment on that portion of the main channel between
the left bank and Pier 1 (piers are numbered from left to right looking downstream) consistent with past
observations. However, because of their size, this was not possible with the 14,000 and 20,000 square
foot blockages. The placement of debris for the various size blockages is shown in Figure 2-6 through
Figure 2-11.

Figure 2-12 shows the tail water rating downstream from the bridge (“DS RC”) and rating curves
immediately upstream of the bridge (“US RC”) with the various blockage configurations and for flows
ranging from 30,000 to roughly 320,000 cfs. The tail water rating follows the familiar convex curve. The
break in slope and flattening of the tail water rating at a flow of about 175,000 cfs corresponds to the
overtopping of the levee system downstream from the bridge. With no debris, the upstream rating
closely follows the tail water rating up to a flow of about 220,000 cfs. Above that point, the transition to
pressure flow results in an increase in head loss through the bridge opening and a divergence of the
upstream and downstream ratings. As debris is added and as the degree of blockage increases, a more
severe “step” forms in the upstream rating curves as the transition to pressure flow occurs at lower and
lower flows. Debris blockages from 6,000 to 14,000 square feet trigger pressure flow conditions at
discharges in the 150,000 to 170,000 cfs range. Figure 2-13, Figure 2-14 and Figure 2-15 show water
surface profiles with the various debris blockages at flows of approximately 150,000 cfs, 200,000 cfs and
250,000 cfs respectively.

2.3.2 Model Sensitivity to Contraction and Expansion Coefficients

In unsteady flow models, HEC-RAS develops families of rating curves for each bridge that represent the
full range of flows and headwater stage under various tail water elevations. The curves are calculated
based on the bridge modeling method chosen, each of which has key parameters that may be varied.
For energy method calculations, the contraction and expansion coefficients are multiplied by the change
in velocity head between sections to estimates losses. For bridges with large changes in velocity due to
contracted openings, the model solution can be quite sensitive to these coefficients. To test the
sensitivity to these parameters, simulations were conducted with three sets of coefficients for
contraction and expansion: 0.1/0.3 (the base condition), 0.3/0.5, and 0.5/0.7. The downstream tail
water rating curve (“DS RC”) and upstream rating curves (“US RC”) from these simulations are shown in
Figure 2-16. Water surface profiles at selected discharges are shown in Figure 2-17.
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As can be seen in the rating curves (Figure 2-16), for flows up to about 140,000 cfs, altering the
coefficients has an approximately linear impact on the upstream rating curves (i.e., the difference
between ratings for coefficients of 0.1/0.3 and 0.3/0.5 is about the same as the difference between
ratings for coefficients of 0.3/0.5 and 0.5/0.7), along with the expected result that higher coefficients
lead to greater head loss and less efficient conveyance. Above about 170,000 cfs, the bridge transitions
fully to pressure flow and a HEC-RAS computational approach which does not make use of contraction/
expansion coefficients. Hence the solutions converge, as can be seen in both Figure 2-16 and Figure 2-
17.

As noted previously, the set of contraction/expansion coefficients used in the model calibration was
0.1/0.3.

2.3.3 Model Sensitivity to Right Bank Station

Simulations were conducted to assess the impact of the placement of the right bank station immediately
upstream and downstream of the BNSF bridge. The right bank in this area is a flat low lying field (see
Figure 2-2) which floods at a flow of roughly 50,000 cfs. The area typically has a healthy grass cover but
may be covered by sand, which deposits preferentially in this area during floods. The bank station
represents the transition between channel and overbank areas, and the choice is a somewhat subjective
matter in this case. HEC-RAS uses the bank station as a change in roughness location, as well as a
partitioning tool when dividing the cross-section into sections for computation. Two locations for the
bank station were tested: the existing location near the edge of the low-flow channel, and at the right
edge of the cross-section, which is approximately the edge of water during extremely high flows. The
scenario with the bank station placed at the right edge of the cross-section has a channel n-value (0.034)
extended across the floodplain to the bank station.

Figure 2-18 shows the downstream tailwater rating curve (“DS RC”) and upstream rating curves (“US
RC”) for these two scenarios and Figure 2-19 shows corresponding water surface profiles for flows of
150,000, 200,000 and 250,000 cfs. Results from the two scenarios are almost indistinguishable. This is in
large part because under the assumed 10,000 square foot debris load, flow across much of the right
bank area in question is blocked by debris. Greater differences would be expected under lower debris
loads.

2.3.4 Steady State vs. Unsteady Flow Modeling

Simulations were performed in steady state mode for flows of 150,000, 200,000 and 250,000 cfs for
each of the sensitivity scenarios described in Sections 2.3.1 through 2.3.3 above, and water surface
profiles were then compared against the corresponding results from the unsteady flow runs. The results
of the steady state simulations and the corresponding unsteady flow simulations were essentially
identical. Because the results of the steady and corresponding unsteady flow simulations are so close,
comparison plots are not included in the report.
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2.4 Effects of Bed Scour on Bridge Hydraulics

All simulations described above assume a fixed channel bed, but a brief review of hydraulic outputs and
available sediment data indicates that it is likely that significant scour takes place at the bridge under
flood flow conditions. The failure of Pier 8 of the bridge due to scour in the 1995 flood provides
additional evidence supporting this hypothesis.

Sediment sampling of the entire lower Skagit River system was undertaken as part of a geomorphology
task for the Skagit Gl study in 2002 (Cherry and Jackson, 2002). Multiple grab samples and full transect
bed material samples were obtained at or around the BNSF bridge. The study results indicate that the
bridge is located within the gravel-sand transition of the Skagit River. The report states that the mean
bulk sample Dso was 5.4 mm upstream of the bridge and 0.6 mm downstream. Bed material samples
from this location and further upstream indicate a finer gradation than the bulk surface samples; a D5, of
less than 1 mm is reported. Recent work by the USGS (Curran, et al., 2009) sampling at the next bridge
downstream confirms the sand bed nature of the channel below the BNSF bridge.

Scour potential was investigated for a no-debris and 10,000 square foot debris (base case) scenario.
Approach velocities to the bridge are in the range of 6 to 9 feet/second for flows from 150,000 cfs to
250,000 cfs under these scenarios (Figure 2-20). This range of flows is considered to include the range of
greatest interest for analysis of the various potential flood management alternatives. In the bridge
opening, velocities increase slightly under the no-debris condition to values in the range of from 7 to 11
feet/second, while with debris, the velocity increases to a maximum of about 16 feet/second (Figure 2-
21). Estimates of potential scour, due to general and contraction scour only, were generated using the
hydraulic design tools in HEC-RAS and some external references. Local abutment and pier scour were
not evaluated.

Results using the contraction scour tool in HEC-RAS for the main channel only are presented in Table 2-2
for a flow 150,000 cfs. A conservative Dsq of 10mm was used (this is the single largest bulk sample value
from the vicinity of the bridge) and scour was forced to be live bed. The estimated scoured area was
calculated by multiplying the scour depth by the wetted perimeter of main channel (excluding piers) in
the cross section.

The analysis has a few notes of interest:
i) Scour is predicted to occur even with no debris on the piers.

ii) Scour areais 70% of debris blockage area. (Note this is at a relatively low flood flow of 150,000
cfs; the bridge is not in pressure flow and velocities are at their minimum [Figure 2-21]).

iii) No right overbank scour is calculated, but the pier failure on this overbank in 1995 is evidence
that if flows are sufficient to strip away the vegetative cover, significant scour would also be
expected here. (Note, however, that we have no information on the nature or condition of the
pier foundation.)

The scour calculations indicate that most of the waterway area reduction from the debris blockage is
likely to be compensated by scour of the bed. Not accounted for in these calculations are areas that
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may be resistant to scour, either from natural bedrock outcroppings or riprap placed over time by the
railroad. It is known that the piers in the main channel are protected by riprap (see the 1993 low water
photograph in Figure 2-22). Nevertheless, unless the entire channel is armored under the bridge it
seems likely that extensive bed scour will occur under flood conditions.

As stated as the beginning of this section, all simulations performed in this work assumed a fixed
channel bed. No modeling was performed for the “with scour” condition.

