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Conversion Factors

U.S. customary units to International System of Units

Multiply By To obtain
Length
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Area
square mile (mi?) 2.590 square kilometer (km?)
Volume
acre-foot (acre-ft) 1,233 cubic meter (m?)
Flow rate
cubic foot per second (ft/s) 0.02832 cubic meter per second (m?/s)

Datum

Vertical coordinate information is referenced to the North American Vertical Datum of 1988

(NAVD 88).

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).

Elevation, as used in this report, refers to distance above the vertical datum.



Flood-Inundation and Flood-Mitigation Modeling of
the West Branch Wapsinonoc Creek Watershed in

West Branch, lowa

By Charles V. Cigrand

Abstract

The U.S. Geological Survey (USGS) in cooperation with
the city of West Branch and the Herbert Hoover National
Historic Site of the National Park Service assessed flood-mit-
igation scenarios within the West Branch Wapsinonoc Creek
watershed. The scenarios are intended to demonstrate several
means of decreasing peak streamflows and improving the con-
veyance of overbank flows from the West Branch Wapsinonoc
Creek and its tributary Hoover Creek where they flow through
the city and the Herbert Hoover National Historic Site located
within the city.

Hydrologic and hydraulic models of the watershed were
constructed to assess the flood-mitigation scenarios. To accom-
plish this, the models used the U.S. Army Corps of Engineers
Hydrologic Engineering Center-Hydrologic Modeling System
(HEC-HMS) version 4.2 to simulate the amount of runoff and
streamflow produced from single rain events. The Hydrologic
Engineering Center-River Analysis System (HEC-RAS) ver-
sion 5.0 was then used to construct an unsteady-state model
that may be used for routing streamflows, mapping areas that
may be inundated during floods, and simulating the effects of
different measures taken to decrease the effects of floods on
people and infrastructure.

Both models were calibrated to three historic rainfall
events that produced peak streamflows ranging between the
2-year and 10-year flood-frequency recurrence intervals at the
USGS streamgage (05464942) on Hoover Creek. The historic
rainfall events were calibrated by using data from two USGS
streamgages along with surveyed high-water marks from one
of the events. The calibrated HEC-HMS model was then used
to simulate streamflows from design rainfall events of 24-hour
duration ranging from a 20-percent to a 1-percent annual
exceedance probability. These simulated streamflows were
incorporated into the HEC-RAS model.

The unsteady-state HEC-RAS model was calibrated to
represent existing conditions within the watershed. HEC—
RAS model simulations with the existing conditions and
streamflows from the design rainfall events were then done
to serve as a baseline for evaluating flood-mitigation sce-
narios. After these simulations were completed, three different

flood-mitigation scenarios were developed with HEC-RAS:

a detention-storage scenario, a conveyance improvement
scenario, and a combination of both. In the detention-storage
scenario, four in-channel detention structures were placed
upstream from the city of West Branch to attenuate peak
streamflows. To investigate possible improvements to convey-
ing floodwaters through the city of West Branch, a section of
abandoned railroad embankment and an old truss bridge were
removed in the model, because these structures were produc-
ing backwater areas during flooding events. The third scenario
combines the detention and conveyance scenarios so their joint
efficiency could be evaluated. The scenarios with the design
rainfall events were run in the HEC-RAS model so their
flood-mitigation effects could be analyzed across a wide range
of flood magnitudes.

Introduction

The city of West Branch is located in east central lowa
along Interstate 80 in Cedar and Johnson counties (fig. 1). The
city has a population of approximately 2,322 (U.S. Census
Bureau, 2010) and is also the hometown of President Herbert
Hoover, the 31st President of the United States. In 1965 the
Herbert Hoover National Historic Site (HEHO) was dedicated
to the former President in the city of West Branch (National
Park Service, 2017). The HEHO is operated and maintained
by the National Park Service (NPS) and contains historical
sites such as:

» the Herbert Hoover Presidential Library and
Museum;

» the gravesites of the former President and First Lady
Hoover;

*  President Hoover’s birthplace cottage;

*  President Hoover’s childhood one-room
schoolhouse;

»  Friends Meeting House, a place of worship for the
local Quakers and Hoover family; and

»  other historical structures.
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Figure 1. The location of the city of West Branch, Herbert Hoover National Historic Site, and Wapsinonoc Creek
watershed.



These historical sites along with the city of West Branch
are prone to flash-flooding events after intense rainfall. The
presence of railroad and interstate highway embankments,
bridges, and buildings in the flood plain have added further
complications to the flooding (Federal Emergency Manage-
ment Agency, 2013). Some of these structures are known
to create backwater areas which affect the city and HEHO
according to the city engineer of West Branch, David Schech-
inger (oral commun., 2016). From 1991 to 2003, 18 flood
events inundated park buildings and infrastructure at HEHO
(NPS, 2006). From 2003 to 2016, Hoover Creek reached or
exceeded the 2-year flood-frequency recurrence interval 11
times according to the USGS streamgage (05464942) located
on Hoover Creek within HEHO (Eash, 2015).

Purpose and Scope

The purpose of this report is to evaluate selected flood-
mitigation scenarios for their effectiveness of reducing peak
streamflows and improving streamflow conveyance through
known backwater areas in the Wapsinonoc Creek watershed.
The procedures applied in constructing the hydrologic and
hydraulic models used to simulate flood-mitigation scenarios
with design rainfall events of 24-hour duration ranging from a
20-percent to a 1-percent annual exceedance probability will
be described in this report.

