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Flood extent field observations collected following awave overtopping event are used to evaluate the accuracy of
two urbanflood predictionmodels: a static (‘bathtub’)model that simply compareswater level to land elevation,
and a hydrodynamic model that resolves embayment dynamics, overland flow, concrete flood walls, and
drainage into the storm water system. Time-dependent overtopping rates were estimated using empirical
models parameterized with survey data and local wave heights transformed to the nearshore using Simulating
Waves Nearshore (SWAN) and subsequently input to the hydrodynamic model. The hydrodynamic model
showed good agreement with field observations, whereas the static model substantially overpredicted flooding
suggesting that urban backshore flood depths do not equilibrate with shoreline water levels in transient events.
In the absence of a high backwater condition, storm system drainage attenuates wave overtopping flooding.
Hydrodynamic model simulations suggest that bay side flood defenses may exacerbate flooding by restricting
drainage and that temporary flood mitigation berms can significantly reduce backshore flooding. This study
points to a promising urban coastal flood prediction and management framework.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Newport Beach, California is a highly urbanized low-lying coastal
community with large portions of the city below extreme high tide
levels.With numerous such lowlands across the State, over 325,000 peo-
ple live within 1 m of local mean high water levels (Strauss et al., 2012).
Globally sea levels are expected to rise on the order of 0.5–1 m by 2100
(Church et al., 2013), and in California, the State is recommending that
coastal communities plan for 26–43 cm of sea level rise (SLR) by 2050
and for 110–176 cmby 2100, under the assumption of a high greenhouse
gas emission scenario (State of California, 2010). Framed in the context
of coastal flood frequency, an alarming result emerges that approximate-
ly four decades of SLR will transform the present day 100 year coastal
flooding event in Southern California into an annual occurrence
(Tebaldi et al., 2012). Effective risk management will require advanced
coastal flooding models responsive to dynamic changes in water levels,
wave forcing, and infrastructure (National Research Council, 2009).

Urban coastal flood prediction presents numerous challenges:
complex forcing mechanisms (variability of ocean levels, waves and
rainfall), geometrical complexities of urban environments (flood walls,
buildings, drainage systems), nonlinear feedbacks associated with
anders@uci.edu (B.F. Sanders),
natural processes (e.g., beach erosion), and human decision-making
(e.g., sandbagging, operation of drainage infrastructure, berming). A
general framework has been established around two-dimensional
(2D) hydrodynamic models that simulate overland flow (e.g., Bates
et al., 2005; Brown et al., 2007; Dawson et al., 2009; Knowles, 2009;
Martinelli et al., 2010; Purvis et al., 2008; Smith et al., 2012; Villatoro
et al., 2014; Wadey et al., 2012); however, individual component
implementations such as flow routing, flood defense representation,
boundary conditions, and wave overtopping volumes differ.

Overland flow may be routed via simplistic static (bathtub) projec-
tions (e.g., Heberger et al., 2009), mass conservation schemes (e.g.,
LISFLOOD) (Bates and De Roo, 2000) or hydrodynamic models based
on the shallow-water equations (e.g., TUFLOW, DIVAST, BreZo).
Poulter and Halpin (2008), Heberger et al. (2009) and Strauss et al.
(2012) present raster-based flood models where areas that fall below
the water level are flooded, i.e., the models assume that flow paths
exist and the flood is sustained sufficiently long to fill the impacted
region to the height of the embayment. The static method, also known
planar surface projection or equilibrium method, has drawn criticism
for poor predictive skill (Bernatchez et al., 2011; Gallien et al., 2011).
Variants of this approach can be devised to account for protection by
levees and seawalls, but all static models retain the assumption that
flooding occurs instantaneously upon exceeding the overtopping
threshold. Protective barrier failure can be integrated into static and hy-
drodynamic models (e.g., Brown et al., 2007), but only the hydrody-
namic approach accounts for temporal effects.
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Numerous studies have suggested complex features such as curbs,
walls, berms and localized sources and sinks need to be included in
urban flood models (e.g., Bernatchez et al., 2011; Brown et al., 2007;
Fewtrell et al., 2008; Gallegos et al., 2009; Gallien et al., 2011; Mignot
et al., 2006; Poulter and Halpin, 2008). Néelz et al. (2006) found that
LiDAR data inadequately resolved hydraulically important features
such as walls and embankments. Similarly, Webster et al. (2004)
showed that abrupt elevation changes typical of wharves, flood defense
walls, and cliffs are inadequately resolved for inundation modeling.
More recent studies have begun to explicitly represent flood defenses.
For example, Poulter andHalpin (2008) elevated individual raster pixels
to include flood defenses while Smith et al. (2012) elevated individual
digital elevation model (DEM) cells for input into a hydraulic flood
model. Alternatively, Gallien et al. (2011) carefully aligned a computa-
tional mesh used by the hydrodynamic model to depict flood defense
walls. Temporary flood management practices such as cautionary sand
bagging and beach berming are often sub-LiDAR scale and because of
their temporary nature, may not be deployed during the LiDAR data
collection.

