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Low-lying coastal areas are susceptible to multiple types of flooding from marine, subsurface, and surface
sources. The co-occurrence of a rainfall event with high sea level, which raises coastal groundwater tables
conjointly, may result in a compound flooding event, which could be much more widespread and dangerous than
that of an individual flooding source. Focusing on Imperial Beach as a low-elevation coastal community in
California, this paper provides a generalized methodology to determine the vulnerability of coastal stormdrain
systems to compound seawater, groundwater, and stormwater flooding under a changing climate. Although
marine inundation by itself is expected to flood only 7% of the study area by 2100 under the most pessimistic
scenario (i.e. 2 m rise), our results show that more than 20% of the study area’s subterranean stormdrain system
is already at the risk of subsurface flooding at current sea levels. While marine inundation is a concern near the
coastline as sea level rises, the results show that seawater intrusion into the stormdrain system can impact areas
kilometers away from the coastline. The consequences of sea-level rise (SLR) can be exacerbated by an under-
resourced stormdrain system, caused by groundwater infiltration through system defects. As such, by a 2 m
rise in current sea-level, the flooding volume may double in an ideal system (i.e., no defects) while this ratio can
increase six fold in a slightly defective stormdrain system (with 0.25 % porosity systemwide). The continuous
simulations of the stormdrain system performance indicate that flood events will be more destructive and
frequent under these circumstances.
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1. Introduction

Global warming, attributed to greenhouse gas emissions, is changing
the natural water cycle on the earth. In the wake of melting glaciers and
ice sheets as well as thermal expansion of ocean water, the global mean
sea level has increased at a rate of ~3.1 mm/year since the mid-1990s
(Sweet et al., 2022), which is faster than any equivalent period over at
least the last 2700 years (Kopp et al., 2016). Depending on future
emissions, the continental US coastline is projected to see 0.6-2.2 m of
Sea-Level Rise (SLR) at the end of the century (Sweet et al., 2022).

Climate projections also raise concerns about how precipitation will
respond in a warming world. While longer droughts are expected in most
regions due to rising temperatures (attributed to higher surface evapo-
ration), global models project a 16-24 % increase in heavy precipitation
intensity by 2100 (associated with larger water-holding capacity of the
warmer air) (Fischer et al., 2014; Trenberth, 2011). As shown in Fig. 1,
due to the interactions of oceanographic, hydrological, and meteoro-
logical processes, low-lying coastal areas are susceptible to different
sources of marine, subsurface, and surface inundation, especially after
considering climate change effects on water resources (Befus et al.,

Abbreviations: A, effective area of a conduit for groundwater infiltration (m?); C1, C2, C3, and C4 abbreviations used for specifying conduits; Cy, discharge
coefficient of a circular orifice; D, circular conduit diameter (m); d, circular defect diameter (m); ELq4, rim elevation of the downstream node of a conduit (m); EL,, rim
elevation of the upstream node of a conduit (m); GWI, GroundWater Infiltration (m3/s); GWIL;, GWI in the presence of SWI (m3/s); GWI;, GWI in the absence of SWI
(m3/s); GWI,, GWI in the absence of SWI when GWT = sea level (m3/s); GWT, GroundWater Table (m); GWT,ye, average GWT on a conduit (m); g, gravity ac-
celeration (~ 9.81 m/s%); H, groundwater head on a conduit (m); K, hydraulic conductivity (m/day); L, conduit length (m); L., effective length of a conduit for
groundwater infiltration (m); LECZ, Low-Elevation Coastal Zone; MI, Marine Inundation; N, number of defects; P, system porosity (%); Qg, groundwater infiltration
rate through a single defect (ms/s); R, hydraulic radius of a non-circular conduit (m); SLR, Sea-Level Rise (m); SWI, SeaWater Intrusion (m3/s); ¢, soil void ratio.
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2020; Bevacqua et al., 2019). Thus, efficient management of coastal
drainage systems requires new information about the current and future
role of seawater and groundwater sources along with the typical
stormwater source in urban flooding.

Currently, over 20 million people of the world’s population are
permanently exposed to marine inundation while more than 200 million
people are vulnerable to marine flooding during temporary extreme
high sea-level events (Nicholls, 2011). SLR will enhance coastal marine
inundation (Zone I in Fig. 1), which has been projected to impact ~13
million people directly in the United States by 2100 [assuming 1.8 m of
SLR, Hauer et al. (2016)]. SLR also will magnify the impacts of extreme
sea-level events as their frequency and magnitude follow a sharply
escalating pattern (Thompson et al., 2021; Vitousek et al., 2017). Ac-
cording to Kirezci et al. (2020), for a 1-meter SLR scenario at the end of
the current century, there will be a ~50 % increase in the global pop-
ulation, assets, and land area at risk of seawater flooding. The projected
SLR will dramatically threaten coastal communities and ecosystems
such that it may shift the coastline landward, accelerate cliff failure and
beach erosion, degrade coastal habitats and aquifers, and potentially
damage coastal infrastructure (Arkema et al., 2013; Dawson et al., 2009;
Nicholls and Cazenave, 2010; Rotzoll and Fletcher, 2013).