Study Area Description

The city of West Branch and HEHO are located within
an 8.42-square mile (mi?) watershed of the West Branch
Wapsinonoc Creek, a tributary to the Cedar River, hereinafter
referred to as “Wapsinonoc Creek.” This area lies within the
Southern Towa Drift Plain landform region, which consists of
loess mantled Pre-Illinoian glacial till with a well-integrated
drainage network of rills and streams (Prior, 1991). The major
streams flow through broad flood plains flanked by steep-sided
hills and ridges with a high rate of runoff (lowa Highway
Research Board, 1957). Wapsinonoc Creek enters the city of
West Branch from the north and flows through the middle of
town before exiting the town’s southeast corner. Hoover Creek
enters the city of West Branch from the northwest flowing
in a south-southeast direction. It then flows easterly through
HEHO before its confluence with the Wapsinonoc Creek
within the southern portion of town.

Previous Studies

A flood-reduction study of this watershed was conducted
by the lowa Institute of Hydraulic Research (Iowa Institute of
Hydraulic Research, 2010). The hydrologic study investigated
reducing peak flows with water detention structures by means
of also using land-use management practices to reduce storm
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runoff. To construct a hydrologic model, The Iowa Institute of
Hydraulic Research used the Natural Resource Conservation
Service, previously known as the Soil Conservation Service
(SCS), methodologies from the Technical Release 55 (TR-55)
(SCS, 1986) to construct a hydrologic model.

An engineering report for the Hoover Creek portion
of the watershed presents an analysis of the instabilities of
Hoover Creek and flood-mitigation alternatives for up to
a 50-year flood-recurrence interval (Parsons Engineering
Corporation, 2006). The flood-mitigation alternatives include
various channel modifications and water detention struc-
tures. The analysis used a Hydrologic Engineering Center-1
hydrologic model and Hydrologic Engineering Center-River
Analysis System (HEC—RAS) hydraulic model. The report
also describes the estimated costs for proposed modifications
and structures.

A comprehensive report of previous studies from the
Hoover Creek Watershed was prepared by the NPS (20006).
This report goes over the pros and cons of flood-mitigation
alternatives proposed by the Parsons Engineering Corpora-
tion (2006) report. The report also presents an analysis of an
environmental impact statement for these alternatives, and the
NPS found no major environmental impacts or impairments to
park resources or values.

Hydrologic Model

A hydrologic model was used to simulate the tim-
ing and amount of streamflow for the Wapsinonoc Creek
watershed. The hydrologic model was constructed using the
U.S. Army Corps of Engineers (USACE) modeling system
Hydrologic Engineering Center-Hydrologic Modeling System
(HEC-HMYS) version 4.2, which was designed to simulate the
precipitation-runoff processes of dendritic watershed systems
(USACE, 2016a). The HEC-HMS model was calibrated to
three historic rainfall events that produced flash flooding
within the watershed. The calibrated HEC-HMS model was
then used to simulate precipitation-runoff from design rainfall
events covering a range of magnitudes. Output hydrographs
from the HEC-HMS model were then used as inputs for the
hydraulic model (see “Hydraulic Model” section).

HEC-HMS Model Development

The HEC-HMS model was constructed with the HEC—
Geospatial Hydrologic Modeling Extension (HEC-GeoHMS)
(USACE, 2013) version 10.2, which is used through a
geographic information system (GIS) to build the model
framework and to estimate initial model parameters. Through
HEC-GeoHMS, a 3-meter digital elevation model (DEM)
and a stream centerline dataset were used to delineate the
8.42-mi” watershed and to define the stream network (State
of Towa, 2017). This watershed was further delineated into
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43 subwatersheds (fig. 2) in order to serve as a basic unit for
parameter assignment and to segment the stream network for
the hydraulic model boundary conditions.

Precipitation Data and Distribution

In order to simulate a precipitation runoff event, hydro-
logic models need accurate temporal and spatial precipitation
data for the watershed. The USGS precipitation gages used
in this study record fallen precipitation in 15-minute time
steps. Two USGS precipitation gages (414209091215801,
414208091204701) are located within the watershed and have
been operational since April of 2015 (fig. 3 and table 1). A
third USGS precipitation gage (414345091253801) is located
within the adjoining watershed of Rapid Creek and is approxi-
mately 3 miles northwest from the Wapsinonoc Creek water-
shed (fig. 3 and table 1). This gage dates back to 1994 and was
used for a historic rainfall event predating the precipitation
gages located within the study area. Next Generation Radar
(NEXRAD) Multi-sensor Precipitation Estimator (MPE)
hourly precipitation data were also used in the HEC-HMS
model for a historic rainfall event (National Oceanic and
Atmospheric Administration, 2016).

Precipitation Transformation

During a rainfall event, excess precipitation can outpace
soil infiltration rates, surface storage availability, and tree
canopy interception. This excess precipitation is transformed
into a hydrograph representing the direct runoff from a rainfall
event by using the Clark (1945) unit-hydrograph method. The
HEC-HMS model needed two parameters for this unit-hydro-
graph method, time of concentration (7)) and a storage coef-
ficient (R). The T is the time of travel it takes for precipitation
runoff to propagate from the most distant point in a watershed
to the watershed outlet. R is a storage coefficient used to
account for storage within the flood plain such as wetlands,
reservoirs, and bridges that can produce flood-wave attenu-
ation. Initial 7, estimates were calculated using the TR-55
methodology (SCS, 1986). A dimensionless ratio R/(7 +R) has
been found to be fairly consistent for watersheds on a regional
basis (USACE, 1994). R storage coefficient values were set to
the initial 7', values for the subwatersheds and further adjusted
during calibration.

Precipitation Losses

Precipitation losses account for hydrologic processes
such as tree canopy interception, storage losses, and sub-
surface infiltration. The SCS Curve Number (CN) method
was used to simulate precipitation losses; CNs were applied
to each subwatershed according to the TR—55 methodol-
ogy (SCS, 1986), which uses hydrologic soil type, land use,
land treatment, and antecedent runoff conditions. Compos-
ite CNs for each subwatershed were determined through
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HEC-GeoHMS by using spatial data from the Soil Survey
Geographic database (U.S. Department of Agriculture, 2016)
and the National Land Cover Database 2011 edition (Homer
and others, 2015).

