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Abstract

Low-gradient coastal watersheds are susceptible to flooding caused by various flows such as rainfall-runoff, astronomical tides,

storm surges, and riverine flows. Compound flooding occurs when at least one coastal flood driver occurs simultaneously or

in close succession with a pluvial and/or fluvial flood driver, such as during a tropical cyclone event. This study presents a

one-dimensional (1-D), reduced-order physics compound inundation model tested over an idealized coastal watershed transect

under various forcing conditions (e.g., storm surge, astronomical tides, and rainfall) that varied in magnitude, time, and space.

This study aims to evaluate each flooding mechanism and the associated hydrodynamic responses to identify generalized coastal

transition zones and enhance the production of flood maps for varying regions in a coastal watershed. Compound inundation

levels are affected by the magnitude and timing of each flooding mechanism. The desire is a more holistic compound inundation

model that can be a critical tool for decision-makers, stakeholders, and authorities who provide evacuation planning to save

human lives and enhance resilience.
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Key Points: 13 

• A reduce-physics flood model was developed to assess compound floods at an idealized 14 
coastal watershed transect. 15 

• The magnitude and timing of each flooding mechanism (rainfall-runoff, storm surge, and 16 
tides) affect the compound inundation. 17 

• This study may serve as an initial attempt to delineate compound flood hazard zones. 18 
  19 
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Abstract 20 

Low-gradient coastal watersheds are susceptible to flooding caused by various flows such as 21 
rainfall-runoff, astronomical tides, storm surges, and riverine flows. Compound flooding occurs 22 
when at least one coastal flood driver occurs simultaneously or in close succession with a pluvial 23 
and/or fluvial flood driver, such as during a tropical cyclone event. This study presents a one-24 
dimensional (1-D), reduced-order physics compound inundation model tested over an idealized 25 
coastal watershed transect under various forcing conditions (e.g., storm surge, astronomical tides, 26 
and rainfall) that varied in magnitude, time, and space. This study aims to evaluate each flooding 27 
mechanism and the associated hydrodynamic responses to identify generalized coastal transition 28 
zones and enhance the production of flood maps for varying regions in a coastal watershed. 29 
Compound inundation levels are affected by the magnitude and timing of each flooding 30 
mechanism. The desire is a more holistic compound inundation model that can be a critical tool 31 
for decision-makers, stakeholders, and authorities who provide evacuation planning to save 32 
human lives and enhance resilience. 33 

Plain Language Summary 34 

Coastal regions with mild sloping terrain can be flooded by intense rainfall, tides, and hurricane 35 
storm surges. When multiple flooding events occur at the same location, the inundation effects 36 
can be aggravated by the interaction of these physical processes. This study aims to disentangle 37 
the complexities of interactive physics according to fundamental concepts. Thus, identifying 38 
regions affected by both hydrological and coastal processes can improve flood mapping 39 
techniques for coastal communities. Results show that each flood event's strength and time of 40 
occurrence affect the total inundation levels. Our research can serve as a foundation for further 41 
studies to enhance tools that accurately predict these flood events, resulting in better planning 42 
and preparedness for worldwide coastal communities to reduce property damage and loss of 43 
lives.   44 

1 Introduction 45 

Coastal watersheds, especially those with low-gradient topography, are under increasing 46 
stress due to growing population and infrastructure, frequency of tropical cyclones, sea-level 47 
rise, subsidence, and nuisance flooding. Low-gradient coastal watersheds are highly susceptible 48 
to flooding caused by various combinations of flows such as rainfall, tides, and storm surge. 49 
From 1970 to 2010, the population within US coastal watershed counties increased by 50.9 50 
million (i.e., a 45% increase) to 163.8 million, representing 52% of the entire US population in 51 
2010 (NOAA, 2013). In the decade of the 2010’s, 24 billion-dollar (i.e., $1,000 million) weather 52 
and climate disaster events occurred within the US, totaling up to $500,000 million (2017 USD) 53 
in estimated damages (Lall et al., 2018). Sea level rise and storm surge impacts on coastal 54 
properties within the US are projected to be a cumulative cost of $3,600,000 million (2015 USD) 55 
by 2100 under a high scenario if no protective measures are implemented (Fleming et al., 2018).  56 

The two most important mechanisms that drive inundation during an extreme 57 
meteorological event in a coastal watershed are precipitation (i.e., rainfall) and storm surge. 58 
Moreover, waves and astronomical tides mechanisms can enhance the total inundation and, even 59 
in some regions, can be the dominating factor. The severity of the inundation from each of these 60 
flooding mechanisms can vary due to several factors, such as watershed characteristics (e.g., land 61 
use / land cover (LULC), soil type, local bathymetry, and coastal geometry), antecedent 62 
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conditions (e.g., soil moisture and initial abstractions), and magnitude of the flood drivers (e.g., 63 
duration and intensity of rainfall, intensity and direction of winds, and astronomic tide levels). 64 
Therefore, a compound flood event is defined as an inundation event where two or more flooding 65 
mechanisms (e.g., riverine flow, rainfall-runoff, storm surge, tides, and waves) from different 66 
sources (e.g., pluvial, fluvial, or coastal) co-exist or occur in close succession during a single 67 
meteorological event or combination of separate events (Bensi et al., 2020; Bilskie & Hagen, 68 
2018; Bilskie et al., 2021; Blanton et al., 2018; Loveland et al., 2021; Orton et al., 2018; Saleh et 69 
al., 2017; Santiago-Collazo et al., 2019; Wahl et al., 2015). Some examples of these 70 
meteorological events are tropical cyclones, intense and prolonged rainfall, prevalent strong 71 
onshore winds, and low-pressure systems. 72 

Researchers have combined two or more inundation models, statistics, or observed data 73 
to quantify compound floods using various coupling techniques since the late 2000s (Santiago-74 
Collazo et al., 2019). However, there has been a heightened urgency to develop detailed two-75 
dimensional (2-D) compound inundation models over the last few years, particularly post- 76 
Hurricanes Florence and Harvey (Loveland et al., 2021). For example, there are initiatives to 77 
couple the National Water Model (NWM) to coastal inundation models within coastal 78 
watersheds (Bakhtyar et al., 2020a; Huang et al., 2021; Tehranirad et al., 2020; Ye et al., 2020; 79 
Yin et al., 2021; Zhang et al., 2020). Similarly, the Texas Integrated Flooding Framework is a 80 
four-year effort to implement “an integrated framework to model, visualize, and plan for the risk 81 
of flooding in counties affected by Hurricane Harvey” (webapps.usgs.gov/tiff/). These initiatives 82 
are necessary to advance flood hazard and risk assessments. However, they are still in the 83 
research phase, and it will probably take several years to translate research into practical 84 
application, especially for national flood hazard mapping. In addition, we must recognize the 85 
complexity and challenges associated with floods resulting from disparate driving mechanisms 86 
across various spatial and temporal scales. This is the motivation of the work presented herein; to 87 
take a step back and simplify the problem by considering a one-dimensional (1-D) approach to 88 
compound flood modeling. Findings from this approach will serve as the foundation for future 2-89 
D initiatives by providing insights into the complex interaction of the flooding mechanisms in a 90 
compound flood event from its most fundamental physics. In addition, a 1-D model approach is 91 
more computationally efficient, thus making it feasible to perform O(103) of simulations without 92 
a significant computational burden. We recognize the simplifications of a 1-D approach, but such 93 
simplifications are often necessary before advancing into additional complexities and degrees of 94 
freedom. 95 

This study evaluates the individual flooding mechanisms that can result in a compound 96 
flood (i.e., astronomical tides, storm surge, and rainfall-runoff) and the associated hydrodynamic 97 
response. An enriched comprehension of the physical interaction of these flooding mechanisms 98 
can lead to identifying compound flood hazard zones and, for example, enhance the production 99 
of flood maps for varying regions in the coastal watershed. The following study objectives were 100 
designed to fill the existing knowledge gaps: 101 

1. Can an idealized domain be created to describe a coastal watershed? To the authors’ 102 
knowledge, an idealized domain ranging from the inland watershed to the ocean shelf has 103 
not been developed. Previous studies have focused on creating idealized ocean domains 104 
that do not extend inland and are tested under coastal processes (Dietrich et al., 2005; 105 
Mayo et al., 2014; Pandey & Rao, 2019; Veeramony & Blain, 2001). However, there 106 
have not been any published attempts regarding idealized inland watershed domains in 107 
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the literature. Idealized domains can provide important insights, especially when 108 
designing flood protection strategies such as natural infrastructure (Hewageegana et al., 109 
2022). 110 

2. How do current compound flood hazard assessments move beyond traditional (e.g., one- 111 
and two-way coupling) approaches toward techniques that fully integrate the flood 112 
mechanisms? A reduced-physics, 1-D compound flooding model was developed and used 113 
to assess various compound flood scenarios in an idealized domain. Leijnse et al. (2021) 114 
is the only published study that uses a similar approach for this purpose. They develop a 115 
2-D model to simulate Hurricane Irma along Florida’s northeast coastline. However, their 116 
modeling approach utilizes a static boundary condition approach to transfer the coastal 117 
processes along the 2-m depth contour of their ocean domain. The proposed study 118 
employs a moving boundary condition approach to transfer hydrologic processes into the 119 
model. This moving boundary condition is capable of changing the location of the 120 
domain where the transfers of hydrologic and coastal processes occur depending on the 121 
flood conditions. Therefore, the coupling location and time vary through the different 122 
simulations performed. This is the first attempt to develop a spatial and temporally 123 
varying reduced physics model in which each node in the domain can change it's 124 
governing equation during runtime. 125 