Hydrodynamic model boundary conditions account for dynamic sea
level changes corresponding to hourly and longer time scales such as
tides and storm surge. Approaches for boundary conditions include
synthetic time series representative of extreme high tides (e.g., a
100 year event), output from multi-scale models and historical data.
These dynamic approaches contrastwith simplistic sea level rise assess-
ments that utilize a static water level value depicting a future sea level
(e.g., Coveney and Fotheringham, 2011; Gesch, 2009; Kirshen et al.,
2008; Strauss et al., 2012; Yin et al., 2011). Brown et al. (2007) present
a coupled storm surge and overland flowmodel for Canvey Island locat-
ed in the Thames Estuary. Similarly, Knowles (2009) established a San
Francisco Bay model domain that was externally forced at the Golden
Gate by a water level time series that accounts for total ocean height,
a combination of tidal and non-tidal (e.g., storm surge, atmospheric
pressure changes) factors, as well as inland streamflow. Smith et al.
(2012) used historical tide gauge records to estimate local water levels
in an area along the Bristol Channel. Alternatively, Martinelli et al.
(2010) developed probabilistic water levels at the shoreline of Emilia
Romagna along the Adriatic Sea in Northern Italy to force an overland
flow model.

Overtopping flows represent a critical component of coastal flood
mapping; however, dynamic wave overtopping volumes are rarely in-
cluded in coastal flood predictions. Accordingly, methods considering
wave overtopping have been recognized as a research priority (Wadey
et al., 2012). A simplistic method for depicting overtopping flooding
involves adding maximum wave runup to determine a total water
level (e.g., FEMA, 2004; Heberger et al., 2009) and projecting this
water level across the land surface. The total water level method is
applied using a static model and consequently suffers identical
deficiencies: hydraulic connectivity may not be enforced, and offshore
water levels may not be sustained sufficiently long for backshore
water levels to equilibrate. Overtopping time scales in episodic flooding
events caused by coincident large wave conditions and high tides range
from minutes to a few hours, which is insufficient time to fill the
backshore. Total water level wave overtopping estimates have proven
to significantly overpredict flooding zones (Bates et al., 2005; Gallien
et al., 2013).

Only a limited number of studies include temporally variable
overtopping estimates (Cheung et al., 2003; Chini and Stansby, 2012;
Laudier et al., 2011; Lynett et al., 2010;Martinelli et al., 2010). Numerical
models represent the current state-of-the-art for simulating overtopping
flows and theoretically, if the physics are well represented, could predict
overtopping in an infinite number of dune, dike, or wall configurations.
However, field-scale implementations have been challenged by compu-
tational effort and sensitivities to grid spacing and boundary conditions
that restrict most applications to numerical wave flumes (e.g., Hu
et al., 2000) or analytical solutions and laboratory validation data
(e.g., Hubbard and Dodd, 2002; Liu et al., 1999; Losada et al., 2008;
Okayasu et al., 2005). Empirical simple-slope overtopping models, on
the other hand, are widely used mature methods benefiting from
extensive research (e.g., Owen, 1980; USACE, 1984; Ahrens et al., 1986;
Hedges and Reis, 1998; TAW, 2002; Mase et al., 2003; Pullen et al.,
2007; Reis et al., 2008).

Few studies have attempted to validate flooding from wave
overtopping. Field observations on a central California beach suggest
that empirical models moderately overestimate overtopping rates
(Laudier et al., 2011). Cheung et al. (2003) and Lynett et al. (2010) pre-
sented numerical overtopping models along with qualitative validation
data (e.g., high water marks or levee damage) and in the case of Lynett
et al. (2010), empirical and numerical estimates differed by a factor of
10. Smith et al. (2012) considered an urban coastal flood event along
the North Somerset coast in the UK and used point sources to introduce
overtopping volumes to the flooding domain, however overtopping
rates were not modeled in a prognostic manner, but rather from a post
event analysis of the flooded area that revealed flood volume. Moreover,
the analysis suggested significant uncertainty in the overtopping esti-
mate, and the study concluded that overtopping volumes are a domi-
nant source of uncertainty relative to flood extent prediction. Indeed,
wave overtopping is considered a significant deficiency in the current
modeling methodology (Brown et al., 2007; Hubbard and Dodd, 2002;
Hunt, 2005), and multiple studies stress the need for field validation
data (Anselme et al., 2011; Battjes and Gerritsen, 2002; Gallien et al.,
2013; Poulter and Halpin, 2008; Reeve et al., 2008; Thomalla et al.,
2002).