The antecedent runoff conditions are divided into three
classes: CN(I) for dry soil conditions, CN(II) for average soil
moisture conditions, and CN(III) for saturated soil condi-
tions (Natural Resource Conservation Service, 2004). The
GeoHMS-derived CNs were for CN(1l). The CN(Il) and
CN(11l) were used as the lower and upper CN ranges in the
HEC-HMS model calibration. CN(III) can be computed from
CN(1I) with the following equation (Chow and others, 1988):

23CN(II)

CN(I1D) = 150 13cn0ty M

The recession base-flow method (Chow and others, 1988)
was used to simulate base flow within the watershed. For this
method the HEC-HMS model needed three parameters: initial
discharge, recession constant, and the base-flow-threshold
ratio to peak constant. The initial discharge was applied to the
subwatersheds as a ratio of cubic feet per second per square
mile [(ft*/s)/mi?]. The recession constant represents the rate at
which base flow recedes following a rainfall event. The base-
flow-threshold ratio to peak constant distinguishes when to
begin base flow on the receding limb of a hydrograph. These
parameters were estimated and applied during the HEC-HMS
model calibration.

Channel Routing

Channel routing was conducted through the unsteady-
state HEC-RAS model, which solves the full, unsteady flow
equations described in the “Hydraulic Model” section. This
modeling approach was chosen over hydrologic routing meth-
ods available in HEC-HMS to better represent flood plain
storage and backwater effects within the watershed. Thus,
model calibration for both the HEC-HMS and HEC-RAS
models were done simultaneously as an interactive process.

Hydraulic Model

A combined one-dimensional (1D) and two-dimensional
(2D) unsteady-state hydraulic model was used to simulate
streamflows and their associated water-surface elevations
(WSEs) in order to delineate areas of flood inundation. The
hydraulic model was constructed using the USACE model-
ing program HEC-RAS version 5.0.3 (USACE, 2016b). An
unsteady-state hydraulic model routes streamflow hydrographs
to account for flood-wave attenuation and storage within
the flood plain. A combined 1D/2D HEC-RAS model uses
1D capabilities in part of the model and 2D capabilities in
other parts of the model. This method was used so hydrauli-
cally complex areas such as stream junctions and skewed
embankments to the flood plain could be modeled in 2D. The
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Table 1.
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U.S. Geological Survey precipitation gages used in calibrating the hydrologic model of the Wapsinonoc Creek watershed.

[USGS, U.S. Geological Survey; latitude and longitude in decimal degrees; IA, Iowa]

USGS station Latitude Longitude .
number USGS gage name (north) (west) Period of record
414345091253801 Precipitation gage at Rapid Creek below Morse, A 41.729  -91.427  March 1, 1994—present
414209091215801  Precipitation gage at County Line Road at West Branch, A 41.703  -91.366  April 21, 2015-January 24, 2017
414208091204701  Precipitation gage at Baker Avenue at West Branch, IA 41.702  -91.347  April 21, 2015-January 24, 2017

HEC-RAS model was calibrated to the same historic rainfall
events as the HEC-HMS model. The calibrated HEC-RAS
model was then used to analyze the effects of proposed flood-
mitigation scenarios.

HEC-RAS Model Development

The HEC-RAS model was constructed using the GIS
extension HEC—-GeoRAS (USACE, 2012) version 10.2 to
build the model framework.

Elevation Data

All elevation data used in this study are referenced verti-
cally to the North American Vertical Datum of 1988 and hori-
zontally to the North American Datum of 1983. The bare-earth
DEM used for this study was derived from light detection and
ranging data that were collected as part of a statewide project
during 2007-10 (State of Towa, 2017). The DEM has 1-meter
resolution and represents the elevation of the Earth with all
man-made structures and vegetation removed.

Because light detection and ranging data cannot penetrate
water, channel survey data below the water-surface were
collected by USGS field personnel during the spring of 2016.
The data were collected using an Ashtek ProMark 800 Global
Navigation Satellite System with Real-Time Network survey-
ing techniques.

Model Geometry

The HEC-RAS model consisted of 4 reaches of the Wap-
sinonoc Creek, 2 reaches of Hoover Creek, and 2 tributaries
totaling 257 cross sections and 9.7 miles. Six 2D areas were
also incorporated into the model. These areas include stream
junctions and highly skewed embankments that were found to
be hydraulically complex and more accurately modeled in 2D.

Hydraulic Structures

Twenty-four bridges and culverts were incorporated into
the model because they have the potential to affect water-
surface elevations during flooding events. Bridge and culvert

geometry data were obtained from field surveys led by person-
nel from the USGS during the spring of 2016 and from bridge
plans obtained from the Johnson and Cedar County Second-
ary Road Departments and the city of West Branch Public
Works Department. Additionally, the abandoned railroad
embankment along with the existing and proposed in-channel
detention structures were incorporated into the model as

inline structures.

Energy-Loss Factors

Hydraulic analyses require the estimation of energy
losses that result from frictional flow resistance. These energy
losses are quantified by the Manning’s roughness coefficient
(n-value; Chow, 1959). Initial (precalibration) n-values were
selected on the basis of field observations (Barnes, 1967) and
high-resolution aerial photographs from the U.S. Department
of Agriculture’s National Agriculture Imagery Program. These
initial n-values were adjusted as part of the calibration process,
which involved minimizing the differences between simulated
and observed water-surface elevations at the streamgages and
where surveyed high-water marks (HWMs) were collected.

Calibrated main channel n-values ranged from 0.033 to
0.060 except for two locations, the Downey Street Bridge and
the truss bridge, which needed elevated n-values to replicate
observed water-surface profiles. The Downey Street Bridge
was assigned a 0.100 n-value, which was justified by two
large pipes and fence posts that were exposed across the main
channel with the fence posts holding them in place. A 0.080
n-value was applied at the truss bridge, because a large amount
of woody vegetation spanned the main channel in front of
this bridge. The 0.033 to 0.04 channel n-values accounted for
sections of stream with little to no woody vegetation, and the
0.045 to 0.060 channel n-values accounted for much of the
woody vegetation growing along the banks and canopying the
main channel.

