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Abstract: Urban coastal flooding is a global humanitarian and socioeconomic hazard. Rising sea
levels will increase the likelihood of hydrologic events interacting with high marine water levels.
These compound events may, in turn, nonlinearly interact with urban infrastructure, potentially
resulting in more extreme coastal flooding events. Here, an integrated Delft3D-FM based numerical
modeling framework is used to concomitantly resolve multi-source flood processes (i.e., high marine
water levels, precipitation) and infrastructure (e.g., seawalls, storm drains). Hydrodynamic model
results are validated with embayment pressure sensor data and photographic observations from
historical events. The impact of tide and precipitation phasing are examined. Multiple storm drain
characterizations are presented and evaluated. Results show seawall and storm drain infrastructure
is fundamental to accurately resolving spatial and temporal flood dynamics. Importantly, coastal
management strategies such as raising seawall elevations to mitigate tidal flooding may exacerbate
precipitation-based flooding in low-lying urban regions.

Keywords: coastal flooding; Delft3D-FM; compound flooding; hydrodynamic modeling; infrastructure

1. Introduction

Coastal flooding has been identified as one of the most destructive natural hazards
from both social and economic perspectives [1]. Globally, coastal communities are facing
a growing challenge from more frequent and extreme coastal flooding events related to
sea level rise (e.g., [2,3]), along with climate-induced fluctuations such as seasonal and
storm-induced dynamic coastal water levels [4]. Taherkhani et al. [3] projects current
50-year water levels will become annual before 2050 for 70% of the United States coastal
region. Similarly, Tebaldi et al. [5] suggests the current 100-year coastal flooding event
will occur every 1–10 years for much of the US West Coast by 2050. Along the US West
Coast, winter storms often bring high marine water levels along with energetic waves,
precipitation and high fluvial flows which may interact nonlinearly, exacerbating flood
hazards (e.g., [6]). Although the contributing events themselves are not extreme, the
combination may produce extreme flooding [7,8].

Compound events have been identified as an international research priority by the
World Climate Research Program (WCRP) Grand Challenge on Weather and Climate
Extremes [9]. Compound flooding specifically considers coincident marine and hydrologic
events and significantly impacts low-lying urban regions (e.g., [10,11]). Meteorological
events (e.g., tropical cyclones, hurricanes) tend to produce wind-driven storm surges and
intense precipitation at the coast. Traditional compound flooding studies focused on the
combined impacts of marine water levels (often storm-surge-dominated) and fluvial or
pluvial flows (e.g., [12–16]). Interaction between riverine discharge and marine water
levels have been investigated in the literature (e.g., [16–21]). Notably, however, interactions
between surface runoff, storm surge, and direct precipitation are broadly neglected [22,23].
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Various flood modeling methodologies have been proposed to assess coastal flood-
ing impacts. Static (i.e., “bathtub”) models rely on a simplistic comparison of extreme
water level and land elevations, are easy to implement in GIS software and widely used
(e.g., [24,25]). However, these raster-based models neglect hydrodynamics and tempo-
ral effects and perform poorly, particularly in complex urban regions with relatively flat
terrain [25–29]. More recently, nonlinear shallow-water-based hydrodynamic models of
varying complexity have been used to model flooding (e.g., [21,30,31]). Few studies con-
sider urban flow routing and high-resolution flood mapping, because of multiple challenges
associated with depicting complex terrain and infrastructure and accurately characterizing
transient hydrologic and marine inflows [32]. Critically, there is a paucity of observation
and validation data, fundamentally limiting quantitative model evaluation (e.g., [28,32]).

High-quality elevation data are fundamental to accurate flood modeling, and Li-
DAR data has been recommended for representing topography [33]. However, previous
work has shown the limitations of light detection and ranging (LiDAR) digital elevation
models (DEMs) for resolving riverine, nearshore bathymetry, or critical hydraulic infras-
tructure (e.g., [21,27,34]). Real-time kinematic (RTK) surveying (with a known base station)
or post-processed GPS observations are recommended to resolve hydraulic features and
DEM quality [27,35]. Studies have shown that accurate topo/bathy is critical to quality
prediction (e.g., [21]).

The literature also shows the importance of resolving key hydraulic features such as
roads, walls, and storm drainage in overland flow modeling (e.g., [27,36–38]). Studies have
shown that coastal protection infrastructure can impact local or even regional hydrodynam-
ics (e.g., [39–41]). Notably, coastal flood predictions are highly sensitive to flood defense
(i.e., seawall, beach/dune crest) elevations [26,27,42,43]. However, seawall impacts are
broadly neglected in compound flooding applications.

Urban flood modeling accuracy is significantly affected by the infiltration and drainage
representations [44]. In coastal applications, the storm drain system is linked to embayment
water levels. Gallien et al. [27] showed the storm drain system may attenuate flooding via
storage and discharge. Shen et al. [45] showed the importance of drainage system eleva-
tion since high tailwater can backflow, reducing drainage capacity and thus exacerbating
flood impact. Although studies have coupled 1D pipeline models and 2D hydrodynamic
models (e.g., [45,46]), limited drainage system data availability has impeded modeling for
drainage networks in applications [47,48].