This paper presents an integrated hydrodynamic flood model that
accounts for the combined effects of overland flow, flood defenses,
dynamic sea level changes, temporally variable wave overtopping vol-
umes and urban drainage. Static and hydrodynamic model outcomes
are compared with flood extent field observations at a California site.
Finally, hydrodynamic model simulations investigate the impacts of
anthropogenic beach berming and the implications of fortified bay
side flood defense walls on wave overtopping floods.
2. Methods and materials

2.1. Newport Beach site description

Newport Beach, California, Fig. 1, is located approximately 70 km
southeast of Los Angeles. The City of Newport Beach encompasses
Newport Harbor and is geographically characterized by elevatedmarine
terraces and the urban coastal lowlands of Balboa Peninsula and the
constructed islands within Newport Harbor. Balboa Peninsula is
exposed to two modes of flooding: (1) weir-like overtopping of
low-profile (b50 cm high) concrete flood walls on the bay side of the
Peninsula, as shown in Fig. 2a, and (2) wave overtopping of its ocean
facing beaches which are exposed to high wave energy, particularly its
south-facing beaches (south of Newport Pier), as shown in Fig. 2b.
These processes may or may not be concurrently active, and ironically,
in the present case, flooding may be exacerbated by embayment flood
defenses.

The Balboa Peninsula stormwater system is gravity drained into the
harbor and tide valves are installed at each outfall. The Peninsula has a
long history of episodic flooding that is proactively managed by the
City of Newport Beach. Tide valves are manually operated according to
water levels to prevent back flooding, and elevated sand berms are
constructed in advance of major swell events to protect against wave
overtopping (Schubert et al., in press). On August 31, 2011 a long-
period southern swell arrived approximately 12 h earlier than forecast,
and prior to protective berm construction. This resulted in beach
overtopping near Balboa Pier and flash flooding of the urban backshore.
This event provides a unique field opportunity to investigate an inte-
grated prognostic flood modeling methodology.
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Fig. 1.Newport Beach, California. Insets showwave height details at (a1) 10:48 AMand (a2) 11:12 AM, during peak overtopping. The dashed line represents the location over whichwave
heights were averaged for overtopping calculations.
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2.2. Site data

A bare earth digital terrain model (DTM) in NAD83 and NAVD88
consisting of all topography and bathymetry within the simulation
domain was prepared from LiDAR and bathymetry data. The City of
Newport Beach provided orthoimagery and LiDAR from a 2006 city-
commissioned survey. Orthoimagery originally supplied at approxi-
mately 8 cm resolution was later coarsened to 30 cm to facilitate data
management. The final LiDAR data consisted of over 10 million irregu-
larly spaced bare-earth samples with a vertical accuracy of 0.182 m
(RMSE). Upper and Lower Newport Bay bathymetry was obtained
from two U.S. Army Corps of Engineering surveys with 1 and 3 m reso-
lutions and vertical accuracies of ~0.1 m. Three arc-second horizontal
resolution offshore bathymetry was retrieved from the Southern
California Coastal Ocean Observing System (SCCOOS). LiDAR survey
returns on critical flood defense structures (e.g., concrete sea walls
and high embankments) were minimal; therefore publicly accessible
barrier elevations were surveyed using a Real Time Kinematic (RTK)
survey with vertical RMSE of 1–2 cm (Gallien et al., 2011). All data
were merged into a single point file consisting of over 12 million points
and interpolated to create a 3 m resolution DTM.

In addition to the city LiDAR survey, six Scripps Southern California
Beach Process LiDAR datasets (SCBPS, 2014), and an RTK survey,
shown in Table 1 were used to characterize the beach face. Vertical
accuracy of the Scripps LiDAR is 10 cm vertical RMSE (SCBPS, 2014).
2.3. Validation data event description

On August 31, 2011 a large southern swell event generated by
an Antarctic low pressure system arrived earlier than forecast and
(a) (b)

Fig. 2. Overtopping in New
coincided with a high tide at 11:20 AM of 1.81 m NAVD88. Individual
waves ran up and overtopped the beach near Balboa Pier from approx-
imately 11:00 AM to 12:00 Noon PDT causing localized flooding from B
Street west to Adams Street. City service employees reported that all
storm drains were open at the time of overtopping with the exception
of A and B streets. On September 1 wrack lines were mapped on high
resolution satellite photos. In areaswhere clearwrack lineswere absent,
residents were interviewed and observations were supplemented by
city service worker photographs and media coverage (e.g., CBS, 2011
Los Angeles Times, YouTube and Patman Films). The flood zone was
digitized as a polygon layer in ArcMAP.

2.4. Local wave climate

Deepwater spectral datawere retrieved fromCDIP buoy 096 located
approximately 20 km southeast of the site off the coast of Dana Point,
California and transformed using SWAN (Simulating WAves Near-
shore), a third generation numerical wave model (Booij et al., 1999).
Hourly frequency directional spectra in 360 directional and 64 frequen-
cy bins were calculated using the maximum entropy method and
applied as the deep water boundary condition approximately 10 km
offshore in ~450 m water depth. A regular simulation domain of
11 × 10 kmwith a grid resolution of 28 m × 22mwas carefully chosen
through an iterative process to ensure that east and west boundary
locations and grid spacing did not affect simulation outcomes. A total
of 24 simulations in two dimensional stationary mode were run,
wave spectra were updated hourly and water levels every 30 min.
Fig. 1 shows the spatial variability of significant wave height before
(inset a1) and during (inset a2) overtopping. Fig. 3a shows a time series
of longshore averaged significant wave heights at the slope toe, ~0
MLLW, for overtopping model input.
(c)

port Beach, California.