2.5 Further Refinements to HEC-RAS Model Representation of BNSF Bridge

At the conclusion of the sensitivity runs, the following additional refinements were made to the model
representation of the BNSF bridge:

i) Skew of approximately 10° was applied to the bridge and the cross-sections immediately
upstream and downstream. The correction for skew results in a slight reduction in the effective
channel width.

ii) The pier spacing was adjusted to more closely reflect actual spacing based on measurements
from aerial photographs.

iii) The shapes of piers 4 through 12 (piers are numbered from left to right looking downstream)
were modified (tapered) to more closely reflect the actual pier shapes. Piers 1 through 3 were
already tapered in the model.

The final bridge geometry is shown in Figure 2-23. By comparison with Figure 2-2, it can be seen that the
principal changes are in the spacing of the main channel piers 1 through 3, an increase in the effective
pier widths as a result of the skew adjustment, and a slight reduction in channel width. The impact of
these refinements on bridge hydraulics is illustrated in Figure 2-24, Figure 2-25 and Figure 2-26 which
show rating curves with the changes (“skewed bridge”) and for the original sensitivity runs (“before
skew adjustment”) for scenarios with no debris and with 3,000 and 6,000 square feet of debris. All runs
assumed 0.1/0.3 contraction/expansion coefficients and the right bank station at the edge of the low
flow channel. The changes (primarily the skew adjustment) result in the bridge transitioning to
pressure/weir flow at a somewhat lower discharge and a slightly higher stage for a given discharge.
These changes do not affect the conclusions and recommendations presented in Section 2.6 based on
the sensitivity runs and assessment of scour potential.

2.6 Conclusions and Recommendations

Debris accumulation at the BNSF bridge is highly variable both from flood to flood and within individual
flood events. The largest documented blockage in the recent past formed during the flood of November
1995. This event had a peak flow of 141,000 cfs at Mt. Vernon for a return period of approximately 25-
years.

Photographs taken during the 1995 flood indicate that the bridge was clear of debris at the time of the
peak flow and that the debris jam (subsequently estimated as having maximum dimensions of
approximately 450 to 500 feet wide by 10 to 20 feet deep) formed over a relatively short period of time
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on the receding limb of the flood hydrograph. We speculate that the jam initially formed as a raft of
debris lodging on the bridge piers and then trapping other debris moving down river. There is nothing
to indicate that the debris jam could not have formed earlier in the event and been in place at the time
of the peak discharge. Selection of parameters to model the hydraulic performance of the BNSF bridge
should therefore consider scenarios with and without debris blockage.

As shown in the 1995 flood, the BNSF bridge is capable of collecting and building impressive debris jams
in a short amount of time. Long term trends will likely increase both the total volume and individual log
sizes in the flood-borne debris load. This is due to projected increases in peak flows and hence channel
migration associated with climate change, and as the numerous restoration projects on the Skagit River
banks mature and begin to provide increasingly large conifers to the river. Debris accumulation on the
bridge is a very real risk, however extrapolation of debris loads to extreme flood conditions is a
speculative endeavor.

Balancing the impacts on bridge hydraulics of debris accumulation is the expectation that the river bed
in the vicinity of the bridge is highly mobile under flood conditions and can be expected to adjust to
debris blockage through scour. Analysis of scour potential (Section 2.4) for a scenario with a flow of
150,000 cfs and a debris blockage of 10,000 square feet, resulted in a scour area of approximately 7,000
square feet, or 70% of the debris blockage area. Scour depth and area is expected to increase as both
blockage size and discharge increase.

Since the HEC-RAS model is not capable of simulating a mobile bed with the unsteady flow
computations (HEC-RAS does have sediment transport modeling capability however this is for “quasi-
unsteady” mode and is typically used for estimating long term trends), the effects of scour in scenarios
with debris blockage can be most readily accounted for by reducing the assumed blockage area by the
estimated scour area. Based on the analysis of scour potential, for example, the hydraulic performance
with a 10,000 square foot blockage could be modeled using a net 3,000 square foot blockage, assuming
7,000 square feet of scour area.

Ratings upstream and downstream from the bridge with no blockage and with a 3,000 square foot
blockage are shown in Figure 2-25 for the simulations with and without skew adjustment. The impacts
of a 3,000 square foot blockage on the upstream rating are insignificant until the flow reaches about
190,000 cfs without skew adjustment and roughly 175,000 cfs with skew adjustment, above which the
ratings with and without debris start to diverge. Note that the flattening in the downstream rating at
flows above 175,000 cfs is the result of overtopping of levees downstream from the bridge. The
downstream levees were kept at their existing height for the purposes of this analysis.

Increasing the blockage area by 50% to 15,000 square feet and continuing to assume a scour area of
70% of the blockage, would result in a net blockage for modeling purposes (i.e. after accounting for
scour) of 4,500 square feet. Interpolating from the suite of ratings in Figure 2-12 shows that the impacts
of this blockage are minor until the flow reaches about 180,000 cfs (roughly 170,000 cfs with skew
adjustment), above which the ratings with and without debris again start to diverge.
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If scour offsets the effects of debris blockage to the extent estimated here, then it appears that the
hydraulic performance of the BNSF bridge would be relatively insensitive to debris load over a wide
range of blockage sizes for flows up to at least 160,000 cfs. Previous hydraulic modeling without debris
loads shows that flows much greater than this magnitude are unlikely at the BNSF bridge under existing
conditions because of spill over the upstream Dike District 12 (DD12) levees and from the right bank of
the Skagit in the vicinity of Sterling (RM 21 to RM 22 or from 3.5 to 4.5 miles upstream from the BNSF
bridge). Measures which would allow passage of flows on the order of 200,000 cfs and greater would
include raising upstream and downstream levees and construction of a right bank levee at Sterling.
Raising the downstream levees would change the downstream bridge rating and affect the bridge
hydraulic performance as characterized in this report for flows greater than about 175,000 cfs.

Given the various uncertainties in the size of debris blockages, potential scour depths, and the nature of
future flood management measures we recommend adoption of a fixed design debris blockage of 3,000
square feet for current feasibility studies®. For the flow range of greatest interest, this produces
upstream water levels only slightly higher than scenarios without debris. Recognizing the very limited
scour analysis undertaken here and the current lack of detailed information on bed conditions at the
bridge (e.g., while the bridge piers are known to have riprap protection, there is no detailed information
on the size or extent of existing scour protection), this assumption should only be used for feasibility
study purposes and should be revisited before more detailed design is undertaken.

With regard to other hydraulic model parameters, we recommend that the contraction/expansion
coefficients remain set at 0.1/0.3 as in model calibration, and that the model’s right bank location
remain at the edge of the low flow channel also as in model calibration. In both cases, we see no strong
justification for departing from the calibration values. Further, model results are insensitive to the right
bank station location.

Finally, we recommend that future bridge modeling for this study use the energy approach for low flows
and pressure/weir flow for high flows. These methods were found to be robust and to produce
plausible results for the full range of flows and blockage conditions examined.

? Following review by the Seattle District, a debris blockage of 6,000 square feet was adopted for subsequent
hydraulic modeling purposes.
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3 Early Season Flood Regulation

Under existing conditions, flood flows on the Skagit River are regulated by flood control operations at
Upper Baker and Ross dams. The flood control storage provided at Upper Baker and Ross, as required
under the existing project FERC licenses, varies seasonally as shown in Table 3-1.

Note in Table 3-1 that the flood control storage required at Upper Baker Dam under the existing FERC
license is slightly different from that described in the Baker River Project Water Control Manual (WCM)
(USACE, 2000). The existing condition analyses described in this report section assume flood control
storage requirements per the FERC license, as discussed further in Section 3.1.

Hydrologic analyses of existing condition regulated flows described in the August 2004 draft Hydrology
Technical Documentation for the Skagit River Gl (USACE, 2004b) ignored the seasonal variation of flood
control storage and assumed that the required maximum amount of storage (74,000 acre-feet at Upper
Baker and 120,000 acre-feet at Ross) would be available for all floods, regardless of the date of
occurrence. As shown in Table 3-1, the full amount of flood storage is not required at Upper Baker until
November 15 and at Ross until December 1.

The work described here evaluates:

- the impact of existing early season flood control storage requirements on regulated peak flows
on the Skagit River near Concrete (i.e. downstream from the Baker River confluence), and

- the effectiveness of increased early season flood control storage at Upper Baker Dam, with the
existing early season flood control storage at Ross Dam, for the optional flood control storage
requirements summarized in Table 3-2.