Calibrated overbank n-values ranged from 0.040 to 0.150.
The 0.040 to 0.055 overbank n-values represented overbank
areas consisting of large mowed areas with few obstructions,
agricultural fields, and grasslands. The 0.060 to 0.150 over-
bank n-values represented urban areas with many obstructions
and densely wooded or brushy areas.
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Boundary Conditions

Flow hydrographs from the HEC-HMS model were used
as the upstream boundary condition, and normal depth was
used as the downstream boundary condition. The HEC-HMS
model created flow hydrographs for the 43 subwatersheds
delineated within the study area. The flow hydrographs of the
subwatersheds were used as upstream boundary conditions for
the subwatersheds located upstream from the beginning of a
stream reach in the HEC-RAS model. The remaining subwa-
tershed flow hydrographs were added to the model as lateral
inflows along a reach. The downstream boundary condition
was a normal depth using a slope of 0.0015. The slope was
calculated by surveying WSEs at the downstream end of the
study area, which resulted in a change of 1.64 feet (ft) in
WSEs in approximately 1,080 ft of stream.

Model Calibration

Calibration of the HEC-HMS and HEC-RAS mod-
els was difficult due to a very responsive stream network
with limited availability of temporal rainfall data within the
watershed. During calibration, CNs, T, and R parameters
were adjusted in the HEC-HMS model. The CNs governed
how much precipitation was converted to direct runoff. The
T parameter affected the timing of the hydrograph, and the
R parameter influenced hydrograph attenuation. Ineffective
flow areas and Manning’s n-values were adjusted to calibrate
the HEC-RAS model. These HEC-RAS parameters primarily
affected WSEs and hydrograph attenuation.

The models were calibrated to three historic rainfall
events occurring on: June 30, 2014, July 12, 2014, and June
15, 2015. Four USGS streamgages (05464942, 0546494170,
0546494140, 0546494150) are located within the watershed:

two being stage-only streamgages (0546494140, 0546494150)
(fig. 3; table 2). Three of the streamgages (0546494170,
0546494140, 0546494150) could only be used to calibrate the
most recent historic rainfall event because they were not in
operation until April of 2015. The Hoover Creek streamgage
(05464942), located within HEHO, has been operational since
March 2000 and was used to calibrate all three historic rainfall
events. The three historic rainfall events used for calibra-

tion are among the six highest peak streamflows (table 3) to
occur at the Hoover Creek streamgage (05464942) since its
operation. Two floods of greater magnitude, which predate

the Hoover Creek streamgage (05464942), occurred during
August 1993 and June 1967 (USGS, 2016). It is also important
to note that the April 17, 2013, historic rainfall event was not
used for model calibration. Precipitation data from the Rapid
Creek precipitation gage (414345091253801) in the neighbor-
ing watershed and NEXRAD MPE hourly precipitation data
both underestimate rainfall within the study area for this event
(USGS, 2016; National Oceanic and Atmospheric Administra-
tion, 2016) to such a degree that modeling could not accu-
rately replicate the April 17,2013 event.

June 30, 2014, Event

The June 30, 2014, event produced the highest recorded
stage on record and had a peak streamflow of 705 ft¥/s at the
Hoover Creek streamgage (05464942). This runoff event was
produced by two successive rounds of storms passing over the
study area within hours of each other. The Rapid Creek pre-
cipitation gage (414345091253801) was the nearest precipita-
tion gage with hourly or subhourly temporal data. According
to this gage, approximately 3 in. of rainfall accumulated;
the peak 15-minute rainfall intensity was 0.77 in. during the
first round of storms and 0.63 in. during the second round of
storms. The precipitation fell on saturated soil conditions from

Table2. U.S. Geological Survey streamgages used in calibrating both the hydrologic and hydraulic models of the

Wapsinonoc Creek watershed.

[USGS, U.S. Geological Survey; latitude and longitude in decimal degrees; mi?, square miles; IA, Towa]

. . . Drainage
USGS station USGS gage name Latitude  Longitude area Period of record
number (north) (west) -
(mi?)
05464942 Hoover Creek at Hoover National Historle Site, 41670 91351 258  March2, 2000-present
West Branch, IA
0546494170  Vvest Branch Wapsinonoc Creek at College Street at 41674 91344 460  April 20, 2015 present
West Branch, IA
10546494140 " est Branch Wapsinonoc Creek above Baker Avenueat ) co0 g 359 195 April 20, 2015-present
West Branch, IA
10546494150 Unnamed Tributary to West Branch Wapsinonoc Creek at 41.691 91.350 146 April 20, 2015—present

West Branch, IA

'Stage-only gage site.



Table 3. Peak streamflows at the Hoover Creek U.S. Geological
Survey streamgage (05464942) located at the Herbert Hoover
National Historic Site.

[ft/s, cubic feet per second; ft, feet]

"Events predate gage site thus streamflow and stage are estimates.
Insufficient rainfall data for modeling purposes.

SEvents used in model calibration.

approximately 2 in. of rainfall that had already accumulated
during the previous 48 hours.

The June 30, 2014, event flooded many city streets,
buildings, and parts of HEHO, causing damages and leav-
ing behind flood debris. After the flood, the city surveyed 13
HWDMs along the Wapsinonoc and Hoover Creeks around

Model Calibration 9

the downtown area and downstream towards Interstate 80.
This survey proved valuable in model calibration because

the Hoover Creek streamgage (05464942) was the only
streamgage in operation within the watershed at the time.
Simulated WSEs from the HEC-RAS model were within 0.7
ft of the 13 surveyed HWMSs from the event (table 4), and

all the simulated WSEs fall below the surveyed HWMs. The
timing and intensity of the rainfall within the study area, par-
ticularly for the second round of storms, seemed to be slightly
misrepresented by the precipitation data from the Rapid Creek
precipitation gage (414345091253801) (USGS, 2016). This
made it difficult to replicate the second peak in the hydrograph
(fig. 4) from this rainfall event. The simulated streamflow
hydrograph had a crest within 6 ft*/s of the observed hydro-
graph, and the simulated stage hydrograph had a crest within
0.34 ft of the observed hydrograph (table 5).