3. Can a compound flood frequency analysis be performed using a physics-based approach 126 
rather than based on a statistical one? The vast majority of compound flood models are 127 
tested under a single compound inundation event (Bacopoulos et al., 2017; Blanton et al., 128 
2018; Comer et al., 2017; Dresback et al., 2013; Ikeuchi et al., 2017; Lee et al., 2019; 129 
Ray et al., 2011; Santiago-Collazo et al., 2017; Wang et al., 2014), whereas others have 130 
evaluated up to five compound inundation events (Chen et al., 2013; Chen & Liu, 2014; 131 
Van Cooten et al., 2011; Saleh et al., 2017; Torres et al., 2015). However, few studies 132 
have conducted hundreds of compound inundation events using the same modeling 133 
framework (Zhang & Najafi, 2020). Only one has performed ~1,000 different compound 134 
inundation events (Gori et al., 2020b). A compound flood frequency analysis using 135 
results from a physics-based modeling approach rather than solely a statistical analysis 136 
approach, which is more common in the literature, can be the first step toward a risk 137 
assessment of compound floods that estimate annual exceedance probabilities (out-of-138 
scope for this study). This frequency analysis is scarce in the literature due to the high 139 
computational cost that demands numerous storm surge and rainfall combinations, 140 
especially when using 2-D models (Hsiao et al., 2021). However, to the authors' 141 
knowledge, Gori et al. (2020b) is the only peer-reviewed study that developed a 142 
frequency analysis to estimate compound flood frequency maps (the model was focused 143 
on the Cape Fear, NC watershed). Also, a majority of the literature is based on the 144 
coastal-fluvial compound inundation event (Moftakhari et al., 2019; Serafin et al., 2019; 145 
Ward et al., 2018), whereas this study is focused on the flood frequency of coastal-pluvial 146 
compound inundation event, which is even more scarce in the literature. 147 

4. How crucial is accounting for astronomic tides during a compound flood event? The 148 
current literature is limited to compound flood studies that focus only on the dominant 149 
processes (i.e., storm surge and rainfall-runoff) brought in a single event, thus neglecting 150 
the flooding impacts of the timing of astronomical tides within the compound inundation 151 
(Mohanty et al., 2020). For example, only a handful of studies have accounted for the 152 
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astronomical tides as part of the coastal process when assessing compound flood by using 153 
the dominant tidal constituents in their study region (Gori et al., 2020a; Huang et al., 154 
2021; Leijnse et al., 2021; Mohanty et al., 2020; Ye et al., 2020; Zhang et al., 2020). 155 

A reduced-physics 1-D compound inundation model was developed to bridge these 156 
research gaps. This modeling approach simultaneously simulates the free water surface variation 157 
in the ocean domain (i.e., tide and storm surge modeling), rainfall-runoff in the watershed’s 158 
upland region (i.e., hydrology/hydraulic modeling), and compound flooding within the transition 159 
zone (Bilskie & Hagen, 2018). A 1-D compound inundation model can run numerous 160 
simulations at a low computational cost, which aids in describing both flooding mechanisms’ 161 
interactions during a compound flood event. Random sampling was used to create numerous 162 
combinations of these flooding mechanisms to develop the relative probability of compound 163 
flood levels.  164 

To test this compound inundation model, a 1-D transect representing idealized low-165 
gradient coastal watersheds was applied under various forcing conditions that vary in magnitude, 166 
time, and space. The compound flood hazard zones were based on the flooding mechanisms that 167 
dominated the region during the inundation and was divided into hydrologic, coastal, and 168 
transition flood hazard zone. The selected domain and 1-D approach allows for a more 169 
comprehensive analysis (rather than a 2-D model tested at a specific region) of the physical 170 
interaction of these flooding mechanisms from its most fundamental concepts, thus enhancing 171 
the definition of compound flood hazard zones for future flood hazard studies. The results 172 
deepen our understanding of the physical processes of compound flooding and inform future 173 
numerical model advancements. 174 

2 Methods 175 

2.1 Governing Equations 176 

The two governing equations for the vast majority of the inundation models are the 177 
continuity and the momentum equations. These equations for gradually varied unsteady flow are 178 
often referred to as the St. Venant equations or the shallow water equations (Singh, 1996). The 179 
St. Venant equations are derived from the Navier-Stokes equations using various assumptions. 180 
These assumptions are well-summarized in Fiedler & Ramirez (2000) and Moussa & Bocquillon 181 
(1996). The one-dimensional (1-D) St. Venant equations are given as follows: 182 
 𝜕𝐻 𝜕𝑡 + 𝜕UH 𝜕𝑥 = 0 

(1) 
 𝜕U𝜕𝑡 + 𝑈 𝜕U𝜕𝑥 + 𝑔 𝜕H 𝜕𝑥 + 𝐹 = 0 

(2) 

where 𝐻 represents the total water depth, U represents the depth-averaged water velocity, 𝐹 is 183 
the friction forces, 𝑥 represents the horizontal dimension, 𝑡 represents the time, and 𝑔 represents 184 
the gravitational acceleration force. The first term on the left-hand side of the momentum 185 
equation, Eq (2), represents the local acceleration, the second term represents the advective 186 
acceleration, the third term represents the pressure gradient, and the fourth term represents the 187 
frictional forces.  188 
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Depending on the domain being modeled (e.g., ocean or land), different terminologies for 189 
the governing equations are used. For example, rainfall runoff-driven inundation models choose 190 
the St. Venant terminology, while storm surge-driven inundation models select the shallow water 191 
terminology. This terminology also dictates how the friction force term in the momentum 192 
equation is handled. In the St. Venant terminology, the friction term is a function of the 193 
difference between the friction slope and the bottom slope (Moussa & Bocquillon, 1996). In 194 
contrast, in shallow water terminology, friction is formulated upon the bottom stress (Dietrich et 195 
al., 2005). 196 

2.2 Numerical Model 197 

Three separate algorithms were developed for the 1-D compound inundation model: i) a 198 
1-D storm surge-driven inundation algorithm referred to herein as Coastal Hydraulics Module 199 
(CHM), ii) a 1-D rainfall runoff-driven inundation algorithm referred to herein as Watershed 200 
Hydraulics Module (WHM), and iii) a 1-D rainfall-runoff inundation algorithm referred to herein 201 
as Overland Hydraulics Module (OHM).  202 

2.2.1 Coastal Hydraulics Module (CHM) 203 

The two governing equations used in CHM are the 1-D primitive depth-integrated 204 
continuity equation and the 1-D primitive depth-integrated conservation of momentum equation 205 
in conservative form using shallow water terminology. The Generalized Wave-Continuity 206 
Equation (GWCE) (Eq. 3) was used in conjunction with the momentum equation’s non-207 
conservative form to improve the numerical solution’s stability (Eq. 4,) (Dresback et al., 2004; 208 
Dresback & Kolar, 2001; Kinnmark, 1986). For simplicity, the following terms were not 209 
included: momentum dispersion, depth-integrated baroclinic forcing, equilibrium tide potential, 210 
depth-integrated horizontal momentum diffusion, atmospheric pressure, Coriolis force, and wind 211 
stress applied at the water surface (Luettich et al., 1992). 212 

The 1-D CHM governing equations are represented as: 213 

 214 
 𝜕 ƞ 𝜕𝑡 + 𝐺 𝜕ƞ 𝜕𝑡 + 𝜕𝜕𝑥 𝑈 𝜕ƞ 𝜕𝑡 − 𝜕𝜕𝑥 𝑈𝐻 𝜕U 𝜕𝑥 − 𝑔 𝜕𝜕𝑥 𝐻 𝜕ƞ 𝜕𝑥 + 𝐺 − 𝜏) 𝜕UH 𝜕𝑥= 0 

(3) 
 𝜕U 𝜕𝑡 + 𝑈 𝜕U 𝜕𝑥 + 𝑔 𝜕ƞ𝜕𝑥 + 𝜏𝑈 = 0 

(4) 

where ƞ=H-h represents the free surface deviation, h represents the bottom depth, 𝜏 = 𝐶 𝑈 𝐻⁄  215 
represents the bottom friction, 𝐶 = 𝑛 𝑔 𝐻 ⁄⁄  represents the friction coefficient, where 𝑛  is 216 
Manning’s friction coefficient, and 𝐺  is the weighting parameter. The 𝐺 parameter controls the 217 
relative weight of the primitive continuity equation, such that if 𝐺 → ∞, the equation becomes a 218 
pure primitive continuity equation, whereas if 𝐺 → 0, the equation becomes a pure wave 219 
continuity equation (Dresback et al., 2005). 220 

Two boundary conditions were required to solve the system: i) water level time series 221 
imposed at the open ocean boundary, and ii) a zero-flow boundary condition imposed at the first 222 



Water Resources Research 

 

dry node. This water level time series represents the coastal forcings from the astronomic tides 223 
and storm surge flooding mechanisms in the open ocean. The first dry node is the subsequent 224 
node after the seawater front, where the seawater front is the farthest wet node from the open 225 
ocean boundary. Therefore, the CHM was applied from the open ocean boundary to the seawater 226 
front. 227 

The solution of the system can be separated into three steps. First, the GWCE (Eq. 3) was 228 
solved for the free water surface deviation of the geoid at the future time step. This equation is 229 
dependent on the free surface water deviation at the current and previous time step and on the 230 
depth-averaged horizontal velocity at the current and previous time step. Second, a wetting and 231 
drying algorithm (WDA) updates the computational nodes’ wet/dry status in the future time step 232 
(more details are provided in Section 2.4 and Text S1). Third, the momentum equation (Eq. 4) 233 
was solved for the depth-averaged velocity at the future time step. This equation is dependent on 234 
the free surface water deviation at the current and previous time step and on the depth-averaged 235 
velocity at the current and previous time step. Finally, these three steps were repeated for all the 236 
computational time steps until the total simulation time was reached. 237 

2.2.2 Watershed Hydraulics Module (WHM) 238 

The governing equations for the WHM are the continuity (Eq. 5) and momentum (Eq. 6) 239 
equations using the St. Venant terminology (Costabile et al., 2013): 240 

 𝜕H 𝜕𝑡 + 𝐻 𝜕 𝑈𝜕𝑥 + 𝑈 𝜕 𝐻𝜕𝑥 = 𝑟 
(5) 

 𝜕U 𝜕𝑡 + 𝑈 𝜕U 𝜕𝑥 + 𝑔 𝜕 𝐻𝜕𝑥 + 𝑔 𝑆 − 𝑆 = 𝑟 𝑈𝐻 
(6) 

where 𝑟 represents the rainfall intensity, 𝑆  represents the friction slope, and 𝑆  represents the 241 
bottom slope. The St. Venant equations’ simplified form, called the Kinematic Wave equations, 242 
provides an appropriate representation of the physics for shallow overland rainfall-runoff, 243 
especially in one dimension (Reddy et al., 2007; Singh, 2002; West et al., 2017). The idealized 244 
transect selected represents a coastal watershed floodplain where water can flow unconfined over 245 
the surface and not through a channel / river system, but since the model is 1-D, water can only 246 
flow in a single direction. Thus, the WHM only considers surface runoff, not flow through a 247 
channel / river. However, if desired, the WHM can simulate the riverine flow mechanism if the 248 
formulation is modified by changing the flow area and wetted perimeter from an overland terrain 249 
(e.g., bottom width is much greater than depth) to a confined channel. The Kinematic Wave 250 
equations neglect the local acceleration term, the convective acceleration term, and the 251 
momentum equation’s pressure term (Eq. 6) (Moussa & Bocquillon, 1996). The source term in 252 
the momentum equation can also be neglected since it is an order of magnitude less than the 253 
other terms (Kazezyilmaz-Alhan et al., 2005). Therefore, the continuity equation (Eq. 5) reduces 254 
to a single dependent variable, H: 255 𝜕H 𝜕𝑡 + 1𝑛 𝑆 𝜕 𝐻𝜕𝑥 = 𝑟 