Table 1
Beach face summary statistics.

Data Year Month z mð Þ σ(m) zmax(m) 1/β σ

Scripps 2009 March 4.91 0.073 5.24 7.56 0.43
Scripps 2008 October 4.85 0.070 5.31 7.40 0.41
Scripps 2007 April 5.03 0.125 5.35 7.25 0.58
Scripps 2006 October 4.94 0.168 5.41 7.31 0.42
Scripps 2004 March 4.89 0.070 5.43 7.89 0.58
Scripps 2004 September 4.91 0.073 5.44 7.76 0.51
UCI 2006 April 4.90 0.149 5.14 8.05 0.75
All Lidar – – 4.92 0.107 5.44 7.60 0.59
Survey 2012 May 5.02 0.162 5.38 – –
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2.5. Static flood modeling

Static flood modeling is a simple alternative to hydrodynamic
modeling for coastal flood mapping and relies upon a comparison of
water level to ground elevation. The assumption is that land below
the ocean level is flooded instantly. Two ocean water levels are consid-
ered to map flood zones: observed water level (OWL) and total water
level (TWL). The former projects the observed maximum tide elevation
and the latter includes a maximum runup elevation estimated using
Stockdon et al. (2006),

R2% ¼ 1:1 0:35β H0L0ð Þ0:5 þ
H0L0 0:563β2 þ 0:004

� �h i0:5
2

0
B@

1
CA ð1Þ

whereH0 is the deepwater significantwave height, L0 is the deepwater
wave length and β is the foreshore beach slope.
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Fig. 3. Time series of (a) significant wave height at the slope tope (Hs), (b) peak period (TP), (c)
2.6. Hydrodynamic flood modeling

Two-dimensional Godunov-type finite volumemodels based on the
nonlinear shallowwater equations are relatively new to floodmodeling
but have been shown to support an accurate and stable prediction of
flooding and drainage dynamics (e.g., Hubbard and Dodd, 2002;
Sanders, 2008). Godunov-type schemes rely on an approximate
Riemann solver to compute mass and momentum fluxes along the
edges separating neighboring computational cells (Guinot, 2003; Toro,
2001), and admit a wide range of flow regimes including supercritical
flows from abrupt elevation changes inherent to urban environment
such as flood defenses, streets, and curbs without case specific parame-
ter tuning. Godunov-type finite volume codes have been successfully
implemented in coastal embayment modeling (Arega and Sanders,
2004; Cea et al., 2006; Gallien et al., 2011; Sanders, 2008) and urban
flood simulation (Gallegos et al., 2009; Mignot et al., 2006; Sanders,
2008; Schubert and Sanders, 2012; Schubert et al., 2008; Villaneueva
and Wright, 2006), thus representing an attractive basis for integrated
embayment flooding events, i.e., resolving embayment long-wave dy-
namics, weir-like overtopping, and overland flow into low lying terrain.

BreZo (Begnudelli et al., 2008; Sanders, 2008), applied here, uses an
unstructured computational mesh defined by a constrained Delaunay
triangulation. The simulation domain requires approximately 500,000
cells to represent all above and under water terrain near Newport Bay
and extends several kilometers offshore. The mesh was generated
using Triangle (Shewchuk, 1996). A minimum angle constraint of 30°
eliminates stability problems that occur with highly acute angles.
Spatially variable area constraints focus computational resources on
the urbanized lowlands (ca. 3.5 m horizontal resolution). Cell sizes
were gradually coarsened in areas of increasing ocean depth or high el-
evation (ca. 300 m). Edge constraints were implemented to align mesh
10 12 14

10 12 14

10 12 14

10 12 14

ust 31, 2011

Euro
HR

tide level (blue), freeboard (green), Stockdon R2% (dashed) and (d) overtopping estimates.
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edges with land surface features subject to overtopping. Critically, mesh
edge alignment facilitates highly accurate surveyed flood defense wall
elevations (ca. 1 cm) to be implemented within the hydrodynamic
model (Gallien et al., 2011).

Six minute water levels for August 31, 2011 were obtained from the
nearest tide gauge located approximately 40 km to the northwest in the
port of Los Angeles (NOAA, 2012) and applied as the offshore boundary
condition for BreZo. The simulation starts approximately 8 h before the
peak tide and resolves the ebb–flood–ebb cycle (3:00 AM to 15:00 PDT)
that captures the minor tidal amplification observed within Newport
Bay. The Godunov model solves a Riemann problem and therefore
handles any weir-like wall overtopping for flood defenses on the bay
side. Overtopping volumes and drainage outflows are integrated into
the hydrodynamic model using point sinks and sources as detailed in
the following sections.

