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ABSTRACT

With the increase of tropical cyclone activity, coastal communities will experience growing impacts from
extreme water levels and associated compound flooding. Multiple drivers contribute to total water level (TWL),
including mean sea level, astronomical tides, riverine flow, storm surges, and waves. Therefore, gaining insight
into future TWL variability requires a thorough understanding of how those drivers nonlinearly interact at
different spatiotemporal scales. In this study, we developed a coupled coastal and wave model at sufficient
spatial resolution to analyze: (i) tide-driver interactions and their nonlinear components stemming from surge,
river flow, and wind-waves, and (ii) their spatiotemporal evolution across the pre-landfall, landfall, and post-
landfall stages of tropical cyclones in the Chesapeake Bay, USA. Results show that tide-surge and tide-wave
interactions, along with their nonlinear components, exhibit substantial annual variability, with extreme hur-
ricanes producing abrupt and spatially distinct responses driven by low pressure anomalies in slow-moving
storms and wind setup in faster systems. In contrast, tide-river interactions remain negligible except in the
upper bay tributaries. A weak or neutral tide-driver interaction does not necessarily indicate a negligible
nonlinear response. Rather, nonlinear interactions (NIs) generally act out of phase with their associated drivers,
functioning as compensatory mechanisms that amplify or suppress TWL. These nonlinearities are transient and of
high-frequency nature near the coast, but evolve into slower, more persistent fluctuations in upstream regions. As
climate change reshapes coastal dynamics, a robust understanding of NIs is essential for designing effective flood
protection, enhancing risk assessments, and developing informed adaptation strategies for extreme water levels.

1. Introduction

levels (TWLs). However, most operational frameworks treat flood
drivers separately and combine them via linear superposition rather

Coastal regions of the United States are increasingly vulnerable to
flooding due to tropical cyclones, which have been responsible for
substantial economic losses and fatalities. According to the National
Center for Environmental Information (NCEI), the United States has
experienced more than 67 tropical cyclones since 1980 that collectively
incurred costs of approximately $1.5 trillion and resulted in 7211 fa-
talities (Smith, 2025). Tropical cyclone-induced flood events can result
from multiple interacting drivers, including storm surge, riverine flow,
precipitation, astronomical tides, and wave setup. When these drivers
occur simultaneously or sequentially, their interactions can amplify
flood severity and lead to compound flood (CF) events (Green et al.,
2025; Zscheischler et al., 2020). CF events are not simply additive rather
their nonlinear interactions (NIs) can amplify or attenuate total water
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than resolving any NIs. For example, NOAA’s Probabilistic Tropical
Storm Surge model (P-Surge) integrates ensembles of the Sea, Lake, and
Overland Surges from Hurricanes (SLOSH) hydrodynamic model fore-
casts. Rather, tidal signals are calculated separately—often using har-
monic constituents derived from models such as ADCIRC—and later
added to the surge output in a post-processing step to estimate total
water levels through linear superposition (Haase et al., 2012; Penny
et al., 2023). Furthermore, as predicting the exact timing of peak storm
surge relative to tidal cycles remains relatively challenging, forecasters
prefer to use SLOSH model outputs without embedded tidal components
(Glahn et al., 2009). Similarly, U.S. Army Corps of Engineers’ North
Atlantic Coast Comprehensive Study (NACCS), which is a large-scale
regional study, adopts a linear superposition framework (combining
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tides, storm surge, and sea level rise) to generate over 1000 synthetic
cyclone response (Nadal-Caraballo et al., 2015). Across these opera-
tional methods (e.g., P-Surge/SLOSH) or planning assessments (e.g.,
NACCS) computational efficiency and timeliness are always prioritized
and, in both cases, explicit resolution of NIs is absent. Therefore, while
recent research efforts have explored the nonlinear interactions among
surge, waves, and tides (Tien et al., 2025) or between rainfall, river
discharge and surge (Li et al., 2023; Sarhadi et al., 2024; Xu et al., 2025)
these advanced approaches are yet to be fully integrated into routine
operational frameworks. As a result, current simplified practice often
fails to capture the NIs that can occur among flood drivers during
extreme weather events (Bilskie and Hagen, 2018; Moftakhari et al.,
2017; Reed et al., 2015). Furthermore, both short-term (intra-annual)
and long-term (inter-annual) climate variability, e.g., El Nino and La
Nina, can substantially alter atmospheric pressure anomalies and wind
patterns (Haigh et al., 2014; OrtizBevia et al., 2010; Serafin et al., 2017).
These climatic shifts add another layer of complexity to the already
intricate NIs between CF drivers.

In coastal systems, the tide-surge interaction (TSI) is a key nonlinear
process between tidal forces and storm surges that can considerably alter
coastal hydrodynamic responses and elevate associated flood hazards.
TSI is particularly pronounced in shallow coastal regions and estuaries,
where the combined effects of tides and surges result in nonlinear re-
sponses that either amplify or attenuate water levels (Xiao et al., 2021).
The nonlinear nature of TSI arises from the timing and magnitude of tide
and storm surge peaks, which can coincide or diverge, leading to vari-
ations in the overall water level experienced at the coast (Feng et al.,
2018; Yin et al., 2022). Studies have shown that a positive surge can
increase the phase speed of tidal propagation, altering the timing of tidal
high water. This effect is particularly critical for flood hazard during
spring tide conditions combined with large, positive surges (Lyddon
et al., 2018; Pinheiro et al., 2020). In contrast, during low tide condi-
tions, the same surge can lead to heightened water levels, demonstrating
the dual nature of TSI effects (Huang et al., 2024). For instance, the
timing of storm surges relative to tidal cycle has a considerable effect on
flood hazard assessments, indicating that TSI can either exacerbate or
mitigate flood hazards depending on site-specific conditions (Lyddon
et al., 2018).

Wind waves that propagate parallel to or against the tidal currents
can modify the energy distribution and phase relationships, leading to
variations in tidal amplitudes and potentially increasing flood risk
(Bolanos et al., 2013; Xing et al., 2012). Using Hurricane Floyd (1999) as
a case study, Funakoshi et al. (2008) demonstrated that one- and
two-way coupling of SWAN+ADCIRC captured wave contributions of
10-15 % to storm tide elevations via radiation stress gradients. Dietrich
et al. (2010) developed a tightly coupled SWAN+ADCIRC system on a
shared unstructured mesh that showed wave radiation stresses increased
water levels by approximately 0.7-0.8 m during Hurricane Katrina
(2005), amounting to 25 %35 % of the total peak surge in Mississippi
River delta, Grand Isle, and other barrier islands southeastern Louisiana.
Along the U.S. Atlantic and Gulf coasts wind driven setup is a key
contributor to peak storm tides, particularly in coastal regions with
narrow continental shelves such as the southeastern coast of Florida and
the southern Mississippi River Delta (Marsooli and Lin, 2018). In that
study, the authors reported that the largest wave setup contribution
reached approximately 0.46 m, accounting for 50 % of the peak surge at
North Miami Beach, Florida, during Hurricane Andrew in 1992. Simi-
larly, during Typhoon Soudelor in 2015, the surge driven by pure wave
radiation stress reached 0.55 m at Suao Port, Taiwan, due to offshore
wind-waves exceeding 16 m (Chen et al., 2017). Beyond the immediate
impacts on flooding, the long-term changes to wave climate and wind
patterns can alter the frequency and intensity of storm events, ultimately
affecting the broader coastal flooding dynamics (Jiang et al., 2016;
Semedo et al., 2012; Vitousek et al., 2017).

As tides propagate landward into estuaries, tide-river interaction
(TRI) leads to tidal asymmetry and alters the timing and magnitude of
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high and low tides. Here, the quadratic bottom friction is the primary
dissipative force that reduces tidal wave energy as it moves upstream
(Dronkers, 1986; Fagherazzi et al., 2003). Studies have shown that these
frictional effects are particularly pronounced in shallow estuarine en-
vironments, where the bed friction coefficient can vary with sediment
type and flow conditions (Cai et al., 2014; Valle-Levinson et al., 2000).
For example, low river flow regimes induce notable phase lag in tidal
propagation due to frictional influences in the lower reaches of the
Guadalquivir River estuary in Spain (Losada et al., 2017). This phase lag,
which can reach up to n/4, alters the timing and amplitude of tidal
waves as they interact with river flow. The amplification and dampening
of water levels in estuaries are also influenced by the spatial and tem-
poral variability of river flow. This effect is particularly pronounced in
estuaries with substantial freshwater inflow, where the tidal range can
vary drastically between dry and wet seasons such as in the Yangtze
River, China (Guo et al., 2015). Similarly, the spatial distribution of
quarter-diurnal tide and their dissipation shift in response to seasonal
discharge patterns in the Ganges-Brahmaputra-Meghna delta (Elahi
et al., 2020). This, in turn, influences total friction in the upper tidal
basin.