(7) 
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The system’s solution consists of solving the water depth in the continuity equation (Eq. 256 
7) iteratively because of the system’s non-linearity. Therefore, the Newton-Rapshon method was 257 
selected as the iterative solver technique (Santiago-Collazo & Silva-Araya, 2019). This 258 
technique consists of solving the system iteratively, at each time step, until the difference 259 
between two successive iterations is less than a specified tolerance (e.g., 10-7 m). Then, after 260 
convergence, the time step is incremented, and the iterative procedure is repeated. A WDA was 261 
employed after the new water depth solution had been computed. The WHM was applied only at 262 
the portion of the domain where the rainfall was falling. The WHM requires only one boundary 263 
condition to obtain a unique solution to the system, which is a zero-flow boundary condition and 264 
starts from a dry bed condition, meaning that all the nodes within the watershed region are 265 
considered to be dry at the initial simulation time. 266 

2.2.3 Overland Hydraulics Module (OHM) 267 

The OHM was developed to route the rainfall-runoff downstream through the portion of 268 
the domain where rainfall is not falling and the initial conditions are dry. This algorithm is 269 
identical to the CHM, except for the WDA’s minimum water depth threshold and the boundary 270 
conditions. A flow boundary condition is the only boundary condition imposed on the OHM. 271 
This flow boundary condition represents freshwater from the rainfall-runoff computed by the 272 
WHM, recreating the downslope propagation of a flood wave over dry land. Therefore, water 273 
will travel freely until it reaches the seawater and gets coupled with the CHM. A similar 274 
approach could be to eliminate the OHM and use the CHM to simulate rainfall-runoff 275 
downstream of the domain. While this approach could potentially be more computationally 276 
efficient than the selected approach, the former will require a substantial improvement of the 277 
WDA, which is out of the scope of this study. 278 

2.2.4 Coupling Technique 279 

The following procedure outlines the compound inundation algorithm (see also Figure S1 280 
for a graphical description): 281 

1. The WHM was executed independently in the domain were rainfall was falling, and upon 282 
completion, the water depth and velocity time series at each node were stored.  283 

2. The freshwater discharge time series at the outlet of the domain (computed in Step 1) was 284 
fed as a flow boundary condition in the OHM.  285 

3. Compute the water surface deviation and depth-averaged velocity for the freshwater 286 
(computed by OHM) and seawater (computed by CHM) conditions simultaneously at 287 
each time step. 288 

4. Step 3 was repeated for each time step until the following conditions were met: i) both 289 
the seawater and freshwater fronts were at the same node (i.e., coupling node), and ii) at 290 
least one of the water depths was greater than the minimum water depth threshold for the 291 
WDA of the CHM. If both conditions were met, then: 292 

a. The freshwater discharge was fed as a flow boundary condition to the CHM at the 293 
coupling node. 294 

b. The freshwater conditions (i.e., depth and velocity) upstream of the coupling node 295 
at the current time step were given to the CHM as the current conditions flooded 296 
by rainfall-runoff.  297 
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5. Compute the water surface deviation and depth-averaged velocity for the combined (i.e., 298 
freshwater plus seawater) conditions using the CHM at each time step until it reaches the 299 
total simulation time. 300 

a. If the combined waterfront is located within the WHM domain, the WHM 301 
freshwater discharge was fed as a flow boundary condition to the CHM at this 302 
location, similar to Step 2. 303 

b. If rainfall was still falling at the WHM domain after Step 4, the remaining rainfall 304 
was added to the CHM directly and not through OHM or WHM.  305 

i. The rainfall intensity term in the continuity equation of the WHM (Eq. 5) 306 
was added as a source term in the GWCE (Eq. 3) and multiplied by the 307 
weighting parameter (𝐺).  308 

2.2.5 Numerical Approach 309 

A finite element discretization in space, such as the symmetrical weak weighted residual 310 
form, and finite difference discretization in time was used for each module. Regarding the finite 311 
difference discretization in time, a variably weighted, three-time-level, implicit scheme was 312 
applied for all the linear terms, while the non-linear terms were treated explicitly for the 313 
continuity equation of the CHM and OHM (Luettich et al., 1992). However, for the momentum 314 
equation, a two-time-level, implicit Crank-Nicolson approximation was applied to all terms 315 
except for the advective term, which is treated explicitly. Additionally, the Crank-Nicolson 316 
approximation was used for the time discretization of the continuity equation in the WHM and 317 
the rainfall intensity term in the GWCE. 318 

The WDA plays a crucial role in any flood inundation model. The WDA is responsible 319 
for determining which elements will be included in the system’s solution at each time step, 320 
depending on if they hold water. Also, WDA has been historically responsible for accurately 321 
capturing and describing the physics of the inundation / recession process that involves a flood 322 
wave propagating over dry land (Medeiros & Hagen, 2012). The WDA employed in all three 323 
modules were adapted from Dietrich et al. (2005) and Luettich & Westerink (1995a, 1995b). 324 
Further information on the WDA can be found in the supplemental text S1 and Dietrich et al. 325 
(2005). 326 

2.2.6 Model Verification 327 

Two different approaches are used to verify the 1-D compound inundation model. First, 328 
verification of the CHM and WHM was conducted against an analytical solution for each 329 
flooding mechanism. Second, a mass balance analysis was performed to verify the coupled 330 
WHM-OHM system and the compound inundation model since no analytical solution can 331 
describe the compound flood dynamics. Validation for this type of 1-D model requires laboratory 332 
measurements (beyond the scope of the study) or observed data during a compound flood event, 333 
which is not feasible since a 2-D model is required to account for all possible interactions, 334 
especially at low-gradient coastal land-margins. Therefore, the verification approach selected is 335 
considered pertinent due to the circumstances mentioned above.  336 

2.2.6.1 Analytical Solution  337 

The CHM was verified against an analytical solution of a “frictionless” beach presented 338 
by Carrier and Greenspan (1958). This analytical solution describes the behavior of a frictionless 339 
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wave on a linearly sloped beach. The shoreline was computed for this linearly sloped beach 340 
using the CHM (Figure 1a). During the first 12 hr of the simulation (i.e., the first tidal cycle), the 341 
CHM experiences some start-up noise, which differs from the analytical solution. This behavior 342 
occurs because the CHM does not employ a ramp function at the start of the simulation to 343 
smooth the transition from a cold start. After the first tidal cycle, there is a good agreement in the 344 
shoreline position computed by the CHM and the analytical solution, especially during the tides’ 345 
flood (i.e., shoreline position at 21 km). However, there is a slight difference of ~100 m between 346 
both solutions of the shoreline position when the tides are ebbing (i.e., shoreline position at 18.8 347 
km). This difference is because the analytical solution was formulated assuming frictionless 348 
conditions (i.e., 𝐶  = 0) of the surface, but the CHM formulation does not allow a bottom friction 349 
coefficient of zero; therefore, a relatively small value (i.e., 𝐶  = 0.001) had to be assigned. This 350 
relatively small bottom friction coefficient does not dominate the momentum balance. Therefore, 351 
no friction-induced lag was shown between both solutions of the shoreline position. Similar 352 
findings were presented by Dietrich et al. (2004). 353 

The WHM was verified against an analytical solution of a hypothetical watershed by 354 
Gottardi and Venutelli (1993). This analytical solution represents a rainfall-runoff routing 355 
produced by a constant rainfall in space and time through a linearly sloping uniform terrain (i.e., 356 
paved parking lot). The rainfall-runoff hydrograph at the watershed outlet was computed using 357 
the WHM and the analytical solution (Figure 1b). The rainfall-runoff increases for both solutions 358 
until the time of concentration, which represents the watershed’s total contribution to the rainfall-359 
runoff at the outlet (i.e., rainfall-runoff travel time from the hydraulically most distant point in 360 
the watershed to the outlet). For this hypothetical watershed, the time of concentration was 73 361 
min. The rainfall-runoff hydrograph remains constant after exceeding the time of concentration 362 
and while rainfall is still falling over the watershed. This behavior represents that the watershed 363 
has reached its maximum flow capacity, which for this hypothetical case is 7.9 m3 hr-1 m-1. After 364 
the rainfall ends, the rainfall-runoff decreases until the watershed is drained. Overall, there is a 365 
good agreement between the rainfall-runoff computed by the WHM and the analytical solution at 366 
this hypothetical watershed outlet. Similar findings were presented by Reddy et al. (2007). A full 367 
description of both case studies, including parameters and domain description, can be found in 368 
the supplemental text S2. 369 

2.2.6.2 Mass Balance Analysis 370 

Any shallow water model must be verified for conservation of mass, especially a 371 
continuous Galerkin finite-element model (Dietrich et al., 2008), such as the one presented in 372 
this study. The Finite Volume method (Kolar et al., 1994) was used to compute the global mass 373 
residual and is presented in the supporting information text S3. A global mass balance analysis 374 
was performed to evaluate the coupled WHM-OHM system and the compound inundation model 375 
due to the lack of an analytical solution. The environmental forcing selected for this analysis was 376 
a tidal amplitude of 10 cm, a peak storm surge of 97 cm, and a rainfall accumulation of 248 mm 377 
during an entire day. The total simulation time was 40 days, in which rainfall fell at the upper 378 
segment of the transect during the 2nd day, and the peak storm surge occurred during mid-day of 379 
the 4th day. The global mass balance error for the routing of rainfall-runoff using the coupled 380 
WHM-OHM system was 1.0 kg m-1. For the compound inundation model, the global mass 381 
balance error was 33.6 kg m-1.  382 
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As a basis for comparing the mass balance analysis results presented above, the mass 383 
balance analysis done by Dietrich et al. (2005) was recreated using the simulation results from 384 
the CHM. The environmental forcing selected for this analysis was only a tidal amplitude of 1.0 385 
m with a tidal period of 12 hr. The modeling domain consisted of a three-segment transect with a 386 
horizontal middle segment at a 0.5 m elevation. The net flux and accumulation terms for the 387 
global mass balance analysis at the middle segment were computed using CHM (Figure 2c). 388 
There is a good agreement between the net flux and accumulation terms, meaning that the mass 389 
balance residual is low throughout the simulation. The positive values represent that mass is 390 
entering the control volume (i.e., middle segment), while the negative values represent that mass 391 
is leaving. This behavior coincides with the ebbing and flooding of the tides. Overall, the global 392 
mass balance error was 123 kg m-1 using the CHM, representing 6.4% of the average net flux or 393 
accumulation terms. In comparison, Dietrich et al. (2005) reported 5,662,000 kg m-1 as the best 394 
global mass balance error estimate for a 2-D domain (i.e., x- and z-axis) that consisted of 11 395 
vertical layers, which approximates 515,000 kg m-1 per vertical layer. Therefore, this result 396 
represents that the compound inundation model and the coupled WHM-OHM system conserve 397 
mass relatively well compared to previous studies. 398 
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  399 