July 12, 2014, Event

The Wapsinonoc and Hoover creeks flooded out of their
banks again on July 12, 2014, within 2 weeks of the flood-
ing on June 30, 2014. This event reached a peak streamflow
of 546 ft*/s at the Hoover Creek streamgage (05464942).
According to NEXRAD MPE hourly precipitation data, the
watershed received approximately 1 to 1.5 in. of rainfall that
morning, creating saturated soil conditions (National Oceanic
and Atmospheric Administration, 2016). An additional 1.5 to
2 in. of intense rainfall occurred within the watershed later

Table 4. Comparison of surveyed high-water marks and modeled water-surface elevations for the June 30, 2014, flood event in the

Wapsinonoc Creek watershed.

[HEC-RAS, Hydrologic Engineering Center-River Analysis System; HWMs, high-water marks; ft, feet; diff, difference equals simulated water-surface eleva-

tion minus surveyed high-water marks]
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Figure 4. A, the relation between the hydraulic model outputs and observed streamflow and
B, stage at the U.S. Geological Survey streamgage on Hoover Creek (05464942) during the
June 30, 2014, flood event.



Model Calibration 1

Table 5. Observed and simulated peak streamflow, peak stage, and runoff volume from the U.S. Geological Survey streamgages
(05464942, 0546494170) and the hydraulic model for the three historic rainfall events used to calibrate the hydrologic and hydraulic

models of the Wapsinonoc Creek watershed.

[ USGS, U.S. Geological Survey; ft¥/s, cubic feet per second,; ft, feet; acre-ft, acre-feet; % diff, percent difference equals (Jobserved - simulated|/observed)*100;

diff, difference equals simulated minus observed]

Rainfall

event USGS Peak streamflow Peak stage Runoff volume
(month/day/ station number (ft¥/s) (ft) (acre-ft)

year)

Observed Simulated % diff Observed Simulated diff Observed Simulated % diff

06/30/2014 05464942 705 699 0.85 714.97 714.63 -0.34 373.62 345.26 7.59
07/12/2014 05464942 546 557 2.01 714.05 714.04 -0.01 217.25 222.51 2.36
06/15/2015 05464942 329 355 7.90 712.49 712.83 0.34 92.93 91.34 1.71
06/15/2015 0546494170 524 587 12.02 709.52 709.97 0.45 167.29 172.73 3.25

that evening, producing the high runoff conditions that were
observed from this event.

This storm system produced isolated heavy rain cells,
so NEXRAD MPE hourly precipitation data were used
to provide better spatial resolution of rainfall distribution
within the watershed. The Rapid Creek precipitation gage
(414345091253801) received heavy rainfall totaling 4.5 in.
from this event, which would have resulted in overestima-
tion of precipitation runoff if this total had been applied to
the entire study area. The simulated stage and streamflow
hydrographs from the models corresponded with the observed
hydrographs from the Hoover Creek streamgage (05464942),
which were the only available data for calibration of this event
(fig. 5). The simulated streamflow hydrograph had a crest
within 11 ft¥/s of the observed hydrograph, and the simulated
stage hydrograph had a crest within 0.01 ft of the observed
hydrograph (table 5).

June 15, 2015, Event

The June 15, 2015, event produced bankfull conditions
for the Wapsinonoc and Hoover Creeks with some flooding of
lowland areas upstream from the city of West Branch. Even
though this was an event of smaller magnitude, it was chosen
for model calibration because all four USGS streamgages
(05464942, 0546494170, 0546494140, 0546494150)
and both USGS precipitation gages (414209091215801,
414208091204701) located within the study area captured
this event. The watershed received approximately 2 in. of
rainfall with 0.3 to 0.4 in. of precipitation occurring in the
morning and 1.5 to 1.6 in. of more intense rainfall occurring
in the afternoon.

From this event, the Hoover Creek streamgage
(05464942) and Wapsinonoc Creek streamgage (0546494170)
recorded peak streamflows of 329 and 524 ft*/s, respectively.
Small secondary peaks from the observed hydrographs
of these two streamgages (05464942, 0546494170) were

not depicted in the simulated hydrographs (figs. 6 and 7).
These small peaks were the result of a 15-minute lull from
the storm’s activity between two short durations of intense
rainfall. Modeling techniques were not able to replicate the
same resolution and concentrated the precipitation runoff into
single peaking hydrographs, which produced slightly higher
values than what was observed. However, runoff volumes
from the simulated and observed hydrographs agreed with
simulated runoff volume of 91.34 acre-foot (acre-ft) compared
to the observed 92.93 acre-ft at the Hoover Creek streamgage
(05464942) and a simulated runoff volume of 172.73 acre-ft
compared to the observed 167.29 acre-ft at the Wapsinonoc
Creek streamgage (0546494170) (table 5).

The stage-only streamgages (0546494140, 0546494150)
were only used for the timing of peak flows in model calibra-
tion, because the magnitude of the event was too small to use
stage hydrographs from the stage-only streamgages for model
calibration. The stage associated with the minimum flows
that were needed to keep the HEC-RAS model stable dur-
ing the beginning of the simulation were only 1.25 to 2.25 ft
below the observed peak of the two stage-only streamgages
(0546494140, 0546494150), the values of which rose more
than 4 ft during the event. These minimum flows meant there
was less channel capacity for the initial surge in streamflow, so
the simulated stages from the HEC-RAS model were overesti-
mated at these locations.