Existing studies generally focus on the aggregate tide—driver
response, with limited effort to isolate and contrast their nonlinear
contributions, leaving a gap in understanding how these interactions
evolve in space and time. In this study, we isolate these NIs to explicitly
characterize their independent behavior. Using the Chesapeake Bay as a
representative case of a large and hydrodynamically complex estuarine
system, we examine how these NIs respond to three physically distinct
tropical cyclones i.e., Sandy (2012), Irene (2011), and Isabel (2003).
These storms differ in trajectory, intensity, translational speed, and
duration, offering a robust testbed for comparative analysis. In addition
to analyzing storm-specific extreme responses, this study explicitly ex-
amines their spatiotemporal behavior across the full annual cycle. This
allows us to establish a critical baseline for identifying when and where
nonlinear dynamics emerge as dominant contributors to total water
level variability. This leads to two central research questions: (i) How do
NIs and their corresponding total tide-driver responses co-evolve and
diverge spatiotemporally across the pre-landfall, landfall, and post-
landfall stages of tropical cyclones? and (ii) Do these patterns persist
across storms with contrasting dynamic characteristics? To this end, our
study presents a dual perspective: it examines NIs relative to their total
interaction effects and compares their behavior during extreme events to
typical annual variability, providing a more nuanced understanding of
how coastal systems respond to both routine and extreme hydrodynamic
forcing.

2. Study framework
2.1. Study area

The Chesapeake Bay is the largest estuary in the United States and
one of the most diverse coastal ecosystems of the world (Fig. 1a). The
bay is situated on the western side of the Delmarva Peninsula between
Virginia (VA) and Maryland (MD) and spans approximately 11,400 km?2.
The bay extends in a north-south direction from Virginia Beach, VA, to
Havre de Grace, MD, where it meets the Susquehanna River’s mouth
(Colman and Mixon, 1988). With an average depth of 6.5 m (Patrick,
1994), this relatively shallow bay spans approximately 315 km in length
and has a varying width ranging from 6.4 km to 48 km near Annapolis,
MD, and Cape Charles, VA, respectively. Freshwater inflow to the bay
comes from a network of nearly 50 rivers and thousands of tributary
streams which collectively drain an area of approximately 166,000 km?.
Among these, three major rivers contribute more than 80 % of the
Chesapeake Bay’s total freshwater inflow, namely the Susquehanna, the
Potomac, and the James rivers (Table 1). The Susquehanna River alone
accounts for nearly half (49 %) of the freshwater inflow to the bay
(Xiong and Berger, 2010). The mean tidal range along the Chesapeake
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Fig. 1. Map of the study area showing the Chesapeake Bay, VA-MD and the U.S. Atlantic Ocean. (a) Spatial extent of the Atlantic Ocean model with the underlying
bathymetry obtained from GEBCO 2024, and the National Hurricane Center’s best tracks of Sandy (Oct/2012), Irene (Aug/2011), and Isabel (Sep/2003). (b) Spatial
extent of the Chesapeake Bay model with the underlying bathymetry obtained from NOAA’s lidar surveys. Blue dots represent USGS river-gage stations serving as
upstream boundary conditions whereas red triangles indicate NOAA tide-gage locations used for model calibration and validation. Abbreviations of station codes

shown on the map correspond to those listed in Table 1.

Bay varies considerably, with values of 0.78 m near the bay’s entrance
(NOAA 8638863), 0.30 m at Annapolis, MD (NOAA 8575512), and 0.37
m at Tolchester Beach, MD (NOAA 8573364) (Zhong and Li, 2006). The
tides are predominantly semi-diurnal, dominated by the principal lunar
semidiurnal (M2) and the larger lunar elliptic semidiurnal constituent
(N2), with tidal amplitudes of 1.26 m and 0.28 m, respectively.

2.2. Hurricane events

We simulate annual TWL variability and break down NIs from three
selected hurricanes that impacted Chesapeake Bay, namely Hurricane
Sandy from 2012, Hurricane Irene from 2011, and Hurricane Isabel from
2003 (Fig. 1a). Hurricane Sandy made landfall as a Category 1 hurricane
on the Saffir-Simpson scale just northeast of Atlantic City, New Jersey,
USA. Hurricane landfall occurred at approximately 23:00 UTC on
October 29, 2012, with maximum sustained winds of 129 km/h (Bennett
et al., 2018). Storm surge in New York City coincided with the
approximate timing of the spring high tide, resulting in a
record-breaking TWL of 4.23 m at The Battery in New York Harbor
(Blake et al., 2012). High water levels along the Delaware River in
Philadelphia reached 3.24 m early on October 30, 2012, whereas waves
generated by strong winds were recorded at over 6.40 m at southern
Lake Michigan (Blake et al., 2012; NOAA, 2012). In the United States,
the storm caused an estimated $88.5 billion in damages, making it the
most devastating Category 1 storm in history and the fifth costliest storm
overall in the country (Smith, 2025).

Hurricane Irene originated from a tropical wave off the west coast of
Africa. On August 24 at 12:00 UTC, it reached the Bahamas and inten-
sified into a Category 3 hurricane on the Saffir-Simpson Scale, with a
peak sustained wind speed of nearly 195 km/hr. It made its primary
landfall as a Category 1 hurricane on the North Carolina shoreline in the
US at 12:00 UTC on August 27, 2011. It made a second landfall near New
Jersey at 09:35 UTC on August 28, 2011, before continuing its path
along the Atlantic coastline As Hurricane Irene transitioned to an
extratropical cyclone, it triggered heavy rainfall that caused cata-
strophic river flooding in New York, New Jersey, and the Delaware River

region, resulting in nearly $1 billion in damages (Deb et al., 2023; Kerns
and Chen, 2023; Lixion and Cangialosi, 2011). It generated large waves
along Outer Banks barrier islands in North Carolina and moved through
the Albemarle-Pamlico estuarine system causing widespread flooding,
and extensive erosion across the low-lying coastal plain (Mulligan et al.,
2008, 2015). Post-storm surveys showed storm surge of approximately
2.4 to 3.4 m occurred in parts of Pamlico Sound, while surge values
ranging from 1.2 to 1.8 m along the coastline from New Jersey, US
(Lixion and Cangialosi, 2011).

Hurricane Isabel originated from a tropical wave in the far eastern
Atlantic, reaching Category 5 strength on the Saffir-Simpson Scale
around September 11, 2003. It maintained its peak intensity until
September 15 before making landfall as a Category 2 hurricane near
Drum Point, North Carolina, at 17:00 UTC on September 18, 2003, with
sustained winds of around 160 km/hr (NOAA, 2004b; Preller et al.,
2003). The highest surge height was recorded in Chesapeake City, MD,
where it reached 2.49 m on September 19, 2003. Water levels exceeding
2 m were observed in Washington, DC, Baltimore and Tolchester Beach,
MD. The U.S. Army’s Field Research Facility at St. Petersburg recorded a
significant wave height of 8.1 m at a waverider buoy located in 20 m of
water (Lin et al., 2010; NOAA, 2004a; Xiao et al., 2021). According to
the National Weather Service Assessment (2004b), Hurricane Isabel
resulted in 51 fatalities, including 17 directly attributed to the storm,
and caused an estimated $3.37 billion in damages.

2.3. Data sources

We use publicly available data to set up, calibrate, and validate
coastal hydrodynamic and wave models of the Chesapeake Bay and the
Atlantic Ocean. To represent physical topography and bathymetry
(topobathy), we consider datasets from NOAA’s Continuously Updated
Digital Elevation Model (CUDEM). These data cover the Chesapeake Bay
region with a 1/9 arc-second resolution (~3.5 m) and are available at
https://doi.org/10.25921/ds9v-ky35. We also consider data from the
NCEI's Coastal Relief Model that covers the nearshore and coastal re-
gions with a 1/3 arc-second (~10 m) and 1 arc-second (~30 m)
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Table 1
River- and tide-gauge stations of Chesapeake Bay.
Region Station Code  Station ID Objective
Lower Sewells Point, VA SP NOAA Calibration and
bay 8638610 Validation
Money Point, VA MP NOAA
8639348
Kiptopeke, VA KK NOAA
8632200
Yorktown, VA YOR NOAA
8637689
Mid bay Cambridge, MD CAM  NOAA
8571892
Lewisetta, VA LEW NOAA
8635750
Solomons Island, SI NOAA
MD 8577330
Bishops Head, MD BH NOAA
8571421
Upper Baltimore, MD BAL NOAA
bay 8574680
Tolchester Beach, TB NOAA
MD 8573364
Annapolis, MD ANN  NOAA
8575512
Upstream James River, VA JR USGS Boundary
02037500 Condition
Anacostia River, MD AR USGS
01649500
Pamunkey River, VA PMR USGS
01673000
Rappahannock RR USGS
River, VA 01668000
Potomac River, DC POR USGS
01646500
Susquehanna River, SR USGS
MD 01578310
Choptank River, MD  CR USGS
01491000
Dragon Swamp, VA DR USGS Internal Discharge
01669520
Patuxent River, MD PAR USGS
01594440
Mattaponi River, VA MR USGS
01674500

resolution, respectively. This dataset is available at https://www.ncei.
noaa.gov/products/coastal-relief-model. Next, we leverage the Gen-
eral Bathymetric Chart of the Oceans (GEBCO) with a 15 arc-second
resolution (~500 m) in regions with depths greater than 300 m. This
dataset is available at https://www.gebco.net/data_and_products
/gridded_bathymetry data/. The model’s vertical datum is referenced
to the North American Vertical Datum of 1988 (NAVD88). All topobathy
datasets were converted to NAVD88 using NOAA’s V-datum program
(Tolkova et al., 2023).