As can be seen from Table 3-2, under the option examined here, the full flood control storage
requirement at Upper Baker (74,000 acre-feet) would be provided by October 15 as opposed to
November 15 under existing flood control operations.

The analyses presented here were performed using unregulated tributary inflows to the Skagit and
Baker Rivers dated 13 January 2011, originally provided in digital form with the March 2011 draft
Hydrology Technical Documentation (USACE, 2011a) in file: GI_Flows_Revised2_BestWorst.dss.
Unregulated peak flows for the Skagit River near Concrete are provided for comparison with regulated
peak flows in Table 3-7, Section 3.3.

The evaluation consisted of three principal tasks as follows:
- analysis of the historic daily record of reservoir storage for Upper Baker and Ross (Section 3.1),

- analysis of the impacts of existing flood control storage requirements on regulated peak flows
(Section 3.2), and

- analysis of the impacts of increased early season flood control storage at Upper Baker Dam on
regulated peak flows (Section 3.3).
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3.1 Reservoir Record Analysis

Daily time series of reservoir elevations for Upper Baker and Ross were obtained from Puget Sound
Energy (via Skagit County), the USGS, and USACE. For Upper Baker, gaps in the USGS daily data were
filled with the Puget Sound Energy data to create a continuous record for water years 1977 through
2009. For Ross, the USGS daily data were filled with data from the USACE to create a continuous record
for water years 1962 through 2009. The reservoir elevation time series were converted to time series
of reservoir storage using elevation/storage data provided in the project WCMs.

It is recognized that the period of historic reservoir elevation or storage data obtained for this work
(1977 through 2009 at Upper Baker, and 1962 through 2009 at Ross) may not be representative of
future project operations. Accordingly, discussions were held with representatives from both Puget
Sound Energy (PSE) and Seattle City Light (SCL) to determine what period of historic reservoir elevation
or storage data is expected to be most representative of future conditions, especially in the early part of
the flood control season.

3.1.1 Upper Baker

According to representatives from PSE, prior to 1984, flood control operations at Upper Baker provided
16,000 acre-feet of storage on 1 November and 74,000 acre-feet on 15 November, with more of a “stair-
step” change in flood control storage between those two dates than at present. Since 1984, project
operations have assumed a linear transition in the storage required between those two dates, hence
providing more assured flood control early in the flood control season.

Operations at Upper Baker have also deviated from expected future operations since 2004. In
accordance with the requirements of the FERC relicensing agreement, an Interim Protection Plan (IPP)
was introduced in 2004 to improve fish habitat in the Baker River by reducing rapid fluctuations in flow.
Under IPP-related project operations, more storage than required is generally available in the Baker
River project early in the flood control season. IPP operations are expected to continue until
approximately 2013, when new turbine units to be installed at the project will be fully operational.

Under the terms of Article 107c of the FERC license issued in October 2008, PSE is required to “develop
means and operational changes to operate the Project reservoirs in a manner addressing imminent
flood events.” These changes may include “additional reservoir drawdown below the maximum
established flood pool.” It is anticipated that any operational changes to address “imminent floods”
would take place after 2012; the nature and impact of any such changes is not yet known.

A further change affecting flood control performance has been the implementation by PSE of flood
control pool buffers at both Upper Baker and Lower Baker since about 2006. The buffers provide
additional storage above that required for flood control operations per the operating license. At Upper
Baker, this additional storage is 26,000 acre-feet, so that the bottom of the buffer is approximately 7
feet below the maximum permissible pool elevation in the flood control season. At Lower Baker, the
bottom of the buffer is approximately 5 feet below the spillway crest elevation, representing
approximately 9,850 acre-feet of storage below the spillway crest. The purpose of the buffers is to
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provide PSE with operational flexibility while avoiding, to the extent possible, incursion into the formal
flood control storage space at Upper Baker. PSE operates the reservoirs to try to maintain water levels
toward the low end of these buffers (water levels are generally maintained 2 to 3 feet above the bottom
of the buffer), however there is no formal operating policy for the buffers. It should also be noted that
the USACE only manages flood control space at the Upper Baker project.

It was noted in the course of discussion with PSE staff that the flood control storage requirements at
Upper Baker as described in the WCM differ slightly from the storage required per the project’s FERC
license. Under the FERC license, which PSE views as the controlling document, 16,000 acre-feet of
storage is required at Upper Baker between 15 October and 1 November. Under the current WCM,
flood control storage would be increased from 0 acre-feet on 1 October to 16,000 acre-feet on 1
November. Comment from the USACE (e-mail from Dan Johnson dated 7 June 2010) confirms that PSE
will be required to provide 16,000 acre-feet of storage in Upper Baker by 15 October per the current
FERC license.

While future operations at Upper Baker are expected to differ from past operations in a number of
respects, for current purposes it is assumed that future operations will be most similar to operations in
the 20-year period 1984-2003.

3.1.2 Ross

The situation at Ross is less clear than at Upper Baker. As discussed later in this section, Ross Reservoir
often provides significantly greater storage early in the flood control season than is required under the
terms of its operating license. According to a representative from SCL, Ross reservoir elevations in the
early fall are driven by a combination of factors including summer/fall weather conditions, energy
demand, fisheries compliance requirements, and conditions in the energy market in general. SCL
stressed that while no significant changes in operational practices were anticipated in the foreseeable
future, there was also no guarantee that early flood control season storage at Ross would be greater
than required in the future. Considering trends in energy demand, SCL suggested that reservoir data
from the period 1990 through present would be more indicative of future operations than data from
earlier periods.

3.1.3 Analysis of Reservoir Elevation and Storage Data

Data for the periods 1984-2003 at Upper Baker and 1990-2009 at Ross were analyzed to produce
summary “hydrographs” and duration curves of reservoir elevation and available storage. Summary
hydrographs are provided in Figure 3-1 through Figure 3-4, while duration curves are provided in Figure
3-5 through Figure 3-8.

The summary hydrographs (Figure 3-1 through Figure 3-4) show percentiles of stage or available volume
on a given day of the year, as well as the existing and, for Upper Baker, optional flood storage
requirements from Table 3-1 and Table 3-2. The Upper Baker plots (Figure 3-1 and Figure 3-2) show that
from October 1 to November 15 the median available flood storage is much less than the full 74,000
acre-feet required under existing regulation only after November 15. While this is consistent with the
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requirements of the 2000 Baker WCM, it demonstrates that it is inappropriate to assume that full flood
control storage is available for all floods regardless of their date of occurrence. The plots for Ross
(Figure 3-3 and Figure 3-4) show that for most of October, the median available flood storage is close to
or exceeds the full 120,000 acre-feet required after December 1. The plots for Ross also show that in
many years, the storage available greatly exceeds the flood control requirements. Note in Figure 3-1
through Figure 3-4 that encroachments into the existing flood control pool are indicative of historic
flood control operations.

Duration curves (Figure 3-5 through Figure 3-8) were developed for two-week periods in October and
November, as well as for the balance of the flood control season from December through February.

The duration curves show that in early October, the full flood storage has historically only been provided
about 10% of the time at Upper Baker (Figure 3-5 and Figure 3-6) and 45% of the time at Ross (Figure 3-
7 and Figure 3-8). After December 1, the full flood storage has historically been available over 90% of
the time at both projects. While these data show that project operations are consistent with the
respective WCMs, the duration curves again serve to demonstrate that it is inappropriate to assume that
the full amount of flood control storage is available early in the flood control season under the existing
regulation.

3.2 Impact of Existing Flood Storage Requirements on Regulated Peak Flows

The impact of early season flood storage on regulated peak flows was analyzed using a spreadsheet
routing “model” of the Skagit and Baker River projects originally developed by the Seattle District USACE
and modified by NHC for previous investigations of flood control operations under contract to Skagit
County. The spreadsheet model allows the user to route flows through the Upper Baker and Ross
reservoirs according to the flood control regulations described in the 2001 Skagit River Project Water
Control Manual (USACE,2001), then downstream to the USGS gage on the Skagit River near Concrete
(USGS gage 12194000). The flood control regulations assume that outflow at both projects will be
restricted before the unregulated flow at Concrete reaches the flood damage threshold of 90,000 cfs.
Upper Baker releases are assumed to be set to the minimum of 5,000 cfs three hours before the 90,000
cfs threshold flow is reached at Concrete, while Ross releases are assumed to be set to 5,000 cfs eight
hours before the threshold flow is reached at Concrete. These releases are maintained until reservoir
levels rise to a point which triggers greater releases as specified under the respective Spillway Gate
Regulation Schedules (SGRSs). Channel routing from the project reservoirs downstream to Concrete is
accomplished in the spreadsheet using a simple lag model. Interpretation of the requirements of the
WCM was facilitated through discussion with staff of the Water Management Section of the Seattle
District.