This study develops an integrated modeling approach for concomitantly resolving
infrastructure and multi-pathway flood processes, which can be used to quantitatively
characterize flood risk in an urbanized backshore. A local-scale (∼10 km), highly urbanized
coastal region, Sunset Beach in California, serves as a case study (Figure 1). Interactions
among different flood pathways can amplify flooding hazard. Here, the joint impacts of
precipitation and high marine water levels in an urbanized watershed are considered. A
Delft3D-FM based hydrodynamic model explicitly incorporating hydraulic infrastructure
(i.e., seawalls, subsurface storm drainage, tide valves) was developed for the study site and
validated using water level measurements and photographic reconstructions (e.g., [26,49]).
The implications of sea level rise and infrastructure renewal/management are considered
through a series of hydrodynamic simulations.
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Figure 1. Sunset Beach study site. The enlarged inset highlights topography below (1.63 m NAVD88),
annual WL (2.07 m NAVD88 (MHHW), 100-year 2.34 m NAVD88), and MSL (0.82 m NAVD88 (WL)
elevations).

2. Methods
2.1. Site Description

Sunset Beach is a low-lying, infrastructure-rich urbanized region backed by Hunt-
ington Harbor (Figure 1). The area is vulnerable to multiple flooding pathways and has
experienced several severe flood events (Table 1). These bay-backed urbanized sand spits
are typical along the US West Coast and often have substantial public and private infras-
tructure. The enlarged area of Figure 1 shows the vulnerability to high embayment water
levels. Topographic elevations along the main transportation corridor, the Pacific Coast
Highway (PCH), range from 1.7 to 2.4 m according to the North American Vertical Datum
of 1988 (NAVD88), with many areas below typical spring tide levels (∼2.07 m NAVD88)
and more extreme (∼2.34 m) water levels [50]. The region has experienced significant
flooding from high marine water levels, precipitation, and compound events. Recently, the
city’s seawall along PCH required elevating (∼2.43 m NAVD88) to manage tidal flooding.
Private seawall elevations are substantially lower (∼2.24 m NAVD88). Similar to many
other low-lying urban coastal regions (e.g., [27]), the storm drainage system is controlled
by tide valves, which are closed to prevent back-flooding during high embayment water
levels. However, closed tide valves do not allow accumulated precipitation to be drained
to the bay which, in turn, causes surface flooding.

Table 1. Historical flooding events recorded in media.

Time Cause Source

10 October 2001 High Tide LA Times
13 December 2012 High Tide OC Register
25 November 2015 High Tide OC Register

12 January 2017 High Tide + Rainfall LA Times
14 February 2019 Rainfall CBS Los Angeles

28 November 2019 High Tide + Rainfall OC Register

2.2. Topographic and Bathymetric Data

A seamless bare earth DEM from approximately 2 km offshore through to 2 km inland
was prepared for the region, with data summarized in Table 2. Inland topography utilizes
a bare earth 2009–2011 CA Coastal Conservancy DEM [51] with 1 m resolution. Offshore
bathymetry data are developed from the National Oceanic and Atmospheric Administration
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(NOAA) National Geophysical Data Center’s tsunami DEM with a resolution of 10 m).
Embayment channels and estuary bathymetry are resolved using the U.S. Army Corps
of Engineers National Coastal Mapping Program (USACE NCMP) Topobathy LiDAR
DEM [52], which includes hydrographic and topographic data depicting the elevations
above and below the immediate coastal waters. In areas with poor bathymetric data,
estuary and harbor bathymetry were collected using a HYPACK Acoustic Doppler Profiler
(ADP) M9 with RTK antenna and from the Southern California Orbit and Permanent
array (SoPAC) base station, with expected measurement accuracy of 1% at 10Hz frequency.
Critical hydraulic infrastructure such as seawalls and storm drain elevations were resolved
with in situ real-time kinematic (RTK) surveys using the SoPAC base station and Stonex900A
RTK GPS receiver. The expected vertical error is ∼2 cm root mean square error (RMSE).
The seawall elevation ranged from 2.24 m to 2.72 m NAVD88, depending on location.

Table 2. Data used, in order of priority, for developing seamless DEM.

Priority Feature Data Source Resolution

1 Infrastructure UCLA RTK Survey ∼2 cm
2 Estuary and Harbor Bathymetry UCLA Hydrosurveyor Survey ∼10 cm
3 Inland Channel Refined Santa Monica, CA Coastal DEM 1 m
4 Inland Topography 2009–2011 CA Coastal Conservancy LiDAR DEM 1 m
5 Nearshore Bathymetry 2014 USACE NCMP Topobathy LiDAR DEM 1 m
6 Offshore Bathymetry Santa Monica Tsunami DEM 10 m

2.3. Identifying Compound Flooding Areas

A simple GIS-based analysis was conducted to identify vulnerable regions that may
interact during compound flooding events. The tidal overflow region (Figure 2) was
estimated using the average seawall elevation contour (2.43 m NAVD88) and encompassed
an area of 94,897 m2. A flow vector analysis was performed to delineate the rainfall
basin where precipitation would concentrate and flow into the tidal overflow region. The
precipitation basin totaled 456,971 m2, nearly five times larger than the tidal overflow area.

Figure 2. Map of the study site categorized into tidal overflow region and rainfall basin.