While flood control measures typically are designed to protect
coastal communities from seawater flooding, there is growing recogni-
tion that Low-Elevation Coastal Zones (LECZ: coastal areas below 10 m
of elevation above sea level) also are vulnerable to subsurface flooding
(Zone 1I in Fig. 1) (Befus et al., 2020). Coastal groundwater tables are
dynamically connected to sea levels, and thus their inland responses to
SLR, known as groundwater emergence and shoaling, may pose a further
threat to terrestrial infrastructure and natural resources (Hoover et al.,
2017; Sukop et al., 2018). By modeling groundwater flow in a dense
urban site along the Hudson River Estuary in New Jersey, Su et al.
(2022) predicted that for SLR up to 1 m, one third of the study area
would be impacted by subsurface flooding. Across urbanized coastal
zones, shallow groundwater (i.e., <2 m depth) also may immerse sub-
terranean infrastructures (e.g., drainage and sewer networks, electric
and gas substations, building foundations) and cause serious disruptions
to their operation, maintenance and development (Habel et al., 2020;
Rotzoll and Fletcher, 2013). Besides intensifying chemical corrosion and
deterioration, high-level groundwater can intrude into water convey-
ance networks through their defects (e.g., holes, cracks, and misaligned
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joints) and increase their hydraulic loading (Dirckx et al., 2016; Karpf
and Krebs, 2011; Su et al.,, 2022). Previous studies indicate that
groundwater infiltration into sewer systems ranges from 30 to 72 % of
total sewage flow (Zhao et al., 2020), which may triple in LECZs with 1
m SLR (Fung and Babcock, 2020). Compared to soil type and sewer pipe
characteristics, the groundwater table is the most important parameter
affecting groundwater infiltration in LECZs (Liu et al., 2021).

Considering rainfall events and subsequent stormwater runoff as a
key source of inundation (Zone Il in Fig. 1), LECZs are critically exposed
to compound flooding where multiple flooding pathways co-occur (Jang
and Chang, 2022; Rahimi et al., 2020). Through compound events when
heavy precipitation coincides with an extreme sea-level event, the
flooding extent substantially increases compared to that of either in
isolation (Moftakhari et al., 2019; Saharia et al., 2021; Wahl et al.,
2015). For example, by coupling heavy rainfall and high sea-level
events, around 80 % of The City of New Orleans in the United States
was inundated for several weeks in 2005 (Moghimi et al., 2021). The
vulnerability of coastal communities to compound flooding is expected
to critically exacerbate over the century due to SLR and climate change
effects on heavy rainfall patterns, which lead to further reductions in
terrestrial infiltration, ponding, and drainage capacity (Davtalab et al.,
2020; Karamouz et al., 2015).

In recent years, enhanced awareness of the potentially catastrophic
impacts of compound flooding on human lives and property has moti-
vated new assessments of the multiple and interconnected drivers of
compound flooding in different natural and urbanized areas. Table 1
presents a summary of recent selected studies on compound flooding.
Using MIKE Urban 1D model and focusing on the number of flooded
junctions and flood frequency, Laster Grip et al. (2021) simulated the
performance of a coastal stormdrain system under coupled events of
SLR, storm surge, and rainfall. While the model was neither calibrated
nor validated, their comparative studies reported that although the
impact of SLR is not evident today, a tipping point will occur in
2075-2100, after which storm surges become a major driver for
stormdrain system failure. While rainfall-induced stormwater flooding
was not included in the studies of Gold et al. (2022) and Habel et al.
(2020), their evaluation of stormdrain system performance under high
tides showed that the system may flood due to seawater backflow (even
in the absence of precipitation). By studying coupled storm surge and
rainfall events, Tahvildari et al. (2022) and Khanam et al. (2021)

Zone III: Surface inundation

Zone II: Subsurface inundation

Zone I: Marin inundation
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Fig. 1. Schematic view of different sources of inundation along with sea level, groundwater table, and fresh-saline groundwater interface for current (solid line) and

future (dashed line) conditions.
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Table 1
Summary of conducted studies on compound flooding in recent years.

Study Case Study Flooding

component

Main insight

Laster Grip Stormdrain system Storm surge, Dominance of storm

et al. (Trelleborg, SLR, and rainfall ~ surges for drainage

(2021) Sweden) flooding frequency in
the last quarter of this
century

Gold et al. Stormdrain system High tide Stormdrain backflow
(2022) (Beaufort, flooding in the absence

Wilmington, New of precipitation
Bern, and Nags
Head, NC, USA)

Habel et al. Stormdrain system

(2020) (Honolulu, HI,
USA)

Tahvildari Roadway networks Storm surge and Larger flooding extent
et al. (Hampton Roads, rainfall as a measure of the
(2022) VA, USA) potential threat to

Khanam Electric Storm surge, urban infrastructure
et al. infrastructure SLR, and rainfall ~ systems
(2021) (Connecticut, CT,

USA)

Davtalab Stormwater SLR-driven Poor performance of
et al. retention pond groundwater retention pond due to
(2020) (Tampa Bay, FL, rise the infiltration

USA) reduction

Rahimietal.  Riverine stream SLR-driven Larger extent of river

(2020) (Oakland Flatlands,  groundwater flooding due to
CA, USA) rise and rainfall reduction in its

discharge capacity

quantified the flooding extent as a measure of the potential threat to
roadway networks and electric infrastructure during compound events.
Davtalab et al. (2020) and Rahimi et al. (2020) reported higher risks of
flooding in retention ponds and riverine streams during SLR-induced
groundwater rise associated with the reduction in their infiltration
and discharge capacity, respectively.

