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Low-lying coastal areas in the mid-Atlantic region are prone to compound flooding
resulting from the co-occurrence of river floods and coastal storm surges. To better
understand the contribution of non-linear tide-surge-river interactions to compound
flooding, the unstructured-grid Finite Volume Community Ocean Model was applied
to simulate coastal storm surge and flooding in the Delaware Bay Estuary in the
United States. The model was validated with tide gauge data in the estuary for selected
hurricane events. Non-linear interactions between tide-surge-river were investigated
using a non-stationary tidal analysis method, which decomposes the interactions’
components at the frequency domain. Model results indicated that tide-river interactions
damped semidiurnal tides, while the tide-surge interactions mainly influenced diurnal
tides. Tide-river interactions suppressed the water level upstream while tide-surge
interaction increased the water level downstream, which resulted in a transition zone of
damping and enhancing effects where the tide-surge-river interaction was prominent.
Evident compound flooding was observed as a result of non-linear tide-surge-river
interactions. Furthermore, sensitivity analysis was carried out to evaluate the effect
of river flooding on the non-linear interactions. The transition zone of damping and
enhancing effects shifted downstream as the river flow rate increased.

Keywords: storm surge, non-linear interactions, river flood, compound flooding, numerical modeling, Delaware
Bay, tropical cyclones, FVCOM

INTRODUCTION

Coastal flooding hazards caused by tropical cyclones present a severe risk to nearly 40% of the U.S.
population living in low-lying coastal areas. The co-occurrence of storm surge and river flooding
may cause compound flooding (Bevacqua et al., 2019), which results in extreme water levels caused
by non-linear interactions of storm surges, river flood, and astronomical tides (Doodson, 1956;
Proudman, 1957; Rossiter, 1961; Johns et al., 1985; Arns et al., 2020). Coastal flood risks associated
with compound flooding cannot be simply estimated by superposition of astronomical tides and
river-induced and storm-surge-induced water levels. Non-linear interactions are known to exist
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between tides, storm surge, and river flow, but understanding of
how non-linear interactions exacerbate the compounding effect
is limited. The total water levels could be increased or decreased
by the non-linear interactions between storm surges, river flow,
and tides. Furthermore, such non-linear interaction is sensitive to
sea level rise, storm intensity, and river flow as a result of climate
change (Yang et al., 2014; Li et al., 2020), which makes the flood
hazard risk even more complex and unpredictable.

The characteristics and mechanisms of tide-surge interactions
(TSIs) have been widely studied during recent decades
(Proudman, 1955; Prandle and Wolf, 1978; Wolf, 1978; Idier
et al., 2012; Zhang et al., 2020). In an early study conducted in
the North Sea and River Thames, United Kingdom, observed TSI
was found to amplify surge height significantly on rising tides,
independent of initial surge height or the relative phase difference
between tides and surges (Proudman, 1955). Horsburgh and
Wilson (2007) gave a first-order explanation of the surge cluster
that occurs with rising tide based on the phase shift of the
tidal signal (the effect of surge on tides) combined with the
modulation of surge production due to the change in water
depth (the effect of tides on surge). Olbert et al. (2013) applied
a statistical method to the hindcast over 1959–2005 in the Irish
Sea and found that surges tend to peak at a particular phase of
tide irrespective of the timing of the storm landfall but with site
specificity. The degree of total water level modulation due to
TSI is also site-specific and varies with surge height and tidal
ranges (Keers, 1968; Prandle and Wolf, 1978). Prandle and Wolf
(1978) used a one-dimensional model to show that TSI is mainly
produced by the quadratic friction effect followed by the shallow
water and advective effects, and that the shallow water and
advective effects can be dominant on rising tides, while quadratic
friction can be prominent on high tides.

Tides that propagate into the upper estuaries are subject to
tide-river interactions (TRIs), resulting in the modulation of
tidal amplitudes at specific tidal frequencies by bottom friction
and river flow (Godin, 1999; Horrevoets et al., 2004). Based
on the shallow water equation, TRI can be caused by three
non-linear terms: spatial acceleration, friction, and a gradient
of river flow (Dronkers, 1964). The TRI between river flow and
tides has been demonstrated to attenuate tidal energy in the
upstream of an estuary, while it stimulates energy transfer from
the principal tides to overtides in the downstream (Guo et al.,
2015). However, the variation in TRI corresponding to varying
river flow and its damping effect on total water level have not been
described in detail.

Tide-surge-river interactions (TSRIs) are the non-linear
interactions among tides, storm surge and river flow, which add
additional complexity to TSIs due to the presence of storm surge
and river flooding. Although TSRIs are rarely studied, they are
an important component of storm surges. For example, Dinapoli
et al. (2021) found that the current due to river flow (CDR)
non-linearly interacts with both the tides and storm surges in
the Río de la Plata estuary. Their work further suggests the
tide-CDR and surge-CDR interactions both induce asymmetries
in the water level and the interactions are mainly caused by
the quadratic bottom friction. Spicer et al. (2019) and Spicer
et al. (2021) collected observations in Maine estuaries during

“windstorms” and pointed out the TSRI to be the dominant
mechanism contributing to upstream surge amplification (which
is estimated to be exceeding 1m and more than double than non-
tidal forcing induced surges). By testing different combinations
of the atmospheric forcing effect on generating the extreme water
levels via non-stationary tidal harmonic analysis (Matte et al.,
2013), the mechanism to generate TSRI is found to be related
to the increased mean flow and frictional energy from wind
forcing (Spicer et al., 2021). A comprehensive review on different
interaction mechanisms between SLR-tide-surge, tide-surge, tide-
river, wave-surge, tide-wave, and SLR-wave was conducted along
the coasts and estuaries worldwide (Idier et al., 2019), the values
of the interactions vary from a few tens of centimeters to over 1 m.