Likewise, we consider land cover maps derived from the National
Land Cover Database (NLCD) as a proxy for spatially distributed
roughness values coinciding with the year of Hurricane Sandy, Irene,
and Isabel (https://www.mrlc.gov/data/). The NLCD maps have a 30 m
spatial resolution and 16 land cover classes over the continental US. For
calibration purposes, the 16 classes were consolidated into 5 broader
categories to avoid too much specificity: open water, forest, bare land,
urban/impervious areas, agricultural lands, and wetlands.

Open boundaries for the Atlantic Ocean model (Fig. 1a) were forced
by using barotropic tides obtained from TPXO 8.0 global inverse tide
model (https://www.tpxo.net/global/tpxo8-atlas) whereas sea surface
wind fields and atmospheric pressure data of 1 h resolution were sourced
from the National Centers for Environmental Prediction’s Climate
Forecast System Version 2 (CFSv2) at 0.20° (~22 km). River discharge
data was used as upstream boundary condition for the Chesapeake Bay
model (Fig. 1b) at 11 USGS river-gauges (Table 1; https://dashboard.
waterdata.usgs.gov/app/nwd/en/). The downstream boundary
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condition was obtained by extracting TWL outputs from the Atlantic
Ocean Model along an offshore boundary transect approximately 20 km
(Fig. 2) off the Chesapeake Bay shoreline. In addition, we forced the
Chesapeake Bay model using sea surface wind fields and atmospheric
pressure from ERAS reanalysis data with a temporal resolution of 1 h.
Importantly, we noticed that CFSv2 considerably overestimated
hurricane-induced wind speed velocities in the upper bay compared to
the observed wind data from 20 National Data Buoy Center (https://
www.ndbc.noaa.gov/) coastal and inland stations (supplementary
Figure S5).

3. Methods
3.1. Model development

We simulate TWL in the U.S. Atlantic Ocean and the Chesapeake Bay
using the coupled Delft3D (2D depth-average mode) and Simulating
WAves Nearshore (SWAN) model software. These models have exten-
sively been used for simulating storm surge and waves triggered by
tropical cyclones and typhons across various coastal regions worldwide
(Bakhtyar et al., 2020; Hasan Tanim and Goharian, 2021; Hoffken et al.,
2020; Munoz et al., 2022, 2024; Wijetunge and Neluwala, 2023).
Delft3D is a versatile 2D/3D modeling suite designed to simulate com-
plex hydro-morphological interactions between river, estuarine, and
coastal processes (Deltares, 2018a, 2023). Delft3D includes a structured
mesh capability in Delft3D-FLOW (v4.04.01) and an unstructured flex-
ible mesh (FM) capability in Delft3D-FM (v2023.02), which helps
conduct hydrodynamic simulations in complex morphological settings
with higher accuracy than that of a structural mesh (Kumar et al., 2009).
Furthermore, the modeling suite includes a wave module in
Delft3D-WAVE that can be coupled with the advanced SWAN kernel to
simulate wave dynamics in deep-ocean and nearshore environments
(Deltares, 2018a, 2018b, 2023). A schematic diagram illustrating the
coupled modeling framework and boundary condition exchange is
provided in Fig. 2. More details of the Delft3D and SWAN software
packages are included in the Supplementary material.

3.1.1. Atlantic ocean model (AOM)

To optimize runtime efficiency and reduce computational burden,
we developed a structured Delft3D-FLOW model of the Atlantic Ocean
characterized by low to medium bathymetric complexity (Fig. 1a). The
model domain covers a large portion of the ocean to accurately capture
the wind field gradient and offshore wind patterns within longitudes and
latitudes ranging from 99°W to 20°E and 14°N to 52°N, respectively.
This model has a structured grid consisting of 253,259 rectilinear cells
and a mesh resolution that gradually increases from 17.5 km in the deep
ocean to 2 km near the coastline. Nearshore dynamics were accounted
for by applying a progressively finer mesh resolution along the offshore
boundary of the Chesapeake Bay model, thereby ensuring accurate
representation of coastal processes. In particular, the Atlantic Ocean
model helps simulate tide and wind-wave water levels consistent with
hurricane’s best tracks from the National Hurricane Center.

Next, the Atlantic Ocean model is dynamically coupled with an
analogous Delft3D-WAVE (SWAN) model to account for both the effect
of wind-waves on current and the effect of flow on waves. To ensure a
spatially smooth model coupling, we use an identical structural grid to
run both the flow and wave models. First, the Delft3D-FLOW model
computes water levels, currents, and wind velocities at each computa-
tional node of the numerical mesh. Then, the model outputs are passed
on to SWAN with a 30 min coupling interval to calculate wave height,
period, direction, and spectral energy distribution. Once SWAN com-
pletes the wave simulations, it returns radiation stress gradients to
Delft3D-FLOW. These gradients act as a forcing term in the hydrody-
namic equations and transfer momentum from waves to the water col-
umn. Lastly, Delft3D-FLOW integrates wave-induced forces to update
water levels and flow velocities for the next timestep.
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Fig. 2. Schematic of the coupled modeling framework: Atlantic Ocean Model (AOM) is online coupled with SWAN to exchange water levels, currents, meteorological
forcing, and wave radiation stress. Offline coupling transfers nearshore TWL output from AOM as offshore boundary input to the high-resolution Chesapeake Bay
Model. The red transect denotes the Bay model’s downstream boundary, and black dots indicate TWL input locations.

The Smith & Banke (1975) two-breakpoint wind-drag model is
applied to the model coupling to translate wind speed into wind-induced
stress on the water surface. This is critical to simulate wind setup/wave
growth along coastlines in order to capture the nonlinear dynamics of
energy transfer from the atmosphere to hydrodynamics. Here, the
wind-drag coefficient (Cq) is defined by two-breakpoints — 0.00063 at
0 m/s and 0.00723 at 100 m/s. Cq increases linearly between these
thresholds, however, it remains constant beyond the upper breakpoint of
100 m/s, indicating a physical saturation limit where aerodynamic
forces stabilize despite further increases in wind speed. Horizontal eddy
viscosity and diffusivity is set to 0.1 m2/s. Depth-induced breaking is
modeled using the Battjes and Janssen (1978) formulation, with o = 1.0
to control dissipation rates and y = 0.73 the threshold for wave breaking
based on wave height-to-depth ratios. Bottom friction is parameterized
using the JONSWAP formulation, with a friction coefficient of 0.067
m?/s® to account for energy loss due to seabed roughness (Hasselmann
et al., 1973). In addition, the model accounts for refractive propagation
due to current and depth, energy dissipation due to white-capping
(Komen et al., 1984)and non-linear wave-wave interactions including
both quadruplets and triads.

3.1.2. Chesapeake Bay model

Next, we set up a detailed coastal hydrodynamic model of the
Chesapeake Bay in Delft3D-FM. The model has a spatial resolution
ranging from 12 km in deeper offshore regions to 500 m over natural
floodplains and coastal wetlands (Fig. 1b). In particular, unstructured
grids provide a greater flexibility to simulate fine-scale water level dy-
namics in sinuous and braided river waterways, coastal wetlands, har-
bors, and urbanized zones like those present in the Chesapeake Bay (Lin
et al., 2010; Munoz et al., 2020; Xiao et al., 2021). The flexible mesh
consists of 1067,531 triangle elements and 534,560 nodes and is
generated with the OceanMesh2D toolkit, which consists in an
open-source MATLAB code for developing optimized 2D unstructured
meshes for coastal and ocean modeling (Roberts et al., 2019). Here, the
edge length of the mesh (EL) is controlled by adaptive edge-length

function based on factors such as proximity to shorelines, feature
width, bathymetric elevation/slopes, and tidal wavelengths. Moreover,
EL is designed to transition from coarse to fine in critical areas (e.g.,
wetlands, inter-tidal zones); thus, ensuring an accurate representation of
dynamic coastal and riverine processes (See more details in the Sup-
plementary material). The Susquehanna, Potomac, James, Anacostia,
Pamunkey, and Rappahannock river are set as upstream boundary
conditions whereas the remaining river tributaries with relatively low
flow rates are modeled as localized inflow sources (Table 1). This
approach is adopted to circumvent errors in the underlying DEM data
associated with small river tributaries. The connection between the
Atlantic Ocean Model and the Chesapeake Bay Model is implemented
through offline coupling. Following completion of the annual Atlantic
simulations, TWL output at the Bay’s mouth (Fig. 2) is extracted and
applied as the offshore boundary condition (BC) for the high-resolution
Chesapeake Bay Model. The timestep is governed by the
Courant-Friedrichs-Lewy (CFL) condition, with a maximum value of 0.7,
and model outputs are generated at hourly intervals.