2.4. Model

Hydrodynamic models have been widely used to estimate potential flood impacts,
including extreme estuarine water levels in compound events (e.g., riverine discharge–tide
interactions) and have produced satisfactory results (e.g., [16,19,53–57]). Diffusive wave
models are appropriate only in slowly varying flood applications [30,58], and are inade-
quate for urban applications where abrupt elevation changes force sub- and supercritical
flow transitions (e.g., [31,59]). Numerous full nonlinear shallow water models (e.g., AdH,
MIKE FLOOD, TUFLOW, DIVAST, BreZo, Delft3D, and TELEMAC) have been successfully
implemented in coastal flooding studies (e.g., [16,17,21,27,45,60,61]). For example, Muñoz
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et al. [21] simulated and validated flooding from the joint impacts of river discharge and
coastal forcing in a complex estuary. Gallien et al. [27] simulated and validated the joint
impacts of high marine water levels and wave overtopping in an urban backshore. Sim-
ilarly, Herdman et al. [17] simulated extreme water levels along the bay–river interface
in a highly urbanized estuary and suggested accurate depiction of both fluvial discharge
and tide/surge interactions are fundamental to accurately resolving peak water levels
and duration.

Delft3D (http://oss.deltares.nl/web/delft3dfm, accessed on 22 May 2023) (FM) is an
open-source 2D hydrodynamic flexible-mesh numerical model, and has been successfully
applied in complex coastal flood modeling applications (e.g., [16,21,53,54,62,63]). Symonds
et al. [64] compared Delft3D FM and Mike 21 FM in a complex estuary, and showed both
models accurately simulated estuarine hydrodynamics. Delft3D solves full 2D nonlinear
shallow water equations with a shock-capturing finite volume approach [65]. Previous
literature has shown the full nonlinear shallow water models employing shock capturing
schemes (e.g., Galerkin, Godunov) have been shown to accurately route overland flow and
handle critical flow transitions caused by urban features (e.g., streets, curbs, and walls)
without calibration or parameter tuning (e.g., [11,19,26,43,63,66–69]). Delft3D-FM can incor-
porate multiple boundary conditions and hydro-meteorological inputs (e.g., marine water
levels, riverine discharge, spatially variable precipitation, barometric pressure, wind fields),
and can handle multiple flooding pathway interactions required to accurately character-
ize compound flooding. There are built-in comprehensive hydraulic structures packages
(e.g., fixed weirs, source and sink points). Fixed weirs simulating a thin seawall can be
defined along mesh edges, blocking flow between two adjacent computational cells when
water levels are below a specified fixed weir height without reducing the total wet surface
and the volume of the model [17]. Delft3D-FM can incorporate sink and source points to
add/extract a discharge to/from the model, and this approach has been successfully imple-
mented in other models to consider drainage or overtopping processes (e.g., [27,70]). Finally,
the model supports multi-core parallelism with either open multi-processing (OpenMP) or
a message passing interface (MPI) on multiple core machines.

Mesh generation substantially impacts model efficiency and performance [29]. Delft3D-
FM supports mixed meshing (i.e., both unstructured and curvilinear grids). Elongated
rectangular elements aligned in the flow direction most efficiently convey along channel
flows [71]. Refined unstructured grids can be boundary fit, resolving complex geometries
with fewer grid total cells, leading to computational efficiency [64,71]. Previous work has
suggested hydraulic infrastructure (e.g., artificial dunes, seawalls) is crucial to accurate
flood prediction [26,27,34]. Flexible meshing facilitates the complex boundary alignment
required to accurately resolve geometrically complex urban regions.

2.5. Model Setup

A site-specific flexible mesh with curvilinear grids in long channels and triangular
grids on land was specifically designed to accurately represent the sinuous channels and
resolve critical hydraulic infrastructure elevations. Unstructured flexible mesh generation
was performed in the Delft RGFGRID tool with SEPRAN routines. Final grids were
orthogonized to implement the staggered discretization scheme and smoothed to avoid
non-convex domains. The modeling domain (i.e., the mesh) covers all above- and below-
water terrain near the Sunset Beach region. On land mesh resolution was ∼1 m radiating to
∼200 m offshore. As shown in Figure 3, all potential key flooding flow paths (e.g., upland
channels, streets) were resolved with a minimum of three computational cells, consistent
with recommendations for accurately resolving conveyance [72]. Grid nodes representing
seawalls or other key hydraulic features were snapped to the seawall location and their
elevation were assigned from RTK survey data instead of bare earth DEM.

http://oss.deltares.nl/web/delft3dfm
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Figure 3. Model domain with highest mesh resolution and underground drainage system.

Bed friction was expressed by Manning’s roughness coefficient, and USGS National
Land Cover Classifications are usually used to assign corresponding Manning’s coefficients
(n) in the model (e.g., [73]). A Manning’s n value of 0.025 was adopted for open water, road,
and vacant land, which are dominant land cover classes for the primary flow regions within
the study site. A Manning’s n of 0.10 (for medium density residential area) was assigned
for nodes representing houses [74]. It is notable that all model roughness coefficients
correspond to physical values for a given land cover. No calibration was performed. The
time step is essential for modeling rapidly varying flows at a small grid resolution [75].
Delft3D-FM treats the advection term explicitly, and the resulting dynamic time-step
limitation is automatically calculated based on the criterion of the Courant–Friedrichs–
Lewy) condition, with a maximum (default (CFL)) Courant number of 0.7.

The hydrodynamic model was forced by historical offshore water level measurements
using six-minute data from the nearest open coast NOAA tide gauge (LA, 9410660) ap-
proximately 17 km west of the study site. Prognostic future simulations were forced with
the superposition of given sea level rise on a historical NOAA spring tides with 1% non-
exceedance probability. Hourly precipitation data were obtained from the closest similar
elevation precipitation gauge with a reasonable record length (NOAA’s National Climatic
Data Center, Long Beach Airport), located 12 km northwest of the study site. Additionally,
raw meteorological aerodrome reports (METAR) from the airport were used as a supple-
ment to obtain a total of 72-year hourly rainfall intensity data time series. Rainfall intensity
was applied as spatially uniform across the entire domain.