Many previous studies focused on TSI or TRI independently.
However, during compound flooding events when extreme surge
levels co-occur with extreme river flooding, both TSI and TRI
modulate the total water levels (TWLs) as part of TSRI. To
the authors’ knowledge, the relative importance of TSI and
TRI to the overall TSRI during compound flooding events
has not been well documented. Spicer et al. (2019) raised
attention to the importance of distinguishing how non-linear
TRI varies from TSI by using a non-stationary tidal analysis
method to account for non-linear interactions. The methods
to analyze tidal constituents of a tidal record have been well
summarized by Hoitink and Jay (2016), based on assumptions of
either stationary or non-stationary environments. The traditional
stationary methods, such as harmonic analysis (Pawlowicz et al.,
2002), assume that tidal constituents are fixed and independent
from oceanic and atmospheric forcings, thus appropriate for
tides in the deep ocean (Dean, 1966; Godin, 1972; Flinchem
and Jay, 2000). For tides affected by rivers and coastal processes,
the non-stationary method can resolve the time-changing tidal
amplitude and phase due to strong non-linear interactions
between atmospheric forcing, river flow, and tides (Jay and
Flinchem, 1997; Matte et al., 2013, 2014; Sassi and Hoitink,
2013; Guo et al., 2015). Jalón-Rojas et al. (2018) compared the
advantages and disadvantages of stationary and non-stationary
methods used in tidal analysis and concluded that the stationary
method does not reproduce the time-varying properties of the
tidal signal and therefore cannot be used to predict the non-linear
interactions between tidal constituents and non-tidal forcing
variations; however, the non-stationary method can be used to
distinguish non-linear components. Lastly, although the effects of
wind waves and wave-current interaction could have additional
impact on storm surge, we decided not to explicitly include wind
waves in this study due to two main reasons. First, in a recent
study by Ye et al. (2020) using a comprehensive hydrodynamic
model framework that includes wind waves, the authors fund that
the effect of wave-current interaction on storm surge is very small
(i.e., a few centimeters) inside Delaware Bay during Hurricane
Irene. Second, we feel it is important to first elucidate the effects
of TSRIs on storm surge before further expand the scope to
include more processes, which include wind waves and baroclinic
processes. On the other hand, studies by Sheng et al. (2010) and
Hsiao et al. (2019) also suggested that wave-induced setup could
contribute significantly to the storm surge elevation, depending
on specific study sites and hurricane/typhoon events. Thus, to
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explicitly include wind waves should be considered in the next
phase of modeling work.

Numerical model simulations offer good insights to help
isolate each interaction process and estimate the uncertainty of
flooding risk caused by the complexity of non-linear interactions.
This paper presents the results of a modeling study conducted
to investigate the variations between TRI, TSI, and TSRI and
evaluate their interactions and their contributions to the TWL
during compound flooding events in the Delaware Bay Estuary
(DBE). By comparing non-linear terms produced during selected
historical hurricane events, this study characterized the damping
and amplification effects of different non-linear interaction
processes on TWL and analyzed the underlying mechanisms.
The non-stationary tidal analysis method was applied to quantify
the relative contribution by diurnal, semidiurnal, and quarter-
diurnal tidal bands to the non-linear interactions. In addition,
the sensitivity of non-linear interaction to different return period
river flows was explored.

METHODOLOGY

Study Site
The funnel-shaped DBE is located on the mid-Atlantic coast
of the United States (Figure 1A). The estuary mouth is about
18 km wide and the bay has a maximum width of 45 km in
the lower bay and converges to a width of 0.3 km at Trenton
(Figure 1B), stretching about 210 km toward the head of a tidal
freshwater river (Sharp, 1984). Mean estuary depth is 7 m, the
deepest waters exceed 30 m, and a shipping channel has been
progressively deepened since the late 1800s by increasing the
thalweg of the estuary from roughly 8 to 15 m (Pareja Roman,
2019). The DBE is dominated by semidiurnal tides where M2 and

S2 tides account for up to 96% of the tidal variability (Aristizabal
and Chant, 2013), which is strongly convergent and moderately
dissipative in terms of tidal energy (Lanzoni and Seminara, 1998).
The tidal range is approximately 1.5 m at the estuary mouth and is
amplified upstream; the maximum tidal current is approximately
1 m/s (Wong and Sommerfield, 2009). The Delaware River
provides more than half of the freshwater discharge to the estuary
(Whitney and Garvine, 2006). A hydraulic jump is observed
~2.7 km downstream of the Trenton tidal gauge (Figure 1B) due
to the abrupt transition in bathymetry and roughly represents the
upstream limit of tidal intrusion (Zhang et al., 2020).

Delaware Bay Estuary is undammed along its main stem
and has networks of tidal flats that store vegetation, sediment,
and nutrients in the lower bay. DBE provides a natural testbed
for examining the mechanisms and characteristics of non-linear
interactions among different physical processes under extreme
storm conditions.

Numerical Model
The numerical model used in this study is the unstructured-
grid, Finite-Volume Community Ocean Model (FVCOM) (Chen
et al., 2003). FVCOM has been used extensively for modeling
storm surge in many coastal regions worldwide (Song et al.,
2013; Chen et al., 2014, 2016; Wang and Yang, 2019; Yang et al.,
2021). The unstructured-grid framework allows the flexibility to
robustly simulate fine-scale dynamic processes in any complex
estuarine and coastal bay system. In this study, an unstructured-
grid for the DBE was developed to cover a model domain
that extends ~1500 km offshore from the coast and ~240 km
upstream from the DBE mouth (Figure 2). The model grid
consisted of 822,684 triangle elements and 429,847 nodes. The
unstructured-grid resolution varies from 40 km at the open

FIGURE 1 | (A) Model domain and bathymetry. (B) 10 NOAA tidal gauges and 23 U.S. Geological Survey river gauges with bathymetry inside the DBE. The 10 tide
gauges in the DBE are listed as Lewes (LE), Cape May (CM), Brandywine Shoal Light (BSL), Ship John Shoal (SJS), Reedy Point (RP), Delaware City (DC), Marcus
Hook (MH), Philadelphia (PA), Burlington (BU), and Newbold (NB).
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FIGURE 2 | FVCOM model grid (white line) with color contours showing the mesh resolution (A) the whole model domain (B) zoom-in of the upper channel near
Philadelphia (C) lower bay near estuary mouth.

boundary to approximately 100 m in the estuary, and the highest
resolution of 20 m is for tributaries. The average grid resolution
for the floodplain is approximately 100 m. The land boundary
of floodplain is cut off at 3 m above the mean sea level to
allow for simulation of inland inundation. A sigma-stretched
vertical coordinate of five layers was used for all the model runs.
The wetting and drying algorithm, which incorporates a bottom
viscous layer of specified thickness (Dmin = 5 cm in the present
study), was applied to simulate the inundation process in the
intertidal zone and floodplain.