Although the previous studies (listed in Table 1) confirm the
vulnerability of coastal communities to compound flooding events, due
to the multiplicity and complexity of involved mechanisms, additional
research is needed to quantify compound flooding risk and subsequently
establish efficient adaptation strategies for mitigating climate change
stresses on water infrastructures. This study develops a novel and gen-
eral framework to assess the vulnerability of coastal stormdrain systems
to compound mechanisms of seawater, groundwater, and stormwater
flooding under emerging climate change scenarios. We focus on a case
study of Imperial Beach (IB), which is a coastal community in California
surrounded by water bodies on three sides and vulnerable to compound
flooding [Fig. 2(a)]. Different sources of marine, subsurface, and surface
inundations (shown in Fig. 1) are evaluated using a ‘bathtub’ approach,
the MODFLOW groundwater model developed by Befus et al. (2020),
and the integrated hydrology-hydraulic PCSWWM model developed for
this study. ArcGIS is utilized for geospatial analysis and flood mapping.
The principal objectives of this study are to:

e identify the extent and volume of seawater intrusion and ground-
water infiltration into coastal stormdrain systems by studying
different scenarios for SLR, hydraulic conductivity, and system
defects;

e advance knowledge on the vulnerability of coastal drainage infra-
structure to coupled oceanographic, hydrological, and meteorolog-
ical stressors; and

e examine climate change impacts (i.e., SLR, groundwater rise, and
more intense rainfall) on the performance of coastal stormdrain
systems through estimating the extent and frequency of flood events.
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Fig. 2. Demonstration of (a) Imperial Beach situation to the surrounding water
bodies and nearby groundwater sites and (b) the difference between the
observed and modeled groundwater table data.

2. Material and methods
2.1. Study area

Imperial Beach (IB) is the southwestern-most city in the continental
United States with ~ 30 thousand population, ~5.5 km? area, ~2.5 km
coastline, and 2-10 m elevation (Gallien, 2016). As a LECZ, the resi-
dential area of this underserved community is surrounded by water
bodies from three sides: The Pacific Ocean on the west, San Diego Bay on
the north, and Tijuana Estuary on the south [Fig. 2(a)]. Due to its unique
setting and aged water infrastructure, IB is vulnerable to compound
flooding, particularly when a rainfall event occurs while the stormdrain
system is significantly occupied by SeaWater Intrusion (SWI) and/or
GroundWater Infiltration (GWI).

Table 2
Description of the main datasets used in the current study.
Data Source Description
Digital Elevation Model (DEM) SANDAG ArcGIS Resolution: 0.762 m x
Server 0.762 m
Sea level (SL) NOAA-Tides and SL = 1.658, 2.658, and
Currents 3.658 m for SLR =0, 1 and

2 m at MHHW

Groundwater Modeled Befus et al. (2020)- Resolution: 10 m x 10 m;
table spatial data MODFLOW model K=0.1,1,10 m/d;
Datum: MHHW& LMSL
Observed USGS-National No active groundwater
data point Water Information site inside IB
System
Stormdrain system data City of Imperial Conducting multiple field
Beach visits to fill missing data
Rainfall data Nested NOAA Atlas Converting NOAA’s
Storm SD Hydro Tools precipitation-frequency
data to 24-hr nested storm
using the SD Hydro Tools
package
Historical Project Clean Water ~ Considering 1983-1986
data water years as the

representative wet period
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2.2. Primary datasets

Table 2 describes the main datasets obtained and utilized in this
study. Topographic data is acquired from a high-resolution Digital
Elevation Model (DEM with 0.762 m x 0.762 m resolution) provided by
the San Diego Association of Governments (SANDAG). The sea-level
records are obtained from the National Oceanic and Atmospheric
Administration (NOAA) for the San Diego Bay station (ID: 9410170),
which is the closest tide station to the study area (located ~ 20 km north
of IB with over a 100-year record). Following NOAA’s regional SLR
scenarios, we examine SLR = 0, 1, and 2 m. The scenario of SLR = 0 m
refers to the present-day sea level at Mean Higher-High Water [MHHW
= 1.658 m referenced to the North American Vertical Datum of 1988
(NAVD88)] while 1 and 2 m represent intermediate and high scenarios
of SLR by 2100, associated with moderate and high greenhouse-gas
emission scenarios over the century (Sweet et al., 2022). MHHW is ob-
tained for the most recent 19 years (2002-2021) providing an estima-
tion of high-water levels that are persistently and frequently reached in
the region (Hoover et al., 2017).

Groundwater flow is generally described by Darcy’s Law, which can
be combined with conservation of mass to obtain a partial-differential
equation describing the distribution of hydraulic head as the target
parameter (Langevin et al., 2017). In this research, GroundWater
Table (GWT) data is acquired and analyzed from the MODFLOW model
developed by Befus et al. (2020). These researchers assessed the steady-
state and three-dimensional responses of GWT to various SLR scenarios
across the California coast (including IB) for three values of hydraulic
conductivity (K = 0.1, 1, and 10 m/day). To validate the applicability of
MODFLOW results for IB, we have compared the modeled GWT at Local
Mean Sea Level (LMSL) with temporal mean values of the observed GWT
in nearby groundwater sites [available on the United States Geological
Survey (USGS) website]. The best agreement between modeled and
observed time-averaged GWT (within 20 %) is found for K = 1 m/
d (Fig. 2). Thus, to obtain the spatial distribution of GWT across IB, the
present study has utilized the MODFLOW data for K = 1 m/day and the
mentioned SLR scenarios in Table 2.

