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A B S T R A C T

The combined impact of hurricanes and climate change can affect the total water level leading to severe impacts on coastal zones such as flooding. Accurate pre-
diction and evaluation of water levels are essential for predicting the impact on military readiness and resilience for coastal facilities. This study uses D-Flow Flexible 
Mesh to evaluate the sensitivity of water level and flood area prediction to the impact of climate change and hurricane activity with application to the Naval Station 
Norfolk, Virginia, USA.

The water level (tide and surge) was simulated and the potential flooding resulting from historical hurricanes (Irene and Isabel) in Norfolk, VA was evaluated. The 
model was forced using the parametric Holland Model and various perturbations in the hurricane characteristics were evaluated. In addition, projected relative sea 
level rise up to the year 2150 was investigated.

D-Flow can accurately simulate the water level with an average correlation coefficient and root-mean-square-error of 0.974 and 0.17 m, respectively. Water level 
prediction showed high sensitivity to climate change impacts and inaccuracies in hurricane track and lower sensitivity to changes in hurricane central pressure and 
radius of maximum wind. A mesh resolution that reflects accurate topographical depiction is required to estimate the flood area accurately. Willoughby Spit (a 
narrow peninsula north of the naval base extending into Chesapeake Bay) was the most susceptible area to flooding. Significant parts of the base were found to be 
vulnerable to flooding under the considered scenarios, with flood areas ranging from 0.28 km2 to 5.94 km2 (1.3%–43% of the base area), with the largest predicted 
flooding for the sea level rise and wind speed scenarios. The insights of the sensitivity of flood predictions to various factors could enable targeted adaptation 
measures and resource allocation, for enhanced resilience and sustainable development in vulnerable coastal areas.

1. Introduction

Total water levels (TWL) consist of the mean sea level, tide, storm 
surge, and wave-induced setup and runup. Changes in the non-tidal 
components are highly affected by the dominant meteorological forc-
ing (e.g. wind and atmospheric pressure), extreme weather events, and 
climate change.

Over 40% of the US population inhabits coastal regions (Moftakhari 
et al., 2015; NOAA Office for Coastal Management) and this percentage 
is expected to increase in the future (2023 National Population Pro-
jections). These dense population centers are at risk of severe flooding 
(Tang and Gallien, 2023) due to hurricanes and other storm surges (and 
TWL). Elevated water levels can lead to loss of human life, destruction of 
homes and civil infrastructure, and disruption of industry and coastal 
military facilities (Hanson et al., 2011; Hinkel et al., 2014; Resio and 
Westerink, 2008). In 2023 alone, severe storms, tropical cyclones, and 
flooding caused 144 deaths and cost more than $71 billion. The distri-
bution of damage from US billion-dollar disaster events from 1980 to 
2023 was dominated by tropical cyclone losses, with the highest average 

event cost of $22 billion (Billion-Dollar Weather and Climate Disasters | 
National Centers for Environmental Information (NCEI)). The North 
Atlantic coast of the US is particularly vulnerable to coastal flooding 
caused by extreme weather events such as nor’easters and hurricanes 
(Muis et al., 2019; Wahl et al., 2015).

Climate change-related sea level rise (SLR) is a clear risk, now and for 
the foreseeable future. An increase in SLR is expected to exacerbate 
storm-surge-related risks to coastal communities because the frequency 
and extent of coastal flooding are likely to increase (Vitousek et al., 
2017; Ghanbari et al., 2021; Muis et al., 2023; Tanoue et al., 2016; 
Taherkhani et al., 2020). Relative sea level (RSL) along the contiguous 
US coastline is expected to rise, on average, 0.25 m–0.30 m by 2050. 
These estimates increase to more than 2.2 m in 2100 and 3.9 m in 2150 
(relative to sea level in 2000) considering the high emission scenario 
(Sweet et al., 2022).