Figure 1. Numerical model verification based on an analytical solution (a-b) and a mass balance 400 
analysis (c). The (a) Coastal Hydraulics Module and (b) the Watershed Hydraulics Module were 401 
tested against an analytical solution, while the a (c) mass balance analysis was performed at the 402 
domain’s middle segment using the Coastal Hydraulics Module. The solid blue line represents 403 
the analytical solution computations, while the red dashed line represents the individual 404 
numerical module computations. The solid green line represents the net flux term, while the 405 
dashed black line represents the accumulation term (created using MATLAB). 406 

2.3 Model Configuration 407 

2.3.1 Model Domain: Idealized Coastal Watershed Transect  408 

This study uses an idealized transect to represent a “simplified” description of a low-409 
gradient coastal watershed. Thus, eliminating many complexities from the flood response due to 410 
microtopography, small channels, and surface roughness variations. The generated idealized 411 
transect was 123 km in length and divided into three segments: lower, middle, and upper (2). The 412 
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lower segment has a length of 40 km from the beginning of the domain and a slope of 0.5 m km-413 
1. The middle segment extends from 40 to 78 km with the mildest slope in the domain (e.g., 414 
0.005 m km-1), while the upper segment covers from 78 to 123 km with a steeper slope of 0.1 m 415 
km-1. These values represent the typical landscape within the Sabine and Mermentau River 416 
Watersheds (See location in Figure S2). Additional details on the development of this idealized 417 
transect can be found in supplemental information text S4. 418 

The domain was described in terms of flow resistance by assigning a constant surface 419 
roughness coefficient for each segment. Manning’s friction coefficients of 0.02, 0.03, and 0.04 420 
were assigned to the lower, middle, and upper segments, respectively. For example, Manning’s 421 
friction coefficient for the lower segment represents open water since this segment is completely 422 
submerged under mean sea-level conditions (Mattocks & Forbes, 2008). However, the selected 423 
value for the middle segment represents the average conditions encountered in the observed 424 
transects, such as open water and emergent estuarine wetland, while for the upper segment was 425 
an average of shrubs, scrubs, and cultivated land. 426 

For this study, rainfall fell only at the upper segment of the generated idealized transect. 427 
Thus, the OHM was only applied to the middle segment. The CHM boundary conditions were 428 
specified at the open ocean boundary (i.e., 0 km into the domain), while the OHM boundary 429 
conditions were at the middle segment’s upstream end. The zero-flow boundary condition of the 430 
WHM was applied at the most upstream node of the upper segment. 431 

 432 

 433 

Figure 2. Generated one-dimensional idealized coastal watershed transect. Notice that the 434 
transect is vertically exaggerated to show the profile details (the x-axis is in kilometers, and the 435 
y-axis is in meters). (created using MATLAB) 436 

2.3.2 Environmental Forcings  437 

Three flooding mechanisms (rainfall-runoff, storm surge, and astronomical tides) were 438 
simulated. To create a compound flood event, variations of antecedent rainfall and tropical 439 
cyclone (including tides) events were created. The antecedent rainfall inundates the domain by 440 
pouring a uniform rainfall intensity over the upper segment, which flows downstream towards 441 
the middle segment in the watershed outlet’s direction (i.e., 40km into the domain). This rainfall 442 
event resembles the intense and prolonged rainfall brought upon by low-pressure systems or 443 
warm fronts that bring moisture from the Gulf of Mexico into the mainland. Rainfall frequency 444 
maps from the NOAA’s Atlas 14 were used to characterize the rainfall intensity from the 445 
antecedent rainfall event (Bonnin et al., 2006). To have an overall representation of the coastal 446 
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Louisiana rainfall estimates, the quantile estimates for all the rain gauges (~ 30) bounded south 447 
of I-10 and US-90 (see Figure S4 for location) were averaged into a single dataset of rainfall 448 
intensity for the 2- to 100-yr return periods and rainfall durations between one to three days (see 449 
Table 1). The Atlas 14 dataset was selected due to its capability of having quantile estimates for 450 
rainfall events lasting more than 24 hr. However, the authors recognize that other parametric 451 
methods, such as those developed by the Southeast Regional Climate Center (Faiers et al., 1997; 452 
Keim & Faiers, 2000) fit the observed data in coastal Louisiana more accurately than the ones 453 
from the Atlas 14, but are limited to 24-hr rainfall events.    454 

Table 1. Quantile estimates for the average rainfall conditions in coastal Louisiana based on the 455 
Atlas 14 dataset. 456 

Rainfall Duration (hr) 
Return 

Period (yr) 
Rainfall depth (mm) Rainfall intensity (mm hr-1) 

24-hr 48-hr 72-hr 24-hr 48-hr 72-hr 
2 128 147 159 5.34 3.07 2.21 
5 170 197 212 7.09 4.10 2.95 
10 207 240 258 8.64 4.99 3.58 
25 264 304 326 10.98 6.33 4.53 
50 312 358 384 12.98 7.46 5.33 

100 364 416 446 15.17 8.67 6.19 

 457 

A tropical cyclone event will follow the antecedent rainfall event, whereby these two 458 
events are mutually exclusive. The flood elevations given by the Flood Emergency Management 459 
Agency (FEMA) flood insurance study of Louisiana’s Southeastern parishes (FEMA & USACE, 460 
2008) were used to characterize the storm surge flooding mechanisms from the tropical cyclone 461 
event. For example, the flood elevations at -20 m NAVD88 in coastal Louisiana range from a 462 
maximum of 0.97 to 1.73 m for the 10- and 100-yr return periods, respectively. These flood 463 
elevations were considered the direct contribution of the storm surge flooding mechanisms. An 464 
empirical equation (Xu & Huang, 2014) for developing storm surge hydrographs were used to 465 
recreate the storm surge conditions at the open ocean boundary.  466 

 𝐻 = 𝐻 1 − 𝑎 × 𝑒 | ⁄ |𝐻 1 − 𝑐 × 𝑒 | ⁄ |  

(8) 

where 𝐻  represents the water height time series due to the storm surge, 𝐻  represents the peak 467 
storm surge at landfall time, 𝑡 is the time within the time series, 𝑡  represents the time at landfall, 468 
and 𝑎 and 𝑏 represent the fitted parameters for the rising limb, while 𝑒 and 𝑑 for the falling limb. 469 
This equation is based on observed storm surge hydrographs induced by category 3 and 4 470 
hurricanes at several coastal stations within the US Gulf of Mexico. For this study, the storm 471 
surge hydrograph produced by a category 3 hurricane was used.  Any rainfall associated with the 472 
tropical cyclone event was neglected since the selected forcing does not provide any tropical 473 
cyclones characteristics, such as radius, winds speed, forward motion, and central pressure. 474 
These characteristics are essential in most parametric rainfall models, such as the IPET model 475 
(see Bislkie et al., 2021), to estimate the spatial- and temporal-varying tropical cyclone-driven 476 
rainfall. Thus, the simulated meteorological event is similar to a strong and persistent onshore 477 
wind event, producing storm surge flooding without any rainfall associated with the system. 478 
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The flooding and ebbing of the astronomical tides were considered throughout the 479 
compound flood event’s entire duration. As the astronomical tides flood, seawater inundates the 480 
middle segment, and as the tides recede, seawater retreats and moves toward the lower segment. 481 
A constant-amplitude, single-frequency tidal signal was used to represent the tidal flooding 482 
within the modeling framework. This tidal signal was applied at the open ocean boundary using a 483 
sinusoidal function. Therefore, the tidal signal was superimposed on the storm surge hydrograph 484 
to obtain the open ocean boundary’s total water level. 485 

A tidal resynthesis analysis of observed data (NOAA, 2021) was performed to determine 486 
the tidal amplitude for coastal Louisiana during a 14.7-day tidal cycle. The daily tidal amplitude 487 
was computed as one-half of the mean daily tide range from the tidal resynthesis analysis 488 
performed at each of the ten NOAA stations selected (see Figure S4 for location). The spring tide 489 
amplitude was selected as the representative tidal amplitude for the compound flood event since 490 
it is the highest tidal water level. The spring tide amplitude averaged throughout coastal 491 
Louisiana was 0.43 m and represented the Gulf of Mexico's microtidal range. Similarly, the 492 
diurnal tide behavior selected mimics the conditions in the Gulf of Mexico. 493 

The compound flood event timing was varied to determine the total water level response 494 
due to the multiple forcings and their relative timings. The flood event timing is defined as the 495 
time between the end of the antecedent rainfall event and the arrival of the peak storm surge. For 496 
example, suppose the antecedent rainfall event finishes at the end of the second day of the 497 
simulation. In that case, the tropical cyclone effects can arrive as early as the third day to as late 498 
as the fifth day of the simulation (0 – 48 hrs). The start of the antecedent rainfall event will not 499 
vary within the compound flood event timeline since, by definition, it occurs before the storm 500 
surge arrives. The duration of the antecedent rainfall event varies from 24 to 72 hr, since 501 
previous studies have found antecedent rainfall events up to 3 days before a tropical cyclone 502 
landfall in this region (Bilskie et al., 2021).  503 