Flood modeling, pre- and post-processing were completed on a personal computer
with an Intel Core i7-9750H 2.60 GHz, 6 cores (CPU) processor. Multi-core parallelism
was utilized on 4 cores with OpenMP. All model runs included six hours of spin up time,
allowing water column velocities to stabilize after being forced at the offshore boundary.
Each simulation was 24 h, and modeling took approximately 2 h of real time for each
scenario. Spatial flood extent and hydrodynamic time series (i.e., water depth, flow velocity)
were output at 20 and 5 min intervals, respectively. ArcGIS and MATLAB were utilized
for pre- and post-processing, including the preparation of input files and inundation
map visualization.

2.6. Model Validation

In bays or estuaries, water levels may be validated using time series at in situ tide
gauge locations (e.g., [76,77]), while for urban coastal flood impacts, field validation
data is rarely collected and is emphasized as a significant deficiency in multiple studies
(e.g., [27,28,32,49,78–80]). Often “soft data” [49], i.e., depth and extent derived from photos
taken during flooding events (e.g., [37,81,82]), or high water marks (e.g., [11,14,21,83]) are
used for model performance evaluation in the literature.

An RTK-leveled RBRsolo pressure sensor (hereafter referred to as the sensor) was
deployed in the bay (red star shown in Figure 1) to measure the embayment water level
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elevation at 1Hz frequency. Pressure data was converted to water depth using an average
water density of 1026.0206 kg/m3, measured by SonTek CastAway-CTD and corrected for
atmospheric pressure measured by a supplementary sub-aerial RBR Solo deployed near
the site.

The embayment water level was simulated in the model and compared with the
measurement for validation (Figure 4). The sensor was deployed slightly higher than the
lower low tide and thus did not capture the lower low tide elevation. The influence of such
missing data is negligible since it is the high water level at issue. Validation was conducted
only for periods with valid sensor measurements (water level > 0.10 NAVD88). Quantitative
comparison is performed with RMSE and Nash–Sutcliffe efficiency (NSE ∈ (−∞, 1]) [84]
and cross-correlation analysis. The calculated RMSE and NSE are 0.032 m and 0.995,
respectively, for the entire simulation period (from 00:00 25 January 2018 to 00:00 1 February
2018, excluding parts with invalid measurements). The cross-correlation lag is 0 s. Peak
water levels (higher high water levels) from simulation and measurement are identified
and compared, showing an average lag of 1.72 min and an elevation difference of 0.01 m.
Validation suggests excellent model performance.

Figure 4. Water level time series at RBR sensor location.

Additionally, similar to Gallien et al. [26] and Smith et al. [49], georeferenced photo
documentation provided historical information regarding overland flood extent. A flood on
25 November 2015, resulted from the tidal overflow of bay side seawalls, was reconstructed.
Flooding extent was obtained from photographic observations. Photo records capturing
flood extent boundaries were found online and identifiable features surveyed with the RTK
GPS. The NOAA tide gauge (LA9410660) observed that the extreme water level was at the
90th percentile severity threshold (10% exceedance probability, Table 3) and the overflow
mainly occurred near the public seawall (Figure 3). This flooding event was dominated by
extreme water level which, therefore, was the only forcing considered in the model. The
valve for drainage was closed during the high tide event to prevent back-flooding and thus
neglected in the model. The peak water level of 2.32 m NAVD88 was observed around 8:00
25 November 2015 local time. The modeling time is set as from 11:00 24 November 2015
to 17:00 25 November 2015 to model three hours of spin-up time and an entire tidal cycle.
As shown in Figure 5, comparison between simulated flood extent and flood boundary
derived from in situ photo suggest quality model results.

Table 3. Extreme high water level at NOAA tide gauge (LA9410660).

Percentile 1th 50th 90th 99th

Return Period (year) 1 2 10 100
Water Level 2.07 2.19 2.27 2.34
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Figure 5. Comparison between estimated flood extent and limited validation data demonstrating a
reasonable model capacity. Subplots (A,B) are photos from the Orange County Register (25 November
2015), showing the flood extent boundary at the end of the lane and the Pacific Highway.

2.7. Extreme Event Analysis and Compound Event Design

A total of 23 co-occurrences of high tide and precipitation were identified in overlap-
ping 24-year water level and precipitation data (1997–2021). A sample of ten compound
events are shown in Figure 6. The 12 January 2017 event was well-documented in local
media. In this study, the compound flood event on 12 January 2017 jointly caused by rainfall
and high tide was selected as a base scenario. The peak water level was 2.19 m NAVD88
(50% exceedance probability or every other year, Table 3) and a cumulative precipitation
depth of 36.1 mm in 6 h. Additional synthetic scenarios were developed by replacing rain-
fall input with rainfall derived from marginal probability distribution similar to another
study (e.g., [85]). Compound water level and precipitation events commonly rely upon
a 24 h rainfall extreme event rainfall which is fit to a probability distribution to estimate
rainfall values for various non-exceedance probabilities (e.g., [86–89]). However, this site
is highly urbanized (i.e., extensive impervious surface) and is prone to flash flooding on
rainfall time scales of minutes to hours. Within this semi-arid region, the 72 years of data
show that over 82% of rainfall events occurred in no more than 4 h, and historical enduring
rainfall events (>4 h) tend to have small average rainfall intensity (maximum of 15.5 mm
per hour).