Accurate prediction of TWL for extreme events is needed to deter-
mine the potential impact on coastal zones and coastal military facility 
readiness and resilience (GAO, 2019; Hall et al., 2016; UOCS, 2016). 
These predictions will help support stakeholders and federal agencies in 
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adequate planning, prompt flood emergency response, and flood risk 
management decisions. Various techniques are used for coastal flood 
prediction including static (bathtub) and dynamic methods. The static 
method assumes that areas lower than a certain water level are inun-
dated if there is hydrological connectivity. Such a technique was 
commonly used, in a GIS environment (Dasgupta et al., 2009; Van de 
Sande et al., 2012), because the physics-based sophisticated models 
were challenging to employ. Although computationally inexpensive 
(Seenath et al., 2016), the resulting flood maps often overestimate the 
flood extent due to the omission of important physical processes such as 
bottom friction, mass conservation, and flood duration (Breilh et al., 
2013; Ramirez et al., 2016; Vousdoukas et al., 2016). Dynamic modeling 
uses sophisticated numerical models, e.g. D-Flow Flexible Mesh (FM), 
Advanced Circulation (ADCIRC), and the two-dimensional Hydrologic 
Engineering Center-River Analysis System (2D HEC-RAS) models, to 
simulate tides, surges, wave-induced water level, precipitation, and 
riverine discharges. These models have been applied successfully in 
coastal flood risk assessments at different scales and with varying de-
grees of model complexity (Bakhtyar et al., 2020; Bilskie and Hagen, 
2018; Ke et al., 2019; Muñoz et al., 2022; Sebastian et al., 2014).

Most coastal flooding studies focused on the impacts of coastal water 
levels (often storm-surge-dominated) and fluvial or pluvial flows 
(Ghanbari et al., 2021; Ke et al., 2019; Kumbier et al., 2018; Nederhoff 
et al., 2021), or compared the performance of different hydrodynamic 
models in water level and flood area prediction (Bakhtyar et al., 2020; 
Muñoz et al., 2022). However, uncertainties and inaccuracies in model 
inputs (e.g. pressure drop, radius of maximum wind, and storm track) 
and accurate representation of the topography and bathymetry (Muñoz 
et al., 2020), are often understudied. Other studies evaluated the im-
pacts of climate change on hurricanes, particularly hurricane intensity 
(increasing in wind speed) (Balaguru et al., 2016; Camelo et al., 2020), 
SLR (Balaguru et al., 2016; Mayo and Lin, 2022; Miller and Shirzaei, 
2021; Pasquier et al., 2019), and rainfall (Li et al., 2022), and how they 
influence potential coastal flooding. However, these studies often focus 
on certain aspects and disregard others such as uncertainties in hurri-
cane track and bathymetry/topography accuracy. Fossell et al. (2017)
investigated the sensitivity of coastal inundation to storm tide to four 
hurricane parameters: track, wind speed, size, and forward speed. They 
evaluated the predictability of storm surge inundation affected by errors 
in forecasting those parameters. They disregarded the influence of SLR 
and the accuracy of the bathymetry/topography near the area of land-
fall. Liu and Huang (2020) studied the impact of hurricane tracks, wind 
stress, atmospheric pressure, and waves on the surge height using the 
ADCIRC + SWAN model around the Taiwan coast. They reported that 
wind stress and atmospheric pressure have a crucial role in affecting the 
surge height; with wave setup contributing between 6% and 35% of the 
storm surge. That study did not consider the associated potential 
flooding.

Most of the previous studies report inundation as total flood areas 
without classifying these areas according to the severity of the flood 
(flood depth) and may overlook the flood areas before and after the 
storm peak. Therefore, additional efforts are required to investigate the 
sensitivity of hurricane-induced water levels and flood prediction to 
climate change impacts, uncertainty in hurricane characteristics, and 
input data fidelity.

Building on previous work, this study investigates the prediction of 
water levels and associated coastal flooding under hurricane activity. 
The sensitivity to the impact of climate change (SLR and wind speed), 
perturbations in hurricane characteristics (central pressure drop, radius 
of maximum wind), and input data fidelity (errors in hurricane track, 
bathymetry/topography accuracy, and mesh resolution) were evalu-
ated, and the nonlinear interaction between SLR and TWL were inves-
tigated. The utility of the model was evaluated according to the 
prediction accuracy and simulation/run time. The sensitivity of flooding 
was assessed based on the average and maximum flood depth, the spatial 
extent of flooding, and the temporal variation of these metrics. The 

sensitivity of peak surge prediction was evaluated against available 
measurements by the difference in timing, magnitude, and duration.