The primary input parameters for the stormwater model (PCSWMM
described below in section 2.3.3. Stormwater modeling) include
stormdrain system specifications, rainfall and evaporation data, soil
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properties, and land-use characteristics. The spatial and geometric
specifications of the stormdrain system elements (i.e., conduits, junc-
tions, and outfalls) are available at the data warehouse of the City of IB
(www.imperialbeachca.gov/stormwater). Gaps in the data have been
filled through contacting the Environmental & Natural Resources
Department in IB and conducting in-situ and virtual field visits by our
research team and Google Street View. The hydrological package of SD
Hydro Tools developed by The County of San Diego is utilized to
generate 24-hr nested design storms (having 1-year, 2-year, and 100-
year return periods) from NOAA’s precipitation-frequency data. The
design storms with 1-year and 2-year return periods represent heavy
rainfall events while extreme rainfall events are represented by 100-year
return period (occurring on average once in a century). In addition, 38
years of rainfall data with a 1-hour interval are obtained from Project
Clean Water (www.projectcleanwater.org) to perform a continuous
simulation of the stormdrain system performance. From Fig. 3, the time
interval of 1983-1986 water years (with the maximum yearly, monthly,
daily, and hourly values of 531, 198, 76, and 28 mm) is considered as the
representative wet period and imported in the model. Other involved
parameters in stormwater modeling (i.e., subcatchment roughness,
imperviousness, and infiltration in addition to conduit roughness and
energy loss) are set by referring to local sources covering the study area
[e.g., The City of San Diego Stormwater Standards (2021) and County of
San Diego Hydrology Manual (2003)]. These parameters are described
in the section 2.3.3.

2.3. Methods

2.3.1. Marine and subsurface inundations

Fig. 4 presents the workflow carried out in the present study steps.
The first studied component is Marin Inundation (MI), which represents
the passive flooding from seawater across the coastline at MHHW level
(as shown in Fig. 5(a) and described in section 3.1). Other sea-related
flooding sources, like storm surge and wave runup, are not included in
MI due to the focus of this research on the inland drainage system. The
vulnerable locations to MI are identified using a bathtub approach in
ArcGIS, which subtracts the sea-level elevation in a given scenario from
the DEM to identify the areas that host elevations below that of the
seawater surface (Habel et al., 2020). Due to topographic obstructions,
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Fig. 3. Long-term rainfall data including the 4-year representative wet period (highlighted in yellow). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Inputs (Section 2.2)

Tasks (Section 2.3)
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Outputs (Section 3)

Section 2.3.1

High-resolution Digital Elevation Model

Sea-level data and SLR Scenarios

GIS analysis to estimate seawater and
groundwater depth values

Section 3.1
1y Estimating & analyzing the extent of
marine & subsurface inundations in the

‘ study area

Groundwater table distribution
[analyzing & validating the MODFLOW Section 2.3.2
model of Befus et al. (2020)] >

Stormdrain geometry (filling missing
data by visits), evaporation data, soil and

Estimating the additional hydraulic
loads from seawater & groundwater on
the stormdrain system

Section 3.2

i. Evaluating the extent of seawater
intrusion and groundwater infiltration

into the stormdrain system

land-use types

!

Field data on Stormdrain flow
characteristics

Section 2.3.3

Rainfall data (conducting statistical
analysis to determine design storms as

well as representative wet period) stressors

Developing and validating a PCSWMM
model to simulate stormdrain system
performance under oceanographic,
hydrological, and meteorological

Section 3.3

Gaining novel insights on the

[ L—p| implications of coastal stressors on
compound flooding of drainage
infrastructure under a changing climate

Fig. 4. Schematic diagram of the workflow carried out in the present study.
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Fig. 5. Variations of (a) marine inundation and (b) groundwater emergence and shoaling for various SLR scenarios.

the identified areas without a surficial connection to the marine source
are excluded from MI although the subsurface inundation still threatens
these areas by flooding from underneath (Rotzoll and Fletcher, 2013).
Through subtracting GWT elevation from the DEM, a similar method is
applied to identify the areas potentially vulnerable to groundwater
emergence and shoaling [as shown in Fig. 5(b) and described in section
3.11.

2.3.2. Seawater intrusion and groundwater infiltration

Flow conveyed through the stormwater network ultimately dis-
charges through the outfalls (represented by red-filled circles in Fig. 5).
By generating a reverse flow, SWI through the outfalls may limit the
discharge capacity of the system at high sea-level conditions. This
oceanographic stressor is considered in the stormdrain model simply by
setting a fixed water elevation in the outfalls corresponding to the sea-

level elevation for a given scenario. Generally, stormdrain system ele-
ments are susceptible to SWI if their elevations are lower than sea level.

As drainage pipes age, high-level groundwater may infiltrate into the
system through the defects on the pipe walls and result in an increased
hydraulic loading [see Fig. 6(a)]. Thus, in the case of having a defective
system, stormdrain system elements are susceptible to GWI if their ele-
vations are lower than local GWT. This study considers groundwater
head (Hg) and system porosity (P) to estimate GWI rate into the
stormdrain system. Considering the small variations of GWT (<5 cm
changes over ~ 95 % of conduits), its average value above each conduit
(GWTgye) was used for GWI determination [see Fig. 6(b)]. Having a
uniform value for the whole system, P is defined as the ratio of defect-to-
conduit surface area in percent (results independency from defect po-
sition and size). Due to the lack of stormdrain monitoring data, three
scenarios of P = 0.000, 0.125, and 0.250 % are defined in this study to
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presence of SWI, and (e) estimations of GWI into the system (normalized by the maximum total inflow during a 24-hr rainfall with 1-year return period).

evaluate the effects of system defects on its performance. Understanding
the differences between stormwater and sewer networks, these scenarios
are defined based on the CCTV sewer inspection dataset conducted in IB
in 2014 (courtesy of the City of IB). To simplify the GWI calculation,
non-circular conduits (consisting of < 5 % of total conduits) are
approximated by equivalent circles D = 4R, where D and R are the
equivalent circle diameter and the hydraulic radius of non-circular
conduits, respectively.