The model demonstrates strong performance across Chesapeake Bay
during event-based calibration for Hurricane Sandy (2012). In the upper
bay (ANN, TB, BAL), the model shows high accuracy with an average
MAE of 0.11 m, RMSE of 0.14 m, NSE of 0.70, and KGE of 0.82. TB
station performs best with the lowest MAE (0.10 m) and highest KGE
(0.85). In the middle bay, performance is acceptable (average NSE of
0.53, KGE of 0.71), with BH and CAM showing particularly strong re-
sults. LEW shows the weakest metrics in this region. In the lower bay
(SP, MP, KK, YOR), the model performs best overall, with an average
NSE of 0.79 and KGE of 0.76. KK, SP, and YOR show strong conformity
to the observation data, while MP has slightly higher errors and lower
KGE. The model was validated against two extreme events: (i) Hurricane
Irene (2011) and (ii) Hurricane Isabel (2003). During Hurricane Irene,
the model shows strong agreement with observed TWL variability.
Especially in the lower bay (avg. MAE: 0.14 m, NSE: 0.79), though KGE
values remain low, which indicates phase mismatches. The middle bay
shows moderate agreement (avg. NSE: 0.51), while upper bay stations
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experience lower KGE values, likely due to wind field inaccuracies. For
Hurricane Isabel, model performance improves notably, especially in
the upper bay (avg. NSE: 0.90), with accurate peak timing, height, and
phase alignments. The lower bay maintains strong performance (avg.
NSE: 0.85, KGE: 0.76), and the middle bay shows consistent results (avg.
NSE: 0.80, KGE: 0.53). Overall, the calibrated model effectively simu-
lates TWL dynamics, particularly for Isabel, with robust phase and
amplitude agreement across most stations. Further details of the cali-
bration and validation procedures are available in the Supplementary
Material.

3.2. Model scenarios

To investigate the spatiotemporal variability of NIs among tide,
storm surge, waves, and river flow, we designed eight numerical sce-
narios (Table 2). The scenarios allow us to systematically isolate and
quantify individual forcing contributions and associated NIs, providing
deeper insights into their synergistic behavior. Importantly, each sce-
nario simulates the full annual cycle corresponding to a specific hurri-
cane year i.e., 2012 for Sandy, 2003 for Isabel, and 2011 for Irene,
allowing us to capture the long-term buildup of seasonal dynamics and
the evolution of NI patterns leading up to the extreme event. The first
scenario (S1) serves as the baseline condition where the model is forced
solely by astronomical tides at the downstream boundary, with no
meteorological or hydrological forcing. Wind forcing, atmospheric
pressure, and river flow are entirely excluded, ensuring that the simu-
lation represents a purely tidally driven system. In the second scenario
(S2), the model is forced with spatiotemporally varying wind and
pressure fields to capture the influence of wind-driven stress and baro-
metric fluctuations on water levels. However, river flow remains inac-
tive, thereby isolating the contributions of wind and pressure-driven
surge. The third scenario (S3) isolates the interaction between tidal
forcing and freshwater discharge by activating river flow at the up-
stream boundary while keeping both the wind and pressure forcing
turned off. In the fourth scenario (S4), wind forcing is introduced to a
tidally driven system without barometric pressure variations (e.g., at-
mospheric pressure is held constant). This allows us to isolate the effect
of wind-induced waves in the absence of pressure-driven surge. The last
scenario (S5) incorporates all major forcing simulations including tide at
the downstream boundary, storm surge driven by wind stress and

Table 2
Model scenarios for analyzing nonlinear interactions of tide, storm surge, wave,
and river flow.

Scenario Downstream Upstream Spatial Spatial Wave
ID Boundary Boundary Wind Pressure Effects
Forcing Forcing

S1: Tide Tides Off Off Off Off
Only

S2: Tide + Tides Off On On Off
Storm
Surge

S3: Tide + Tides River Flow Off Off Off
River
Flow

S4: Tide + Tides Off On Constant/ On
Wind 1013 mb
Wave

S5: Tide + Tides River Flow On On On
All
Forcing

S6: Surge Off Off On On Off
Only

S7: River Off Off Off Off On
Flow
Only

$8: Wind Off Off On Constant/ On
Wave 1013 mb
Only
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pressure variation, and river inflow from the upstream boundary. To
isolate and quantify the nonlinear component, three additional sce-
narios were developed. The sixth scenario (S6) simulates a surge-only
system by applying spatially varying wind and atmospheric pressure
fields while excluding tidal and riverine inputs. In the seventh scenario
(S7), only river flow is activated at the upstream boundary, with no
influence from tides, wind, or pressure. This allowed us to isolate the
effect of freshwater discharge. Finally, the eighth scenario (S8) repre-
sents a pure wind-wave case where only wind forcing is applied over a
constant atmospheric pressure field (e.g., 1013 mb), with tides and river
inflows deactivated in the system.

In this study, we use the differences in water levels ({) between
various model run scenarios (Table 2) as a proxy for the tidal contri-
bution and its interaction with other dynamic forcings, such as storm
surge, river discharge, and wind-induced waves. While NIs can manifest
in multiple ways, the difference in water levels provides a practical and
interpretable means to represent the integrated effects of multiple
interacting drivers. This allows us to capture the spatiotemporal
behavior of NI and identify regions where these complex interactions
lead to dampened or highly amplified system response. This approach is
consistent with prior studies (Bernier and Thompson, 2007; Horsburgh
and Wilson, 2007; Tang et al., 1996; Wankang et al., 2019; Xiao et al.,
2021; J. Zheng et al., 2017; P. Zheng et al., 2020).

Subtracting water levels between S1 and S2 simulations allows us to
estimate the combined effect of Storm Surge (SS) and Tide-Surge
Interaction (TSI), expressed as (rs;,ss = Cso— (s Similarly, the
combined effect of River Flow (RF) and Tide-River Interaction (TRI) is
estimated as {7ry + rr = (s3 — Us1., and the combined effect of Wind Wave
(WW) and Tide-Wind Wave Interaction (TWI) is calculated as {7y + ww
= (g4 — Cs1. The effect of NI is inherently embedded within this com-
bined response, as the resulting water level difference reflects both the
additive and interactive effects of the tide and the respective driver.
Lastly, the combined effect of all forcings (SS + RF + WW) and their
associated nonlinear interactions is captured by {rrswr = Css5 — Cs1-
Hereinafter, this fully integrated interaction will be referred to as
Net_NI. In order to quantify the nonlinear interaction components (e.g.,
nonlinear Tide-Surge Interaction, or nTSI), we subtracted the pure
contributions of individual forcings (i.e., surge, river flow, and wind-
induced waves) from the corresponding combined responses (i.e., TSI
+ SS, TRI + RF, and TWI + WW). For instance, nTSI was calculated as:
nTSI = Crsr + ss — (se- We extended this framework to other forcing
combinations to calculate the nonlinear Tide-River Interaction (nTRI =
Crrr + RF — Csy) and Tide-Wind Wave Interaction (nTWI = Crwr + ww —
(sg) components.

3.3. Generalized approach to define hurricane stages

Hurricanes Sandy - 2012, Irene - 2011, and Isabel - 2003 triggered
distinctive system’s response, driven by variation in each hurricane’s
intensity, trajectory, translational speed, and duration. For instance,
Hurricane Sandy was a relatively slow-moving event that had an
expansive wind field (Blake et al., 2012). Hurricane Irene was a more
compact and fast-moving event while Hurricane Isabel exhibited high
intensity and prolonged rainfall (Beven and Cobb, 2003; Lixion and
Cangialosi, 2011). These distinctive characteristics strongly influence
NIs, thereby requiring a generalized approach to define hurricane stages
that are consistent across different events. To characterize NIs, we define
a landfall stage based on the transition of Net NI at the coast (e.g., dif-
ference between S5 and S1) from dampening to amplification phase
within the hurricane event, i.e., negative to positive Net_NI magnitude.
The end of the landfall stage is marked by the reverse transition from
amplification to dampening phase. The rationale of this definition lies in
the assumption that hurricanes primarily enhance positive interactions
among the drivers of NIs, leading to a surge in water levels and inten-
sified system responses. The pre- and post-landfall stages are each
defined as half the duration of the landfall stage. Each stage of the
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hurricane—pre-landfall, landfall, and post-landfall—is indicated by
background shading in purple, orange, and teal, respectively, in Figs. 3,
10. This proportional approach ensures that the pre- and post-landfall
stages are dynamically scaled to each event, reflecting the system’s
gradual transition into and out of extreme force.