2.6.1. Urban drainage models
Curb inlets are modeled as point sinks. The volumetric flow rate is

based on a broad crested weir equation (Sturm, 2001),

Q ¼ 2
3
CvCd

2
3
g

� �1=2
LH3=2 ð2Þ

where Q represents flow into the storm system, L is the width of the
drain opening and H is the water depth and, in this case, the product
of Cv and Cd is equal to unity (Orange County Environmental
Management Agency, 1996). Eq. (2) is valid for water depths less than
or equal to the inlet height. After water depth exceeds two times the
inlet height the orifice equation is used (Sturm, 2001),

Q ¼ CdA 2gH0� �1=2 ð3Þ

where A is the area of the inlet,H′ is the head acting on the center line of
the inlet and Cd is 0.70 (Orange County Environmental Management
Agency, 1996). Flows for water levels between one and two times the
inlet height may be estimated using a nomograph (Orange County
Environmental Management Agency, 1996).

Tide elevation during the August 31, 2011 event was well below the
threshold for tide valve closure (2.08mNAVD88). Point sinkswithin the
hydrodynamicmodel represent each of the 14 curb inlets (Fig. 6). Flows
are computed using Eq. (2). The sink rate was simply modeled and
assumed to withdraw a constant flow where the water level was
equal to drain inlet height, although this assumption overestimates
fluid withdraw during low flow, it is a reasonable approximation near
peak overtopping levels since maximum water elevations are similar
in magnitude to inlet heights.

2.6.2. Wave overtopping models
Runup and overtopping volumes typically infiltrate into the

wide sandy beach, however adjacent to Balboa Pier, the beach is com-
paratively narrow (b50 m) and impermeable areas (parking lots and
roads) collect and transfer overwash to the urban backshore. Temporal-
ly variable wave overtopping volumes are estimated using two empiri-
cal overtopping models: Hedges and Reis (Hedges and Reis, 1998; Reis
et al., 2008) and EurOtop (Pullen et al., 2007) abbreviated hereafter as
HR and Eurotop, respectively. Simple-slope overtopping models are
well documented and geometrically consistent with the beach dune
system in Newport Beach, therefore representing an attractive candi-
date for estimating overtopping rates. Although the empirical models
were originally intended for runup and overtopping of structures, they
have been employed in beach and dune overtopping studies (e.g.,
Laudier et al., 2011; Martinelli et al., 2010).
The probabilistic Eurotop formulation, where 50% of empirical data
points are not exceeded and ξm − 1,0 b 5 is,

qffiffiffiffiffiffiffiffiffiffiffiffi
gH3

m0

q ¼ min a; bð Þ

a ¼ 0:067ffiffiffiffiffiffiffiffiffiffiffi
tanα

p γb ξm−1;0exp −4:75
Rc

ξm−1;0Hmoγbγ fγβγv

 !

b ¼ 0:2exp −2:6
Rc

Hm0γ fγβ

 ! ð4Þ

where Hm0 is the significantwave height at the toe of the structure, Rc is
the freeboard, α is the angle of the slope, g represents gravity, q is the
mean overtopping rate per unit length, γb is the berm influence factor,
γf is the roughness influence factor, γβ is the oblique wave attack factor
andγv is the vertical wall influence factor (Pullen et al., 2007). All reduc-
tion parameters were assumed to be unity: no subaerial berm was
present, the sand was saturated and assumed to be smooth and imper-
meable, peak wave direction was within a few degrees of orthogonality
and no verticalwall was present at the beach crest. The TAW(2002) for-
mulation relies on a breaker parameter ξm − 1,0 that characterizes the
wave breaking condition (i.e., breaking, non-breaking) and is given as,

ξm−1;0 ¼ tanαffiffiffiffiffiffiffiffi
Hm0
Lm−1;0

q ð5Þ

where Lm − 1,0 is the deep water wave length (Pullen et al., 2007).
Similarly, the HR irregular wave overtopping model (Reis et al.,

2008) is

qffiffiffiffiffiffiffiffiffiffiffiffi
gR3

max

q ¼
A 1− Rc

γrRmax

� �B

for 0 ≤ Rc

γrRmax
b 1

0 for
Rc

γrRmax
≥1

8>>><
>>>:

ð6Þ

where γr is a roughness parameter and A and B are described by

A ¼ 0:0033þ 0:0025 cotα for 1≤ cotα ≤ 12
0:0333 for 12 b cotα ≤ 20

	
ð7Þ

and

B ¼ 2:8þ 0:65 cotα for 1≤ cotα≤8
10:2−0:275 cotα for 8b cotα≤20

	
ð8Þ

where Rmax is the maximum expected runup using the Mase et al.
(2003) extension of Hunt's (1959) equation that incorporates wave
set up,

Rmax

Hs
¼

0:38þ 1:67 ξp for 0 b ξp ≤ 2:2
4:56−0:23 ξp for 2:2 b ξp ≤ 9:0
2:51 for 9:0 b ξp

8<
: ð9Þ

and ξp is the surf similarity parameter,

ξp ¼ tan αffiffiffiffi
Hs
L0

q ð10Þ

where Hs is the significant wave height measured at the toe of the slope
and L0 is the deep water wave length, L0 = gTp

2/2π.