2.3.3 Model Setup 504 

The 1-D compound inundation model was specified to run a 7-day simulation with a 505 
computation time step of 10 seconds. The element size was 200 m, totaling 616 computational 506 
nodes for the selected idealized transect. The combination of this time step and element size 507 
results in a Courant-Friedrichs-Lewy (CFL) condition of 0.7, which is within the recommended 508 
range to avoid numerical instabilities (Mahgerefteh et al., 2009). The weighting parameter 𝐺 was 509 
set to 0.03 throughout the entire domain (Westerink et al., 2008) since the maximum bathymetric 510 
depth (-20 m) is relatively shallow when compared to the deepest portion of the Gulf of Mexico 511 
(~ 5 km). A different minimum water depth threshold (Ho) and minimum velocity threshold 512 
(Umin) were used for each module. For the WHM, Ho and Umin were established as 10-3 mm 513 
(Brufau et al., 2004) and 10-3 mm s-1, respectively. For the CHM, Ho and Umin were set as 50 mm 514 
(Bilskie et al., 2021) and 50 mm s-1, respectively. Finally, the Ho and Umin selected for the OHM 515 
were 1 mm (R.A. Luettich & Westerink, 1995b) and 1 mm s-1, respectively. 516 

2.4 Simulation Set 517 

A random sampling technique (RST) was used to select the simulation set and assess the 518 
total water level’s behavior under multiple combinations of the flooding mechanisms. The 519 
rainfall-runoff and storm surge mechanisms varied in magnitude and timing for the RST. For 520 
example, the rainfall intensity, duration of the rainfall event, peak storm surge level, and peak 521 
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storm surge time were selected as part of the RST. These parameters were varied between their 522 
upper and lower bounds, specified in Section 2.3.2, and were combined based on an equal 523 
probability of occurrence. A more “realistic” probabilistic distribution, rather than uniform 524 
distribution, was not pursued since the statistical behavior of the flooding mechanisms was out of 525 
scope for this study. However, the authors recognize the complex probabilistic distribution a 526 
compound flood event could entail, and thus are aware that certain combinations generated using 527 
the RST approach might be unrealistic but are suitable for this initial study. 528 

The rainfall intensity was set to vary between the 2- and 100-yr return periods (See Table 529 
1), with the rainfall duration set to vary between 24 to 72 hours. To estimate the exact quantile 530 
estimate, a power curve was fitted to the values on Table 1 based on the different return periods. 531 
In other words, six curves (See Figure S5), with their respective equations, are used by an 532 
algorithm to interpolate the exact value using a bilinear interpolation technique. For example, if 533 
the RST selects a rainfall event with a 36.8-yr return period magnitude lasting 67.48 hr, the fitted 534 
curves will be used to compute the quantile estimate at both bounds of the magnitude (25- and 535 
50-yr) and duration (48 and 72 hr), and then interpolate the exact value (4.97 mm hr-1). The peak 536 
storm surge level at the open ocean boundary varied between the 10- and 100-yr return periods 537 
with a time to peak between 0 and 48 hr after the rainfall event ended. 1,000 different 538 
combinations of these four input parameters were produced as part of the RST. A subset of eight 539 
different combinations is shown in more detail in the supporting text S5 and Table S1. 540 

The combination of the selected idealized transect and the diurnal micro-tides selected for 541 
this study requires that all simulations start from a hot start rather than from a cold start. This 542 
hot-start represents the sea-level conditions at dynamic equilibrium with the tidal forcing only 543 
and is required due to the model’s absence of a ramp function. Therefore, to avoid additional 544 
simulations required to produce the hot start conditions for each of the RST combinations, a 545 
single hot start condition was selected for the completed set of combinations. This selected hot 546 
start condition represents a 60 days simulation with spring tide at the selected idealized transect.  547 

Three different flooding scenarios were evaluated using each of the RST combinations. 548 
These flooding scenarios are i) storm surge only, ii) antecedent rainfall event only, and iii) the 549 
combined storm surge and antecedent rainfall events. All three flooding scenarios include the 550 
astronomical tides flooding mechanism throughout the entire simulation period. These flooding 551 
scenarios resulted in three simulations for each RST combination, with 938 combinations per 552 
scenario evaluated. Note that approximately 6% of the combinations (i.e., 62 out of 1,000) where 553 
eliminated from the simulation set since these combinations had a rainfall intensity less than the 554 
2-yr event.  Therefore, 2,814 simulations were performed to assess the compound flood at the 555 
selected idealized transect.  556 

2.5 Post-Processing Techniques 557 

2.5.1 Flood Hazard Zones Delineation 558 

Compound flood hazard zones (FHZs) can be delineated based on the flooding 559 
mechanism that dominates the total water levels at a particular region. Thus, three FHZs can be 560 
delineated: coastal, hydrologic, and transition (Bilskie & Hagen, 2018). Three separate flooding 561 
scenarios have to be simulated to delineate the flood hazard zones. The flooding scenarios 562 
considered are rainfall-runoff and tides, storm surge and tides, and the combination of rainfall-563 
runoff, storm surge, and tides. Researchers have recently used two techniques to delineate the 564 
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FHZ based on the different flooding scenarios. Bilskie and Hagen (2018) defined the transition 565 
zone where the maximum water levels from the rainfall-runoff scenario are greater than the 566 
water levels from the storm tides scenario, and the water levels from the combined scenario are 567 
greater than the water levels from the rainfall-runoff scenario (Bilskie et al., 2021; Bilskie & 568 
Hagen, 2018). Similarly, the technique used by Shen et al. (2019) consists of defining the 569 
transition zone as areas where the combined scenario elevations are at least higher than the 570 
simulation of either flooding mechanisms by a specific threshold, such as 10 – 20 cm (Gori et al., 571 
2020b; Shen et al., 2019). 572 

This study defined the compound FHZ using the maximum water level from three 573 
individual flooding scenarios: rainfall-runoff only (R), storm surge only (S), and the combined 574 
(RS) scenario. The coastal FHZ is defined as the region where the maximum water level from 575 
the storm surge scenario is approximately equal (< 10 cm) to the water levels from the combined 576 
scenario (ƞ ≅  ƞ ). The hydrologic FHZ was defined as the region where the maximum water 577 
level from the rainfall-runoff scenario is approximately equal (< 10 cm) to the water levels from 578 
the combined scenario (ƞ ≅  ƞ ). Finally, the transition FHZ was defined as the region where 579 
the maximum water levels from the combined scenario were greater than the water levels from 580 
the storm surge and rainfall-runoff scenarios (ƞ <  ƞ  and ƞ <  ƞ ).  581 

2.5.2 Flood Rank 582 

A flood rank (𝐹 ) (Eq. 9) was developed to interrogate the diverse response of the total 583 
water levels due to the variations in environmental forcings. This ranking compares the 584 
maximum water levels from a given simulation with the maximum of maximums and minimum 585 
of minimums of water levels of the combined flood scenario. Therefore, each simulation will 586 
have a 𝐹  at each computational node, with values ranging from 0 to 1. As 𝐹  → 0, the 587 
maximum water levels for a given simulation are closer to the minimum of minimums, meaning 588 
that the simulation has the least severe inundation. Conversely, as 𝐹  → 1, the maximum water 589 
levels for a given simulation are closer to the maximum of maximums, meaning that the 590 
simulation has the most severe inundation. Since 𝐹  varies spatially within each simulation, the 591 
average 𝐹  (i.e., 𝐹 ) can be computed at different regions of interest within the domain, such as 592 
compound flood hazard zones or changes in slope. 𝐹  represents what really happened in terms 593 
of the inundation levels, given a set of environmental forces:  594 

𝐹 = 1𝑁 ƞ − ƞ
ƞ − ƞ

 (
9) 

where the superscript 𝑖 represents the node index, 𝑁 represents the total amount of nodes within 595 
a region, the subscript 𝑗 represents the simulation ID, the subscript 𝑢 represents the maximum 596 
water level from the entire simulation set at node 𝑖, and the subscript 𝐿 represents the minimum 597 
water level from the entire simulation set at node 𝑖. 598 

2.5.3 Severity Index  599 

The severity index (SI) serves as a tool for determining how a combination of forcing’s 600 
parameters could translate into inundation effects. The storm surge peak time (𝑠 ) was 601 
considered with respect to the high astronomic tide level (𝑠 ) and the end of the antecedent 602 
rainfall event (𝑠 ). The “best” case (or less severe) was when all input parameters were at their 603 
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minimum value, such as 𝑟 = 4.36 mm hr-1, 𝑟 = 24 hr, 𝑠 = 0.97 m, and 𝑠 = 48 hr, and the storm 604 
surge peak time coincides with a low astronomic tide level, which occurs from 12 to 156 hrs 605 
every 24 hours. This represents a 𝑆𝐼 = 0. Conversely, the “worst” case (or more severe) is when 606 
all input parameters are at their maximum value, such as 𝑟 = 6.19 mm hr-1, 𝑟 = 72 hr, 𝑠 = 1.73 607 
m, and 𝑠 = 0 hr, and the storm surge peak time coincides with a high astronomic tide level, 608 
which occurs from 6 to 150 hrs every 24 hours). This represents a 𝑆𝐼 = 1. Thus, the SI 609 
represents what could happen, in terms of the inundation levels, given a set of environmental 610 
forces, and was defined as: 611 𝑆 = 𝜃 𝑟 ∗ + 𝜃 𝑟 ∗ + 𝜃 𝑠 ∗ + 𝜃 𝑠 ∗ + 𝜃 1 − 𝑠 ∗ )  (

10) 
where 𝜃 represents an unknown weighting coefficient for each input parameter, 𝑟  represents the 612 
rainfall duration, 𝑟  represents the rainfall intensity, 𝑠  represents the peak storm surge level, 613 𝑠  represents the peak storm surge time with respect to the high astronomical tide level, 𝑠  614 
represents the peak storm surge time with respect to the end of the antecedent rainfall event, and 615 
the superscript * represents the normalized value of a given parameter. Note that the reciprocal 616 
of 𝑠  is considered in Eq.10 since it is assumed that a more severe index occurs when the time 617 
between the peak storm surge and the end of the antecedent rainfall events is at its minimum 618 
(e.g., 0 hr) and not as the maximum as the other parameters in this equation. 619 

An ordinary least-squares regression (K. Haddad et al., 2011; Khaled Haddad et al., 620 
2013) was used to find the weighting coefficients of SI within each region of interest for the 621 
complete simulation set. This technique optimizes the weighting coefficient values by 622 
minimizing the square difference between the 𝐹  and the SI for the entire simulation set at each 623 
region of interest. In other words, a perfect correlation occurs when 𝐹 = 1 and the 𝑆𝐼 = 1, 624 
meaning that the worst case of combinations of inputs parameters resulted in the highest flood 625 
levels. Two constraints were specified to determine these weighting coefficients. First, the sum 626 
of the weighting coefficients must equal one since the 𝑆 (Eq. 10) represents a weighted average 627 
of the input parameters. Second, the values of the weighting coefficients must be between zero 628 
and one (0 < 𝜃 < 1). 629 