Model Evaluation

The observed and simulated data at the streamgages
used in calibration for the three historic rainfall events are
presented in table 5. In general, the model results compared
well with the observed data, and some marginal discrepan-
cies can be explained. Due to insufficient precipitation data
from within the study area, the second peak in the simulated
hydrograph from the June 30, 2014, event is underestimated
(fig. 4). The underestimation is why there are lower simulated
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Figure 5. A, the relation between the hydraulic model outputs and observed streamflow and B,
stage at the U.S. Geological Survey streamgage on Hoover Creek (05464942) during the July 12, 2014,
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values of peak stage and runoff volume for this event. The
slightly larger simulated peak flows and stages from the June
15, 2015, event resulted because the model concentrated the
precipitation runoff into one single-peaking hydrograph, but
the modeling results still accurately depict the runoff volumes
for this event.

The Nash-Sutcliffe efficiency (NSE) statistic and percent
bias (PBIAS) were calculated with the model outputs and
observed hydrographs from the streamgages (05464942,
0546494170) used to calibrate the models (table 6). The
NSE is a normalized statistic that provides a measure of how
well simulated values match measured datasets (Nash and
Sutcliffe, 1970). NSE values range from -oo to 1. Values of
less than 0 indicate that the mean measured streamflow is a
better predictor than simulated streamflows. A value of 0.0
indicates the simulated streamflow is as good a predictor as
using the average value of all the measured data, and a value
of 1 indicates a perfect fit between measured and simulated
values. The PBIAS measures the average tendency of the

Table 6. Nash-Sutcliffe efficiency and percent bias statistic
values at U.S. Geological Survey streamgages (05464942,
0546494170) used to calibrate the hydrologic and hydraulic
models of the Wapsinonoc Creek watershed.

[USGS, U.S. Geological Survey; NSE, Nash-Sutcliffe efficiency; PBIAS,
percent bias]

Calibrated to stage-elevation hydrographs

06/30/2014 05464942 0.91 0.01
07/12/2014 05464942 0.93 -0.05
06/15/2015 05464942 0.86 -0.04
06/15/2015 0546494170 0.87 -0.02
Calibrated to streamflow hydrographs
06/30/2014 05464942 0.86 6.63
07/12/2014 05464942 0.98 -2.64
06/15/2015 05464942 0.90 0.99
06/15/2015 0546494170 0.82 -3.92

simulated data to be larger or smaller than their observed data
(Gupta and others, 1999). The optimal value of PBIAS is 0.0,
with low-magnitude values indicating accurate model simula-
tion. Positive values indicate model underestimation bias, and
negative values indicate model overestimation bias (Gupta
and others, 1999).

The calculated values of all the statistical parameters
were well within the values recommended by Moriasi and oth-
ers (2007) for an NSE > 0.50 and a PBIAS of +/- 25 percent.
Table 6 lists all of the NSE and PBIAS values by streamgage

Existing-Conditions Model With Frequency Storms 15

within the model. The NSE for stage calibration ranged from
0.87 to 0.91, and the NSE for streamflow calibration ranged
from 0.82 to 0.98. The PBIAS for stage calibration ranged
from -0.05 to 0.01, and the PBIAS for streamflow calibration
ranged from -3.92 to 6.63. These results indicate a very good
performance rating for model calibration.

Existing-Conditions Model With
Frequency Storms

An existing conditions HEC-RAS model was built
and run with HEC-HMS outputs from design rainfall events
in order to provide a baseline for comparison of the flood-
mitigation scenarios.

HEC-HMS Model and Design Rainfall Events

The HEC-HMS model was incorporated with design
rainfall events in order to simulate a range of intense precipita-
tion runoff values. In order to develop design rainfall events,
statistical precipitation data from the National Oceanic and
Atmospheric Administration was used to provide precipita-
tion-frequency estimates within the study area (Perica and
others, 2013). The precipitation-frequency estimates were for

Table 7. National Oceanic and Atmospheric Administration
(NOAA) Atlas 14 precipitation-frequency estimates of 24-hour
rainfall duration from the partial duration series for the
Wapsinonoc Creek watershed (Perica and others, 2013).

[in, inches; %, percent; AEP, annual exceedance probability]

20% AEP 3.80

4% AEP 5.53

1% AEP

20-, 10-, 4-, 2-, and 1-percent annual exceedance probabilities
(AEPs) for a 24-hour rainfall duration from the partial dura-
tion series (table 7). An intensity duration of 15 minutes was
used to represent the period of time for the most intense rain-
fall during a design rainfall event. Once the frequency rainfall
data were applied to the HEC-HMS model, a HEC-HMS
basin model was designed to represent the average hydrologic
conditions within the Wapsinonoc Creek watershed.
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During the HEC-HMS calibration of the historic rain-
fall events, SCS CNs and Clark unit-hydrograph 7' values
were the only modeling parameters that were varied. SCS
CN(1I) values were used for modeling design rainfall events
because they represent average antecedent runoff conditions
and are primarily used for design applications (SCS, 1986).
Clark unit-hydrograph T, values were averaged from the three
calibration events, and the remaining HEC-HMS parameters
did not need to be adjusted because they stayed constant for
the model calibration of historic rainfall events. A basin model
was then created in HEC-HMS with the averaged parameters
and SCS CN(1I) values for the 20-, 10-, 4-, 2-, and 1-percent
AEP design rainfall events.