The following assumptions are made to simplify the problem making
it suitable for city-scale long-term simulations: (I) the surrounding soil is
homogeneous and isotropic; (II) all system defects are in a regular cir-
cular form (in the order of cm) and uniformly distributed on the conduits
(the results are independent of defect position and size); and (III)
possible groundwater flow effects in terms of washing the surrounding
soil can be neglected. Consequently, a modified form of the head-
discharge equation for a circular orifice (Guo and Zhu, 2017) is used
to determine the amount of GWI into the system,

PA,
GWI = QN = 257-:" eCy\/gHg
1
Q4 = eCyd’\/gHg M
N = Phar
1004,

where Qq = infiltration rate through a single defect; N = number of
defects; ¢ = void ratio of the surrounding soil (=0.2); C4 = discharge

coefficient of a circular orifice (=0.6); d = circular defect diameter; g =
gravity acceleration; and A.y = effective area for receiving GWI
(=conduit surface area under GWT. As shown in Fig. 6(c), Hg and A.g
are estimated for each conduit based on its situation with respect to
GWTaye elevation. In addition, in the case of SWI into a conduit, the
amount of GWI is determined through the presented superposition in
Fig. 6(d). The calculated amount of GWI for each conduit is subsequently
assigned as a constant flow rate to its upstream junction in the PCSWMM
model.

2.3.3. Stormwater modeling

To simulate the stormdrain system performance, an integrated
hydrology-hydraulic model is developed using PCSWMM (version
7.4.3240) with SWMMS5 engine. To estimate surface runoff produced by
rainfall over urban subcatchments, a nonlinear reservoir model is used
along with Manning equation [Egs. (2) and (3)]. Flow routing within
conduits is governed by the conservation of mass and momentum [Eqgs.
(4) and (5) known as 1D Saint-Venant equations) (Rossman, 2015). The
complete form of these equations (which refers to an unsteady and non-
uniform flow in the system) is solved using the Finite Difference Method.

od
Change in depth over time = Frie i—e—f—q

i = rate of rainfall, snowmelt, and runon; e = evaporation rate;
f = infiltration rate; q = runoff rate per unit surface area.

(2)
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Q = runoff volumetric flowrate; A = flow area (=W x (d — d;) ); &)
n = Manning roughness coefficient; d;, = depression storage;
W = subcatchment width; R = hydraulic radius ( = d — d);
Sy = friction slope [= bed slope (Sy) in uniform flow].

00 0(Q*/A) o0H B
EJF—Bx +gAE+gASf_O

Q = Volumetric flowrate (= A x V); A = flow area; V = flow velocity;
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where the system is free of SWI and GWI in current conditions [see Fig. 5
(b)]. Satisfying the recommended ranges by the San Diego’s Hydrology
Manual (2003) for different land uses, the subcatchment imperviousness
is set as the target parameter for calibration (ranging 25-80 %). Ac-
cording to Fig. 8, there is an outstanding agreement between the
modeled and measured data for both calibration and verification pe-
riods. The modeled flow characteristics (i.e., stormdrain inflow and

4

H = hydraulic head ( = z+ Y); z = elevation; Y = flow depth; g = gravity acceleration.

0A 00
T 0 5)

As shown in Fig. 7, the study area, consisting of 20 major drainage
basins, is divided into 122 fine-resolution subcatchments to provide a
precise rainfall-to-runoff modeling in the study area. In addition, the
stormdrain system is described in a substantially high resolution by
having 263 conduits in the model (linked to 200 open and 63 close
junctions). Referring to the San Diego’s Stormwater Standards (2017),
the Green-Ampt method is selected for infiltration modeling while
Manning roughness coefficients for subcatchments and conduits are
determined in the ranges of 0.024-0.200 and 0.013-0.030, respectively.
The energy loss coefficients at the entrance and exit conduits range from
0.1 — 1.0 based on their relative diameters to the neighboring junctions
(Frost, 2006).

To calibrate and verify the model, wet-weather field monitoring data
(courtesy of John Wood Group PLC) is obtained with a 1-min interval at
the specified location in Fig. 7 (in the vicinity of IB’s Public Library),

Legend
* Data Measurments

[ Drainage Basins
Subcatchments

Stormdrain Conduits
® Stormdrain Outfalls

e Close Junctions

Open Junctions

Fig. 7. Specifications of the PCSWMM stormwater model.

depth) match well with the measurements in terms of both the timing
and magnitude of peak flow (<20 % difference).

Twenty scenarios are studied in this research (Table 3) to compre-
hensively evaluate the effects of SLR, system porosity, and rainfall
properties on the performance of coastal stormdrain systems. According
to Fischer et al. (2014), a ~ 25 % increase in heavy rainfalls could be
expected in southern California by 2100. In Table 3, the nested storm
with a 2-year return period corresponds to that increase in the intensity
of the nested storm with a 1-year return period; thus, this magnitude of
rainfall could be expected to happen every year (instead of every other
year) in the region by the end of the century. However, no significant
change in the annual mean precipitation is expected in the region
(Fischer et al., 2014).