Model open-boundary conditions were specified by tidal
elevations obtained from the TPXO8.0 global ocean tide
model1. Sea surface wind field was obtained from the global
atmospheric reanalysis model European Centre for Medium-
Range Weather Forecasts (ECMWF) Reanalysis v5 (ERA5),
which has a spatial resolution of 30 km and temporal resolution
of 1 hr. River flows collected at 23 U.S. Geological Survey
(USGS) river gauges in the DBE were specified as the river
boundary condition (Figure 1). The main rivers discharged
into DBE are the Delaware River (Q1) and Schuylkill River
(Q20), which, respectively, contribute about 58% and 14% of
the total freshwater inflow (Sharp, 1984). Sensitivity tests of
bottom roughness conducted by Ye et al. (2020) suggested that
a spatially varying bottom roughness is necessary to represent
the different bottom characteristics in the lower and upper
bay. In this study, bottom roughness was calibrated based
on observed M2 amplitude at ten tidal gauges. Initial bottom
roughness values of 0.0001 and 0.0025 m were tested for the
entire domain. Final bottom roughness values of 0.0005 m for
the coastal ocean to lower bay and 0.0001 m for the middle
and upper bay were specified, which gave good calibration
results (Figure 3).

1https://tpxows.azurewebsites.net/

The model bathymetry was interpolated based on four
different bathymetry data sets from the National Oceanic
and Atmospheric Administration (NOAA): (a) 1/9 arc-second
resolution (~3.5 m) Continuously Updated Digital Elevation
Model (CUDEM, doi: 10.25921/ds9v-ky35), which covers the
DBE; (b) the 1/3 arc-second (~10 m) and 1 arc-sec (~30 m)
data from the National Centers for Environmental Information
(NCEI), which covers the nearshore coastal areas; (c) 3 arc-sec
(~90 m) Coastal Relief Model2 for the less than 300 m deep
coastal waters and floodplain; and (d) the 1 arc-min ETOPO1
Global Relief Model (Amante and Eakins, 2009) for the deep
ocean. The model vertical datum was referenced to the North
American Vertical Datum of 1988 (NAVD88) and any data set
that had a different vertical datum was converted to NAVD88
using V-Datum program (Parker et al., 2003; Yang et al., 2008).

2https://www.ngdc.noaa.gov/mgg/coastal/crm.html

FIGURE 3 | Model calibration of bottom roughness based on M2 tidal
amplitude.
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TWL and Non-linear Interaction
Decomposition
To characterize the non-linear interaction, time series of TWLs
were decomposed into astronomical tides, low-frequency surge
(LFSs), and non-linear interactions, following the method of
Spicer et al. (2019), Spicer et al. (2021). Astronomical tides were
obtained from the Tide Only (TO) model run (Table 1). LFS
represents the water level setup induced by non-tidal forcing,
such as river flow, surface wind, and atmospheric pressure. The
total surge level (TSL), which consists of LFS and non-linear
interaction, was obtained by subtracting astronomical tides from
TWL. LFS was extracted from TSL using a low-pass filter with
a cut-off frequency of 35 hr to remove tidal signals (Walters
and Heston, 1982). The non-linear interaction was calculated
by subtracting LFS from TSL. Figure 4 details the flowchart to
decompose the time series of TWL and obtain the non-linear
interaction term. The method was first applied at the 10 tidal
gauges (Figure 1B) for model calibration and then applied to the
whole model domain.

To understand the process of non-linear interaction with tides,
the non-linear interaction term is further decomposed based
on its specific tidal frequency. A non-stationary tidal analysis
method—Complex Demodulation (Gasquet and Wootton, 1997;
Jalón-Rojas et al., 2018)—was applied to a non-linear interaction
term to estimate the time-dependent amplitude and phase of
diurnal (D1), semidiurnal (D2), and high-frequency (D4, D6, and
D8) tidal bands. Complex demodulation is based on a wavelet
approach and assumes that the time series X(t) is composed of
an oscillating signal with frequency σ and a non-periodic signal
Z(t):

X (t) = A (t) cos (σt + ∅ (t))+ Z (t) (1)

where, tidal frequency σ is calculated as 2π/24 rad h−1

for D1, 2π/12.4206 rad h−1 for D2, 2π/6.21 rad h−1 for
D4, 2π/4.14 rad h−1 for D6, and 2π/3.10 rad h−1 for D8;

TABLE 1 | Design of numerical experiments for non-linear interactions analysis.

Scenario Forcing Extreme Events

TO Tide N/A

TSR Tide, Wind, River Irene, Lee, Sandy, and Isabel

TS Tide, Wind Irene

TR Tide, River Irene

TSR SensQ Tide, Wind, 2–500 years ARI River Irene

FIGURE 4 | Flowchart of decomposing the TWL into tides, low-frequency
surge, and non-linear interactions. TWL = Tides + LFS + Non-linear
Interactions.

time-dependent amplitude A and phase ∅ can be calculated by
integrating the frequency σ with respect to time following the
steps below (Jalón-Rojas et al., 2018):

a) The time series X(t) is multiplied by a complex modulation
of frequency e−iσt to get an unfiltered modulated signal in order
to shift the frequency of interest to zero:

Y (t) = X (t) e−iσt =
A(t)

2
e−i∅(t)

+
A(t)

2
e−i(2σt+∅(t))

+ Z (t) e−iσt (2)

b) Y(t) is low-pass filtered to remove frequencies at or above
σ,whereas the terms A(t)

2 e−i(2σt+∅(t))
+ Z (t) e−iσt are removed,

thus the oscillation in the original signal X(t) is effectively
removed to get:

Y ′ (t) =
A′(t)

2
e−i∅

′(t) (3)

c) The time-varying amplitude A′(t) and phase ∅′(t) are
calculated from the Inverse Fourier Transform (Bloomfield,
2004) of the filtered spectrum Y ′ (t) by taking twice the
magnitude of Y ′ (t) and the arc tangent of the ratio of the
imaginary to real parts of Y ′ (t) , respectively.

In addition to the wavelet transform method, a spectral
technique—the so called singular spectral analysis (SSA)
method—is also presented in this study. This method has been
demonstrated to be especially efficient for extracting information
from short and noisy time series without previous knowledge of
the non-linear dynamics affecting the time series (Schoellhamer,
2001, 2002). The SSA method is widely used to quantify the
relative contributions made by different processes to the total
variance of the time series (Jalón-Rojas et al., 2016, 2017; Xiao
et al., 2020). The SSA method decomposes a time series into so-
called reconstructed components by sliding a window of width
M down the time series and obtaining an autocorrelation matrix
(Vautard et al., 1992). The eigenvalues of the autocorrelation
matrix give the contribution of each period to the total variance
of the analyzed time-series data set. For further information
about the SSA method, the reader is referred to Vautard et al.
(1992). Jalón-Rojas et al. (2016) state that a combined approach
of wavelet transform method and SSA for short-term analysis
complement each other. SSA complements the wavelet transform
method in terms of quantification, and the wavelet transform
method complements SSA by reconstructing and visualizing the
time series of interested periods.