Shen et al. [45] show that coincident precipitation during high tides can lead to
compound flooding, since high tailwater conditions reduce drainage system capacity. In
this case, a four hour cumulative rainfall depth, corresponding to the typical tide valve
closure duration, is chosen. Annual maximum cumulative rainfall depth derived from a
72-year rainfall record and the best-fitting distribution (Log-Logistic) was selected from
16 distributions (Log-Logistic, Lognormal, Birnbaum-Saunders, Inverse Gaussian, Gamma,
Generalized Extreme Value, t Location-Scale, Logistic, Rayleigh, Nakagami, Weibull, Rician,
Generalized Pareto, Normal, Exponential, Extreme Value). A Kolmogorov—Smirnov
goodness-of-fit test was conducted with the H0 “the data follow the tested distribution”.
Thirteen candidates passed the test at the standard 0.05 level of significance (Log-Logistic,
Lognormal, Birnbaum-Saunders, Inverse Gaussian, Gamma, Generalized Extreme Value,
t Location-Scale, Logistic, Rayleigh, Nakagami, Weibull, Rician, Normal). The Bayesian
information criterion (BIC) [90] is then used to select marginal distribution fits instead of
choosing the best fitting directly according to the p-values obtained from hypothesis testing.
BIC measures how well a distribution’s estimated parameters fit the sample data, and BIC
penalizes for the number of estimated distribution parameters and the data’s sample size
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to prevent overfitting. It has been used to select both marginal and copula fits (e.g., [89,91]).
Studies have suggested that information-based criteria, including BIC, can help identify the
best probability model (e.g., [92,93]). Extreme four-hour cumulative rainfall depths with
various return periods (Table 4) were developed from fitted Log-logistic distribution and
recommended a precipitation intensity-duration-frequency (IDF) curve for the region [94],
respectively.

Table 4. Cumulative rainfall depth (mm) of four-hour design storms with different return period.

Return Period
(Year)

Cumulative Depth (mm)

IDF Curve Log-Logistic
Distribution

100 68.4 87.6
50 61.8 73.8
25 54.8 62.0
10 44.9 48.8
5 36.7 40.0
2 24.9 28.6

The IDF curve produced generally milder rainfall, especially for more extreme events.
Consequently, 4 h design storms from the fitted distribution were chosen to simulate
conditions when flash flooding may occur during the valve closure period (high embayment
water level duration).

Figure 6. Recent historical concurrences of rainfall and high tide. Water level (black line and left axis)
is plotted with contemporary rainfall intensity (bars and right axis). Rainfall that occurred during
potential valve closure period is highlighted in red.

2.8. Stormwater Drainage Models

In low-lying urban regions, tide valves are closed to prevent back-flooding through
the stormwater network. Pluvial flooding occurs during tide valve closure periods when
the network is unable to route precipitation flows to the bay. Valves are usually closed prior
to extreme tide and opened after tide falling according to current municipal operations. In
municipalities or regions with multiple tide valves, it takes time for maintenance crews to
individually open and close each valve. This results in longer-than-necessary storm drain
closure periods and, by extension, exacerbates pluvial flooding.

A discounted rainfall rate has previously been used to consider drainage impacts in
urban flood modeling (e.g., [37]). Here, the storm drain system is represented using three
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alternatives. Constant outflow (CO) withdraws a constant flow at drain inlet locations.
The outflow rate was calculated assuming the water level was equal to curb-opening inlet
height (e.g., [27]), and the corresponding hydrograph was used as input for the sink points.
The weir equation is given by

Q =
2
3

CvCd

(
2
3

g
) 1

2
LH

3
2 (1)

where Q represents the outflow of stormwater, and L and H are length and height of curb-
opening inlet [95]. Coefficients Cv and Cd are unity according to the manual. Equation (1)
is valid when the inundation depth is less than the inlet height.

An alternative approach, termed iterative outflow (IO), is proposed to compute dynamic
outflow rates using either the weir (Equation (1)) or orifice equation, which is given as

Q = Cd A
(
2gH′

) 1
2 (2)

where A is the area of the curb-opening inlet and H′ represents the hydraulic head acting
on the center line of the inlet. Coefficient Cd is 0.70. Equation (2) is used when expected
water levels are greater than or equal to inlet height. Hydrodynamic simulations were run
to simulate 5 min inundation depth time series at the drain inlet, then the weir or orifice
equation (dependent on expected depth) was applied to calculate the outflow rate at each
time step. An outflow hydrograph was then input as a sink point within the hydrodynamic
model. Sinks are incorporated at storm drain locations (Figure 3) in the model with CO
and IO representations.

Additionally, a third simplified stormwater drain approach, termed “rainfall reduction”
(RR), assumes that stormwater is completely drained (overestimated 100% efficiency)
during low tide and that no drainage occurs during high tide. Accordingly, input rainfall
intensity is zero during open valve periods. A similar approach was used in urban flood
modeling to account for the effect of drainage system and infiltration (e.g., [37]).

3. Results

Single pathway and compound flooding scenarios are simulated to consider flood
impacts and infrastructure interaction.