3 Limitations 630 

Some of the model’s limitations were based on removing some natural processes when 631 
developing the proposed modeling framework. For example, some of the omitted hydrologic 632 
processes were infiltration, percolation, evapotranspiration, interception, initial soil moisture, and 633 
initial abstraction. These neglected components, if considered, will decrease the overland 634 
rainfall-runoff that will eventually interact with the seawater and increase the compound 635 
inundation. However, for return period analyses such as those conducted herein, these could 636 
likely be included as uncertainty terms. Also, during extreme weather events, such as the ones 637 
simulated in this study, these neglected components often have a minor impact on the flood 638 
depths, especially when combined with the peak storm surge (Huang et al., 2021).   639 

Similarly, some neglected coastal processes were momentum dispersion and diffusion, 640 
baroclinic forcing, atmospheric pressure, Coriolis force, and wind stress applied at the water 641 
surface. These omitted factors, in addition to the rainfall from the tropical cyclone, will influence 642 
the water level at the lower segment and subsequently alter the compound flood hazard zones. 643 
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While the hydrologic and coastal process limitations deserve further study, the latter will likely 644 
lead to more complicated non-linear interactions. However, the model formulation was 645 
developed to include such components in future studies easily. For example, the neglected 646 
coastal processes can be included based on the well-developed ADCIRC formulation (Luettich et 647 
al., 1992), on which this model is based. Similarly, hydrologic processes neglected can be 648 
included as source/sink terms in the continuity equation (Eq. 5) based on spatially varying 649 
watershed properties, such as LULC and soil types. 650 

Lateral discharge was neglected in the modeling framework due to its 1-D nature, thus, 651 
limiting the validation capability of the proposed framework with other published studies of our 652 
models, which are mainly 2-D. However, the purpose of this tool was never to estimate or 653 
forecast the compound flood level, which requires 2-D models, but rather to assess the 654 
relationship between flooding mechanisms in a controlled environment. This would bring some 655 
knowledge when expanding this effort into 2-D. Another limitation of the selected modeling 656 
framework was the inclusion of riverine processes, such as river flow, out-of-bank flow, and 657 
depth-varying roughness. The selected framework considers only overland flow produced from 658 
rainfall-runoff. However, the governing equations of the WHM can be modified by changing the 659 
flow area and hydraulic radius parameters from a very wide channel option (overland flow) to a 660 
conveyed flow through a defined cross-section (riverine flow). 661 

The authors acknowledge that the modeling framework’s computational efficiency could 662 
be improved in future research. For example, the CHM can replace the OHM if the appropriate 663 
boundary conditions are applied. Also, this effort would require improving the current wetting 664 
and drying algorithm by lowering the current water depth threshold to propagate shallower flow. 665 
In addition, the current coupling technique employed between the hydraulic modules (i.e., one-666 
way coupling) does not allow the continuous transfer of information between them. This means 667 
that coastal processes from the CHM do not affect the solution of the WHM. Recall that the 668 
Kinematic wave assumptions do not support backwater effects due to neglecting the pressure 669 
gradient term in the momentum equation (Eq. 6). Thus, the coastal process's backwater effect 670 
cannot be computed by the WHM. Future work should focus on applying more robust 671 
techniques, such as the diffusive wave assumption. Regardless of these limitations, this study's 672 
findings support the need for a more holistic assessment of compound inundation in low-gradient 673 
coastal watersheds, improving the compound FHZ’s delineation. 674 

4 Results 675 

4.1 Time-varying Water Level and Velocity Profiles: Simulation #692 676 

The proposed 1-D compound inundation model outputs were time- and space-varying 677 
water surface elevation and velocities. Post-processing these outputs can lead to the creation of 678 
water levels and flow profiles. For example, the water surface elevation (WSE) and flow profiles 679 
for Simulation #692 (See Table S1 for more detail) are presented in Figure 3 at different 680 
simulation times. Note that the ordinate of the WSE profiles (Figure 3A, C, E) was exaggerated 681 
(i.e., ordinate in meters vs. abscissa in kilometers) to enhance the water level variations along the 682 
idealized transect.  683 

When the antecedent rainfall event ends, the WSE profiles of the R and RS scenarios 684 
overlap beyond 43 km into the domain (Figure 3a). Conversely, the WSE profiles of the S 685 
scenario overlap the RS scenario downstream of 70 km into the domain. However, the flow 686 
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profiles (Figure 3b) illustrate that there is no water movement between the 43 to 70 km of the 687 
middle segment. This means the water levels over this region are ponded seawater from the tidal 688 
spin-up. However, the tides are pushing seawater into the middle segment and propagating 689 
upstream only 3km, while the rainfall-runoff is inundating the first 9 km of the upstream portion. 690 
Therefore, both flooding mechanisms can affect the same region simultaneously without 691 
exacerbating their individual flooding effects. As time progress, the freshwater will travel 692 
downstream until it meets the seawater from the storm surge. For example, when the peak storm 693 
surge arrives, it inundates the lower 13 km of the middle segment with seawater, while 694 
freshwater flows seaward and floods more than half of the segment (Figure 3c). However, at this 695 
time step, it can be seen that there has not yet been a flux interaction between the storm surge 696 
and the rainfall-runoff since there is a dead flow zone between 53 and 56 km of the middle 697 
segment (Figure 3d).  698 

As the storm surge wave propagates inland, it dominates the inundation levels for more 699 
than half of the segment (58 km into the domain) since the RS and S scenarios overlap in Figure 700 
3e. However, there is evidence that both flooding mechanisms exacerbated their individual 701 
inundation impacts since, for the RS scenario, the water level was higher than both individual 702 
scenarios between 60 to 72 km of the middle segment. Also, the flux interaction between both 703 
processes resulted in a slight ,0.05 m3 s-1 m-1, attenuation of the storm surge flooding effects since 704 
the RS scenario has a lower flow than the S scenario inland (Figure 3f). For the remainder of the 705 
simulation period (not shown here), the water levels from all the flooding scenarios will decrease 706 
gradually since the only mechanism driving the flood is the astronomical tides. The compound 707 
FHZs, as well as the location and time of the maximum inundation levels, can be obtained from 708 
the outputs of this modeling framework under different flooding scenarios and will be discussed 709 
in more detail next. 710 
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 711 

Figure 3. Water surface elevation and flow profiles at different times for Simulation #692 under 712 
various flooding scenarios. The blue and green solid lines represent the storm surge only (S) and 713 
rainfall-runoff only (R), respectively, while the red dotted line represents the combined flood 714 
(RS) scenario. The dashed black line represents the bottom profile. The title of each subpanel 715 
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refers to the simulation time. The dashed grey line represents the zero-flow value. The grey 716 
dotted lines represent the change in the slope of the idealized transect. The title of each subpanel 717 
refers to the simulation time. Positive flow values represent that water is moving landward, while 718 
negative values represent that water is moving seaward (created using MATLAB) 719 

4.2 Maximum Water Level 720 

The maximum water level (MWL) and the time to peak water level (TPWL) profiles 721 
were computed for the simulation set under different flooding scenarios. The MWL profiles were 722 
obtained by selecting the MWL during each computational node’s entire simulation period. The 723 
TPWL profiles were computed as the simulation time when the MWL occurred at each 724 
computational node. Notice that the linear superposition of the individual flooding scenarios 725 
profiles (R+S scenario) was computed by adding linearly the WL time series at each node from 726 
the S and R scenarios, followed by subtracting the WL time series of the tides only scenario at 727 
each node to remove the double accounting of tides from combining both scenarios. Then, the 728 
MWL at each node for the entire series was computed to obtain the MWL profiles for the R+S 729 
scenario.  730 

WSL profiles (Figure 4) from the simulation’s subset (Table S1) illustrate that the 731 
forcing’s magnitude and timing affect the compound inundation levels. For example, the most 732 
critical combination in terms of magnitude, high rainfall and high surge, had the greatest 733 
inundation levels in the middle segment. However, the compound inundation levels were their 734 
lowest when the rainfall lasted longer. In addition, there was a greater separation between the 735 
end of the rainfall and the peak storm surge since you will have a less intense rain event with 736 
more time to drain before the storm surge event. Furthermore, the R+S profiles had a greater 737 
value than the RS scenario for all the simulations within the middle segment. Thus, illustrating 738 
the non-linearity between the flooding mechanisms in a compound flood at the “potential” 739 
transition zone.  740 
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 741 
Figure 4. Maximum water level profiles for different flooding scenarios of the simulation subset 742 
(Table S1). The solid blue, green, and red lines represent the storm surge only (S), rainfall-runoff 743 
only (R), and combined flood (RS) scenarios, respectively. The solid yellow line represents the 744 
linear superposition of the water levels computed by the rainfall-runoff-only and storm surge-745 
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only (R+S) scenarios. The dashed black line represents the bottom profile. The title of each 746 
subpanel refers to the simulation ID within the subset. (created using MATLAB) 747 