2. Site description

The City of Norfolk is located on the south shore of the Chesapeake 
Bay approximately 30 km west of the Atlantic Ocean in southeastern 
Virginia (USA) (Fig. 1). The city has a population of approximately 
250,000 people and is home to an active military facility (Naval Station 
Norfolk, NSN). Norfolk includes more than 320 km of riverfront and 
bayfront land, including beaches along Chesapeake Bay, and is sur-
rounded by numerous bodies of water. Norfolk and NSN are prone to 
flooding, much like other low-lying coastal areas, due to low elevation 
and proximity to natural waterways. Most of the elevation of NSN is 
within 5 m of mean sea level (MSL) (Li et al., 2013). The areas may face 
additional future strain due to high land subsidence rates (Sweet et al., 
2022) and the high rate of SLR in the Chesapeake Bay, which is 2–4 
times faster than the global mean SLR (Boon, 2012; Ezer et al., 2013). 
NSN experiences hurricane forcing and possible extratropical storm 
(ETS) forcing at different times of the year, making it a suitable location 
to test model capability under varied forcing scenarios.

The area has a mean tidal range of 0.74 m and typically experiences 
an east-south-easterly wind-wave climate with average significant wave 
heights of 0.36 m and peak periods of 5.2 s (September 2022 to 
November 2023, City of Norfolk, Periodic Survey Evaluation (City of 
Norfolk, nd). The Atlantic-fronting coastline of Willoughby Spit is 
characterized by average beach and surf zone (wave-breaking region) 
slopes of 1:30 and 1:40, respectively. In August 2011, during Hurricane 
Irene, Norfolk experienced significant flooding and damage on the order 
of $12 million. Most of the flooding occurred along Willoughby Spit with 
several flooded areas within NSN (STORM | System to Track, Organize, 
Record, and Map | Open Data Portal - City of Norfolk, VA) (STORM) Just 
offshore of Norfolk, the hurricane brought combined tide and surge 
levels of up to 1.89 m above MSL (Sewells Point), maximum wind speeds 
of 27.6 m/s (NDBC - Station CHLV2), and significant wave heights of up 
to 2.62 m (NDBC - Station 44064). During Hurricane Isabel, water levels 
up to 1.99 m above MSL at Sewells Point (Sewells Point – NOAA tide 
gauge), maximum wind speed of 33 m/s, and a significant wave height 
of up to 6.3 m at 25 km offshore (NDBC - Station CHLV2) were observed. 
Generally speaking, offshore waves approaching Chesapeake Bay dissi-
pate or reflect at the bay entrance (Bao et al., 2015; Lin et al., 2002; 
BOON et al., 1996). NSN is minimally affected by waves locally gener-
ated within Chesapeake Bay, especially along the northwest boundary of 
the base (Sewells Point) with a wave setup of a few centimeters and 
negligible contribution to flooding (Li et al., 2013). Hence, wave forcing 
was excluded in this study and the focus is on the wind, pressure, and 
tide-induced water levels.

3. Approach/methods

The study was performed in three stages. 

1) The water level (tide and surge) and associated flooding were 
simulated and the potential flooding resulting from historical hur-
ricanes (Irene and Isabel) was evaluated at NSN. For that purpose, 
the D-Flow FM model (Deltares, 2023) was used. D-Flow FM has 
been used in complex coastal flood modeling applications (e.g., 
Kumbier et al., 2018; Muñoz et al., 2020; Muñoz et al., 2022; 
Nederhoff et al., 2021). D-Flow FM has similar water level prediction 
skill when compared to ADCIRC (Bakhtyar et al., 2020) and 2D 
HEC-RAS, (Muñoz et al., 2022). The hurricane characteristics, such 
as track, radius of maximum wind, central pressure, and maximum 
wind speed, were obtained from the National Hurricane Center 
(NHC).

2) The sensitivity of the modeled water level and flooding to various 
perturbations in the hurricane characteristics were evaluated. In 
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addition, the projected climate change-induced RSL, for 
Intermediate-Low scenarios for the US East Coast: 0.4 m, 0.8 m, 1.3 
m, projected for years 2050, 2100, and 2150 (Sweet et al., 2022) 
respectively, were included.