MODEL VALIDATION AND SIMULATIONS

Extreme Events and Numerical
Experiments Design
The major historical hurricanes since 2000 that have affected
the DBE include Isabel (2003), Hurricane Irene (2011), and
Hurricane Sandy (2012). Tropical Storms Lee (2011), which
followed Hurricane Irene, also brought heavy rainfall to the
Delaware River Basin. These extreme events were selected
to validate the storm surge model of the DBE Figure 5
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FIGURE 5 | Tracks of selected hurricane and tropical storm events – Isabel (2003), Irene and Lee (2011), and Sandy (2012). Red box indicates the DBE.

shows the tracks of these hurricanes obtained from the
hurricane database (HURDAT) at National Hurricane Center
(Landsea and Franklin, 2013).

Hurricane Isabel was formed on September 1, 2003 and
intensified to a category 5 hurricane on September 11, 2003, with
a maximum sustained wind speed of 145 kts. It made landfall near
the banks of North Carolina at 17:00 UTC September 18. 2003, as
a slow-moving system, and proceeded on a northwesterly track
(Figure 5). Isabel produced storm surges of 1.8 m to 2.4 m above
normal tides near the point of landfall along the Atlantic coast of
North Carolina, with reduced storm surge levels ranging from 0.6
m to 1.2 m along Delaware shorelines.

Hurricane Sandy, one of the largest Atlantic hurricanes on
record, made landfall as an extratropical cyclone near New Jersey
at 23:30 UTC October 29, 2012, and proceeded on a northeasterly
track (Figure 5). The maximum sustained wind speed was
estimated to be 100 kts and the storm surge peak was 0.9 m to
1.5 m along Delaware shorelines.

Hurricane Irene, one of the costliest hurricanes on record
in the U.S., made primary landfall along the US East Coast
on the North Carolina shoreline as a category 1 hurricane
at 12:00 UTC on August 27, 2011, and another landfall
at 09:35 UTC on August 28, 2011, near New Jersey, and
continued along the Atlantic coastline (Figure 5). The
maximum sustained wind speed was about 105 kts and
peak storm surges were between 1.2 and 1.8 m along the
coast of New Jersey. Hurricane Irene is an example of a
compound flooding event during which the combination of
storm surge and rainfall-induced freshwater river flooding
amplifies the hazardous impacts of individual events
(Ye et al., 2020).

Tropical Storm Lee formed over the Gulf of Mexico (Figure 5)
and made landfall along the coast of southern Louisiana at
10:30 UTC on September 3, 2011. The strongest wind (60 kts)
associated with the low pressure occurred primarily over the
northern Gulf of Mexico. Lee brought heavy rainfall to the Mid-
Atlantic region, which caused some of the most severe flooding
in the region’s history.

Two large precipitation events associated with Hurricane
Irene and Tropical Storm Lee resulted in two peak flows from
Delaware River up to 4000 m3/s and 5500 m3/s on August
28, 2011 and September 9, 2011 at Trenton (USGS, 1463500,
Figure 6A). The peak flows during Hurricanes Isabel and Sandy
were less significant than those during Hurricane Irene and
Tropical Storm Lee, which measured up to 1500 m3/s (Figure 6B)
and 800 m3/s at Trenton (Figure 6C), respectively.

To compare the non-linear terms produced by different
forcings during Irene (a compound flooding event), numerical
experiments were conducted and are summarized in Table 1.
Results from two model runs, TO run (driven by tides only)
and TSR run (driven by tides, surface winds, and river flow),
were processed to extract TSRI following the method described
in section “TWL and Non-linear Interaction Decomposition.” To
distinguish TSI and TRI from TSRI during Hurricane Irene, the
TS run (driven by tides and surface winds) and the TR run (driven
by tides and river flow) were designed to mimic the Irene event
but the individual river flows and surface winds were removed;
thus the non-linear interaction induced by TSI only and TRI only
during Irene, as well as their effect on TSRI, could be estimated.

Furthermore, a series of sensitivity model runs were
conducted to investigate the response of TSRI during Irene with
river flows (TSR SensQ) corresponding to different recurrence
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FIGURE 6 | Delaware River discharge at Trenton (USGS 1463500, Q1 in Figure 1B) during historical extreme events: (A) Irene and Lee; (B) Isabel; and (C) Sandy.

intervals (ARIs), commonly known as return periods, and the
impact of TSRI on TWLs. The surface wind field and open
boundary of water levels were kept the same as those during
Hurricane Irene in the TSR run.

Model Validation With Water Levels
To validate the storm surge model of DBE, model performance
in simulating the TWL during extreme events was evaluated by
comparing modeled water levels in the TSR run to observed data
at the NOAA 10 tide gauges for three one-month-long periods
that corresponded to four extreme events—Hurricane Irene and
Tropical Storm Lee (August 20, 2011 to September 20, 2011),
Hurricane Sandy (October 20, 2012 to November 20, 2012), and
Hurricane Isabel (September 01, 2003 to September 30, 2003).

Model parameters, such as the bottom roughness and open-
boundary sponge layer (radius and friction coefficient), were first
calibrated based on Hurricane Irene and Tropical Storm Lee and
then validated for Hurricanes Sandy and Isabel. Figure 7 shows
the scatter-plot comparisons for simulated and observed water
levels at the 10 tide gauges in the DBE for the three simulations
periods. Overall, the model-predicted water levels match the
observed data variation trend well and the model reproduces the
tidal amplification toward upstream inside the DBE. However,
the model tends to underpredict the TWL at some locations, such
as at the PA station during Sandy and Isabel, and the SJS and CM
stations, respectively, during the Irene and Lee events.

To quantify the model’s skill in simulating water level
in the DBE, a set of model performance metrics were

calculated. Specifically, the following four error statistical
parameters were used.

The root-mean-square-error (RMSE) is defined as:

RMSE =

√∑N
i=1 (Pi −Mi)

2

N
(4)

where, N is the number of observations, Mi is the measured value,
and Pi is the model-predicted value.