In terms of TPWL profiles, the simulation’s subset results (Figure 5) show the astronomic 748 
tides flooding mechanism segmenting the profiles due to seawater being pushed landward at 749 
each high tide within the tidal period (~ each 16 hr) and increasing its MWL. Note that this time 750 
does not coincide with the time between successive high and low tides (12 hours) since the storm 751 
surge hydrograph’s falling limb influences the water levels. Therefore, the astronomical tides 752 
mechanisms can have an essential role in the TPWL profiles in all scenarios. Furthermore, a 753 
pseudo-linear behavior of the TPWL profile at the middle segment can be identified for the RS 754 
scenario. This can be attributed to the exchange of momentum between both flooding 755 
mechanisms since the seawater flow penetrating inland under the peak storm surge conditions 756 
can have enough momentum to push the freshwater flow landward and further increase the 757 
middle segment’s growth total water levels. For certain flood hazard combinations, such as 758 
Simulation 773 and 13, the two flooding mechanisms may occur almost (within 2 hr) 759 
simultaneously but at different locations within the middle segment (Figure 5e-f). As time 760 
progressed, the flood waves would coincide, creating a compounding flood event, which could 761 
aggravate or alleviate the inundation levels. In certain simulations (773), the TPWLs for all three 762 
scenarios can occur at the exact location (78.8 km) within one hour (Figure 5e). However, water 763 
level hydrographs at this location illustrate that if the individual flooding mechanisms were 764 
linearly superposed, the total water levels overestimate the total inundation when the flooding 765 
mechanisms are not considered in a compound modeling framework (Figure S6). Therefore, the 766 
non-linearity of a compound inundation is not only because of the different time-to-peak water 767 
levels from each flooding mechanism, and additional factors should be considered, such as the 768 
momentum exchange. 769 
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 770 
Figure 5. Time to peak water level for different flooding scenarios of the simulation subset. The 771 
blue, green, and red dots represent the storm surge only (S), rainfall-runoff only (R), and 772 
combined flood (RS) scenarios, respectively. The title of each subpanel refers to the simulation 773 
ID within the subset. (created using MATLAB) 774 
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The descriptive statistics and the relative probability of the MWL were computed for 775 
each simulation under the three flooding scenarios (Figure 6). For the S scenario, the mean 776 
MWL occurs at the middle segment's beginning and decreases as it extends through this segment 777 
(Figure 6a). For example, 68% of the MWL, which represents +/- one standard deviation from 778 
the mean, are within 1.14 and 1.90 m at the middle segment's beginning but decreases to 0.39 779 
and 0.49 at the end of this segment. This behavior is expected since the MWLs, due to the storm 780 
surge flooding mechanism, occur at shallow bathymetric depths and decrease as they move 781 
inland due to flow resistance and gravity. For the R scenario, the mean MWL at the upper 782 
segment is less than at the middle segment, even though the rainfall falls directly over the upper 783 
segment (Figure 6c). This behavior is mainly due to gravity that accelerates the freshwater flow 784 
over steeper slopes, such as the upper segment, preventing the water levels from increasing 785 
rapidly. When the high-velocity freshwater flow reaches a milder slope like the middle segment, 786 
the water levels have to increase to compensate for the slower velocities, thereby conserving 787 
mass as governed by the continuity equation. For the RS scenario, the MWL at the beginning of 788 
the middle segment and throughout the lower segment is mainly driven by coastal processes 789 
since these values overlap with the ones from the S scenario (Figure 6e). Conversely, the MWLs 790 
beyond 81 km into the domain are mainly driven by hydrologic processes since these values 791 
overlap with ones from the R scenario. Therefore, the total water levels at the middle segment 792 
and the first 3 km of the upper segment are influenced by both flooding mechanisms, on average, 793 
during a compound flood event. 794 

Similarly, the descriptive statistics and the relative probability of the TPWLs illustrate 795 
that the range of 68% of the TPWLs remains relatively constant (within 1 hr) throughout the 796 
middle segment with a value of 40 hr for the S scenario. This behavior represents that the spatial 797 
variation of the TPWLs is mainly dominated by the flow resistance parameters and not by the 798 
variations in input parameters since Manning’s roughness is constant throughout each segment 799 
for this case study. Three different periods were identified with the highest (> 5%) relative 800 
probability of peak water levels in the middle segment (Figure 6b). These three periods 801 
approximately equal (within 1 hr) the time between successive high tides (24 hr), meaning that 802 
the astronomical tides flooding mechanism regularly influences the TPWLs for the S scenario. 803 
This behavior also occurs in the R scenario for the first 12 km of the middle segment. For the RS 804 
scenario, the TPWLs for the first 10 km of the middle segment overlap the ones from the S 805 
scenario, while most (89%) of the upper segment overlap the ones from the R scenario. 806 
Therefore, there is a 34 km region where both flooding mechanisms, on average, influence the 807 
compound flood’s timing and have some of the highest (> 6%) relative probability of occurrence. 808 
This behavior represents that the most frequent TPWL occurs at the region where both flooding 809 
mechanisms influence the total water level, highlighting the importance of using a compound 810 
flood modeling approach to assess multi-hazard flood events at coastal watersheds. 811 



Water Resources Research 

 

 812 

 813 



Water Resources Research 

 

Figure 6. Maximum water levels (a,c,e) and time to peak water level (b,d,f) for the complete set 814 
of simulations under different flooding scenarios: (a,b) storm surge only, (c,d) rainfall-runoff 815 
only, and (e,f) combined flood. The color bar on the right corresponds to the relative probability. 816 
(created using MATLAB)  817 

4.3 Compound Flood Hazard Zones 818 

The compound flood hazard zones (FHZs) were delineated for the entire simulation set 819 
(Figure 7). These FHZs were classified into hydrologic, transition, and coastal. Results from the 820 
simulation’s subset (Figure 7A) illustrate that the extent of the compound FHZs is directly 821 
proportional to the forcing’s magnitude. For example, a higher storm surge event (Simulation 822 
692) results in a larger coastal FHZ than smaller events (Simulation 609). A similar trend was 823 
observed for the forcing’s timing only, such as Simulation 13 vs. 386. However, when 824 
considering the forcing’s magnitude and timing, the relationship with the extent of the compound 825 
FHZ is not proportional. For example, the coastal FHZ of Simulation 773 is 50% greater than the 826 
one for Simulation 313, despite the fact that Simulation 313 has a greater peak storm surge level 827 
and lager time between the rainfall event and the peak storm surge than Simulation 773. 828 
Furthermore, the nonlinearity of both flooding mechanisms can be demonstrated through the 829 
compound FHZ. For example, high rainfall events (320 mm total rain) could produce smaller 830 
hydrologic FHZs than small rainfall events (229 mm total rain), mainly because the transition 831 
FHZ increases due to large peak levels and time-to-peak storm surge events, such as Simulation 832 
313 vs. 513. 833 

 The coastal and hydrologic interfaces were computed for the entire simulation set to 834 
determine the relative probability of where these FHZs begin or end (Figure 7b). The coastal 835 
interface refers to the location where the coastal FHZ ends and the transition FHZ begins. In 836 
contrast, the hydrologic interface refers to the end of the transition FHZ and the beginning of the 837 
hydrologic FHZ. The minimum, mean, and maximum coastal interfaces are 39.2, 46.7, and 61.8 838 
km into the domain, respectively, while the hydrologic interfaces are 72.8, 80.8, and 83.2. 839 
Therefore, the transition flood hazard zone extends from 46.7 to 80.8 km into the domain on 840 
average. These findings represent that coastal processes can influence the total water levels up to 841 
41 km inland under a compound inundation event for this idealized transect. The coastal 842 
interface has its highest (> 10%) relative probability of occurrence between 40.6 to 47 km into 843 
the domain, while the hydrologic interface occurs between 79.7 to 82.5 km into the domain. 844 
Therefore, the transition flood hazard zone with the highest relative probability of occurrence 845 
extends from 40.6 to 82.5 km into the domain. These results represent a high relative probability 846 
that the coastal processes dominate the total water levels up to 42.5 km into the domain, while 847 
the hydrologic processes dominate beyond 82.5 km during a compound flood event.  848 

The length of the compound FHZs was determined for the complete simulation set 849 
(Figure 7C). The minimum and mean lengths for the coastal and hydrologic FHZs were very 850 
similar, with 39.2 and 46.7 km for the coastal FHZ, respectively, and 39.8 and 42.2 km for the 851 
hydrologic FHZ, respectively. However, their maximum coastal FHZ was 11.6 km longer than 852 
the hydrologic one. On the other hand, the minimum, mean, and maximum transition FHZ was 853 
significantly less, with 21.4, 34.1, and 41.6 km, respectively. There is a high (> 20%) relative 854 
probability that both the coastal and hydrologic FHZs have a similar length, between 41-42 km. 855 
Conversely, the most probable length for the transition FHZ is 5 km smaller than the other two 856 
FHZs. When plotted together, both the coastal and transition FHZs have a more extensive spread 857 
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in their distribution rather than a centralized distribution as the hydrologic one. These findings 858 
represent that, on average, each flooding mechanism dominates the total water levels at larger 859 
portions of the domain than both having an influence within the same region during a compound 860 
inundation event. 861 
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Figure 7. Compound flood hazard zones for the simulation subset (a), and relative probability of 864 
the compound flood hazard zone’s (b) interface and (c) lengths for the entire simulation set. Each 865 
color bar represents a different compound flood hazard zone. The gold dashed line represents the 866 
idealized coastal watershed transect. The dotted lines represent the different segments within the 867 
idealized coastal watershed transect. (created using MATLAB) 868 

4.4 Governing Input Parameters 869 

The weighting parameters from the severity index (SI) equation (Eq. 10) were computed 870 
based on all the simulation results at different regions of interest to investigate the influence of 871 
each input parameter in the compound inundation levels. The regions selected are the compound 872 
FHZ, the different domain segments, and the entire domain. Results from the ordinary least-873 
square regression show that there is a similarity in the computed weighting parameters between 874 
the compound FHZs and the domain segments (Figure 8). For example, the transition FHZ and 875 
the middle segment have similar weighting parameter values. The same behavior occurs between 876 
the coastal FHZ and the lower segment, and the hydrologic FHZ and the upper segment. Thus, 877 
compound FHZs depend not only on the environmental forcings but also on the domain 878 
characteristics. In other words, the ground elevation (including the slope) and roughness 879 
influence the FHZs. Furthermore, based on the weighting parameters, the SI can be used as an 880 
initial estimate of compound FHZ’s location. 881 

At the lower segment/coastal FHZ, the storm surge magnitudes significantly dominate the 882 
inundation level, with more than 50% of the total contribution of the total weighting factors 883 
(Figure 8B-C). This behavior represents that the coastal processes dominate this region. 884 
Surprisingly, the hydrologic parameters have a greater weight than the time-related parameters of 885 
the coastal processes at these locations. Furthermore, the total contribution of the coastal 886 
processes time parameters is not even 4% and 8% for the coastal FHZ and lower segment, 887 
respectively. Thus, the hydrologic parameters have a greater influence on the coastal FHZ than 888 
on the lower segment. This behavior is expected since the coastal FHZ penetrates up to 7km 889 
inland, on average, while the lower segment does not. 890 