The original spreadsheet model provided by the USACE was modified in previous work as follows:
i) The computational procedures used to represent the Upper Baker Dam SGRS was simplified.

ii) Relevant portions of the Ross Dam SGRS not included in the original spreadsheet were added.
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In addition, the work described here used updated tributary inflow hydrographs from the most recent
(January 2011) hydrologic analysis for the Skagit River basin.

The modified spreadsheet model was used to route winter (October — March) flood hydrographs with
return periods of 5-, 10-, 25-, 50-, 75-, 100-, 250-, and 500-years through the Upper Baker and Ross
reservoirs downstream to the USGS Skagit River near Concrete gage. To investigate the effects of
existing flood regulation, flood routing was performed with starting reservoir storage conditions on
October 1, October 15, November 1, November 15, and December 1 per the existing flood storage
requirements provided in Table 3-1. Recognizing the limitations of the channel routing component of
the spreadsheet model and to ensure consistency with previous work, flood hydrographs output by the
spreadsheet model for the Baker River below Lower Baker Dam and the Skagit River at Marblemount
(above the confluence with Cascade River) were input to an existing upper basin HEC-RAS model,
described in the study Hydraulic Technical Documentation (USACE, 2011b), and re-routed to Concrete to
produce final regulated flood hydrographs at Concrete. The existing condition regulated peak
discharges from the analyses for the Skagit River near Concrete are summarized in Table 3-3, along with
the approximate contribution to the regulated peak discharge from Upper Baker and Ross. Also shown
in the bottom two rows of Table 3-3 are references to peak discharges for seasonally weighted
hydrographs discussed below.

Note from Table 3-3 that the regulated peak discharge for floods occurring on October 1 with no flood
storage available may be up to 24% higher than floods occurring on or after December 1, when the
maximum required amount of flood storage is available at both Upper Baker and Ross.

Note also from Table 3-3 that the 2-year peak discharge for the Skagit River near Concrete is less than
the 90,000 cfs threshold which triggers flood control operations. Hence no reservoir routing was
conducted for this event.

The analysis described above shows, for example, that a 100-year winter flood event occurring on 1
October would result in a regulated peak discharge on the Skagit River near Concrete approximately
24% higher than for similar events occurring after December 1, when the full amount of flood control
storage is available at both Ross and Upper Baker. However, to gain insight into the effect of reduced
flood storage on flood risk, the probability of damaging floods occurring early in the flood season also
has to be considered.

Ideally for this type of analysis, one would determine unregulated flood hydrographs for each return
interval of interest for defined periods, such as two-week windows, throughout the flood season, and
then route those flows to produced regulated flows for each two-week period. However, the
unregulated flood hydrographs available are based on analysis of annual maximum winter (i.e. October
through March) flows only; more detailed analyses of unregulated flows by month or by two-week
window are not available.

In the absence of more detailed information, assessment of risk was based on a simple analysis of the
temporal distribution of annual maximum winter flows within the October through March flood control
season. Examination of the reconstructed record of unregulated 1-day winter peak flows for the Skagit
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River near Concrete shows that 42% of winter floods occur prior to 1 December. The seasonal
distribution of unregulated 1-day peak flows by two-week period is illustrated in Figure 3-9 and
tabulated in Table 3-4. The one-day maximum winter discharges for the period of record are also
plotted against time of occurrence in Figure 3-10. The record used for this analysis includes four historic
events (water years 1898, 1910, 1918 and 1922) and the systematic record from water years 1925
through 2007, for a total of 83 events.

The impact of the seasonal variation of flood storage on regulated flood hydrographs for a specific
return period was then determined by simply weighting the existing condition regulated hydrographs
for each analysis date through the flood control season (i.e. October 1, October 15, November 1,
November 15, and December 1) on the basis of the historic frequency of occurrence of annual maximum
winter flows within each of the two-week periods shown in Table 3-4. The weights applied, given in
Table 3-5, imply averaging the regulated hydrographs at the start and end of each two week period, and
then weighting those average hydrographs by the historic frequency of occurrence of floods in each
two-week period.

The existing condition peak discharges for the weighted hydrographs are summarized in Table 3-3, and
samples of the October 1, December 1, and weighted regulated hydrographs for 25-year and 100-year
events are provided in Figure 3-11 and Figure 3-12. A complete set of regulated hydrographs is available
in digital format.

From Table 3-3, it can be seen than that peak discharges for the existing condition weighted
hydrographs, considering the seasonal variation of flood control storage, are up to 5% greater than the
peak discharges for flood events occurring after December 1, when the full amount of flood control
storage is available.

3.3 Impact of Increased Early Season Flood Storage Requirements on Regulated Peak
Flows

To determine the impact of increased early season flood storage at Upper Baker Dam on regulated peak
flows on the Skagit River near Concrete, the analysis described in Section 3.2 above was repeated using
the optional flood storage requirements provided in Table 3-2. The results of the analysis are
summarized in Table 3-6, and the peak flows of the weighted hydrographs for existing and optional
flood storage requirements are compared in Table 3-7. Also shown in Table 3-7 are unregulated peak
discharges and the peak discharges for 1 December hydrographs, when the full flood control storage
would be available at both Upper Baker and Ross reservoirs under both the existing and optional flood
storage scenarios. Samples of the October 1, December 1, and weighted regulated hydrographs for 25-
year and 100-year events are provided in Figure 3-13 and Figure 3-14. A complete set of regulated
hydrographs is available in digital format.

3.4 Conclusions

The data on weighted regulated hydrographs summarized in Table 3-3 for the existing flood control
regulation indicate that consideration of the seasonal variation of flood control storage would increase
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estimates of the existing regulated peak flow quantiles for the Skagit River near Concrete by up to 5%
for 50-year events and larger relative to peak flows with full flood control storage available. Smaller
events show a smaller increase.

With increased early season flood control storage at Upper Baker, the peak flows for weighted
hydrographs (Table 3-6) are up to 2% larger than peak flows with full flood control storage available.
With the increased optional early season flood control storage, peak flows for weighted hydrographs are
up to 6,800 cfs (3%) lower than for the existing regulation, as shown in Table 3-7.
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4 Lower Baker Dam Flood Regulation

At the present time, no authorized flood control storage is provided at Puget Sound Energy’s Lower
Baker Dam. During USACE flood control operations at Upper Baker Dam, Lower Baker Dam is currently
operated to pass inflows in accordance with the Baker River Project Water Control Manual (WCM)
(USACE, 2000). There has, however, been a long term interest in potential flood control storage at
Lower Baker, as reflected in Article 107b of the 2004 FERC Settlement Agreement for the relicensing of
the Baker River Project which states:

(b) Additionally, from October 1 to March 1, licensee shall operate the Lower Baker storage
reservoir to provide up to 29,000 acre-feet of storage for flood regulation, at the direction of the
District Engineer, Corps of Engineers, acting on behalf of the Secretary of the Department of the
Army, subject to the following: (i) such storage shall be provided only in accordance with
arrangements that are acceptable to the Corps of Engineers; and (ii) such storage shall be
provided only after suitable arrangements have been made to compensate the licensee for the
29,000 acre-feet of storage for flood requlation specified herein.

This Chapter describes work undertaken to evaluate the peak flow reductions from potential new flood
control storage at Lower Baker Dam. The work specifically evaluates peak flow reductions assuming
the provision of 20,000 acre-ft of flood control storage at Lower Baker, as directed by the Seattle
District. Analysis was undertaken for both the existing flood control operations at Upper Baker and
Ross Dams and for the scenario with increased early season flood control storage at Upper Baker Dam as
discussed in Chapter 3.