The scatter index (SI) is the normalized RMSE with the
average magnitude of measurements:

SI =
RMSE
|M|

(5)

The bias (Bias) is defined as the mean difference between model
predictions and the measurements:

Bias =
∑N

i=1 (Pi −Mi)

N
(6)

The linear correlation coefficient (R) is a measure of the linear
relationship between model predictions and the measurements:

R =
∑N

i=1
(
Pi − P

) (
Mi −M

)√(∑N
i=1
(
Mi −M

)2
) (∑N

i=1
(
Pi − P

)2
) (7)

The error statistics for the simulated water levels at all tide gauges
are provided in Table 2. The RMSE varies within a range between
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FIGURE 7 | Scatter comparisons of simulated and observed water levels at 10 tidal stations during three simulation periods in the DBE; (A,D) Irene and Lee: August
20 to September 20, 2011; (B,E) Sandy: October 20 to November 20, 2012; (C,F) Isabel: September 01 to 30, 2003. The red line represents the 1-to–1 fit and the
green line represents the linear correlation between model and data.

0.15 and 0.26 m with an increasing trend in the upstream,
likely due to the effects of the complicated geometry of narrow
and meandering channels. The SI values, which measure the
normalized RMSE, vary from 0.22 in the estuarine mouth to 0.38
in the river mouth. The Bias values at all stations are within
a range of −0.06 to −0.20 m, which also suggests the model
is slightly underestimating water levels. The linear correlation
coefficient R is 0.98 at all the stations except at the very upstream

station Newbold (0.97) and the downstream station at Lewes
(0.96), indicating the model predictions strongly correlate with
field observations.

The simulated major tidal harmonic constant (M2) was also
compared with observed data at ten tide gauges (Table 3).
The maximum difference between simulated and observed M2
tidal constituent is −0.13 m at NB station, which is about
12.1% underprediction by the model. More accurate bathymetry

Frontiers in Marine Science | www.frontiersin.org 8 July 2021 | Volume 8 | Article 715557

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-715557 July 26, 2021 Time: 18:4 # 9

Xiao et al. Non-linear Interactions of Compound Flooding

TABLE 2 | Error statistics of water-level predictions in the DBE.

Station ID RMSE (m) SI Bias (m) R

Newbold (NB) 0.23 0.22 −0.06 0.97

Burlington (BU) 0.26 0.29 −0.20 0.98

Philadelphia (PA) 0.22 0.32 −0.18 0.98

Marcus Hook (MH) 0.22 0.36 −0.17 0.98

Delaware City (DC) 0.20 0.34 −0.14 0.98

Reedy Point (RP) 0.20 0.35 −0.15 0.98

Ship John Shoal (SJS) 0.21 0.35 −0.15 0.98

Brandywine Shoal Light (BSL) 0.18 0.37 −0.14 0.98

Lewes (LE) 0.15 0.38 −0.08 0.96

Cape May (CM) 0.15 0.31 −0.08 0.98

TABLE 3 | Comparison of observed and modeled M2 tidal amplitude in the DBE.

Station ID AM2_obs

(m)
AM2_mod

(m)
AM2_mod –
AM2_obs

(m)

Relative
error (%)

Newbold (NB) 1.07 0.94 −0.13 −12.1

Burlington (BU) 0.85 0.88 0.03 3.5

Philadelphia (PA) 0.84 0.85 0.01 1.2

Marcus Hook (MH) 0.78 0.77 −0.01 −1.3

Delaware City (DC) 0.74 0.77 0.03 4.1

Reedy Point (RP) 0.77 0.76 −0.01 −1.3

Ship John Shoal (SJS) 0.83 0.80 −0.03 −3.6

Brandywine Shoal Light (BSL) 0.72 0.71 −0.01 −1.4

Lewes (LE) 0.71 0.69 −0.02 −2.8

Cape May (CM) 0.62 0.62 0 0.0

and high model resolution may be required to improve the
model accuracy in very upstream region of the estuary. Model
predictions of M2 tide at the rest tide gauges matched the data
reasonably well. Therefore, the overall performance of the model
in simulating tidal elevation is considered satisfactory.

RESULTS AND DISCUSSION

Contribution of TSRI to TWL
Previous studies suggest that TSRI increases the uncertainty
in TWL prediction (Doodson, 1956; Proudman, 1957; Rossiter,
1961; Johns et al., 1985; Arns et al., 2020). To understand the
effects of TSRI on TWLs and coastal flooding in the DBE, TSRI
was derived for the four extreme events.

Figure 8 shows the time series of the simulated TWL,
astronomical tides, LFS, and TSRI—at the NB, PA, and LE
stations, located at the upstream, upper bay, and lower bay,
respectively. To better understand the effect of TSRI on TWL,
the unmodulated total water level (UTWL), which is simply a
linear superposition of tide and LFS, was also plotted in Figure 8.
Comparison of the TWL and UTWL indicates that modulations
from TSRI on TWL vary with locations and extreme events.
During Hurricane Irene (Figure 8A)., TSRI was the product of
tides interacting with river and storm surges in turn to manifest
TWL at a tidal frequency. TSRI at the LE station, which is located

in the downstream of DBE, is storm surge driven for four extreme
events, indicating less effect on TWL because there was little
difference between TWL and UTWL (Figure 8C). TSRI at the NB
station is dominated by river flow, showing strong tidal signals
(Figure 8A). TSRI at NB suppressed tidal variations by more than
50% of the tidal range. TSRI at PA is less river dominant and does
not feature prolonged damping on tides (Figure 8B).

During Tropical Storm Lee, which featured strong river flow
and little storm surge, TWL at NB is significantly elevated
up to 2.1 m by LFS, but the tidal range is much reduced
(Figure 8D), similar to during Hurricane Irene. TSRI at NB
had an amplitude (up to 1.2 m) similar to tides during peak
river flow but in an opposite phase, resulting in the weakening
of the tidal fluctuations. Strong TSRI lasted more than 4 days
during high river flow, which demonstrated that TSRI was in a
direct proportion to the river flow (Godin and Martinez, 1994;
Sassi and Hoitink, 2013). Without the effect of TSRI, as shown
in the UTWL, the tidal variations were maintained and the
maximum UTWL was up to 1.0 m higher than the maximum
TWL (Figure 8D). Downstream of NB, the magnitude of TSRI
was greatly reduced to a level of 10 to 15% of TWL at PA
(Figure 8E) and approached zero at LE (Figure 8F), because
neither river flow nor storm surge affected TWL at the mouth
of DBE during Tropical Storm Lee.