At the middle segment/transition FHZ, only three parameters (out of five) comprise the 891 
SI (Figure 8D-E). Two are related to hydrologic processes and account for more than 66% of the 892 
flooding at these locations. This represents that the dominant factor within this region is the 893 
hydrologic processes. Unexpectedly, the coastal time parameters do not contribute to the SI in 894 
this region, meaning that the storm surge arrival could fluctuate without affecting the SI. Also, 895 
these regions reported the highest coefficient of determination (R2) and lowest root-mean-square 896 
error (RMSE) with an R2 of 0.68 and 0.62 and an RMSE of 0.06 and 0.07 for the transition FHZ 897 
and middle segment, respectively (Figure S7). This behavior is expected since both flooding 898 
mechanisms have a greater opportunity to co-occur at these locations. Note that the RMSE was 899 
obtained from a linear regression on the flood rank vs. the SI, in which the flood rank is the 900 
abscissa and the SI the ordinate. 901 

At the upper segment/hydrologic FHZ, all parameters contribute to the SI (Figure 8E-F). 902 
As expected, the dominant factor is the hydrologic processes with up to 65% of the total 903 
parameters. However, coastal process time parameters have a more significant contribution in the 904 
upper segment than in the lower and middle segments. Also, the time between peak storm surge 905 
a high tide has a similar (within 2%) weight in the SI. Therefore, the coastal time parameters 906 
play a role in the penetration of seawater inland at higher elevations. 907 
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 908 

Figure 8. Weighting parameters of the severity index for the complete set of simulations at 909 
different locations: (a) complete domain, (b) lower segment, (c) coastal FHZ, (d) middle 910 
segment, (e) transition FHZ, (f) upper segment, and (g) hydrologic FHZ. The different colors 911 
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represent the weighting parameters in the severity index equation (Eq. 10). (created using 912 
MATLAB) 913 

5 Discussion 914 

Compound inundation can vary widely due to several factors, such as coastal watershed 915 
characteristics (e.g., bathymetry / topography and LULC), environmental forcings (e.g., storm 916 
surge, rainfall, and astronomical tides), and the timeline of weather events. In general, the 917 
astronomical tide flooding mechanisms dominate the water levels across the middle segment 918 
before combining with the rainfall-runoff flooding mechanism, which controls the water levels at 919 
the upper segment. Then, the total water levels at the middle segment are dominated by the 920 
rainfall-runoff flooding mechanism, with its maximum contribution occurring after the 921 
antecedent rainfall event ends. As the peak storm surge approaches the middle segment, the 922 
water levels at the middle segment are influenced by both coastal and hydrologic processes. The 923 
inland penetration of the storm surge depends on several factors, such as surface roughness, 924 
bathymetry / topography, and astronomical tides, but in a compound inundation event, the 925 
momentum of each flooding mechanism must be considered. When the freshwater momentum is 926 
greater than the seawater momentum, the rainfall-runoff attenuates the storm surge effects, 927 
especially at farther inland locations. For example, the mean seawater momentum (S scenario) 928 
that penetrates inland through the middle segment is 1,811 kg m s-1 for Simulation 692, while the 929 
compound momentum (RS scenario) is 6,222 kg m s-1, but moving seaward. Thus, the mean 930 
relative change in momentum (see more details in Text S6) is 55%, which represents that the 931 
rainfall-runoff contributed, on average, up to double the amount of momentum to attenuate the 932 
storm surge effects during a compound inundation event. Similar behavior was observed for the 933 
other simulations within the subset, with an average for the subset of 86% (Figure S8). This 934 
momentum exchange is often neglected due to the lack of a tightly- or fully-coupled approach 935 
between both flooding mechanisms (Bakhtyar et al., 2020b; Orton et al., 2018). Therefore, the 936 
velocity component of each flooding mechanism should be considered in any compound 937 
inundation event using a tightly- or fully-coupled approach. This is a major shortcoming in using 938 
a superposition approach or inappropriate coupling. 939 

Compound inundation levels are affected by both the environmental forcing’s magnitude 940 
and timing. At the coastal FHZ, the magnitude of the storm surge flooding mechanisms 941 
dominates the total water levels, being the major parameter contributing to the SI. On the 942 
contrary, the magnitude and time of the rainfall-runoff flooding mechanisms dominate the total 943 
water levels at the hydrologic FHZ, being over two times more significant (based on the 944 
weighting parameters of the SI) than the storm surge flooding mechanisms at this location. 945 
However, each flooding mechanism's contribution (e.g., magnitude only) to the total water levels 946 
at the transition FHZ is more evenly distributed than the other FHZs. This behavior suggests that 947 
the timing of each flooding mechanism substantially influences the compound inundation levels, 948 
especially within the hydrological FHZ. Surprisingly, this is not supported for the transition 949 
FHZ, as other studies have stated (Tanim & Goharian, 2021; Hsiao et al., 2021). Furthermore, 950 
the proposed SI can be a faster alternative approach to identifying the compound flood hazard 951 
zone since it only requires one-third of the total simulations than the maximum water level 952 
profile approach. 953 

Overall, the synchronization of the coastal processes substantially impacts the SI and the 954 
compound inundation. For example, the time between the peak storm surge and high 955 
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astronomical tide levels can greatly affect the total water levels due to the non-linear interaction 956 
(Tanim & Goharian, 2021; Terry et al., 2021), especially at the hydrologic FHZ. If the 957 
astronomical tide flooding mechanisms are not considered, the worst case (i.e., all input 958 
parameters are at their maximum value) simulation has a lower Flood Rank (𝐹 = 0.8) than 959 
other simulations (e.g., 𝐹 = 0.83 for Simulation 90) at the hydrologic FHZ, despite having a 960 
higher SI (1 vs. 0.62). This behavior can be attributed to the substantial importance the timing of 961 
the coastal processes has in the compound flood levels, especially at the hydrologic FHZ. The 962 
astronomical tides flooding mechanism influences the time to peak water levels for the storm 963 
surge only and rainfall-runoff only scenario at the upper segment, having up to 10% of 964 
contribution in this location. Thus, the astronomical tides provide an important non-linear 965 
contribution to the compound flood hazard and should be included as a flooding mechanism in 966 
any compound inundation study. 967 

In general, the total water levels throughout the lower segment are mainly driven by 968 
coastal processes, while the upper segment is primarily driven by hydrologic processes. 969 
However, the middle segment's total water levels are influenced by coastal and hydrologic 970 
processes (i.e., transition FHZ). In locations where the maximum water levels from both flooding 971 
mechanisms coincide, the linear superposition of these individual flood levels overestimates the 972 
total water level, leading to larger errors versus considering them in the same simulation (Huang 973 
et al., 2021). Thus, the existence of a non-linear relationship between the astronomical tides, 974 
storm surge, and rainfall-runoff is evident in a compound inundation event (Bilskie et al., 2021; 975 
Bilskie & Hagen, 2018) and may even increase its non-linearity levels in future scenarios as a 976 
result of climate change and anthropogenic effects  (Santiago-Collazo et al., 2021; Xu et al., 977 
2023). Regarding relative probability for the case study, the coastal FHZ is most likely to end 978 
between 39.4 to 61.8 km, while the hydrologic FHZ is most likely to start between 72.8 to 83.2 979 
km into the domain. Therefore, the transition flood hazard zone can span throughout the three 980 
segments of the domain, covering the entire middle segment and up to 4 km of the upper 981 
segment, and is where the most frequent time to peak water level occurs. Hence, the 982 
compounding effects of multiple flood mechanisms should be considered when developing 983 
compound flood hazard maps, especially in low-gradient coastal land-margin (Zhang & Najafi, 984 
2020).  985 

6 Conclusions 986 

This study presents a 1-D inundation model capable of assessing the physical interaction 987 
between various flooding mechanisms (i.e., storm surge, rainfall-runoff, and astronomical tides) 988 
through a reduced physics approach. The modeling framework consists of three separate 989 
modules (i.e., Coastal, Watershed, and Overland Hydraulics Modules) based on the same 990 
fundamental equations that are being simplified for certain flooding mechanisms, such as the 991 
kinematic wave equations for hydrologic processes or the shallow water equations for coastal 992 
processes. A single wetting and drying algorithm was applied to all three modules to reduce 993 
numerical instabilities. The modules that compose this modeling framework and the coupling 994 
technique between them were verified against analytical solutions and mass balance analysis. 995 
Based on observed data, an idealized coastal watershed transect was developed to test thousands 996 
of combinations of flooding mechanisms at a low computational cost. This modeling framework 997 
created maximum water level profiles, delineated compound FHZs, and developed a SI of the 998 
compound inundation. 999 
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The velocity component of each flood mechanism can substantially impact the total water 1000 
levels by attenuating the storm surge inland penetration or exacerbating the rainfall-runoff 1001 
inundation due to backwater effects. This component should be considered in any compound 1002 
flood study regarding discharge since it provides valuable insight into the flow direction and 1003 
momentum exchange of each flooding mechanism. Compound inundation levels are affected by 1004 
the magnitude and timing of each flooding mechanism, especially in the transition FHZ, where 1005 
both flooding mechanisms influence the total water levels. The SI can be an alternative approach 1006 
to select the most critical combinations of flooding mechanisms at different domain locations 1007 
before executing any simulation. The proposed study may serve as an initial attempt to describe 1008 
the interaction between the flooding mechanisms, as well as to establish guidelines for 1009 
delineating compound FHZs. Also, a 1D modeling framework can aid in developing flood 1010 
frequency analysis for compound flood events due to its low computational cost and fast 1011 
assembly. Therefore, researchers, engineers, and stakeholders can move towards better flood 1012 
resiliency practices, such as flood hazard maps for compound events, that can aid planning and 1013 
management of low-gradient coastal land-margins. 1014 

The lessons learned from this 1-D inundation model may serve as a foundation for future 1015 
endeavors to build upon when developing 2-D models to improve compound flood assessments. 1016 
This holistic modeling approach can be accomplished by considering different approximations of 1017 
the St. Venant equations to characterize the different types of surface flow. Future efforts will 1018 
focus on applying the proposed 1-D modeling framework at a larger spatial scale (nationally or 1019 
globally) to aid in identifying low-gradient coastal land-margins based on physics-based 1020 
parameters and idealized transects that represent different coastal watersheds which were not 1021 
included in this study. These regions are prone to compound flood impacts, and their low-1022 
gradient profile may exacerbate the flooding effects. A tool that identifies these compound flood 1023 
hotspots can help focus future efforts, such as comprehensive (i.e., 2-D modeling approach) 1024 
compound flood analysis, where they are needed most. Thus, enhancing coastal resilience 1025 
measures and supporting authorities, stakeholders, and policy-makers in their quest to understand 1026 
present and future consequences, evaluate risk and ultimately mitigate compound flooding 1027 
effects through science and more informed engineering practices. 1028 
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