3. Results and discussion
3.1. Extent of marine and subsurface inundations

To improve the understanding of the vulnerability of coastal water
infrastructure and resources to SLR, the first step is to assess the inun-
dation potential. SLR-driven marine and subsurface inundation extents
are shown in Fig. 5, and Table 4 summarizes the estimates of the
impacted urbanized areas under no, moderate, and high SLR scenarios.
The baseline year for the present-day condition (SLR = 0 m) scenarios is
2021.

From Fig. 2(a) and Fig. 5(a), Tijuana Estuary and its natural
ecosystem will be extensively and directly impacted by marine inun-
dation as sea level rises. However, marine inundation is predicted to
have minimal impacts on the urbanized populated region where the
present study focuses on. For SLR = 0, 1, 2 m scenarios, 0.00 %, 0.44 %,
and 6.74 % of the urbanized area is under marine inundation, respec-
tively (Table 4). The urban area inundation is limited to the San Diego
Bay shoreline and the ocean facing coast (particularly along the thin
strip between the ocean and estuary).

From Fig. 5(b) and Table 4, groundwater emergence and shoaling
pose a more widespread threat than marine inundation for all SLR sce-
narios. In the current sea-level conditions, groundwater shoaling (with a
depth < 2 m) threaten subsurface urban infrastructure in 8.5 % of the
populated region (including areas far from the coastline). The SLR-
induced groundwater rise will increase this number to 16.98 % and
23.01 % for 1 and 2 m SLR. Therefore, for the high SLR scenario, it is
expected that around 30 % of the city will be permanently threatened by
marine inundation and shallow GWT at the end of the century.

It is worth noting that both marine and subsurface inundations can
be more widespread during dynamic ocean conditions (i.e., storm surge
and wave action), which are excluded in the present study because of its
focus on the long-term performance of the inland drainage system. In
terms of spatial distribution, it is expected that the regions closer to the
sea will be heavily impacted during dynamic sea-level events (Laster
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Fig. 8. Comparison of the measured and modeled data for (a) calibration and (b) verification periods.
Table 3
Studied scenarios in the present research.
Rainfall SLR (m) P (%)
0 0.125 0.250
24-Hour Nested Storm 1-Year Return Period 0 S0-P0.000-R1 S0-P0.125-R1 S0-P0.250-R1
1 S1-P0.000-R1 S1-P0.125-R1 S1-P0.250-R1
2 S$2-P0.000-R1 S$2-P0.125-R1 S$2-P0.250-R1
2-Year Return Period' 2 S$2-P0.000-R2 S2-P0.125-R2 S2-P0.250-R2
100-Year Return Period 0 S0-P0.000-R100 — S0-P0.250-R100
2 S$2-P0.000-R100 - S$2-P0.250-R100
4-Year Historical Data 0 S0-P0.000-Historical — S0-P0.250-Historical
2 $2-P0.000-Historical - $2-P0.250-Historical

! The nested storm with a 2-year return period corresponds to the 25% increase in the intensity of the nested storm with 1-year return period (happening every year in

the region at the end of century).

Grip et al., 2021). From the studies of Gallien (2016) and Merrifield et al.
(2021) on IB, the ocean shoreline will be particularly vulnerable to
wave-driven impacts. Anderson et al. (2018) showed that the flooded
area (mapped in three Hawaiian islands) can be increased up to 50 % by
adding wave inundation to the passive flooding. In addition, a king tide
can temporarily raise inland GWT while its fluctuations attenuate at a
distance in the order of 1 km from the shoreline (Rotzoll and Fletcher,
2013).

3.2. Extent of seawater intrusion and groundwater infiltration

A substantial portion of the IB’s stormdrain conduits is at risk of SWI
and GWI through outfalls and system defects, respectively [Fig. 5(b)].
From Table 4, about 11 and 60 % of the conduits (with an invert
elevation lower than sea level at MHHW) may experience some amount
of SWI at the current and high sea-level conditions, respectively. In

addition, the stormdrain conduits located in the emergent-to-shallow
groundwater regions [Fig. 5(b)] are the most sensitive to GWI
(enlarging by SLR-induced groundwater rise). At the high SLR scenario,
~67 % of the stormdrain length will be susceptible to GWI. This number
is more than twice the above-mentioned percentage for the city area
experiencing shallow GWT with a depth of<2 m (which is the typical
depth for stormdrain systems). This difference is because a water
drainage system with gravity-driven flow is typically located in low-
lying regions of an urbanized area, where the risk of emergent-to-
shallow groundwater is the highest. Therefore, water drainage systems
are one of the most vulnerable coastal infrastructures to SLR impacts.
The estimations of GWI for different scenarios are plotted by the red-
line graphs in Fig. 6(e). As expected, this parameter increases by rising
sea level and spreading system defects. While it grows about four times
by a 2 m SLR, GWI and P change with the same factor for a given sea
level (due to assuming a uniform distribution of defects on the system).

Table 4
Percentages of the IB populated region (total area = 5,784,987 m?) and the stormdrain system (total length = 15,961 m) impacted by marine and groundwater flooding
sources.