Hurricanes Sandy and Isabel featured strong storm surges,
but had river flows smaller than those during Irene and Lee.
TSRI from downstream (LE) to upstream (PA, NB) were
mainly induced by the storm surges, and the peaks of TSRI
increased from about 0.2 to 0.8 m as water depth became
shallower (Figures 8G–L). Wind stress-induced surge magnitude
is understood to be significantly greater at low water than at high
water (Horsburgh and Wilson, 2007; Rego and Li, 2010; Zheng
et al., 2020). The shallower the water depth, the stronger the tidal
current magnitude, which resulted in stronger TSRI.

Unmodulated total water level shows both magnitude and
phase differences from TWL at PA and NB during landfall
of Sandy and Isabel (Figures 8G,H,J,K). Previous studies
indicated that the effect of TSRI on surges is through magnitude
modulation, and the effect on tides is through phase shift
(Horsburgh and Wilson, 2007). The peak of TSRI occurred on
falling tide during Sandy but on rising tide during Isabel, where
TWL propagated faster than UTWL during Sandy but slower
than UTWL during Isabel. In an idealized first-order modeling
study, Horsburgh and Wilson (2007) discovered that that the
peak TSRI with respect to high tide does not occur randomly but
in clusters on the rising or falling tides, depending on the phase
speed between TWL and tides. Therefor when tides lead the TWL
(such as Isabel), the TSRI will peak halfway up the rising tide. On
the other hand, when tides lag TWL (such as Sandy), TSRI will
peak on the falling tide. The changes of phase speeds of surge and
tide can be explained by the increase of bottom friction effect due
to the reduced water depth (Wolf, 1981).

Contribution of TSRI to Tidal Modulation
Tides interact with different physical processes and generate non-
linear interactions at tidal frequencies, which affect the tidal
variations of TWL. This process is seen as tidal modulation by

Frontiers in Marine Science | www.frontiersin.org 9 July 2021 | Volume 8 | Article 715557

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-715557 July 26, 2021 Time: 18:4 # 10

Xiao et al. Non-linear Interactions of Compound Flooding

FIGURE 8 | Modeled tides (blue), LFS (green), TSRI (black), TWL (dark red), and UTWL (tides + LFS, orange) during Irene (A–C), Lee (D–F), Sandy (G–I), and Isabel
(J–L) at tidal gauges Newbold (NB), Philadelphia (PA), and Lewes (LE) (top to bottom).

TSRI on TWL. Because TSRI varies with tidal frequency, it is
helpful to conduct frequency analysis of TSRI to understand how
different tidal bands interact with LFS. By decomposing the TSRI
based on the tidal frequency (mainly focusing on diurnal D1,
semidiurnal D2, and quarter-diurnal D4 bands), the effects of
tidal modulation by TSRI on TWL were assessed and quantified
during the four extreme events. This section describes how non-
stationary tidal analysis—Complex Demodulation as described
in section “TWL and Non-linear Interaction Decomposition”—
was applied to the time series of TSRI to calculate the time-
varying amplitude and phase at different tidal frequencies. The
reconstructed time series of TSRI at the D1, D2, and D4 bands at
the upstream NB station are presented in Figure 9.

The amplitude of the D2 component of TSRI during strong
river flow (Irene and Tropical Storm Lee) can reach up to 1 m,
which is comparable to semidiurnal tides, and the time series
is out of phase with a 6-h lag relative to tides (Figures 9A,D).
Therefore, the tidal modulation by TSRI on TWL at the D2 band
has a damping effect. The amplitude of tidal variations of TWL
(red line in Figures 9A,D) at the D2 band is reduced by more
than 50% of the amplitude of semidiurnal tides (blue line in
Figures 9A,D). The contribution of TSRI to tidal modulation
at the D2 band during Sandy and Isabel was insignificant, as
shown in Figures 9G,J. The amplitude of the D1 component of
TSRI can reach up to 0.4 m during strong storm surge events
induced by Sandy and Irene, about 2 times greater than diurnal
tides (Figures 9B,H). The tidal modulation by TSRI on TWL
at the D1 band enhanced the diurnal tides in a dominant way.

The amplitude of the D4 component of TSRI is less significant
in NB station for all the four extreme events (Figures 9C,F,I,L).
However, the phase of TSRI at the D4 band works against the
tides when the river flow is strong, such as during Irene and Lee
(Figures 9C,F).

The peak amplitudes of TSRI at the D2, D1, and D4 bands
and the corresponding amplitudes for tides, as well as the sum
of the two, are plotted in Figure 10 for 10 tidal gauges, in order
from upstream to downstream in the DBE. During Hurricane
Irene and Tropical Storm Lee, it is clear that river flow mainly
interacts with tides at the D2 band and results in TSRI damping
semidiurnal tides until the river flow impact ceases at MH station
(Figures 10A,D). Therefore, the higher the river flow, the greater
the tidal modulation of damping on semidiurnal tides by TSRI,
and the smaller the tidal variations of TWL at the D2 band.
During Irene and Sandy, storm surges mainly interacted with
diurnal tides, and the tidal modulation by TSRI on TWL at the D1
band was amplified. The tidal variations of TWL at the D1 band
were enhanced by peak TSRI during Irene and Sandy, resulting
in strong storm surges larger than diurnal tides (Figures 10B,H).
High-frequency TSRI at the D4 band generally enhances tides
except at the NB station during high river flow events (e.g.,
Irene and Lee), and the magnitude is overall not significant
(Figures 10C,F,I,L).

From upstream to downstream, the tidal modulations by TSRI
on TWL at the D2, D1, and D4 bands all show a decreasing
trend as water depth increases. The TSRI at the D2 band shows
greater variations and larger magnitudes than those at the D1
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FIGURE 9 | Time series of predicted tides (blue), TSRI (black), and tides plus TSRI (red) for the D2, D1, and D4 bands (top to bottom) during Irene (A–C), Lee (D–F),
Sandy (G–I), and Isabel (J–L) at the NB station.