2.6.3. Overtopping model parameterization
The empirical overtopping models are parameterized using nearby

CDIP wave buoy (096) spectra transformed to the nearshore (Fig. 1)
and a mix of survey, geospatial and tide data. Eurotop and HR require
an intermediate surf similarity parameter calculation however, the rec-
ommended parametrization varies slightly. HR relies upon the peak
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period whereas Eurotop employs spectral period. For a narrow banded
spectrum, Tp ≈ 1.1 Tm0 (Pullen et al., 2007). Balboa beach profiles,
Fig. 4, and a prior USACE study (USACE, 2002) show a distinct transition
from a shallow nearshore slope (~1:20) to a steeper foreshore (~1:8)
occurring near 0 m MLLW (−0.04 m NAVD88). This slope break is evi-
dent in recovered seasonprofiles (Fig. 4— solid lines, arrows) consistent
with the late August event and, for the purpose of this work, is consid-
ered the slope toe.

Freeboard is the difference between the maximum beach crest ele-
vation and the tide elevation and was estimated using LiDAR data and
a walking survey. LiDAR sampling of the beach often underestimates
maximum beach crest elevation, the highest cross shore elevation
may not have produced LiDAR returns and the sampling strategy may
include adjacent LiDAR points that slightly depress elevation statistics.
Seven LiDAR datasets were examined to determine the possible range
of values for beach crest elevation and slope. Generally the average
crest elevation for all LiDAR data was similar, ranging from 4.85 to
5.03 m and is shown in Table 1. Maximum elevation for all LiDAR sur-
veys was 5.37 m and the RTK survey maximum elevation was 5.38 m.
Since themaximum crest elevation appears to be consistent throughout
the LiDAR data and the RTK survey guarantees maximum crest height,
the RTK crest elevation of 5.02 m was used to calculate freeboard.
Beach profiles corresponding to seasonal recovery, September and
October LIDAR data, are used to estimate a beach slope of 1:7.5.
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Fig. 4.Representative transects at BalboaBeach. Summer and fall (recovered)profiles are shown
season profiles are shown as dashed lines.
Sixminute water levels, beach geometry data, and SWAN significant
wave height estimates at the slope toe were used to evaluate freeboard
and calculate a time series of empirical overtopping estimates (Fig. 3d)
as input of the hydrodynamic model. The overtopping flow rate is up-
dated every six minutes in accordance with the tide measurements,
and assumed constant for the period between tide measurements.
Wave overtopping volumes are introduced to the model slightly
landward of berm crest (Fig. 6) and BreZo hydrodynamically routes all
overland flow volumes.

2.7. Fit measures

Model skill may be assessed using three fit metrics that consider
the agreement between predicted and observed flood extents. An
agreement fit measure, FA, is the coefficient of areal correspondence
(Taylor, 1977), and represents the intersection of predicted and ob-
served flood extents divided by the union of the predicted and observed
flood extent,

FA ¼ EP ∩ EO
EP ∪ EO

ð11Þ

where EO and EP are the observed and predicted flood extents. FA of zero
and unity correspond to no agreement and complete agreement,
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Table 2
Static and hydrodynamic flood predictions.

Figure Model A (km2) FA FUP FOP

– Static OWL – – 1.00 –

5a Static TWL (R2%) 2.14 0.02 – 0.98
5b Hydro w/EurOtop 0.08 0.36 0.06 0.58
5c Hydro w/HR 0.09 0.36 0.03 0.61
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respectively. A measure of underprediction, FUP, characterizes the
fraction of flooded area observed, but not predicted as follows,

FUP ¼ EO−EP ∩ EO
EP ∪ EO

ð12Þ

and FUP = 0,1 correspond to no underprediction and complete
underprediction, respectively. Lastly, a measure of overprediction, FOP,
characterizes the fraction of flooded area predicted but not observed
as follows,

FOP ¼ EP−EP ∩ EO
EP ∪ EO

ð13Þ

where FOP = 0,1 correspond to no overprediction and complete over-
prediction, respectively. Superior models will maximize FA while mini-
mizing both FUP and FOP.

3. Results

3.1. Static and hydrodynamic predictions

Modelingwas performed on a personal computer with an Intel quad
core 3.6 GHz processor. Static model implementation in GIS is nearly
instantaneous. Hydrodynamic model simulation time resolving an
~12 hour tide cycle utilizing a 0.05 s times step required approximately
seven hours of wall clock time. In this case, the hydrodynamic solver
was run in a serial configuration (single core) however, parallel process-
ing would support larger domains while preserving reasonable simula-
tion times.

All firsthand reports of the August 2011 event suggested that
flooding was exclusively driven by wave overtopping from the ocean
side near Balboa Pier. For further verification, the model was initially
Depth (cm)
High : 115  

Low : 1

(a)

(b) (

Fig. 5. Static (a) and hydrodynamic (insets b & c) results with Eurotop and HR overtopp
applied assuming no wave overtopping to consider the possibility of
flooding from weir-like overflow caused by high embayment water
levels. No floodingwas predicted. Themaximum predicted embayment
water level was 1.83 m, well below the ca. 2.2 m NAVD88 threshold of
bay side wall overtopping (Gallien et al., 2011).