3.1. Historical Compound Flooding Analysis

In this section, historical marine and hydrological forcing from 12 January 2017 are
considered. The model is run with tidal forcing only, precipitation forcing only, and as a
compound event. Seawall impacts are explicitly considered using elevations interpolated
directly from the DEM data (no wall) and RTK survey data (wall). This resulted in six
scenarios highlighting the impacts of precipitation, water level, and seawall inclusion
(Table 5).

For the univariate tidal flooding analysis (Table 5, T1 and T2), the no-wall scenario
shows minor flooding (4350 m2), whereas with the wall included, no flooding is predicted.
This is expected since the average seawall elevation is ∼2.43 m and is consistent with
previous observations that similar 2-year high water levels do not cause flooding in this
region because the seawall exceeds the marine water level.

In precipitation-only scenarios (Table 5, P1 and P2), considerable flooding is predicted
in both cases, suggesting this site is highly vulnerable to pluvial flooding. The introduction
of the seawall increases flooded area and volume slightly by ∼3% and ∼10% respectively.
Rainfall collects in the backshore and is retained by the seawall. Although this particular site
shows only a slight increases in maximum flooding extent and water volume, it highlights
the importance of including hydraulic features that, at first glance, may be deployed to
mitigate alternative flooding drivers.

In compound scenarios (Table 5, C1 and C2), the flood impacts are only slightly higher
than those in pluvial flooding scenarios, which is anticipated given that the tidal water
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levels are below the average seawall elevation. Although the marine component in this
compound event did not cause flooding, the tidally controlled storm drainage was not
considered. Subsurface storm drainage system impacts are further investigated in the
next section.

Table 5. Quantitative flood impacts for contributing univariate events (i.e., either high marine water
level or precipitation) and the historical compound event on 12 January 2017 with and without the
seawall resolved.

#
Water
Level
(m)

Cumulative
Rainfall

(mm)

Seawall
Resolving

Inundation
Area
(m2)

Inundation
Volume

(m3)

Average
Depth

(m)

Max
Depth

(m)

T1 2.19 - No 4350.0 513.7 0.211 0.592
T2 2.19 - Yes - - - -
P1 - 36.1 No 88,681.3 8136.4 0.120 0.596
P2 - 36.1 Yes 91,625.0 8992.9 0.099 0.445
C1 2.19 36.1 No 89,862.5 8514.3 0.161 0.592
C2 2.19 36.1 Yes 91,887.5 9037.0 0.100 0.446

3.2. Subsurface Drainage System

A series of scenarios (Table 6) simulates the historical compound event with various
drainage system representations. Scenario C2 (Table 5) focused on compound flooding
with the seawall resolved, but did not explicitly consider the storm drainage system and is
included here for reference. Scenarios D1, D2, and D3 incorporate the drainage system using
various representations, i.e., constant outflow, iterative outflow and reduced rainfall (CO,
IO and RR, respectively), with the assumption that the drainage valve is closed only during
the 4 h high tide period when the water level exceeds the inlet elevation. Quantitative flood
characteristics (flooding area, flooding volume, average and maximum depth) are shown
in Table 6 and spatial flood extent for selected scenarios in Figure 7. Unsurprisingly, the
no-drainage compound scenario C2 produced the largest average flooding depth (∼10 cm)
and extent (91,918 m2).

Table 6. Quantitative flood impacts for the historical compound event on 12 January 2017 when
modeled with different drainage system and valve operation representations.

#
Water
Level
(m)

Cumulative
Rainfall

(mm)

Storm
Drain

Inundation
Area
(m2)

Inundation
Volume

(m3)

Average
Depth

(m)

Max
Depth

(m)

C2 2.19 36.1 none 91,887.5 9037.0 0.100 0.446
D1 2.19 36.1 CO 87,193.8 8026.1 0.094 0.423
D2 2.19 36.1 IO 87,237.5 8028.1 0.094 0.422
D3 2.19 8.4 RR 44,881.3 1509.6 0.034 0.286
D4 2.19 36.1 (−2 h) CO 73,768.8 5385.6 0.073 0.325
D5 2.19 36.1 (+2 h) CO 91,562.5 8686.8 0.095 0.414
D6 2.19 1.3 (−2 h) RR 2762.5 42.8 0.092 0.286
D7 2.19 34.0 (+2 h) RR 89,568.8 8515.5 0.096 0.433

In the reduced rainfall scenario (D3), the precipitation rate was set to zero unless the
valve was closed, resulting in a net cumulative rainfall of 8.4 cm. A significantly reduced
maximum flood extent (44,881 m2) and depth (∼28 cm) are observed. Temporal flood
dynamics are in-phase with crucial rainfall and occur only during the valve closure period
(red shade in Figure 8). An alternative to the hyetograph reduction is to approximate
drainage dynamics using the weir (Equation (1)) or orifice (Equation (2)) equations.
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Figure 7. Simulated flood map of the historical event with different drainage system representation.
(A) No drainage (scenario C2); (B) constant outflow (scenario D1); (C) iterative outflow (scenario D2);
(D) reduced rainfall (scenario D3). The red polygon highlights the area adjacent to the seawall most
sensitive to drainage model selection.

Figure 8. The upper plot shows the temporal flood dynamics, while the lower plot shows the correspond-
ing marine and hydrological forcing. The tide valve closure period is highlighted with red shading.