HEC-RAS Existing Conditions

The calibrated HEC-RAS model was used to represent
the existing conditions, which include present-day stream
channel geometries, flood-plain development, hydraulic
structures, and land cover. The HEC-RAS existing conditions
were used to simulate flood profiles for the 20-, 10-, 4-, 2-, and
1-percent AEP design rainfall events. In order to assess the
magnitude of streamflow from these design rainfall events, the
simulated peak streamflows at the Hoover Creek streamgage
(05464942) were evaluated under existing conditions (table 8).
A comparison showed that the peak streamflow of 720 ft*/s
from the 20-percent AEP frequency storm was very close to
the 705 ft*/s peak streamflow from the June 30, 2014, flooding
event. The peak streamflow of 1,646 ft¥/s from the 1-percent
AEP frequency storm also compares well to the estimated
1,650 ft*/s peak streamflow from the August 16, 1993,
flooding event.

Table 8. Peak streamflows from the design rainfall events with
the existing conditions hydraulic model at the Hoover Creek
U.S. Geological Survey streamgage (05464942) located at the
Herbert Hoover National Historic Site.

[ft*/s, cubic feet per second; %, percent; AEP, annual exceedance
probability]

20% AEP 720

4% AEP 1,133

1% AEP 1,646

Flood-Mitigation Scenarios

Flood-mitigation scenarios were simulated with the
HEC-RAS model. The scenarios model attenuating stream-
flows with the use of detention structures upstream from the
city of West Branch and improving the conveyance of over-
bank flows through the city by removing flow restrictions.

Streamflow Attenuation

In 2012, the city of West Branch built an in-channel
detention basin on Hoover Creek with approximately
45 acre-ft of storage (fig. 8) (Norfleet, 2013), and the NPS is
currently in the planning process for building an off-channel
detention basin within HEHO. The city of West Branch is
interested in the effects of in-channel detention basins for the
Wapsinonoc Creek upstream from the city. Four proposed
locations were chosen in consultation with the city of West
Branch for the simulation of in-channel detention basins
(fig. 8) for the flood-mitigation scenarios. The proposed in-
channel detention basins were designed to meet the following
criteria (table 9)

» drainage area not exceeding 1 mi?,

»  storage capacity not exceeding 50 acre-ft,

* dam height not exceeding 10 ft in height from the
stream banks, and

» outlet culvert with at least 1-percent slope.

During the existing conditions simulations, the Hoover
Creek in-channel detention basin reached storage capacity dur-
ing the 4-percent AEP design rainfall event, so the proposed
in-channel detention basins were designed to contain the
10-percent AEP design rainfall event. The two larger in-chan-
nel detention basins needed their outflow outlets to be outfitted
with a 3.5 ft-diameter culvert to have the carrying capacity
for the 10-percent AEP design rainfall event. The two smaller
in-channel detention basins have the capacity to hold back the
1-percent AEP design rainfall event with a 1.5 ft-diameter cul-
vert as the outflow outlet because they have a relatively small
drainage areas.

Conveyance Improvement

Downstream from the Hoover Creek and Wapsinonoc
Creek confluence, there is an abandoned railroad embank-
ment, which constricts the flood plain on the southeast edge of
the city of West Branch (fig. 9). This area causes a backwater
effect during flash floods even though the railroad bridge deck,
piers, and the bridge abutment on the south side were removed
in the 1990s, (D. Schechinger, oral commun., 2016). An addi-
tional 120-ft section of the railroad embankment was removed
from the right bank side (looking downstream) and bench
cut down to an elevation of 705 ft at the top of the stream
bank (fig. 10) in the HEC-RAS model. There is also an old
truss bridge 400 ft downstream from the abandoned railroad
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Table 9. Proposed and existing in-channel detention structures with their associated drainage area, storage capacity, dam height,

and outlet culvert size.

[mi?, square miles; acre-ft, acre-feet; ft, feet]

embankment that is no longer used by the city of West Branch.
The HEC-RAS model simulated the effects of removing a
portion of the railroad embankment and the old truss bridge in
order to improve the conveyance of the stream.

Flood-Mitigation Modeling Results

The flood-mitigation modeling was grouped into three
scenarios: detention storage with temporary storage from
detention structures attenuating peak streamflows, improved
conveyance with the removal of a section of railroad embank-
ment and the truss bridge, and the detention and conveyance
scenarios combined. The water-surface profiles for the three
scenarios were then plotted with the water-surface profiles
for existing conditions so their flood-mitigation effects could
be analyzed (figs. 11-20). The water-surface profiles consist
of three stream reaches that flow through the city of West
Branch and HEHO (fig. 9). The stream reach Wapsinonoc
Creek upstream from Hoover Creek starts approximately
1,100 ft upstream from the College Street Bridge where the
Wapsinonoc Creek begins to threaten the low-lying residential
neighborhoods and continues to the Hoover Creek confluence.
This reach also consists of the East Main Street Bridge and
the West Branch fire station which is approximately 350 ft
upstream from the Hoover Creek confluence. The stream reach
of Wapsinonoc Creek downstream from Hoover Creek starts
at the Hoover Creek confluence and flows approximately 500
ft downstream from the truss bridge. This reach also consists
of the abandoned railroad embankment approximately 400 ft
downstream from the Hoover Creek confluence. The stream
reach of Hoover Creek starts approximately 200 ft upstream
from the pedestrian bridge located at the USGS Hoover Creek
streamgage (05464942) within HEHO and flows downstream
to the Wapsinonoc Creek confluence. The stream reach also
consists of the Downey Street, Parkside Drive, and 2nd Street
bridge locations.

Water-surface elevations of the three scenarios and exist-
ing conditions were also calculated for eight locations along
the three stream reaches (table 10). These locations include

the upstream sides of the College Street, East Main Street,
Downey Street, Parkside Drive, and 2nd Street bridges (fig. 9).
The other locations with WSEs are the West Branch fire
station and immediately upstream and downstream from the
abandoned railroad embankment (fig. 10).