4.1 Lower Baker Reservoir Flood Regulation Plan

4.1.1 Lower Baker Dam Project Features and Spillway Gate Regulation Schedule

Lower Baker Dam is a semi-gravity concrete arch structure 285 feet high and 530 feet long with a center
spillway section and left and right non-overflow sections. The spillway has an ogee-crest at elevation
428.62 ft. NAVDS88 and 23 gated spillway bays. The 23 spillway gates are all 14.5 feet high and are
numbered in ascending order from the right bank (west end of the dam). Gate 1 is 10.2 feet wide, Gate
2 is 10.4 feet wide and Gates 3 through 23 are each 9.4 feet wide (USACE, 2000).

Per information provided by the Seattle District, of the 23 spillway gates, 13 are motorized and can be
operated at the push of a button, and the remaining 10 are manually operated by means of a gate car.
The motorized gates take about 5 minutes to open. It is assumed that it takes from 2 to 3 hours to fully
open (or close) all 10 of the manually operated gates.

A conceptual Spillway Gate Regulation Schedule (SGRS) for Lower Baker was developed following the
guidance provided in Chapter 4 of EM 1110-2-3600, Management of Water Control Systems (USACE,
1987), and is provided in Figure 4-1. Key assumptions and sources of information for development of
the SGRS were as follows:
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- The spillway discharge rating with gates fully open was taken from a recently completed
probable maximum flood (PMF) study (Tetra Tech, 2008). The spillway discharge rating
represents free overflow up to approximately elevation 439.08 ft. NAVD88. Above that
elevation, spillway discharge is affected to some degree by limits on gate openings for several of
the gates. A summary of controlling elevations used in determination of the total spillway
discharge rating curve is provided in Table 4-1. The total project discharge in Figure 4-1 is
shown as the total spillway discharge with gates fully open plus a total powerhouse discharge of
6,000 cfs.

- This work evaluated the peak flow reduction from 20,000 acre-ft of flood control storage at
Lower Baker. The flood control storage was assumed to be provided between the normal full
pool at elevation 442.35 ft. NAVD88 and a minimum flood control pool elevation of 433.17 ft.
NAVDS88, as determined from stage-storage data dated 1 October 2004. In consultation with
Puget Sound Energy and the Seattle District, no surcharge storage was assumed above the
normal full pool elevation.

- The SGRS assumes a minimum discharge of 1,200 cfs, consistent with minimum instream flow
requirements specified in Aquatics Tables 1 and 2 of Article 106 of the FERC Settlement
Agreement.

- Computation of the gate regulation curves assumed a recession constant of 0.95 days®
determined from the 500-year unregulated flood hydrograph for the Baker River above its
confluence with the Skagit River from the March 2011 draft Hydrology Technical Documentation
(unregulated flows dated 13 January 2011). The synthetic unregulated hydrograph is in turn
patterned after unregulated flows determined from the 20-24 October 2003 flood. The
recession rate of flood event inflows to Lower Baker Dam will in reality be affected by the
operation of Upper Baker Dam.

The sensitivity of the gate regulation curves to uncertainty in (and variation in) the recession constant
was evaluated by developing a second set of gate regulation curves assuming a recession constant of
1.25 days and is shown in Figure 4-2. The gate regulation curves are relatively insensitive to change in
recession constant; all analysis for this work was performed using the SGRS from Figure 4-1 with a
recession constant of 0.95 days.

4.1.2 Flood Control Regulation

A conceptual flood regulation plan for Lower Baker was developed with the objective of reducing peak
flows on the mainstem Skagit River below the confluence with the Baker River. As in analysis of the
impacts of increased early season flood control storage described in Chapter 3, the principal point of
reference for evaluating peak flow reduction was the USGS gage site, Skagit River near Concrete. Peak
flow reduction would be achieved by simply reducing outflows from Lower Baker Dam to a minimum

® The recession constant is defined as the time required for the discharge to decrease from any value Q, to a value
Qg, Where Qg = Qn/2.7.
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release of 1,200 cfs coincident with the arrival of the peak flow on the Skagit and subject to the release
requirements of the SGRS from Figure 4-1.

A preliminary assessment was undertaken of the potential forecast lead time for the arrival of the peak
discharge at the Skagit River near Concrete gage. This was based on examination of the observed
regulated discharge hydrographs from the floods of late November 1990, November 1995, October
2003 and November 2006 from the following USGS gage sites:

- Skagit River near Concrete (USGS gage 12194000)

- Baker River at Concrete (USGS gage 12193500)

- Sauk River near Sauk (USGS gage 12189500)

- Sauk River above White Chuck River, near Darrington (USGS gage 12186000)

- Skagit River at Marblemount (USGS gage 1218100)

Discharge hydrographs for the four events, taken from the USGS Instantaneous Data Archive, are shown
in Figure 4-3 through Figure 4-6.

Examination of Figure 4-3 through Figure 4-6 indicates a difference in timing between the flood peak on
Skagit River at Marblemount and the Skagit River near Concrete varying from roughly 5 hours in 2006 to
as long as 12 hours in 1990. The variation in timing is likely due to differences in the timing of
contributing flows from the major tributaries between Marblemount and Concrete, notably the Sauk
River and the (regulated) Baker River. For current purposes, we assume that observation of the arrival
of the flood peak at the Marblemount gage could be used, in conjunction with meteorological forecasts,
to provide a forecast lead time of up to 6 hours for the arrival of the peak flow at the Skagit River near
Concrete.

The time required to operate the gates at Lower Baker Dam to reduce releases to 1,200 cfs, or to the
release specified by the SGRS, will depend on the gates in use at the time (motorized or manually
operated) and the extent to which any of the manually operated gates are open. Operation of the
gates could take anywhere from as little as 5 minutes (for operation of a motorized gate) to as long as
three hours (for closure of all manually operated gates). In a worst case situation (from the point of
view of gate operations), it appears that Lower Baker Dam could be operated for flood regulation in
such a way as to reduce releases to 1,200 cfs over a two- to three-hour period starting six hours before
the forecast arrival of the unregulated Skagit River peak flow. For conceptual modeling purposes (see
Section 4.2), we have ignored the time required to operate the gates and have assumed that releases
from Lower Baker would be reduced to 1,200 cfs, or the release specified by the SGRS, six hours before
the arrival of unregulated peak flow. This is conservative in the sense that early reduction in releases
from Lower Baker would induce additional flood storage and potentially reduce the effectiveness of
Lower Baker flood control operation at the time of the peak flow on the Skagit River.

For this feasibility level assessment, it has also been assumed that flood control operations at Upper
Baker Dam and Ross Dam would be as described in the current water control manuals. No work has
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been performed to optimize the joint operation of Lower Baker, Upper Baker and Ross. In this regard, it
should be noted that the present work continues to assume that releases from Upper Baker would be
reduced to 5,000 cfs three hours before the unregulated (natural) flow on the Skagit River near Concrete
is forecast to reach 90,000 cfs. The operation of Upper Baker, as specified in the WCM, is not currently
related to the arrival time of the Skagit River peak flow.

Evacuation of flood control storage at Lower Baker would be coordinated with evacuation releases from
Upper Baker and Ross to avoid exceeding the regulated peak flow on the Skagit River near Concrete on
the receding limb of the flood hydrographs. Because of the limited outlet capacity at Lower Baker at
low pool levels, precedence in evacuation of flood control storage would be given to Upper Baker, with
the Lower Baker pool being allowed to continue filling during Upper Baker evacuation as necessary, but
to an elevation no greater than the normal full pool.

In summary, flood control operations at Lower Baker are assumed as follows:

- 20,000 acre-ft of flood control storage would be provided from October 15 through March 1
between elevations 433.17 ft. and 442.35 ft. NAVD88.

- On the rising limb of the Skagit River flood hydrograph, Lower Baker would be operated to pass
inflows until six hours before the forecast unregulated peak flow on the Skagit River near
Concrete.

- Releases from Lower Baker would be reduced to a minimum of 1,200 cfs, or the discharge
specified by the SGRS, six hours before the forecast arrival of the unregulated Skagit River peak
flow. Because of the limited outlet capacity (spillway plus power house) at low pool levels at
Lower Baker, encroachment into the 20,000 acre-ft flood control pool may occur due to high
inflows before a reduction in release is triggered.