In Table 6, D2 (CO) uses only Equation (1), while the more complex D3 (IO) repre-
sentation (Table 6) chooses either Equation (1) or Equation (2), depending on water level
estimates extracted from antecedent model runs (see Section 2.8). Generally, both CO and
IO approaches produce slightly lower flood impacts compared to the no-drainage scenario
(Table 6), and depth differences are observed near the public seawall (red rectangle in
Figure 7). Temporal flood dynamics, however, differ substantially (Figure 8).
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When marine water levels are low and stormwater discharges through the storm drain
system, the flooding volume decreases to a low value for both the constant outflow (D1)
and iterative outflow (D2) scenarios after 18:30 UTC, while that of the C2 scenario (without
drainage) plateaus after the rainfall. Interestingly, all three drainage system representations
resulted in underestimation of the residual flood impact. Scenario C2 (without drainage)
most closely matched field observations, suggesting that tide valves were likely closed for
longer than the required time.

4. Discussion

Rising sea levels will increase the number of hours tide valves must be closed. A
simple superposition of sea level rise on historical water levels (Figure 9), suggests sub-
stantial increases in compound events. Precipitation phasing and potential adaptation
strategies (e.g., elevating seawalls) must be considered to accurately characterize compound
flooding events.

Figure 9. Annual expected future compound events in the Sunset Beach region.

4.1. Precipitation and Tide Phasing

Results suggest that precipitation and water level phasing is critical to accurate com-
pound flood prediction. If a compound flood is simulated where the tide valves are
assumed closed only for water levels > 1.68 m, flooding depends entirely on the precipita-
tion timing relative to the high tide. The impact of precipitation and high-tide phasing on
flood impact was investigated by shifting the historical storm two hours earlier and later for
CO and RR models (Figure 8; Table 6, scenarios D4–D8). In the early arrival time (Figure 8,
D4, D6), nearly all rainfall occurs outside of the valve closure period and flood peaks are
mitigated, while the later arrival time (Figure 8, D5, D7) brought more rainfall during the
valve closure period and exacerbated flooding. In the constant outflow case, late storm
arrival increased flood volume by ∼8% and area by ∼5% , while early arrival significantly
decreased both flooding volume and area (∼33% and ∼15%) (Figure 8 and Table 6, D4,
D5). Simplified RR representation is more sensitive to phasing, since it overestimates the
drainage efficiency. In the early arrival scenario (Figure 8 and Table 6, D6), only 1.3 mm
of precipitation occurs during valve closure, resulting in extremely low inundation area
and volumes. Clearly, the phasing of the hyetograph and tide are critical to accurate flood
prediction. Although the reduced rainfall method is the simplest to implement, both flood
impacts and dynamics are not well-represented.
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4.2. Seawall Impacts

The 100-year water level is expected to become annual in this century [3,5]. Increasing
sea levels will necessitate elevated seawalls to mitigate tidal flooding. Critically, however,
the seawall may retain tidal overflow and interact with precipitation, potentially exacer-
bating both marine and pluvial flooding. Given that the current seawall elevation tidal
overflow begins at∼2.35 m NAVD88 (essentially, the current 100-year return period), result-
ing in a relatively small maximum flood extent of 18,256 m2 (Figure 10A), a 10 cm increase
in water level to 2.45 m results in a four-fold increase in a flooded area of 77,100 m2, whereas
a 2.55 m water level results in a six-fold increase in flooded area of 108,887 m2 (Figure 10A).
From a volume perspective, a 2.35 m tide produces a relatively small maximum inundation
of 1984 m3 (Figure 10C). A 10 cm increase in water level to 2.45 m results in a nearly six-fold
increase in inundation (11,603 m3), whereas a 2.55 m water level results flooded area of
24,800 m3, more than an order of magnitude compared to the current 100-year water level
(Figure 10C). Elevating the seawall to a uniform 2.5 m prohibits tidal overflow for marine
water levels below this threshold (Figure 10B,D). However, the elevated seawall may offer
only limited protection for future extreme tides. In this case, a high tide of 5 cm over the
elevated wall (2.55 m) essentially fills the backshore (Figure 10D) and provides only a
marginal benefit when compared to the current seawall (20,592 vs. 24,800 m3, respectively).

Figure 10. Tidal overflow flooding extent and volume for the current seawall (A,C) and the 2.5 m
seawall (B,D). Compound flood dynamics for various precipitation return periods with drainage
(solid lines) and without (dashed lines) drainage for the current seawall (E), and the 2.5 m seawall (F).
The first 12 simulation hours are not shown, since no flooding is observed.

From a pluvial perspective, simple analysis (Section 2.3), suggests a rainfall event with
a cumulative depth of 25 mm could completely fill the basin, assuming all precipitation
flows concentrate in the low-elevation tidal overflow region. This cumulative rainfall depth
is similar to a 2-year return period precipitation event. This enough-to-fill cumulative
rainfall depth suggests that heavier events may simply overflow the seawall and not cause
additional flooding in this sub-basin. This hypothesis was tested with synthetic compound
scenarios composed of the historical high tide on 12 January 2017 and storm designs of
different return periods (Section 2.7, Table 4), assuming the four-hour storm occurred
during the valve closure period and thus no drainage of stormwater during the rainfall.



J. Mar. Sci. Eng. 2023, 11, 1454 15 of 20

Multiple scenarios were created by running synthetic compound flooding events with
the current and an elevated uniform 2.5 m NAVD88 seawall along with the CO drainage
representation (i.e., drainage occurs at marine water level values below 1.68 m NAVD88,
when tide valves are open).