The detention-storage scenario produced streamflow
attenuation throughout the Wapsinonoc Creek. The areas clos-
est to the source of the detention storage received the greatest
benefit such as the upstream side of the College Street Bridge,
where simulated decreases were from 0.47 to 1.29 ft in lower
WSEs. Other areas along the Wapsinonoc stream reaches
such as the East Main Street Bridge, fire station, and upstream
from the railroad embankment had moderate improvements of
0.30 to 0.92 ft in lower WSEs. The upstream side of the 2nd
Street Bridge had the most improvement of the Hoover stream
reach, ranging from 0.19 to 0.64 ft in lower WSEs because
this area receives overbank flow from both the Wapsinonoc
and Hoover Creeks. The upstream sides of the Downey Street
and Parkside Drive Bridges saw little improvement, ranging
from 0.00 to 0.09 ft, suggesting that the attenuation of the
Wapsinonoc Creek streamflow has little effect upstream from
the Parkside Drive Bridge.

The conveyance-improvement scenario had the great-
est improvement in WSEs from the railroad embankment
upstream to the Wapsinonoc and Hoover confluence, East
Main Street Bridge, and 2nd Street Bridge, with lower
WSESs ranging from 0.93 to 1.48 ft on the upstream side
of the railroad embankment, 0.21 to 0.62 ft at the fire sta-
tion, 0.24 to 0.58 ft on the upstream side of the 2nd Street
Bridge, and 0.20 to 0.54 ft on the upstream side of the East
Main Street Bridge. Much less improvement was seen further
upstream from the railroad embankment, with lower WSEs
ranging from 0.00 to 0.22 ft on the upstream side of the Col-
lege Street, Parkside Drive, and Downey Street bridges.

The detention and conveyance combined scenario
produced the most improvement in decreasing WSEs along
the Wapsinonoc and Hoover reaches. The values of WSEs
on the upstream side of the railroad embankment ranged
from 1.13 to 1.90 ft in lower WSEs. The values of WSEs
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Table 10. Water-surface elevations from design rainfall events for the different flood mitigation scenarios compared to the existing
conditions within the Wapsinonoc Creek watershed.

[WSE, water surface elevation; ft, feet; diff, difference equals scenario water-surface elevation minus existing conditions water-surface elevation; %, percent;
AEP, annual exceedence probability]
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Table 10. Water-surface elevations from design rainfall events for the different flood mitigation scenarios compared to the existing
conditions within the Wapsinonoc Creek watershed.—Continued

[WSE, water surface elevation; ft, feet; diff, difference equals scenario water-surface elevation minus existing conditions water-surface elevation; %, percent;
AEP, annual exceedence probability]
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Table 10. Water-surface elevations from design rainfall events for the different flood mitigation scenarios compared to the existing
conditions within the Wapsinonoc Creek watershed.—Continued

[WSE, water surface elevation; ft, feet; diff, difference equals scenario water-surface elevation minus existing conditions water-surface elevation; %, percent;
AEP, annual exceedence probability]
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Table 10. Water-surface elevations from design rainfall events for the different flood mitigation scenarios compared to the existing
conditions within the Wapsinonoc Creek watershed.—Continued

[WSE, water surface elevation; ft, feet; diff, difference equals scenario water-surface elevation minus existing conditions water-surface elevation; %, percent;
AEP, annual exceedence probability]
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Table 10. Water-surface elevations from design rainfall events for the different flood mitigation scenarios compared to the existing

conditions within the Wapsinonoc Creek watershed.—Continued

[WSE, water surface elevation; ft, feet; diff, difference equals scenario water-surface elevation minus existing conditions water-surface elevation; %, percent;

AEP, annual exceedence probability]

Existing

T conditions

River reach

WSE (ft)

WSE (ft)

Wapsinonoc
Creek
down-
stream
from
Hoover
Creek

on the upstream sides of the East Main Street Bridge, Col-
lege Street Bridge, and adjacent to the fire station had lower
WSEs ranging from 0.38 to 1.30 ft. The values of WSEs on
the upstream side of the 2nd Street Bridge had 0.35 to 0.84 ft
in lower WSEs. The values of WSEs on the upstream sides of
the Downey Street and Parkside Drive bridges had the least
improvement; decreases in WSEs ranged from 0.00 to 0.16 ft.

Summary

Hydrologic and hydraulic models were constructed for
the Wapsinonoc Creek watershed in order to assess the effects
of three flood-mitigation scenarios: detention storage, convey-
ance improvement, and combining the detention storage with
the conveyance improvement. A model of existing conditions
was also constructed to provide a baseline for the flood-
mitigation improvements. The existing-conditions model was
calibrated to three historic storm events: June 30, 2014, July
12,2014, and June 15, 2015. The existing-conditions model
was calibrated using U.S. Geological Survey streamgages
(05464942, 0546494170, 0546494140, 0546494150), U.S.
Geological Survey precipitation gages (414345091253801,
414209091215801, 414208091204701), and surveyed high-
water marks. The flood-mitigation scenarios and existing-
conditions models were simulated with 20-, 10-, 4-, 2-, and
1-percent annual exceedance probability design rainfall events
in order to provide a large range of flows for evaluation.

The detention-storage scenario had the greatest effect
upstream from the East Main Street Bridge, but moderate
effects were seen throughout the Wapsinonoc stream reaches
and in the Hoover reach to just upstream from the 2nd Street
Bridge because this area receives overbank flow from the
Wapsinonoc Creek. The conveyance-improvement scenario
had the best improvement near the railroad embankment and

Detention storage scenario

diff WSE (ft) diff

Detention and conveyance
scenario

WSE (ft) diff

Conveyance improvement
scenario

upstream to the 2nd Street Bridge on Hoover Creek and the
East Main Street Bridge on the Wapsinonoc Creek. The deten-
tion storage with conveyance-improvement scenario provided
the most improvement for the Wapsinonoc stream reaches

and the Hoover stream reach from its confluence with the
Wapsinonoc Creek to just above the 2nd Street Bridge. Areas
upstream the Parkside Drive Bridge on the Hoover Creek had
little to no improvement with the flood-mitigation scenarios on
the Wapsinonoc Creek.
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