Table 2 and Fig. 5 show static and hydrodynamic flood prediction
results. The static method employing either an offshore water level of
1.81 m NAVD88 level predicts no flooding while a Stockdon R2% total
water level of 5.58 m floods the entire peninsula (Fig. 5a). Static
model fit statistics (Table 2) reflect poor static model skill, TWL results
in total over prediction and areal extent differs by two orders of magni-
tude from the observed flood.

All followingmodels represent an integrated process description that
includes tide, tidal amplificationwithin the embayment, drainage repre-
sentation, temporally variable wave overtopping volumes and overland
flow across urban terrain. The hydrodynamic methods significantly im-
prove flood predictions relative to the staticmethods (Fig. 5b, c), FA dras-
tically increases, underprediction is nearly zero and overprediction is
moderate. Eurotop and HR predict similar flooded area, 0.08 and
0.09 km2, respectively. HR predicts a larger areal extent (most visible
on the west edge of the domain) and slightly enhanced water depths
(Fig. 5c) consistent with higher overtopping estimates (Fig. 3d).

3.2. Urban drainage and flood defense structures

Three simulations highlight the effects of drainage (Fig. 6, Table 3),
when drainage is omitted (blue) the flood prediction is large,
0.105 km2, overprediction dominates, FOP ~ 0.7, flood depths are the
highest of the study, havg = 14.6 cm and depth at the street end (hse)
is large, 102 cm. Adding drainage improvesmodel skill, reduces average
flood depth and decreases flood prediction area to ~0.8 km2. When
drains A and B are closed (as reported) the flooded area increases
approximately 9% (purple in Fig. 6).

The hydrodynamic model's computational mesh is prepared with
edges aligned with flood walls so that wall heights may be explicitly
specified. Table 3 shows the consequence of the flood defense wall on
the bay side of the peninsula. Removal of the wall from the flood
model reduces flood extent by 15% and predicts the lowest average
flood depth (9 cm). Instead of spreading out, flood waters flux directly
into the bay. If the wall is raised to 30 cm, to protect against weir-like
flooding from the bay side, the average flood depth increases to
12.2 cm. No change in the area is noted from the original prediction,
Depth (cm)

High : 115

Low : 1

c)

ing estimates, respectively. The black outline represents the observed flood extent.



Fig. 6. Drainage results. Source and sink locations are shown as open diamonds and closed circles, respectively. Light shading is the flood prediction with all drains depicted as on. The
purple shading shows additional fractional areas flooded when A and B drains are off. Blue represents additional area predicted to flood if all drains are inoperable. The black outline is
the observed flood.

Table 3
Hydrodynamic urban drainage and flood defense results summary.

Figure Drain Wall Berm A (km2) havg (cm) hse

6a As reported Yes No 0.082 12.2 75
6b No drainage Yes No 0.105 14.6 102
6c All drains Yes No 0.075 11.0 ~0
– As reported No No 0.070 9.1 52
– As reported +30 cm No 0.082 12.2 80
7 As reported No No 0.088 11.7 53
7 As reported +30 CM No 0.119 14.0 110
8 As reported Yes Yes 0.022 9.0 0
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however the flood is significantly scaled by the wall elevation in larger
volumetric overtopping events. For example, Fig. 7 shows flood predic-
tions for an identical event with 30 cm of additional water elevation
consistent with a typical Perigean spring tide or strong El Niño event.
Average depth increases ~20%, low-lying street end depth doubles and
areal extent increases ~35% to 0.12 km2. These results show that an el-
evated wall would increase ponding caused by wave overtopping and
that flood defense walls protecting peninsulas or barrier islands against
high embayment water levels can exacerbate flooding caused by waves
overtopping ocean beaches.

Similar wave and tide conditions persisted for approximately 24 h
after the flood event. On September 1st, 2011 the day following the
flood, the observed high tide level at Los Angeles was 4 cm above the
previous day's high tide and wave conditions were similar, however,
no backshore flooding except for small areas immediately adjacent to
the berm was observed. This is attributed to the construction of a tem-
porary sand berm by the City of Newport Beach (Fig. 2c). Field observa-
tions in this study suggest that berms play a key role in protecting the
urbanized backshore in transient events.

Fig. 8 shows the results of a berm added to the August 31 simulation.
The addition of the berm to the simulation resulted in 73% decrease in
predicted flood area to 0.02 km2. These findings highlight two key
results, resolving temporary flood abatement measures (e.g., berms or
sand bagging) significantly affects flood predictions and, in this case,
empirical models overestimate overtopping volumes.

4. Discussion

Runup and overtopping volumes are central to flood mapping ef-
forts. Simple static methods inadequately predict transient flooding
events and represent extreme flood predictions, complete under- or
overprediction; no flooding was predicted using an offshore water
level, conversely a TWLprojection using Stockdon R2%flooded the entire
peninsula. Although static models have proven useful in raising aware-
ness about the long term impacts of sea level rise (e.g., Heberger et al.,
2009; Strauss et al., 2012), ultimately these models undermine flood
risk management efforts to identify optimal resource allocation. The
empirical overtoppingmodel couplingpresentedheremoderately over-
estimateswave overtopping volumes however, it represents substantial
improvement over static mapping methods, flood predictions are same
order of magnitude, spatial distribution is consistent with observation
and the time of overtopping vulnerability (11:00 AM–12:00 PM) is
accurately predicted. Themodeling framework presented here incorpo-
rates the appropriate sensitivities for meaningful coastal flood risk
projections. This includes a sensitivity to higher high tides, waves,
changes to flood defenses including beaches and flood walls, and inclu-
sion of drainage infrastructure.