4. Results and discussion

To efficiently characterize both the annual and tropical cyclone-
induced NIs, we will analyze time-series from three representative sta-
tions located in the lower, middle, and upper side of the Chesapeake Bay
(Fig. 1b) as well as spatial maps of pre-landfall, landfall, and post-
landfall hurricane stages. The representative stations are Kiptopeke
(KK) located at the eastern shore of Virginia (NOAA: 8632200), Lew-
isetta (LEW) located at the confluence of the bay with the Potomac River
(NOAA: 8635750), and Annapolis (ANN) located at the western shore of
the bay (NOAA: 8575512). Model simulations of NIs in the Chesapeake
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Bay exhibit substantial variability throughout the year as they are driven
by a combination of synoptic-scale atmospheric disturbances, including
cold fronts, tropical and extratropical cyclones, and seasonal variations
in wind forcing. This leads to highly distinct annual NIs patterns char-
acterized by irregular oscillations (Fig. 3). Note that the temporal
signature of high-energy hurricane events is considerably different from
the annual fluctuations observed during non-extreme events (Fig. 3a-f.
Therefore, the subsequent analyses focus first on characterizing the
combined effects of tide-driver interactions and their associated NIs
during tropical cyclones, and on understanding how these differ from
the annual (non-extreme) NIs observed under normal conditions.

4.1. Spatiotemporal dynamics of driver interactions and NIs
To better understand how the combined effects of individual drivers

and their respective NIs evolve across different phases of hurricane
impact, Fig. 3 illustrates the temporal progression at coastal (KK) and
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inland (ANN) stations during three major hurricanes—Sandy (2012),
Irene (2011), and Isabel (2003). The upper zoomed-in insets in Fig. 3
highlight the combined effects of each driver and its associated
nonlinear interaction (TSI+SS, TRI+RF, and TWI+WW), while the
lower insets isolate the nonlinear interaction components alone (nTSI,
nTRI, and nTWI) during the hurricane events. The background shad-
ing—purple, orange, and teal—indicates the pre-landfall, landfall, and
post-landfall stages, respectively. In the pre-landfall stage, the Net_NI
predominantly exerts a dampening effect on the system leading to lower
TWLs relative to the predicted astronomical tide. As the hurricane makes
landfall, the Net_NI reaches a peak amplification, reflecting intensified
NIs driven by storm dynamics. However, in the post-landfall stage, the
Net_NI decreases either stabilizing at a lower positive magnitude (re-
sidual) or transitioning into a dampening phase as the system gradually
reverts to normal conditions.

The upper zoomed-in insets in Fig. 3 show that nonlinear interactions
(e.g., nTSI, nTWI) intensify during hurricane landfall compared to
annual conditions fluctuations. Pre-landfall responses are largely
dampening downstream, while upstream signals vary by event. Overall,
nTSI and nTWI exhibit similar amplification-dampening patterns, with
nTSI showing stronger dampening and nTRI largely negligible. While
coupled effects like TSI+SS or TWI+WW display distinct peaks, their
nonlinear components do not. Near the coast (KK: Fig. 3a, c, e), NI
fluctuates irregularly at high frequency, whereas upstream (ANN:
Fig. 3b, d, f), the fluctuations are slower and more persistent, with less
abrupt shifts between amplification and dampening effect on the system.
This contrast reflects the influence of local dynamics. Near the coast, the
system responds rapidly to external forcing, while upstream, increased
friction and tidal attenuation dampen and delay the response, resulting
in more gradual and sustained nonlinear variations.

4.1.1. Tide-Surge and tide-wind wave interactions

Among the three combined tide-driver contributions (interaction +
diver effect), TSI+SS has the highest magnitude followed by TWI+WW.
TSI+SS is nearly identical to Net NI in terms of magnitude as well as
amplification to dampening phase behavior. Furthermore, TWI+WW
maintains a similar progression across the hurricane stages despite its
relatively lower magnitude. Differences between TWI+WV and Net_NI
are more noticeable in hurricanes with lower sustained wind speeds like
those in Sandy (129 km/h) whereas the difference is minimal for higher
sustained winds like those in Isabel (160 km/h). Fig. 3 shows that nTSI
and nTWI predominantly act as dampening influences on the system,
especially during the pre-landfall and post-landfall stages. However,
during landfall, both occasionally exhibit positive peaks, indicating
short-lived amplification. Overall, nTSI exhibits a more consistent and
stronger dampening effect than nTWI during slow-moving systems like
Hurricane Sandy (Fig. 3a-b), due to prolonged tide-surge interactions.
In contrast, for faster-moving storms such as Hurricane Irene (Fig. 3c-d),
nTWI appears more prominent, while the nTSI signal dissipates more
quickly, suggesting that storm translational speed influences which
nonlinear mechanisms dominate. At the upstream station in Annapolis
during Hurricane Irene (Fig. 3d), although the combined effects of
TSI+SS and TWI+WW remain close to zero (leading from pre-landfall
through landfall stage) their NI remains very strong, fluctuating be-
tween +0.05 m and -0.15 m. This highlights that a weak or neutral
combined tide-driver interaction effect does not imply a negligible
nonlinear response. Rather, NIs are fundamentally non-additive, they
can intensify due to internal feedback, phase mismatches, or resonant
amplification, even when the effect of external forcing appears minimal.
As such, the behavior of combined tide—driver effect and their associated
nonlinear response are not always directly correlated, underscoring the
importance of explicitly isolating NIs when interpreting system dy-
namics during extreme events.

4.1.1.1. Pre-landfall stage. In general, the Chesapeake Bay exhibits a
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dampened phase represented in the negative TSI+SS (Fig. 4a-c) and
TWI+WV (Fig. 6a-c). For Hurricane Sandy, the dampening effect is
relatively stronger compared to the other two hurricanes. The wind field
vectors in Figs. 4a and 6a indicate that Sandy had a relatively weak pre-
landfall wind speed of 2.79 m/s, originating from the southwest. Ac-
cording to the NOAA meteorological data, the Chesapeake Bay experi-
enced consistently elevated atmospheric pressure throughout the pre-
landfall stage, averaging approximately 1020.5 mb at SP station and
leading to a negative pressure-driven surge. In fact, observed data shows
that this high-pressure ridge off the U.S. East Coast created an enhanced
barometric gradient that caused a stronger outward flow of water from
the system.

However, in the case of fast-moving hurricanes like Irene, the
offshore wind fields were relatively strong, averaging around 6.82 m/s
over the Chesapeake Bay. Here, the negative TWI remained dominant,
indicating that wind-driven offshore transport outweighed the effects of
elevated pressure (1015.3 mb at SP station). The spatial distribution of
TSI4+SS indicates a stronger dampening effect for Hurricane Irene along
the Atlantic coast, which gradually attenuated westward into its middle
bay tributaries (Fig. 4b). In contrast, the negative TSI+SS interaction for
Hurricane Isabel is greater in the upper bay indicating a gradual outflow
toward the coast (Fig. 4c). Both of these spatial distributions align with
the wind directions observed during their respective pre-landfall stages.
However, Hurricane Sandy shows a different pattern where the damp-
ening effect is considerably stronger near the coast due to a negative
pressure-driven surge. Also, the system experiences weak cross-bay
wind towards the northeast (Fig. 4a).

When isolating the nonlinear components, Figs. 5a and 7a show that
Hurricane Sandy’s nTSI and nTWI exhibits strong negative values across
the mid and upper Chesapeake Bay, reaching up to —-0.12 m. This NI
intensifies the negative drawdown surge during the pre-landfall phase.
While the total interaction fields (TSI+-SS, TWI+WW) for Sandy displays
a down-Bay intensification in magnitude their nonlinear components do
not follow this gradual pattern. Instead, nTSI and nTWI have the
strongest dampening response mid to upper bay region. This suggests
that nonlinear processes exert a spatially distinct influence compared to
the total tide-drive interaction response. During the pre-landfall stage of
all three hurricanes (Figs. 4a-c, 6a-c), the lower Chesapeake Bay
consistently exhibits a strong dampening effect in both TSI+SS and
TWI+WW. In this region, their nonlinear components (nTSI, nTWI) are
generally in phase with the driver-induced response, reinforcing
offshore-directed transport. In contrast, the mid and upper Bay shows
positive NI zones for Hurricane Irene and Isabel. Here, nonlinear effects
act as compensatory mechanisms counteracting surge and wind-wave
induced forcings. This behavior may be tied to how long the storm
system influences the Bay during its pre-landfall approach. For the slow-
moving hurricanes (e.g., Sandy), the nonlinear components act in syn-
ergy with the driver-induced response in the pre-landfall phase. Mean-
while, the relatively faster-moving storms (e.g., Irene, Isabel)—exhibit
stronger compensatory nonlinear effects in the mid and upper Bay. This
suggests that faster-moving storms, due to their shorter residence time
and more transient forcing are more likely to induce phase mismatches
among tides, surge, and wind-driven waves, resulting in destructive
interference that reduces the system’s overall extreme response.