FIGURE 10 | Predicted peak amplitudes of TSRI (black) and corresponding amplitudes of tides (blue), the sum of tides and TSRI (red) at the D2, D1, and D4 bands
(top to bottom) at 10 tidal gauges during Irene (A–C), Lee (D–F), Sandy (G–I), and Isabel (J–L). Note: The vertical scales for the D2, D1, and D4 bands are not the
same.
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FIGURE 11 | Spatial variations on peak values of (A) TRI, (B) TSI, and (C) TSRI during Hurricane Irene in the DBE. Tide gauges are labeled as red triangles.

band when the impact of river flow is significant. Therefore,
the tidal modulation on TWL by TSRI is dominated by the
river-induced damping effect during high flow events. Storm
surge-induced amplification becomes the dominant effect when
river flow is low.

Effects of River Flow and Storm Surge
on Compound Flooding
For Hurricane Irene, which featured high river flow and large
storm surge, the effects of river-induced damping by TRI and
storm surge-induced amplification by TSI on TWL co-exist
during compound flooding (e.g., Figures 10A,B). As indicated
in the previous section, TRI mainly damps on semidiurnal tides
(D2 band) and TSI enhances diurnal tides (D1 band). To better
understand the combined effect of TRI and TSI on the TWL,
numerical experiments (TR run and TS run) were conducted to
extract TRI and TSI components from TSRI.

The spatial distributions of the peak magnitude of TRI, TSI,
and TSRI inside the DBE during Hurricane Irene were compared
(Figure 11) and further evaluated along a longitudinal transect.
The DBE can be divided into three zones based on the pattern
of TSRI: the river zone where TSRI is dominated by TRI in
the upstream of the BU station and shows patterns similar to
those in Figures 11A,C; the surge zone where TSRI is dominated
by TSI downstream of the MH station and exhibits patterns
similar to those in Figures 11B,C; and the transition zone
where TSRI is influenced by both river flow (TRI) and storm
surge (TSI) between the BU and MH stations (Figure 11C).
Hoitink and Jay (2016) proposed the definition of boundary
between tidal river and estuary using the point of reversal of
lowest low waters from spring to neap (typically AMsf=AS2).
It was found AMsf=AS2 ≈ 0.13m at the PA station where

TS is delimiting but TR becomes dominant. The transition
zone classification based on TSRI distribution also indicates the
estuary-tidal river boundary.

FIGURE 12 | Along estuary variations in the TSR run (black), TR run (red), and
TS run (blue) of (A) peak values of TWL and peak magnitude of non-linear
interactions, (B) modulation ratio by non-linear interactions on TWL.
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To assess the level of impact of TRI, TSI, and TSRI on TWL,
the modulation ratio is used, which is defined as:

modulation ratio (%) =
TWLmax − UTWL

TWLmax
× 100

=

(
1−

Tide+ LFS
TWLmax

)
× 100 (8)

where, UTWL = Tide+ LFS at the same timestep of TWLmax.
Based on the definition of TWL (Figure 4), Eq. (8) can be further
written as:

modulation ratio (%) =

(
Nonlinear Interactions

TWLmax

)
× 100 (9)

The modulation ratio represents the modulation of non-linear
interactions on TWL in terms of magnitude and phase change.
Figure 12 shows that when only tide and river flow are considered
(TR run, orange line), the TRI damps TWL by up to 40% in
the upstream and the damping effect gradually reduces to zero
around MH. In TS run (blue line), the TSI enhances TWL by 5–
15% in the whole domain, but the effect on the TWL is smaller
than the effect of river flow (Figure 12A). In the TSR run, a

transition point of TSRI is shown around 230 km upstream
between the PA and BU stations. At the very upstream, TSRI is
damping TWL up to 40%, while downstream of the tipping points
TSRI is enhancing TWL by 10–15% (Figure 12B).

The frequency analysis in section “Contribution of TSRI to
Tidal Modulation” details the variations in TSRI at different
tidal frequencies (Figure 9), and the modulation ratio evaluates
the impacts of non-linear interactions on TWL under different
forcing mechanisms (Figure 12). To further quantify the relative
contributions of the D2, D1, and high-frequency (D4+D6+D8)
tidal bands to the total variance of TRI, TSI, and TSRI, the SSA
method (described in section “TWL and Non-linear Interaction
Decomposition”) was applied at 10 tide gauges. Figure 13A
shows that TRI is contributed by D2 and high-frequency bands
only and the contribution from the D1 band is zero. The D2 band
contributes 70 to 90% of the total variability of TRI at the NB
and BU stations, while the high-frequency band contributes more
than 50% of the total variability of TRI at the PA and MH stations,
which indicates the shallow water effect becomes dominant in
this area. The lower contribution of the high-frequency band
to the total variability of TRI at upstream locations (NB and
BU) with respect to D2 was attributed to a faster damping of

FIGURE 13 | Peak values of (A) TRI, (B) TSI, (C) TSRI (black lines), and the percentage of relative contributions from different tidal bands [D2 – semi-diurnal band
(red); D1 – diurnal band (gray); D4+D6+D8 – high-frequency (orange)] to the total variance of corresponding non-linear interactions at 10 tidal gauges.
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TABLE 4 | Relative contributions (%) of the D2, D1, and high-frequency (D4+D6+D8) bands to the total variance of TRI, TSI, and TSRI at 10 tidal gauges.

TRI TSI TSRI

Peak D2 D1 D4+6+8 Peak D2 D1 D4+6+8 Peak D2 D1 D4+6+8

ID (m) (%) (%) (%) (m) (%) (%) (%) (m) (%) (%) (%)

NB 1.2 89.8 0.0 9.4 0.3 19.6 53.0 22.8 1.2 86.7 3.7 8.7

BU 0.7 74.9 0.0 22.9 0.3 19.0 70.1 9.4 0.8 71.0 8.2 18.0

PA 0.3 41.9 0.0 53.9 0.3 15.2 75.8 7.2 0.5 22.7 20.7 51.5

MH 0.1 36.5 0.0 57.9 0.3 43.9 46.4 8.4 0.3 44.1 26.9 24.3

DC 0.1 21.9 0.0 73.7 0.4 16.4 73.9 8.0 0.4 16.6 63.1 17.6

RP 0.1 22.2 0.0 72.7 0.4 14.8 71.3 11.7 0.4 19.4 60.4 16.4

SJS 0.0 44.6 0.0 51.9 0.3 18.3 77.2 4.3 0.3 8.1 85.3 6.2

BSL 0.0 38.1 0.0 42.6 0.3 17.5 79.5 2.7 0.3 5.9 87.7 6.1

LE 0.0 15.2 0.0 58.3 0.3 14.7 77.5 6.7 0.3 15.1 77.0 6.8

CM 0.0 26.5 0.0 50.8 0.2 17.9 73.2 8.1 0.2 17.8 74.8 6.8

the higher harmonics by river flow. Further downstream of MH,
TRI is less than 0.2 m and becomes negligible. However, for the
TS run, TSI is predominantly contributed by the D1 band in
a range of 50 to 80% in the entire DBE (Figure 13B). In the
TSR run, which considered the combined forcing of tide, river
flow, and storm surge, the contribution of TSRI followed a three-
zone pattern (Figure 13C), as described in section “Effects of
River Flow and Storm Surge on Compound Flooding.” The D2
and D1 bands contribute the most to TSRI in the upstream and
downstream of the estuary, respectively. In the transition zone
around PA, the high-frequency band contributes up to 60% of
the total variance of TSRI (Figure 13C). The contributions to
the total variance of TRI, TSI, and TSRI from the identified D2,
D1, high-frequency (D4+D6+D8) bands at 10 tidal gauges are
summarized in Table 4.