SLR Marine Groundwater Groundwater Shoaling Groundwater Shoaling Length of Stormdrain Conduits Length of Stormdrain

(m) Inundation Area Emergence Area (%) with <1 m Depth (%) with <2 m Depth (%) susceptible to both SWIand GWI ~ Conduits susceptible to

(%) (%) GWI (%)

0 0.00 0.02 2.18 8.50 11.09 20.10

1 0.44 1.51 7.17 16.98 38.26 41.11

2 6.74 0.62 9.53 23.01 60.00 66.73
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Fig. 9. Visualization of (a) main and (b) interaction effects of the studied parameters on compound flooding extent (Vpg 25, Vpo, Vs2, and Vsg on the vertical axes
respectively refer to total flooding volume at P (%) = 0.25 & 0.00 and SLR = 2 & 0 m).

To have a better sense of the extent of this additional stressor, GWI is
also normalized by the maximum total inflow during a 24-hr rainfall
with a 1-year return period. As shown by the blue-line data in Fig. 6(e),
GWI can consist of ~20 % of the maximum total inflow at SLR = 1 m.
However, GWI may form a smaller part of the total inflow at higher SLR
because of an increase in SWI contribution.

It should be noted that the SLR-induced groundwater lift in LECZs
can cause some additional issues like exposing the public to sewage
effluent contamination and degrading groundwater quality through
saltwater intrusion into coastal aquifers (as shown in Fig. 1) and failure
of immersed cesspool systems (Befus et al., 2020; Habel et al., 2020;
Habel et al., 2017). These topics merit more research beyond the present
study scope.

3.3. Compound flooding

The main effects of SLR, rainfall intensity, and stormdrain system
porosity on its performance are presented in Fig. 9(a). As these param-
eters increase (which is expected to happen due to climate change effects
and lack of maintenance in underserved areas), a higher percentage of
inland junctions will flood (shown by the blue-line graphs in the top-left
chart). The red-line graphs in other charts show that the stormdrain
compound flooding is projected to increase in total area, depth, volume,
and time over the century. We note that the junctions located in marine

inundation areas are excluded from the stormdrain flooding analysis.
This point may explain why the number of flooding junctions (shown by
the red-line graphs in the top-left chart) is not a monotonic increasing
function of SLR at P = 0. Unlike their total values, the average values of
the flood properties (shown by the blue-line graphs in other charts) do
not have a monotonic increasing trend with the rainfall return period.
This is because although total flooding values increase during a 2-year
rainfall event (more stormwater inflow), the increase in the number of
flooding junctions may be larger; as a result, the average value may
decrease (i.e., average value = total value / number of flooding
junctions).

Interaction between different parameters implies that the effect
produced by changing one parameter depends on the level of other
parameters (Sangsefidi et al., 2017). Fig. 9(b) indicates the interactive
effects of the three studied parameters on the total flooding volume (the
vertical axis titles of the graphs are described in the figure caption). As
shown, a more defective system will be impacted by SLR to a greater
extent such that under a 1-year rainfall event, the flooding volume will
grow up to 6 times by a 2 m rise in seal level when P = 0.25 %. However,
this ratio may decrease to less than a third by avoiding GWI into the
system (P = 0). Moreover, since the stormwater contribution to com-
pound flooding increases by an increase in rainfall return period, the
flooding extent is less sensitive to SWI and GWI under more extreme
rainfall events.
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Fig. 10. Observations of the frequently flooded locations across The City of IB.

Fig. 10 shows today’s observations of frequently flooded locations
(courtesy of the City of IB), and Fig. 11 presents the flooding extent maps
obtained from the developed stormwater model for five selective sce-
narios in current and future conditions (defined in Table 3). As a ground
truth, Fig. 10 reveals that even for the current sea-level conditions, there
are still serious problems across the city for draining stormwater from
low-intensity rainfalls. This point also can be found from the presented
flooding maps for SO-P0.000-R1 and S0-P0.250-R1 scenarios in Fig. 11,
on which the nine frequently flooded locations are pinpointed. Consid-
ering the small extents of SWI and GWI at SLR = 0 m [Fig. 5(b)], the
main driver of these floods should be rainfall-induced stormwater. From
the comparisons of the two mentioned scenarios in Fig. 11, it can be
found that the effects of system porosity are not significant in the current
sea-level conditions (i.e., low GWT values in the region). By sea-level
rising over the century, SWI may have a significant contribution in the
stormdrain inflow and flooding (S2-P0.000-R1 scenario). However,
comparison of the S2-P0.000-R1 and S2-P0.250-R1 scenarios indicates
that the SLR impacts are considerably more severe for higher P values
because GWI leads to a further increase in the hydraulic loadings on the
system in these circumstances. As a result, the flooding hotspots during
more-frequent design storms (i.e., 1-year return period) generally
correspond to the shallow GWT regions depicted in Fig. 5(b).

Comparing the S0-P0.000-R1 and S2-P0.250-R1 scenarios (Fig. 11),
the most important insight is that adverse impacts of SLR are not limited
to marine inundation and a potential landward shift in the shoreline.
SLR also can impact regions kilometers from the coastline through
contributions to compound flooding events. The expected 25 % increase
in the heavy rainfall intensities by climate change effects over the cen-
tury (annual occurrence of the current 2-year rainfall in 2100) may
cause additional stress on the system and enlarge the compound flood-
ing extend even more (S2-P0.250-R2 scenario).