- Coordinated evacuation of Upper Baker and Lower Baker flood control storage would begin
approximately four hours after the regulated peak flow on the Skagit River near Concrete.
Precedence for evacuation would be given to Upper Baker. Lower Baker releases would be
coordinated with evacuation releases from Upper Baker and Ross to avoid exceeding the
regulated peak flow on the Skagit River near Concrete on the receding limb of the flood
hydrographs.

The overall flood control operation for Ross, Upper Baker and Lower Baker is summarized in Table 4-2.

4.2 Impact of Flood Control Storage at Lower Baker Dam

The impact of flood control storage at Lower Baker Dam on regulated peak flows was analyzed using the
spreadsheet routing “model” of the Skagit and Baker River projects described in Chapter 3, further
modified to incorporate the flood control operation at Lower Baker Dam described in Section 4.1.

The modified spreadsheet model was used to route winter (October — March) flood hydrographs with
return periods of 5, 10, 25, 50, 75, 100, 250, and 500 years through the Upper Baker, Lower Baker, and
Ross reservoirs downstream to the USGS Skagit River near Concrete gage. Flood routing was performed
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with starting reservoir storage conditions on October 1, October 15, November 1, November 15, and
December 1 per the existing flood control storage requirements at Upper Baker and Ross as well as with
increased early season flood control storage at Upper Baker as in Chapter 3. The starting flood control
storage at Lower Baker was assumed to be zero on October 1 and 20,000 acre-ft from October 15 to
March 1. The starting flood control storage conditions assumed at the three reservoirs are summarized
in Table 4-3 and Table 4-4.

As in Chapter 3, all analyses presented here were performed using unregulated tributary inflows to the
Skagit and Baker Rivers dated 13 January 2011, originally provided in digital form with the March 2011
draft Hydrology Technical Documentation in file GI_Flows_Revised2_ BestWorst.dss.

Recognizing the limitations of the channel routing component of the spreadsheet model and to ensure
consistency with previous work, flood hydrographs output by the spreadsheet model for the Baker River
below Lower Baker Dam and the Skagit River at Marblemount (above the confluence with Cascade
River) were input to an existing upper basin HEC-RAS model, described in the study Hydraulic Technical
Documentation (USACE, 2013b), and re-routed to Concrete to produce final regulated flood
hydrographs at Concrete.

The regulated peak discharges from the analyses for the Skagit River near Concrete are summarized in
Table 4-5 for the scenarios with new flood control storage at Lower Baker Dam and with existing storage
at Upper Baker and Ross and in Table 4-6 for the scenarios with new flood control storage at Lower
Baker Dam, increased early season storage at Upper Baker, and existing storage at Ross. Also shown in
the two tables are the approximate contribution to the regulated peak discharge from Lower Baker and
Ross.

Note in Table 4-5 and Table 4-6, that the contributions to the regulated peak discharge from Lower
Baker are moderately sensitive to the timing of the regulated hydrograph at Concrete, which in turn is
affected by regulation at Ross. For example, for the 100-year event in Table 4-5, the contribution from
Lower Baker to the peak discharge is greater for the 15 November scenario (5,100 cfs) than for the 1
December scenario (3,100 cfs) even though the amount of flood control storage at Upper and Lower
Baker are the same for those two scenarios. The difference in contribution is due to a difference in
regulation at Ross, which only has 60,000 acre-ft of flood control storage on 15 November as opposed to
120,000 acre-ft on 1 December. It should also be noted that use of the spreadsheet routing model
requires judgment and manual intervention on the receding limb of flood hydrographs to meet various
soft regulation constraints®. User decisions affect evacuation rates from Upper and Lower Baker and
may produce minor inconsistencies in the estimated contribution from Lower Baker to the regulated
peak discharge for the various simulation scenarios.

Comparisons of peak discharges for scenarios with and without Lower Baker flood control storage are
provided in Table 4-7, and absolute and percent reductions in peak flows are summarized in Table 4-8

* Soft constraints include: regulating flows on the recession limb of flood hydrographs in a way which avoids a
secondary peak at Concrete; controlling releases from Ross to avoid discharges at Newhalem greater than 30,000
cfs to the extent possible; and others.
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and Table 4-9. The peak discharge data for scenarios without Lower Baker flood control storage are as
determined in Chapter 3.

Plots of selected outputs from the spreadsheet reservoir routing model for 1 December simulations with
Lower Baker flood control storage are provided in Figure 4-7, Figure 4-8, and Figure 4-9 for 25-, 100-,
and 500-year events respectively. The corresponding regulated hydrographs from the HEC-RAS model
for the Skagit River near Concrete for scenarios with and without Lower Baker flood control storage are
provided in Figure 4-10, Figure 4-11, and Figure 4-12. A complete set of regulated hydrographs is
available in digital form in dss file GI12012_T4 LB20K_Routed.dss dated 20 November 2012.

It can be seen from Figure 4-7 that for the 25-year event, releases from Lower Baker can be effectively
reduced to 1,200 cfs and held at that level until the peak flow on the Skagit River has passed. However
for the larger events (Figure 4-8 and Figure 4-9) the ability to restrict releases from Lower Baker is
progressively diminished. At the 500-year event (Figure 4-9), high inflows to Lower Baker cause
encroachment into the flood control pool before reductions in release rates are triggered under the
proposed flood regulation plan (releases are reduced at 00:00 on 21 October in Figure 4-9, six hours
before the unregulated peak flow on the Skagit River near Concrete). When the release from Lower
Baker is reduced, it is only reduced to an initial 17,500 cfs as required by the SGRS. Releases are then
rapidly increased as the pool level rises, again in accordance with the SGRS.

The effectiveness of the assumed flood control regulation at Lower Baker is determined not only by the
reduction in peak discharge achieved, but also by the amount of flood control space used and the time
required for evacuation of the flood control pool, as shown in Table 4-10 for 1 December simulations.
Except for the 500-year event, the maximum pool elevations achieved at Lower Baker in the 1 December
simulations were determined by: i) the rate at which Upper Baker was evacuated and ii) the goal of
avoiding an increase in peak discharge on the Skagit River near Concrete on the receding limb of the
flood hydrograph. To meet this latter “soft” constraint usually required continuing to fill Lower Baker
after the peak has passed to avoid a situation in which the evacuation of Upper Baker could produce a
second higher Skagit River peak. The simulation results show that careful coordinated operations of
Upper Baker and Lower Baker would be required to expedite evacuation of Upper Baker while avoiding
a secondary peak on the Skagit. For the 500-year event, the hydrograph volume is so large that flood
control storage at Lower Baker is ineffective.

The time required to evacuate Lower Baker shown in Table 4-10 is reported relative to the time of the
unregulated peak flow. The time to evacuate is influenced by the same two operations parameters as
determine the maximum pool elevation, i.e. the evacuation rate of Upper Baker and the operations
required to meet the “soft” constraint of avoiding a second Skagit River peak. For some events, a faster
evacuation time than reported could be achieved through adoption of a more aggressive evacuation

policy.

4.3 Conclusions

Provision of 20,000 acre-ft of flood control storage at Lower Baker Dam allows the flow contribution
from the Baker River system to the peak flow on the Skagit River to be restricted to 1,200 cfs for events
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up to the 50-year event for scenarios with full flood control storage available at Upper Baker and Ross.
This results in a reduction in main stem peak flows of between about 8,000 and 13,000 cfs,
corresponding to peak flow reductions varying from 4% to 9% depending on event return period and
scenario (i.e. event date and hence flood control storage amount at Upper Baker and Ross). For larger
events, and for scenarios with less than the full amount of flood control storage at Upper Baker, flood
storage at Lower Baker becomes progressively less effective. This is due to:

- the relatively small amount of flood control storage assumed at Lower Baker,
- the dam’s limited outlet capacity at low pool levels, and

- the project discharges required under the spillway gate regulation schedule (SGRS).

As can be seen from Figure 4-1, the maximum total discharge from Lower Baker (spillway plus
powerhouse) with the water level at the minimum flood control pool elevation is approximately 13,300
cfs. During large events, or early season events with reduced storage at Upper Baker, inflows to Lower
Baker exceed this amount early on the rising limb of flood hydrographs, encroaching on the flood
control pool before reductions in release rates from Lower Baker are triggered under the proposed flood
regulation plan, and hence reduce flood control storage available for regulation of the peak flow on the
Skagit.