Sensitivity of River Flow on Compound
Flooding
As discussed in previous sections, TSRI is proportional to river
flow and has a damping effect on tidal amplitude, which is
caused by the bottom friction effect via dissipating tidal energy
(Godin, 1999; Horrevoets et al., 2004). However, the relationship
between tidal damping and river flow rate can be linear or
non-linear in different estuaries. Tidal damping by TSRI is
dominated by the river flow in the upstream of tidal estuaries
(Godin and Martinez, 1994). Theoretical analysis suggested a
linear relationship between tidal damping modulus and river
flow in the Columbia River estuary (Kukulka and Jay, 2003).
However, Guo et al. (2015) found non-linear tidal decay of
principal tides and the modulation of M4 tide with increasing
river flow in the Yangtze River estuary. To better understand
the relationship between the damping effect and river flow in
the DBE, a sensitivity analysis was conducted to evaluate the
damping effect of TSRI on TWL in the DBE under different river
flow conditions.

To determine the river flow range corresponding to a flood
return period, a rating curve of flood frequency for the Delaware
River was developed using USGS stream gauge data at Trenton.
Figure 14 indicates that Irene is equivalent to a 5 year flood

event while Tropical Storm Lee corresponds to a 10 year flood
event. Sensitivity model runs were carried out with stream flows
corresponding to flood return periods of 2, 5, 10, 25, 50, 100,
and 500 years. The hydrograph shape of the Irene event was
used to construct the river flow input by multiplying a ratio to
match the peak design flows to simulate Irene-like river flood
events. Tide and wind field were kept the same as those used in
Hurricane Irene.

The variations of the peak TWL and peak magnitude of TSRI
under different river flows from upstream to downstream and the
corresponding modulation ratios by TSRI on TWL are shown in
Figure 15. The magnitude of TSRI and TWL from upstream to
the MH station is affected by river flow changes; the maximum
variations of TSRI and TWL in the upstream were approximately
in the ranges of 1–2 m and 2.2–5.5 m, respectively (Figure 15A).
The larger increase in TWL compared to TSRI is due to the
increase in LFS induced by river flow. In general, downstream
of station MH, the variation of river flow has little influence on
TWL and TSRI, and modulation ratio. However, approximately
between stations BU and MH, the effects of river flow rates on
TWL, TSRI, and modulation ratio become evident, with TWL
and TSRI increasing toward the upstream as a function of flow
rate (Figure 15A) and the modulation ratio transitioning from
enhancing to damping (Figure 15B). It is also observed that the

FIGURE 14 | Flood frequency chart of the Delaware River based on USGS
data.
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FIGURE 15 | Along-estuary variations of (A) peak magnitude of non-linear
interactions and peak TWL corresponding to a range of return periods (2–500
years ARI) from the Delaware River; (B) modulation ratio by TSRI on TWL.

transition location of the modulation ratio shifts downstream
as river flow increases (Figure 15B). It is interesting to see the
modulation ratio reaching a minimum (or maximum damping)
in the upstream zone and the minimum inversely proportional to
the flow rate and ARI (Figure 15B). For example, the respective
minimums of the modulation ratio corresponding to ARIs of
5 yr, 25 yr, and 500 yr are approximately −43, −40, and
−33%. The presence of the minimum of modulation ratio can
be explained by its definition in Eq. (9), which is non-linear
interactions divided by TWL. In the transition zone, the relative
increase in the damping effect from non-linear interactions is
greater than the increase in TWL. However, toward the upstream,
TWL increases significantly with a greater rate and results in
a reduction in the magnitude of the modulation ratio, and
consequently the maximum damping.

SUMMARY AND CONCLUSION

In this study, a 3-D, high-resolution storm surge model was
developed to evaluate the non-linear interactions between
tidal and non-tidal components of TWLs in the DBE during
hurricane events. In particular, focused analysis was conducted
to understand the effect of non-linear interactions on coastal
compound flooding induced by the co-occurrence of river floods
and coastal storm surges. Specifically, storm surge and non-linear
interactions induced by historical extreme weather events—
Hurricanes Isabel (2003), Irene (2011), Tropical Storm Lee
(2011), and Sandy (2012) – were simulated and analyzed.

The model was validated with observed water levels at 10
tide gauges that span the entire DBE. Simulated water levels
were decomposed to astronomical tides, LFSs, and non-linear
interactions. The effects of non-linear interactions on the TWL
were further analyzed using a wavelet approach and a spectral
analysis method. TRI and TSI were derived using numerical
experiments driven by the corresponding forcing only. The DBE
can be divided into three zones: the river-dominated (upstream
of the BU station), the storm surge-dominated (downstream of
station MH), and the transition zone in between. Analysis results
indicate that TRI tends to damp tidal amplitude on the D2 band,
by up to 40% of the TWL, in the upstream river-dominated zone,
caused by the bottom friction effect via dissipating tidal energy
(Godin, 1999; Horrevoets et al., 2004). However, TSI amplifies
tides on the D1 band by 10 to 15% of TWL in the entire estuary.

The effect of TSRI on TWL was more noticeable during
compound flooding events such as Hurricane Irene. TSRIs in the
river and surge zones are dominated by TRI and TSI to dampen
and enhance TWL, respectively. TSRI in the transition zone is
jointly contributed to by TRI and TSI, which yields a tipping
point of separating the damping and enhancing effects in the
estuary. Sensitivity analysis indicated that the tipping point of
TSRI damping and enhancing effects shifts downstream as river
flow ARI increases.
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