3) A number of degradation scenarios were conducted to evaluate 
model performance when there was a deficit of accurate input data. 
These degradation scenarios included bathymetry error, mesh reso-
lution, and potential error in the hurricane track.

3.1. Model setup (D-flow FM)

Delft3D FM is an open-source flexible integrated modeling suite, that 
simulates one-dimensional (1D), two-dimensional (2D; in either the 
horizontal or a vertical plane), and three-dimensional (3D) flow, sedi-
ment transport and morphology, waves, water quality, and ecology and 
can model the interactions between these processes. The Delft3D Flex-
ible Mesh Suite (Delft3D FM) is the successor of the structured Delft3D 4 
Suite and is developed and maintained by Deltares Netherlands as open- 
source software (Delft3D Flexible Mesh Suite Deltares). Delft3D FM 
consists of several well-tested and validated integrated modules, 
including D-Flow, D-Hydrology, D-Waves, and D-Morphology. D-Flow 
FM was used for water level, storm surge, and flood prediction in several 
studies along the US East Coast (Bakhtyar et al., 2020; Li et al., 2013; 
Muñoz et al., 2022). In this study, D-Flow FM is used to simulate the 
total water level combining tides and storm surges induced by hurricane 
winds.

3.1.1. Mesh
The computational network/mesh was created using the D-Flow FM 

graphical user interface (GUI) in a spherical coordinate system. The 
mesh has a spatial extent of 700 km in the south-north direction and an 
average of 480 km in the east-west direction. The mesh has rectilinear 
and triangular components with a resolution that decreases from 4 km at 
the offshore boundary to 15 m at NSN (including the base area). The 
mesh has about 1.5 million nodes and it was refined to have high 

resolution in shallower water while maintaining a reasonable compu-
tational cost.

3.1.2. Bathymetry
Numerous data sources with different resolutions and accuracies 

were used to represent the bathymetry and topography of the study area. 
These data include the continuously updated digital elevation model 
(CUDEM - Continuously Updated Digital Elevation Model - 
Bathymetric-Topographic Tiles) with a horizontal resolution of 1/9 
arc-sec (~3 m) and vertical accuracy of 0.5 m and National Center for 
Environmental Information (NCEI) coastal relief model (CRM - (Coastal 
Relief Model | National Centers for Environmental Information (NCEI)) 
with a horizontal resolution of 1 arc-sec (~30 m) and vertical accuracy 
of 1 m. In addition, the general bathymetric chart for the oceans (GEBCO 
Gridded Bathymetry Data), with a horizontal resolution of 450 m and 
unknown vertical accuracy, were used for the offshore area. All data 
sources were combined and interpolated (Fig. 2) using the triangulation 
method using the D-Flow FM GUI. Higher-resolution data were used at 

Fig. 1. Map showing Naval Station Norfolk (shaded area) with an overview map that shows the study site location (red rectangle) relative to the wider US east coast. 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. D-Flow FM bathymetry/topography of NSN (MSL) with the overall 
model domain (inset map) of the US East Coast. Blue star shows the NSN 
location. The color scale is depth (m). (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of 
this article.)
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the nearshore areas, whereas lower-resolution data were used offshore.

3.1.3. Open boundary conditions
The model has three open boundaries: north, south, and east 

boundaries. The model was forced by two types of data along these 
boundaries. Tidal forces were employed as astronomical tidal compo-
nents obtained from the TPXO8 global tidal model using the (Delft 
Dashboard - Deltares) toolbox. The solar annual and solar semi-annual 
were also added as tidal components.

Baroclinic changes in the water level were mimicked using the E.U. 
Copernicus Marine Environment Monitoring Service (CMEMS - Global 
Ocean Physics Analysis and Forecast | Copernicus Marine Service). 
Modeling baroclinic water levels requires 3D modeling that incorporates 
long-term baroclinic processes related to the vertical stratification of the 
water column, accounting for the density variations due to changes in 
temperature and salinity. However, in this study, only 2D 
depth-averaged model simulations were used. CMEMS data were 
referenced to the MSL to consider the baroclinic adjustment in MSL (Ye 
et al., 2020).