Seawall impacts on pluvial flooding are shown in Figure 10E,F, with (solid lines)
and without (dashed lines) drainage. Here, only total inundation volume for the sub-
basin adjacent to the wall is considered, since uniform precipitation causes isolated non-
hydraulically connected low spots to accumulate water. No drainage scenarios (dashed
lines) represent situations when tide valves are closed during a compound event. Although
peak flood volumes for a given return period with the current seawall are identical with
and without drainage (Figure 10E), flood duration is substantially decreased with drainage
(solid lines). Simply elevating the seawall to a constant 2.5 m results in substantial pluvial
flooding increases (Figure 10F). The average inundation volume for the 25-year return
period with the 2.5 m seawall is similar to the 100-year inundation volume with the current
seawall (Figure 10E,F). More extreme events showed flood volumes converge to the sub-
basin volumes constrained by the seawall, suggesting the overflow sub-basin saturates. For
example, the 100-year precipitation event produces only a marginally higher flood peak
than the 50-year, though the peak timing is shifted by approximately one hour (Figure 10F).
These results suggest that elevating seawalls to mitigate marine flooding may exacerbate
pluvial flooding. Notably, as sea levels rise, storm drains will be closed more frequently
and over longer periods, substantially increasing both future flood extent and duration.

5. Conclusions

Sea level rise will require fortification of defended communities, and previously unde-
fended regions may need to adopt marine water level flood defenses (e.g., seawalls) which
may amplify other flood sources (precipitation, waves) impacts. Compound flooding,
in particular, may interact nonlinearly with infrastructure (e.g., [32,45]). Resolving these
interactions is fundamental to accurately predicting evolving coastal flood risks. Accurate
compound coastal flood modeling requires careful site evaluation and hydraulic infrastruc-
ture inclusion. For example, tidal flooding and precipitation basins may differ. Inclusion of
precipitation basins interacting with embayment marine water levels through tidal overflow
or storm drain outfalls is critical to accurately assessing compound flood risk. Hydraulic
infrastructure plays a key role in both spatial and temporal urban flood dynamics.

Seawall and storm drainage inclusion is critical to accurate compound flooding mod-
eling in low-lying urban backshores. Neglecting seawalls (Table 5, T1–T2) results in
substantial overestimation of high marine water flooding and mild underestimation of
precipitation flooding (Table 5, P1–P2). However, when the seawall is raised slightly to
2.5 m, a 51.3% increase in inundation volume is observed for the compound event with
100-year rainfall (Figure 10E,F), while the flood duration increases by over an hour. Simi-
larly, storm drain representation significantly impacts both the spatial and temporal flood
characteristics. Exclusion of the drainage system predicted the largest and deepest floods.
The highly simplified reduced rainfall method predicted the lowest flooding depths and
extents while either the constant outflow or more sophisticated iterative approach provided
similar extents and depths. Neglecting the drainage system leads to a slight overestimation
of flood extent and depth (Table 6, C1, D1–D3). Maximum inundation volume increases
12.6% from 8026 to 9037 m3. Notably, however, this is highly dependent on the phasing of
the high marine tailwater and precipitation (Table 6, D1, D4–D5) where maximum inunda-
tion volumes vary up to 85%. Precipitation is expected to intensify (e.g., [96]) while rising
sea levels will necessitate longer valve closure times, magnifying flood extent, depth and
duration in low-lying, protected urban communities.
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Sea level rise will amplify coastal flood risk along multiple pathways. Here, even a
moderate sea level rise (40 cm) increases the likelihood of a compound flooding event by
an order of magnitude. Coastal management interventions, such as elevating seawalls
to mitigate tidal flooding, amplify compound flooding events by retaining water that
would have previously overflowed the (lower) seawall and drained to the bay. In this
particular case, a 10 cm rise in sea levels doubles the likelihood of pluvial flooding from
precipitation occurring while tide valves are closed and storm drains cannot function.
Pumping activities may serve to mitigate this; however, as compound coastal flooding
increases in both frequency and intensity, coastal management’s ability to respond to
simultaneously distributed flooding will be challenged.

Although this study was limited to a single demonstration site, the implications are
likely similar for other bay- (or harbor)-backed sand spits common to the US West Coast
and present throughout the world. These results are not applicable to high-elevation
coastal regions, headlands, cliffs, or land-backed beaches unaffected by high tailwater
conditions. The present study considers only the concurrence of precipitation and high
marine water levels. Compound flooding may be driven by other spatiotemporally variable
flows, such as wave overtopping and emergent groundwater, which deserve consideration
in future studies.

Lastly, observations are critical to accurately predicting compound flooding. A lack
of spatial and hydrodynamic in situ observations has limited high accuracy compound
coastal flood validation. Flood extent, a common validation observation, cannot partition
the impacts of precipitation versus marine flooding. Quantitative infrastructure mapping
and in situ temporal (depth, velocity, salinity) and spatial observations are recommended
for advancing complex urban coastal flooding prediction.
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Abbreviations
The following abbreviations are used in this manuscript:

BIC Bayesian information criterion
CO Constant outflow
DEM Digital elevation model
IDF Intensity-duration-frequency
IO Iterative outflow
LiDAR Light detection and ranging
NAVD88 North American Vertical Datum of 1988
NSE Nash–Sutcliffe efficiency
NOAA National Oceanic and Atmospheric Administration
PCH Pacific Coast Highway
RMSE Root mean square error
RR Reduced rainfall
RTK Real-time kinematic
USGS United States Geological Survey
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