4.1.1.2. Landfall stage. During landfall, each of the hurricanes exhibits
a positive amplification of the tide-driver interaction response. This, in
turn, produces an elevated surge level near the coast that is driven by the
combined effect of wind forcing, atmospheric pressure, and tides. As a
result, TSI+SS closely aligns with Net_NI suggesting that pressure and
wind are the dominant drivers in this stage (Fig. 4d-f). However, there is
a considerable gap between TSI+SS and TWI+WW for Hurricane Sandy
at both the KK and the ANN stations indicating a strong influence of
pressure-driven surge in the Chesapeake Bay (Figs. 4d and 6d). This is
largely influenced by the slower movement of the hurricane, which
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Fig. 6. Spatial distribution of the combined effect of TWI+WW across the Chesapeake Bay. The timestamp coincides with the absolute maximum Net_NI at KK for
each hurricane and stage. Horizontal panels represent (a-c) pre-landfall, (d-f) landfall, and (g-i) post-landfall stages whereas vertical panels indicate the three
hurricanes. Negative and positive magnitudes indicate dampening and amplification phases in the system, respectively. Wind vectors represent the average wind
speed at the timestamp.
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allows the inverse barometer effect to exert a greater impact as the
system has more time to respond to a sustained low pressure. Conse-
quently, while TWI+WW is still dominant, the pressure-driven surge
remains a key factor in determining the system response in slow-moving
low-pressure systems. In contrast, the wind field of faster-moving hur-
ricanes like that of Isabel allows less time for pressure-induced surge to
develop. As a result, wind stress became the primary driver with
TWI+WW dominating the net system response. The gap between
TSI+SS, TWI+WW is therefore minimal at the peak surge (Figs. 4f and
6f). This suggests that wind setup dominates over the inverse barometer
effect for hurricane events with very strong wind fields and faster
translational speed.

The spatial patterns of TSI+SS and TWI+WW are also influenced by
the hurricanes’ trajectory, wind field patterns, and direction. Hurricane
Sandy approached the U.S. Atlantic Coast from the southeast and made
landfall near Atlantic City, New Jersey (Fig. 1a). This path positioned
the Chesapeake Bay to the south of the storm center. Due to its coun-
terclockwise wind circulation, regions to the south of the storm’s eye
experience winds primarily from the northwest. This wind pattern
pushed water toward the eastern coast (KK), amplifying its Net NI while
reducing it along the western shoreline (LEW and ANN). Therefore, tide-
driver interaction effect is more pronounced near the coast where wind
effects are more direct leading to stronger TSI+SS and TWI+WW in
coastal areas (Figs. 4d and 6d). Hurricane Irene moved northward par-
allel to the Chesapeake Bay but stayed to the east of the bay (Fig. 1a).
Due to its counterclockwise rotation, its onshore winds created an initial
surge near the coast that continued propagating towards the middle bay.
Its southwest wind trajectory enhances wind-driven water transport.
Therefore, TSI+SS and TWI+WW interact strongly at western coast to
the middle bay (Figs. 4e and 6e). However, this strong wind force results
in a mild drawdown effect in the upper bay and eastern tributaries. This
leads to negative TSI+-SS and TWI+WW responses at the peak surge. In
contrast, Hurricane Isabel followed a northwestward path and made
landfall on the Outer Banks of North Carolina before moving inland west
of the Chesapeake Bay (Fig. la). Initially, its expansive wind field
generated strong southerly winds, funneling water northward into the
bay. After landfall, its inland trajectory generated strong westerly winds
at the peak surge. This strong cross-bay wind field led to sustained high
TSI+SS and TWI+WW response in the lower to middle bay (Figs. 4f and
6f). Note that for large coastal systems like the Chesapeake Bay, TSI+SS,
TWI+WW at the landfall stage does not exclusively lead to positive
magnitude or amplification phase. Instead, depending on the wind speed
and direction, these interactions can induce substantial dampening ef-
fects. When wind forces are strong enough, they can laterally redis-
tribute water across the bay and effectively override pressure-driven
surge; thus, influencing the expected water level rise associated with
atmospheric pressure drop. This underscores the critical role of wind
forcing, not only in surge magnitude but also in shaping the complex
asymmetry of TSI+SS and TWI+WW response in the system.

In the landfall phase, the dominance of tide-surge interactions is
apparent, with TSI+SS consistently exhibiting stronger amplification or
dampening to TWI+WW in total system response. This behavior carried
through to their nonlinear counterparts (Figs. 5d-f and 7d-f) shows that
nTSI has a stronger dampening response than nTWI mirroring the
stronger modulation observed in surge-tide dynamics. While TSI+SS
and TWI+WW are predominantly positive across the Bay, their
nonlinear components (nTSI, nTWI) generally act in an opposing
manner, directly countering the driver-induced response. This
compensatory pattern persists even in negative TSI+SS and TWI+WW
phases. For example, during Irene, the far upstream region shows strong
negative TSI4+-SS and TWI+WW values, yet the corresponding nonlinear
component in those areas shows positive amplification, reaching up to
-+0.10 m. This reflects a recurring out-of-phase behavior between NI and
its corresponding tide—driver interaction. However, this pattern breaks
down along the western mid-Bay shoreline during Isabel landfall
(Figs. 5f and 7f). Here, the negative nonlinear interaction (nTSL, nTWI ~
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—-0.30 m) reinforces the dampening induced by TSI+SS, TWI+WW,
directly contributing to the seiching effect. This implies that NI are not
uniformly compensatory, rather under certain hurricane conditions (e.
g., intensity, translational speed, wind direction, landfall angle) they can
amplify system asymmetries and enhance localized system response.

4.1.1.3. Post-landfall stage. At the onset of the post-landfall stage,
Hurricane Irene’s offshore winds were relatively strong and well-
channeled towards the southeast direction. This accelerated the
removal of the residual surge, offsetting the still-positive inverse baro-
metric effect caused by the low-pressure system. Consequently, in the
later post-landfall stage, the system exhibits a negative TSI+SS and
TWI+WW response (Figs. 4h and 6h). In contrast, Hurricane Sandy
exhibited a weaker and more diffuse post-landfall wind pattern, pre-
dominantly towards the eastern shoreline. While offshore winds were
still present, they were not as strong as Hurricane Irene. This resulted in
anegative TWI+WW (Fig. 62), but with a weak drawdown effect. In fact,
Hurricane Sandy’s slower dissipation rate and broader wind field
allowed residual surge to persist, which in turn sustained a net positive
TSI+SS throughout the post-hurricane stage (Fig. 4g). In the case of
Hurricane Isabel, the Net_ NI magnitude fluctuates close to zero (Fig. 3e-
f, Figure S6c¢). Their spatial distributions show minimal TSI+SS (Fig. 4i)
and TWI+WW (Fig. 6i) positive response due to the onshore north-
westerly winds flowing into the Chesapeake Bay system.

These variations in the total response extend to their nonlinear
components. In Hurricane Sandy, both nTSI (Fig. 5g) and nTWI (Fig. 7g)
exhibit strong positive values in the upper and mid-Bay, with nTWI
reaching up to +0.15 m. This nonlinear amplification reflects the sus-
tained influence of Sandy’s residual surge, particularly in northern Bay.
As for Hurricane Irene, while TSI+SS and TWI+WW exhibit strong
negative responses (driven by strong offshore winds), both nTSI (Fig. S5h)
and nTWI (Fig. 7h) show positive amplification in the mid-to-upper Bay
region. This out-of-phase behavior suggests that even as the dominant
wind and surge effects subside, NIs actively contribute to maintaining
elevated water levels. In contrast, Hurricane Isabel’s NI displays a
reversed yet still compensatory dynamic. While TSI+SS and TWI+WW
show broad post-landfall amplification, the corresponding nonlinear
components are consistently negative, with dampening strongest in the
upper Bay and western tributaries. As with Irene, this reflects a
compensatory nonlinear response, but in Isabel’s case it actively offsets
elevated water levels rather than supporting them. Together, these cases
reinforce the recurring pattern in which NI acts out of phase to either
sustain or accelerate drawdown depending on the storm’s wind direc-
tion, intensity, and inland trajectory.

4.1.2. Tide-River interactions

TRI+RF magnitude is negligible compared to TSI+SS and TWI+WV
across the Chesapeake Bay and exhibit a rather constant spatiotemporal
pattern. In fact, the combined effect of TRI+RF and nTRI is negligible
with only minor millimeter-scale variations across the pre-landfall,
landfall, and post-landfall stages (Fig. 3). The upper zoomed-in insets
in Fig. 3c-d show that nTRI is virtually absent during Hurricane Irene.
However, minor post-landfall fluctuations on the order of a few milli-
meters (<3 mm) are observed at the coastal station (KK: Fig. 3a, e)
during Hurricanes Sandy and Isabel. These nTRI fluctuations are more
pronounced at the upstream station (ANN: Fig. 3b, f) due to the
enhanced sensitivity of river-tide interactions farther inland. Fig. 8
shows the spatial distribution of TRI+RF is also negligible across the
system, with little to no amplification or dampening. While previous
studies e.g., (Cai et al., 2019; Kastner et al., 2019; Sassi and Hoitink,
2013) have shown that tide-river interactions can alter water level
response in tidal river systems, our analysis of TRI + RF and nTRI reveals
that the magnitude of nonlinear interactions exhibits a weak spatio-
temporal signal, largely dependent on the magnitude and timing of
riverine inflow during preceding hurricane stages. This is most



M.S. Sakib et al. Advances in Water Resources 206 (2025) 105108

Pre-landfall (Sandy): 2012-10-24 13:00 Pre-landfall (Irene): 2011-08-26 23:00 Pre-landfall (Isabel): 2003-09-16 22:00

3951 .