Further minor improvements in flood control performance may be possible through:
- optimization of the joint flood control operations of Upper Baker, Lower Baker, and Ross;

- refinement of the Lower Baker Spillway Gate Regulation Schedule to better account for the
effects of upstream flood control operations at Upper Baker;

- less conservative assumptions regarding the time required for Lower Baker gate operations;
and,

- potential use of surcharge storage at Lower Baker above the normal full pool elevation.
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5 Hydraulic Modeling for Economic Flood Damage Analysis

This Chapter documents the hydraulic modeling performed to provide information on flooding in the
lower Skagit River basin for use in economic flood damage analysis. Flooding is characterized as
required for risk and uncertainty analysis following the guidance provided in EM 1110-2-1619 “Risk-
Based Analysis for Flood Damage Reduction Studies” (USACE, 1996). Hydraulic models of the lower
Skagit River basin used for this analysis consist of 1-D HEC-RAS models of the Skagit River channel and its
left-bank floodplain storage areas upstream from Mount Vernon, and 2-D FLO-2D models of the Skagit
River floodplain excluding those left-bank storage areas included in the HEC-RAS models. (Note that the
Skagit River channel is not modeled in FLO-2D in this study.) Output from the HEC-RAS models includes
spill onto the floodplain under various scenarios, due to levee overtopping and/or levee breaches.
These spill flows are used as input to the FLO-2D models which route flows across the floodplain to the
ultimate downstream receiving waters of Skagit Bay, Padilla Bay and Samish Bay. Development of the
existing condition hydraulic models is described in detail in the Hydraulic Technical Documentation
(USACE, 2013b).

5.1 Economic Damage Reaches

A total of thirteen economic damage reaches and associated index points were defined for the lower
Skagit River basin by the Seattle District. Index points for each damage reach were initially based on
existing condition hydraulic modeling results and assessments of potential levee failure locations and
failure elevations presented in the draft 2011 Hydraulic Technical Documentation (USACE, 2011b). The
initially selected index points and associated levee failure locations and elevations were reviewed and
refined for the current work by NHC in collaboration with the Seattle District. The majority of the
selected index points are just upstream from associated levee failure locations as discussed further in
Section 1.3 below. Index points associated with damage reaches 6, 6A, and 8 are at locations not
protected by levees, where flooding occurs either due to out-of-bank high flows or overtopping of
natural high ground.

The thirteen damage reaches and their associated index points are shown in Figure 5-1 and listed in
Table 5-1. Note that several damage reaches are associated with a common index point. For example,
damage reaches 6 and 6A share a common index point indicated as (6,6A) on Figure 5-1. In the
following report Sections, index points are referenced by either a nominal River Mile or, more precisely,
by the HEC-RAS model cross-section used to represent in-channel hydraulic conditions at the index
point.

As described in the Hydraulic Technical Documentation, flooding of the damage reaches was modeled
using either HEC-RAS or FLO-2D. HEC-RAS was used to model in-channel flows for the entire Skagit
River, overbank flow upstream from the Highway 9 bridge near Sedro-Woolley (damage reach 8), and
left bank storage areas upstream from Mount Vernon, including the Nookachamps area (damage
reaches 5, 5A, 6, and 6A). The FLO-2D model domain covers the right bank floodplain (damage reaches
1, 1A, 2, 2A, and 7), Fir Island (damage reach 3), and the left bank floodplain from Mount Vernon
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downstream (damage reaches 4 and 4A). A map showing the domain of the HEC-RAS and FLO-2D
models is provided in Figure 1- 1.

5.2 Levee Failure Data and Hydraulic Modeling Approach for Flood Damage Analysis
The principal objectives of the hydraulic modeling described in this Chapter were:

i) to develop flow-frequency and stage-discharge relationships at the various index points and to
characterize uncertainty in those relationships, and,

ii) to establish relationships between in-channel stage at each of the selected index points and
flooding (and hence economic damages) in the associated damage reach.

In-channel flow-frequency and stage-discharge relationships were developed directly from HEC-RAS
model output.

To establish relationships between in-channel stage and flooding in a damage reach, the maximum flood
depth and area of inundation across the lower Skagit River floodplain were determined for three floods
at each index point: a “minimum flood”, the 100-year flood, and an extreme 500-year plus two standard
deviation (“500-year + 2SD”) flood. The “minimum flood” was loosely defined as the smallest damaging
event at the index point in question. In the case of areas protected by levees, this would be the smallest
flood which would result in levee failure. In the case of areas not protected by levees (i.e. damage
reaches 6, 6A, and 8), the “minimum” flood was selected as that event which would just start to flood
developed property. The derivation of the “500-year + 2SD” flood is described in Section 5.3.1.

A key consideration in the analysis is the estimation of Probable Failure and Probable Non-Failure Points
for the levee system. The Probable Failure Point (PFP) is defined as the in-channel water surface
elevation (WSEL) at which there would be an 85% probability of levee failure. The Probable Non-Failure
Point (PNP) is defined at the in-channel WSEL at which there is a 15% probability of levee failure. A
Likely Failure Point (LFP) is also defined at which WSEL there is a 50% probability of levee failure. For
the present study, the LFP is taken to be midway between the PFP and the PNP. The approach to
determining PFPs and PNPs is described in the Hydraulic Technical Documentation along with a detailed
listing of the estimated 15% and 85% failure probability elevations under existing conditions for each
levee segment. PNPs and PFPs at the index point locations are also discussed in Sections 5.4.2 and 5.6.2
below, which present results for modeling of the existing condition and with improved levee scenario,
respectively.

Selection of index points is closely linked to likely levee failure locations. For each damage reach, the
single most likely levee failure location which would result in flooding in that damage reach was
identified from examination of the existing condition PNP data. Where there were multiple potential
levee failure locations with similar failure probabilities, the failure location expected to produce the
greatest flood damage was selected. The index point associated with the selected levee failure location
was then taken at the next upstream cross-section within the HEC-RAS model for the purpose of
reporting in-channel flows and water levels.
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For damage reaches not protected by levees (i.e. damage reaches 6, 6A, and 8), index point locations

were selected to provide what was judged to be the most reliable relationship between in-channel stage

and flood damage in the damage reach.

Hydraulic modeling for flood damage analysis described in this Chapter was conducted for three

scenarios: existing conditions (Section 5.4); with additional early season flood regulation storage

(Section 5.5); and with improved levees (Section 5.6). Modeling for the various scenarios was done with

and without levee breaches as shown below:

Scenario No-Breach Simulation | With-Breach Simulation
Existing Conditions Yes Yes
Additional Early Season Flood Regulation Storage Yes No
Improved Levees Yes Yes

The modeling procedure for the with-breach simulations was as follows:

i)

i)

iii)

HEC-RAS simulations were performed for the 2-, 5-, 10-, 25-, 50-, 75-, 100-, 250-, and 500-year
floods (referred to as the 2-year through 500-year floods for the remainder of this Chapter)
assuming no levee breaches. No-breach 2-year through 500-year water surface profiles were
created and the water surface elevations at each levee failure location were compared against
the 15% probability of levee failure elevation (the PNP) at that location. For each levee failure
location, the smallest flood event resulting in a no-breach water surface elevation exceeding the
PNP was selected as the minimum flood for levee breaching at that location. For those index
points not associated with a levee failure location, the minimum flood was selected as that
event which would just start to flood developed property.

Levee breach simulations were performed within HEC-RAS for each levee failure location for the
minimum flood, 100-year flood and 500-year + 2SD flood. For the minimum flood, levee failure
is initiated as soon as the water surface elevation reaches the 15% probability of failure
elevation at the selected failure location. For the 100-year and 500-year + 2SD floods, a levee
breach is initiated when the water surface elevation reaches the mid-point between the 15%
and 85% probability of failure elevations. A fully-developed breach width of 300 feet was
assumed for the minimum flood and 400 feet for the 100-year flood and larger. All breaches
were assumed to take three hours to reach their fully developed sizes.