Urban drainage is critical to predicting the extent and depth of tran-
sient overtopping floods. Gallien et al. (2011) also show that the storm
drain systemmay act to redistribute flood water even when the outlets
are closed to prevent back-flooding from high embayment levels. That
is, water entering one curb inlet may cause surging in another resulting
in isolated pools on the land surface. These pools cannot be predicted by
modelswhich ignore drainage, a finding that challenges the assumption
of recent studies of urban flooding that storm system flows can be
ignored when the drainage system is operating at capacity (e.g.,
Fewtrell et al., 2011; Sampson et al., 2012). Furthermore, recognizing
that City of Newport Beach personnel close outfalls to prevent back
flooding during high tide events, surface water removal through the
drainage system is limited by the storage capacity of the underground
pipes. These findings point to increased flood risk with the concurrence
of high tides and waves.

Overtopping estimates are sensitive to errors in beach geometry and
significant wave height. RTK surveys immediately before potential
flooding events would minimize geometry errors whereas significant
wave height estimates would benefit from in-situ observation or vali-
dated wave transformation models for a given area. Parameterization
of empirical overtopping models at the slope toe is inconsistent with
many natural beaches, empirical models that rely on breaker height
may be more suitable for natural beach runup and overtopping. Com-
prehensive field observations of wave runup, overtopping and coastal
flooding are required to develop, improve and validate coastal flood
predictions.

BreZo is found to be a robust shallow-water solver in this study, but
we expect that other numericalmodels could offer a similar level of per-
formance. From a numerical perspective, the model should account for
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Fig. 7.Wall results. Beige shows the common flood extent for nowall andwall simulationswith an additional 30 cmofwater level. Purple shows the additional area floodedwith thewall
removed (flooded area increases slightly along the bayside) and blue represents the additional area predicted to flood if the wall is raised 30 cm.
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wetting and drying without mass conservation errors or stability prob-
lems, allow for precise depiction of urban terrain, be amenable to gener-
al purpose sources and sinks to account for overtopping flows and
drainage effects, and should be computationally efficient. Hydrodynam-
ic models such as this one are recommended as the basis for flood risk
management in defended urban terrain. Static or ‘bathtub’ models
should be avoided as these fail to account for the critical temporal
dynamics, drainage and flood defense infrastructure.

5. Conclusions

This studypresents a newparadigm inurban coastalfloodprediction:
flood impacts at the parcel scale are predicted by embedding an empiri-
cal wave overtopping model within a two-dimensional shallow-water
model that accounts for embayment dynamics, overland flow, weir-
like overtopping of concrete flood walls, and drainage into the storm
water system. Three-dimensional, non-hydrostatic wave effects are pa-
rameterized while two-dimensional hydrostatic flows are resolved.
Two empirical wave overtopping models were used to estimate tempo-
rally variable overtopping flows, HR and Eurotop, and represent substan-
tial improvements over static methods.

Urban drainage, flood defense walls, and beach berms significantly
alter flooding outcomes. If the drainage system is functional, i.e., water
levels are below the threshold of storm drain closure so that water can
Legend

Berm

A & B Off 

Fig. 8. Flood prediction with temporary scraped b
exhaust to the bay, flooded area and depth are substantially reduced.
Flood defense may constrain overtopping volume and, exclusion of
walls decreased flooded areas whereas elevated walls increased flood
water retention. Paradoxically, attempts to minimize one flooding
mechanism (i.e., tidal or high embayment water level) may exacerbate
an alternative flooding mechanism (i.e., beach overtopping). In this
case, temporary measures were effective in protecting the backshore
from flooding and resolving this temporarily altered berm crest
elevation within the overtopping models fundamentally changed the
flooding outcomes. These findings suggest that both permanent and
temporary flood abatement measures deserve careful consideration.
Temporary measures such as cautionary sandbagging, storm system
dewatering and beach scraping activities should be thoroughly investi-
gated for efficacy as potential sea level rise adaptation measures.

Although this study benefits from unique observational data, a pau-
city of available validation data has principally obstructed urban coastal
flood prediction. High sensitivity toflood defense infrastructure for both
weir-like overflow and wave overtopping necessitates high resolution,
high accuracy infrastructure and observational datasets. Information
regarding drain locations and capacity, flood defense elevations, wall
condition, and temporary flood procedures should be rigorously docu-
mented. When possible, flooding events should be observed with high
accuracy RTK surveys and time series of flood water levels at various
locations. Additionally, quantitative data should be supported by
erm added (light blue) and without (purple).
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qualitative validation data such as photographs and post-flood inter-
views or surveys. These datasets will serve to advance crucial predictive
urban coastal flood models.
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