0.10

0.08

39.0 1
0.06

38.5

38.0 1

37.51

-0.10

37.01 012

Landfall (Irene): 2011-08-27 21:00 Landfall (Isabel): 2003-09-18 21:00

39.5

0.12
0.09

39.0 1

0.06
0.03
0.00
3831 -0.03

-0.06 E
0095
38.01 -
-0.15

-0.18

3131 -0.21
-0.24
027

S -0.30

Post-landfall (Irene): 2011-08-28 21:00 Post-landfall (Isabel): 2003-09-22 07:00

39.54

0.16

0.14

39.0 1

0.12
0.10
0.08
38.5
0.06
0.04

38.0 0.02

nTWI [m]

0.00
-0.02
37.54 -0.04
-0.06
-0.08

37.01 0.10

~770 -765 760 —755 ~770 -765 760 -755 ~770 -765 -760 -755
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noticeable as positive TRI + RF and nTRI magnitudes during the
post-landfall stage in the upper bay, particularly near the Susquehanna
River and along major tributaries such as the Potomac and James Rivers.

TRI+RF and nTRI is primarily driven by upstream river flow where
high freshwater discharge interacts with tides by enhancing frictional
effects due to hydraulic drag; thereby, increasing mean water level and
decreasing the tidal range (Ralston et al., 2019; Sassi and Hoitink, 2013).
As a result, no noticeable river-tide nonlinearities (Fig. 9a-f) are
observed during the pre- and landfall stages due to moderate to low
upstream river flow. However, post-landfall spatial distribution shows a
strong TRI + RF (Fig. 8¢) and nTRI (Fig. 9g) signal originating from the
Potomac River corridor for Hurricane Sandy. In particular, the USGS
gauge recorded a net cumulative discharge of 9500 m®/s during the
hurricane stages. Similarly, the upstream bay below the Susquehanna
River boundary exhibits a high TRI + RF and nTRI magnitude, resulting
from a total of 15,000 m®/s discharge during the event. In contrast,
Hurricane Irene did not generate substantial hurricane-induced rain-
fall-runoff, resulting in negligible TRI + RF (Fig. 8f) and nTRI (Fig. 9f)
magnitude across the three phases of the hurricane event. For Hurricane
Isabel positive values are observed downstream of the Potomac and
James Rivers which can be explained by the relatively high cumulative
discharge of 10,200 m®/s and 6500 m®/s, respectively (Fig. 8i). Never-
theless, TRI+RF and nTRI fluctuations near the coast are negligible as
tidal energy dominates in the lower estuary, while riverine influence is
more localized and stronger in the upper bay.

4.2. Annual vs. hurricane-induced variability in driver interactions and
NIs

The simulations of annual NIs exhibit positive and negative magni-
tudes that are driven by various meteorological and oceanographic
processes, including tropical (hurricanes) and extratropical cyclones
(Nor’easters), frontal systems, and large-scale atmospheric pressure
shifts (Fig. 3). To separate annual non-extreme NIs from those induced
by tropical cyclones or other extreme anomalies, we set a threshold
value of two standard deviations (+20) around the mean Net NI (e.g.,
[-0.212 m, 0.344 m]). Positive or negative magnitudes within this
range (Supplementary Figure S7) are considered annual NIs driven by
offshore-onshore wind patterns, seasonal variations, and associated
pressure fluctuations.

To understand the distributional shift in NIs magnitude and vari-
ability across different hurricane landfall stages, Kernel Density Esti-
mation (KDE) plots are presented in Fig. 10. KDE is a non-parametric
way to estimate the probability density function of a dataset, making
it particularly useful for identifying the underlying distribution and
central tendencies of complex, non-uniform data (Weglarczyk, 2018).
Since the annual NIs dataset is substantially larger compared to the
hurricane event dataset, the resulting scale discrepancy makes direct
visual comparisons of KDE plots ineffective. Specifically, the annual
dataset consists of 1031 days calculated by considering three years of
simulation, removing the first 15 days of data from each year, and
excluding the corresponding duration of the three hurricane events.
Within this dataset, 94.5 % of the data falls within the +2¢ threshold
that is equivalent to 975 days. Given that each hurricane event lasts for
an average of 6.67 days, the baseline dataset is approximately 150 times
larger than the duration of an average hurricane event. The difference in
dataset size alters the density scale, causing the baseline KDE to appear
disproportionately taller and narrower compared to the wider and
shorter KDE plots of the hurricane events. Therefore, to address this
issue and ensure comparability, a Monte Carlo sampling approach was
applied by resampling the annual NIs dataset 500 times and creating an
ensemble (Fig. 10, gray lines). This approach ensures that annual vari-
ability is preserved, while also allowing the KDE plots for the baseline
and different hurricane stages to remain visually comparable on the
same scale.

The normal distribution of the resulting ensembles suggests that the
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annual response of combined tide-driver interactions and their associ-
ated NIs fluctuates symmetrically around a zero-state. Also, note that
KDEs exhibit a high degree of normality with mean values of —0.05 m
for TSI+SS, 0.01 m for TRI+RF, and —0.01 m for TWI+WW averaged
across the three stations. The negative TSI+SS and TWI+WW indicate
that these drivers impose an overall dampening effect on the Chesapeake
Bay. Furthermore, these serve as the reference for evaluating the evo-
lution of tropical cyclone-induced tide-driver interaction and its NIs
during pre-landfall, landfall, and post-landfall stages. The baseline
ensemble (gray lines) shows that the annual distributions of nTSI and
nTWI are approximately normal, with a slight negative peak around
-0.025 m, reflecting a weak but consistent dampening influence under
non-extreme conditions. In contrast, nTRI displays a strong positive
skew similar to its parent component TRI4RF suggesting that tide-river
nonlinear interactions more frequently amplify water levels. Notably,
the annual fluctuation range of nTSI and nTWI is broader at the up-
stream ANN station (Fig. 10j, p: —=0.25 m to +0.15 m) than at the coast
KK (Fig. 10l r: -0.15 m to +0.08 m), indicating greater variability
inland. In general, the KDE plots of TSI+SS, TRI+RF, TWI+WW, nTSI,
nTRI and nTWI show a consistent shift toward higher magnitudes during
landfall across all hurricanes (Fig. 10), regardless of the hurricane’s best
track that was parallel to the coast (Irene), right side (Sandy), or left side
(Isabel) of the Chesapeake Bay (Fig. 1a).

4.2.1. Pre-landfall stage

During the pre-landfall stage, the KDE plots of TSI+-SS (Fig. 10a-c)
and TWI+WW (Fig. 10g-i) are primarily skewed toward negative values,
indicating an early-stage dampening effect driven by positive pressure
anomalies and offshore winds that begin to alter NIs. In contrast, the
KDE plot of TRI+RF is aligned with that of the annual NIs (Fig. 10d-f).
The dampening effect of TSI+SS and TWI+WW is particularly strong for
the relatively fast-moving hurricanes Irene and Isabel, both of which
exhibit a sharp negative spike in the pre-landfall stage. Stations located
in the lower bay (KK) show minimal shifts of the KDE plot with respect to
that of the annual NIs, while stations located in middle and upper bay
(LEW, ANN) show a stronger dampening effect. This suggests that
combined tide-driver interaction effect in the pre-landfall stage is
location-dependent and possibly linked to basin-scale wind setup or
early baroclinic water level adjustments. A similar pattern emerges in
the nonlinear components in the pre-landfall stage. The nTSI and nTWI
distributions (Fig. 10j-1, p-r) are also skewed negatively, particularly at
mid- and upper-bay stations, indicating that the early-stage dampening
observed in the combined effects is partially driven by underlying
nonlinear interactions. Notably, in the upstream region (ANN), the
dampening signal from nTSI and nTWI during Hurricanes Sandy and
Isabel exhibits broader distributions with extended negative tails,
reflecting a wider spread negative nonlinear response. In contrast,
Hurricane Irene shows a distinct positive peak in the mid-bay to up-
stream region opposite to the dampening behavior seen in TSI+SS and
TWI+WW. This divergence highlights the nature of NIs, which can exert
an amplifying effect on water levels even when the combined driver
effects are enforcing a dampening influence on the system. It also un-
derscores the sensitivity of upstream regions to storm-specific forcing
patterns, such as localized wind orientation and pressure setup. In
contrast, nTRI remains centered around zero during the pre-landfall
stage, suggesting minimal nonlinear tide-river interaction prior to
landfall.