10

Based on the performed continuous simulations for the 4-year
representative wet period, the long-term performance of the storm-
drain system (as opposed to a single design storm) is analyzed by
focusing on the selective junctions specified on the legend and bottom-
left map in Fig. 11. As shown, the selected junction on each stormdrain
line has a critical flooding condition compared to other junctions on that
specific line. In addition, these junctions are selected from eight major
stormdrain lines to inform us about various conditions of the system.
Referring to Fig. 5(b), some selective junctions may be invulnerable to
SWI and GWI while other ones can be susceptible to either SWI, GWI, or
both. Fig. 12(a) presents the frequency (and number) of flood events
with a separation time of 6 h. As shown, some parts of the system (i.e., K-
629 and S-583 junctions) may experience similar flooding events in
different scenarios because they receive neither SWI nor GWI [previ-
ously depicted in Fig. 5(b)]. However, for those parts susceptible to
either SWI or GWI, the flood events are expected to happen more
frequently depending on the amount of these additional stressors. For
example, since junction #E-592 is at the risk of both SWI and GWI at
SLR = 2 m, a higher number of flooding events is expected for this area
compared to the current conditions [jumps in the data for S2-P0.000-
Continuous and S2-P0.250-Continuous scenarios in Fig. 12(a)]. More
challenging, some parts of the system may be always flooding at the end
of the century (i.e., A-982, F-614, and H-610 junctions with a flood event
frequency of 1) attributed to the high amount of SWI and GWI. Fig. 5(b)
shows the 11 sunny-day flooding junctions across the study area for SLR
= 2m and P = 0.25 %, which are generally located in low-lying areas
with emergent-to-shallow groundwater.

Fig. 12(b) demonstrates the flood frequency-volume plots for some of
the selective junctions. As expected, larger floods happen less frequently
in the region, and vice versa. Due to the contribution of SWI and GWI
into stormdrain inflow, a flood with a given frequency will have a larger
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Fig. 11. Compound flooding maps for five selected scenarios (defined in Table 3).
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Fig. 12. Continuous simulation results for the specified junctions in Fig

extent, or conversely, a given flood is expected to happen more
frequently in the future. The effects of the SLR-induced stressors are
more significant in more-frequent floods, especially in the sunny-day
flooding areas. However, the difference between the data for SO-
P0.000-Continuous and S2-P0.250-Continuous scenarios diminishes at
lower values of flood frequency, and they eventually converge to each
other for very extreme floods. In these circumstances, the contributions
of seawater and groundwater sources in compound flooding are insig-
nificant compared to that of the stormwater source. As a result, the
flooding extent is highly dependent on the typical drainage character-
istics of subcatchments (rather than SWI and GWI).

To improve our understanding of compound flooding extent and to
develop adaptation strategies, we intend to pursue the following future
research:

e Through installation of four groundwater wells inside Imperial
Beach, the research team is collecting GWT data and estimating K in
different areas of the city. These data will be utilized to develop a
high-resolution 3D groundwater model to understand the spatial and
temporal connection of sea-level events with groundwater flow (and
contaminant transport).

While rainfall is the main contributor to urban flooding in today’s
climate, storm waves may become the dominant stressor in the
future, especially in downstream areas closer to the sea. In terms of
temporal distribution, there also might be a shift in the dominant
period from spring/autumn rain-induced flooding to winter sea-
induced flooding due to energetic storm wave events originating in
the North Pacific (Kunkel and Champion, 2019; Laster Grip et al.,
2021). By adding storm wave action and local wind-driven surge to
coastal stressors and including more site-specific conditions, a new
2D stormwater model will be developed and coupled with the
groundwater model to determine emerging compound floodplains,
which will be helpful for SLR mitigation and adaptation.

Besides exposure to flood events, socioeconomic factors (e.g., race,
income, public health, and education level), also should be taken into
account for assessing the overall vulnerability of a community (Bathi
and Das, 2016). In fact, identifying vulnerable population groups can
be beneficial for prioritizing resources for underserved people.
Through conducting extensive social studies and understanding the
community barriers and motivations, adaption solutions will consist
of environmentally-friendly engineered designs to protect the com-
munity against coastal climate change in a resilient and sustainable
manner.
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. 11: (a) flood event frequency and numbers (b) flood frequency-volume plot.

4. Conclusion and future works

This paper evaluates the vulnerability of the coastal stormdrain
system at Imperial Beach to compound flooding of seawater, ground-
water, and stormwater sources under climate change effects and
possible impacts of lack maintenance due to resource limitations. The
main conclusions are:

e Based on estimates of SLR-driven marine and subsurface in-
undations, we find that about two-thirds of the stormdrain length
could be susceptible to SWI and GWI under the high SLR scenario of
2 m. In these conditions, GWI is estimated to increase up to 4 times
and consist of twenty percent of the system hydraulic loads during
annual rainfall events.

With the contribution of SWI and GWI, the compound flooding
extent will significantly increase in all forms of flooding depth, area,
and time, and it can impact some areas kilometers away from the
coastline. For a defective system (P = 0.25 %) working under a 1-
year rainfall event, the flooding volume increases up to 6 times by
a 2 m increase in current sea level. However, the flooding volume can
be reduced to less than a third by repairing system defects and
avoiding GWI into the system when SLR = 2 m.

The oceanographic and hydrological stressors of SWI and GWI can
also increase the frequency of flooding events in the region, while
some low-lying areas with emergent-to-shallow groundwater may
suffer sunny-day flooding.

During extreme rainfall events (e.g., 100-year return period), the
stormwater source dominates SWI and GWI, i.e., the system may fail
solely by stormwater regardless of the other coastal stressors.
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