To identify the maximum flood inundation that might occur in each damage reach due to a levee
breach, only a single levee breach was assumed to occur in any one flood event, with
overtopping flooding, but no levee breaches, occurring elsewhere in the system.

iv) For each levee breach flood (minimum flood, 100-year flood and 500-year + 25D flood) at each
levee failure location, the breach flows and the concurrent overtopping flows from each lateral
structure were written from HEC-RAS to a HEC-DSS file.

v) For each flood and each levee failure, the levee breach hydrograph and overtopping
hydrographs stored in HEC-DSS were input to the FLO-2D model and routed across the
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floodplain. FLO-2D grids of maximum water surface elevation and maximum water depth were
stored for post-processing.

vi) The maximum flood depth grids from FLO-2D were merged with similar data from HEC-RAS for
the area upstream from Highway 9 (damage reach 8) and for left bank storage areas modeled in
HEC-RAS (damage reaches 5, 5A, 6, and 6A) to produce grids of maximum flood depth over all
damage reaches. Topographic data were then in turn used with the grids of maximum flood
depth to produce gridded data of maximum water surface elevations for use in flood damage
analysis. The final result of this GIS merging operation is seamless depth and water surface
elevation data, gridded at the FLO-2D model resolution of 400 feet by 400 feet. The data were
presented in both shapefile and ESRI grid formats to allow flexibility in processing for flood
damage analysis.

5.3 Hydrologic Inputs and Discharge Uncertainty

5.3.1 Hydrologic Inputs

Hydrologic inputs to the HEC-RAS model for the existing condition and improved levee scenarios were 2-
year through 500-year weighted regulated hydrographs for the existing flood control regulation with
existing flood control storage at Upper Baker and Ross reservoirs. The development of the existing
condition 2-year through 500-year hydrographs is described in the Hydrology Technical Documentation
(USACE, 2013a) and in Chapter 3 of this study report.

A 500-year plus two standard deviation (500-year + 2SD) existing condition regulated hydrograph was
also developed to cover the full range of events required for economic flood damage analysis. This
hydrograph was constructed by scaling the ordinates of the 500-year weighted regulated hydrograph for
the Skagit River near Concrete by the ratio (500-year +2D / 500-year) one-day weighted regulated peak
flows (a ratio of 1.51). The 500-year and the 500-year + 2SD one-day weighted regulated peak flows for
the Skagit River near Concrete were taken from the frequency analyses provided in Appendix D of the
Hydrology Technical Documentation. The 500-year weighted regulated hydrograph for the Skagit River
near Concrete is shown in Appendix E of the Hydrology Technical Documentation. The 500-year + 2SD
event at Concrete was assumed to occur with the 500-year tributary inflow to the Skagit River basin
below Concrete and the 500-year flood on the Samish River. The relative timing of the 500-year + 2SD
flood at Concrete and downstream 500-year tributary inflows was assumed to be the same as other
hydrologic design events, again as described in the Hydrology Technical Documentation.

Hydraulic modeling (for no-breach simulations only) was also conducted for the existing hydraulic
condition but with additional early season flood control storage at Upper Baker (see Section 5.5 below).
Development of hydrologic inputs for this scenario (i.e. weighted regulated hydrographs with additional
early season flood control storage at Upper Baker) is also described under Chapter 3.

5.3.2 Discharge Uncertainty and Equivalent Record Length

Flow-frequency curves at each index point location were produced for use in economic flood damage
analysis by extracting simulated 2-year through 500-year peak flows for the various scenarios from the
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HEC-RAS model and then applying the graphical exceedance probability approach within HEC-FDA
(USACE, 1998).

HEC-FDA computes confidence bounds for frequency analysis using the order statistics approach with a
user-specified equivalent record length. A 65-year equivalent record length was selected for this work
considering the streamflow record for the Skagit River near Concrete which provides much of the basis
for the determination of hydrologic design events. The Skagit River near Concrete record comprises: a
110-year historic record (extending back to 1897); a continuous systematic record of approximately 80
years (extending back to 1924); and a homogeneous record of regulated flows of approximately 50 years
(extending back to 1956). The available data are discussed in detail in the Hydrology Technical
Documentation.

To allow HEC-FDA to produce realistic confidence bounds at high exceedance probabilities, peak flows
with an exceedance probability of 0.999 were estimated from the regulated flood frequency curve
provided in Appendix D of the Hydrology Technical Documentation for the Skagit River near Mount
Vernon and incorporated into the HEC-FDA analysis.

Note that the confidence bounds computed by FDA and reported here do not recognize physical
limitations on discharge; peak flows and stage on the Skagit River below Sedro-Woolley are effectively
limited by the levee system capacity.

5.4 Hydraulic Modeling for Existing Conditions

Existing condition modeling relied on existing regulation hydrologic inputs and existing condition
hydraulic geometry. As noted in the Hydraulic Technical Documentation, the existing condition
hydraulic geometry includes the Mount Vernon Flood Wall, construction of which had been partly
completed at the time of this report, and fixed debris blockages on the Burlington Northern Railroad and
Great Northern Railroad bridges of 6,000 square feet and 4,000 square feet respectively.

As described in detail in Section 5.2 above, the following hydraulic modeling was performed:

- HEC-RAS modeling without levee breaches (no-breach analysis) for the 2- through 500-year
floods. Levees were assumed to overtop without breaching.

- HEC-RAS modeling with levee breaches for the minimum flood, the 100-year flood, and the 500-
year + 25D flood. Output from these runs is used as input to FLO-2D to determine flooding
extents, depths and water surface elevations over the floodplain.

- FLO-2D modeling for the with-breach scenarios for the minimum flood, the 100-year flood, and
the 500-year + 25D flood.
5.4.1 No-Breach Analysis

The existing condition HEC-RAS model was run without levee breaches but allowing levee overtopping
for the existing 2-year through 500-year floods. Flow-frequency curves, stage-discharge curves and
water surface profiles are provided in Appendix 5-1, and peak discharge quantiles are provided in Table
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5-2. Also shown on the water surface profiles are 15% PNP levee failure elevations for use in the with-
breach analyses.

As noted in Section 5.3.2 above, flow-frequency curves were created using the graphical exceedance
probability approach within HEC-FDA assuming an equivalent record length of 65 years. The peak flows
for flow-frequency analysis were extracted directly from the HEC-RAS model. The HEC-RAS discharge
hydrographs for index points XS 22.2 and 21.6 show questionable abrupt local maxima for several
events which likely cause overestimation of flood quantiles in two cases, highlighted in Table 5-2. This
behavior appears to be related to the model’s representation of left bank levees and ineffective flow
areas in the reach between the BNSF and SR-9 bridges. The greatest uncertainty is in the 25-year peak
flow at XS 21.6 which may be overstated in Table 5-2 by about 9,000 cfs. The apparent instability in
discharge appears to have no impact on the corresponding stage hydrographs.

The stage-discharge curves were created by simply plotting stage against discharge at each index point
from the HEC-RAS simulation of the 500-year event. Note that the stage-discharge curves show
pronounced hysteresis effects for index points XS 22.2 and 21.6 related to the locally flatter river slope
and availability of large over bank storage volumes in the Nookachamps and Hart’s slough areas.

Full results are provided in the HEC-RAS model and related HEC-DSS files included with the digital
deliverable for the study.

5.4.2 With-Breach Analysis

Existing condition with-breach analyses were conducted as described under Section 5.2 above.

For each index point/levee failure location, the minimum flood (defined in Section 5.2) was determined
by comparing water surface profiles from the no-breach analysis against the PNP at that location (or
against the estimated zero-damage flood elevation for damage reaches not protected by levees).
Details of the index points/levee failure locations, existing condition failure elevations and existing
condition minimum floods by index point are provided in Table 5-3.

For each index point, HEC-RAS simulations were performed with a levee breach for the minimum flood,
100-year flood and 500-year + 2 SD flood. The peak flows and peak in-channel water levels at each
index point are summarized in Table 5-4. For index points associated with a levee failure location, the
data in Table 5-4 are for the scenario with a breach at that failure location. Peak in-channel stages at
several locations (highlighted in Table 5-4) occur on the rising limb of flood hydrographs immediately
before the triggering of a downstream levee breach, which results in a rapid drawdown of in-channel
water levels. Stages reported in Table 5-4 are peak post-breach stages which are expected to be better
related to maximum flood extent and depth in the associated damage reach. An example of a with-
breach stage hydrograph illustrating this point is provided in Figure 5-2. A similar issue arises with the
peak flow for the 10