4.2.2. Landfall stage

There is a substantial shift of the KDE plots toward higher TSI+SS
and TWI+WW magnitudes for all the three stations during landfall
regardless of the hurricane’s intensity and trajectory. These KDE plots
are well-separated from that of the annual NIs, confirming a strong
amplification of tide-driver interaction at landfall. Stations located in
the lower bay (KK), show a consistent spread and lower inter-hurricane
variability in terms of KDE plots for TSI+SS and TWI+WW (Fig. 10a, g).
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However, as we move toward the middle (LEW) and upper bay (ANN),
the KDE plots become increasingly dispersed with a greater variance
(Fig. 10b, h and c, i). This suggests that TSI4+SS, TWI+WW in the middle
and upper bay are more sensitive to hurricane characteristics (e.g., wind
pattern, direction, pressure drop, track) and local bathymetry as
compared to the coast. The KDE plot of TRI+RF exhibits a gradual shift
towards positive values particularly in the upper bay due to hurricane-
induced rainfall-runoff (Fig. 10f).

Focusing on the NI (Fig. 10j-r) provides further insight into storm
response variability. Fig. 10j shows nTSI to have a wide range of inter-
action values in the lower bay KK (-0.20 m to +0.20 m) indicating a
highly dynamic response to storm conditions. However, this signal at-
tenuates considerably in the mid- and upper bay (Fig. 10k-1), where the
nonlinear effect becomes predominantly dampening. Particularly, at
ANN (Fig. 101), the landfall-stage nTSI distributions exhibit consistent
negative peaks, with density modes around -0.10 m for Irene, slightly
below -0.05 m for Isabel, and —0.12 m for Sandy. At the mid-bay station
LEW (Fig. 10k), the peak dampening responses are similar for Irene and
Isabel (approximately —0.05 m), while Sandy again shows a stronger
negative NI response near —-0.12 m. Despite this overall dampening
trend, the distributions remain relatively broad, indicating localized
system response and high sensitivity to storm-specific dynamics even in
the upper bay. However, nTWI displays contrasting behavior. At the
upstream station ANN (Fig. 10r), the landfall-stage KDEs exhibits very
similar distributional pattern across all storms with well-aligned peaks
near -0.10 m. At the mid-bay station LEW (Fig. 10q), the distribution
begins to spread out, reflecting increased variability across different
hurricanes. This variability becomes more pronounced in the lower bay
KK (Fig. 10p), where the distributions are broader and exhibit a stronger
amplification effect. This suggests that nTWI in the lower bay is more
sensitive to hurricane wind fields, whereas the upstream response is
more uniform and dampening dominated. Furthermore, unlike nTSI,
nTWI maintains a strong presence across all three stations, exhibiting
less spatial attenuation and a more consistent influence throughout the
estuarian system.

4.2.3. Post-landfall stage

In the post-landfall stage, TSI+SS shift back toward the KDE dis-
tribuition of the annual NIs but still exhibit some residual amplifying
effects (Fig. 10a-c). For Hurricane Sandy, TSI+SS remains positive
across the Chesapeake Bay while that of Irene exhibits a strong damp-
ening effect due to rapid offshore withdrawal. This is a direct response to
southwesterly offshore winds that pushed water out of the system and
led to a negative TWI+WW response (Fig. 10g-i). While stations in the
lower bay experience moderate drawdown due to their connection with
the open ocean, the middle and upper bay exhibit progressively stronger
negative TWI+WW magnitudes. This suggests that TWI+WW had a
more pronounced effect in confined inland areas where water exchange
is limited due to restricted hydraulic connectivity with the ocean and
weak incoming tides, which reduce the system’s ability to offset the
wind-induced drawdown. In contrast, the KDE plots of TSI+SS and
TWI+WW exhibit very different behavior for Hurricane Irene. While
TSI+SS and TWI+WW are not strongly amplified in the upper bay, the
overall system response shows considerable variability. This supports
the idea that tide-driver interaction response in the post-landfall stage
depends on hurricane characteristics. The KDE plot of TRI+RF shows a
slight shift towards positive values driven by freshwater discharge in the
upper bay (Fig. 10i). This is evident for Hurricane Sandy and Isabel
where the total cumulative discharge reached approximately 26,000
m?3/s and 25,600 m?/s, respectively. In contrast, the KDE plot of TRI+RF
shows minimal change due to extremely low runoff of 2175 m®/s for
Hurricane Irene.

In contrast to the spatial variability observed in the combined tide-
—driver effects, the nonlinear components show higher degree of con-
sistency in their post-landfall behavior across the estuary. This
coherence is evident in the post-landfall nTSI and nTWI KDEs (cyan
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lines), that exhibit overlapping distributions with similar spread across
stations suggesting a relatively consistent mode of nonlinear response
under differing storm conditions. Although their distribution peaks
remain in the negative range consistent with an overall dampening ef-
fect, positive nonlinear amplification becomes increasingly apparent,
particularly at the mid-bay (LEW: Fig. 10k, q) and upper-bay (ANN:
Fig. 10], r) stations. In contrast, nTSI and nTWI maintain a predomi-
nantly negative response in the lower bay (KK: Fig. 10j, p), where it
helps accelerate residual surge dissipation. For Hurricane Irene, nTWI
acts counter to the TWI+WW response, which shows a strong damp-
ening effect ranging from —0.65 m to —-0.15 m (Fig. 10g-i), while nTWI
peaks positively between +0.025 m and +0.075 m (Fig. 10p-r) high-
lighting the compensatory role of NI during the post-landfall phase. As
for nTRI Fig. 10m-o shows a clear positive signature in the upper bay,
reaching up to +0.045 m at ANN, and is tied to delayed runoff effects
following Sandy and Isabel.

5. Conclusion

In this study, we set up, calibrated, and validated coastal hydrody-
namic and wave models to analyze the spatiotemporal characteristics of
annual and tropical cyclone-induced nonlinear interactions among tides,
storm surge, wind-induced waves, and river flow in the Chesapeake Bay,
USA. The models helped design five simulation scenarios to isolate the
individual and combined effects of NIs among tides, storm surge, river
discharge, and wind-induced waves. The calibration and validation
process confirmed the models’ strong predictive skill. Performance
metrics indicate that the model effectively captures both the phase and
amplitude of extreme water levels, with minor discrepancies attributed
to biases in wind field data.

Annual NIs and inherent total interaction exhibits substantial vari-
ability, with extreme hurricanes triggering abrupt and spatially diverse
responses. In slow-moving hurricanes, the inverse barometer effect has a
considerable influence on the system’s response due to sustained low-
pressure conditions. On the other hand, fast-moving hurricanes with
strong wind fields are dominated by wind-driven setup that dictates the
system’s response. In the pre-landfall stage, the combined effect of
TSI+SS and TWI+WW are predominantly negative reflecting early in-
fluences of positive pressure anomalies and offshore winds. At landfall,
these interactions have a relatively consistent spread in the lower bay. In
contrast, the middle and upper bays exhibit greater variability indi-
cating heightened sensitivity to storm-specific forcings.

Across storms, the post-landfall stage shows a recurring out-of-phase
pattern with the dominant surge and wind effects. Therefore, a weak or
neutral tide-driver interaction does suggest a negligible NI impact. In
fact, nonlinear effects (nTSI, nTWI) generally oppose the tide-driver
interactions they stem from, acting as compensatory forces that modu-
late extreme water levels through amplification or suppression.
Spatially, the NIs are transient and of high frequency near the coast, but
exhibit slower, more persistent fluctuations in upstream regions. During
landfall, nTSI shows a highly dynamic response in the lower bay, but its
signal weakens upstream as transitions into a predominantly dampening
phase. In contrast, nTWI shows minimal spatial attenuation and main-
tains a consistent signal across all stations. These findings show that
while tide—driver interactions and nonlinear effects are storm-specific
and stage-dependent, they exhibit recurring spatiotemporal patterns
across the estuarine system. Therefore, despite contrasting storm dy-
namics (e.g., intensity, track, translational speed), the estuary exhibits
consistent stage-wise signatures: pre-landfall drawdown, peak nonlinear
response at landfall, and post-landfall out-of-phase nonlinearity.

Data and materials availability
Delft3D 4.04.01 (e.g., FLOW, WAVE) is an open-source hydrody-

namic modeling software released under the GNU General Public Li-
cense (GPL) and can be downloaded from https://oss.deltares.nl/web/
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delft3d/. SWAN is fully open source under the GPL and can be down-
loaded from https://www.swan.tudelft.nl/downloads/. Links to data
repositories and archives for digital elevation models (DEMs), land
cover data, and boundary forcings (including water levels and river
discharges) are provided throughout the manuscript. Meteorological
data: https://cds.climate.copernicus.eu/ and https://www.hycom.
org/dataserver/ncep-cfsv2.
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