3.1.4. Meteorological forcing
Meteorological forcing was evaluated using a parameterized wind 

and pressure field (Holland, 1980, 2008; Holland et al., 2010). For the 
purpose of sensitivity tests, the wind field can be implemented easily and 
manipulated by changing relevant parameters such as the hurricane 
track, maximum wind speed (WS), radius of maximum wind (RMW), 
and central pressure deficit.

3.1.5. Model characteristics
The land-sea boundary was obtained from the Open Street Maps 

database (OpenStreetMaps) for the US East Coast. The model used a 
variable timestep where it computes the Courant-Friedrichs-Lewy (CFL) 
criterion at each timestep with an initial value of 0.7. Time steps varied 
from 1 to 300 s. All data were referenced to the MSL and universal co-
ordinated time (UTC). All model simulations were run for 4 day as a 
spin-up period before the peak surge occurred.

4. Results

4.1. Model calibration (baseline scenarios)

Calibration for Irene was performed at different stations along the US 
Atlantic Coast, in Chesapeake Bay, and in the Delaware Bay (Fig. 3). 
Water level data were obtained at these stations from the National 
Oceanic and Atmospheric Administration (NOAA). Data were provided 
hourly and referenced to MSL. The calibration procedure was carried out 
for Irene and the same calibration settings were used for Isabel.

Different parameters were used during the calibration procedure of 
the model including the calibration of the tidal constituents (amplitude 
and phase). For that purpose, harmonic analysis was performed to 
separate the tidal water level from the non-tidal water level and the 
results were compared to the observed data. For the bed roughness, 
uniform Manning (n) bed roughness was used. Sensitivity simulations 
were carried out to determine the optimal Manning n value and the 
value of 0.023 yielded the best model performance in water level pre-
diction, especially in capturing the peak surge. Following the 2010 
Coastal Change Analysis Program (CCAP) regional land use and land 
cover classification data (National Oceanic and Atmospheric Adminis-
tration (NOAA), 2010), it was assumed that most of the NSN base lies 
under the developed open space and grassland land cover categories. 
Both categories have a Manning n value of 0.035 (Bilskie et al., 2015). A 
sensitivity simulation was performed for a uniform (n: 0.023) and 
spatially varying Manning n value (n: 0.035 on land and 0.023 else-
where) showed no significant differences in flood extent between both 
simulations. Hence, for simplicity, a uniform Manning n value of 0.023 
was used for all simulations. Sensitivity to the mesh resolution was 

evaluated and is discussed in Section 4.3.3.
Three statistics were used to quantify model skill in water level 

prediction: 

Correlation Coefficient : R=

∑N

i=1
((Pi − P)(Mi − M))

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑N

i=1(Pi − P)2 (√
∑N

i=1(Mi − M)
2
) (1) 

Root Mean Square Error : RMSE=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
N
∑N

i=1
(Pi − Mi)

2

√

(2) 

Bias=
∑N

i=1

1
N
(Pi − Mi), (3) 

where Mi is the measured value, M is the mean value of the measured 
data, Pi is the predicted value, P is the mean value of the predicted data, 
and N is the number of data points.

Figs. 4 and 5 show an example of the comparison between the 
measured and simulated water levels, at Sewells Point and Duck during 
Irene and Isabel. Good agreement was obtained between the simulated 
and measured water levels. The model can capture the peak surge with 
high accuracy and the distributions of the measured and simulated 
water levels are highly comparable.

The model results show a high correlation with the measured data up 
to 0.99 with a root mean square error (RMSE) that ranges from 0.15 m to 
0.29 m (<10% of the water level range). However, underestimations 
were also observed at some stations with a Bias ranging between − 0.04 
m and − 0.2 m for both hurricanes (Table 1). These underestimations 
might be attributed to other factors including fluvial and pluvial impact 
on the water level, which were not considered in this study. In addition, 
although it is assumed to have a minor contribution to the TWL at NSN 
(Li et al., 2013), the wave-induced water level was not included in the 
calibration procedure. It is worth mentioning that among the nine 
calibration locations, some stations are located far inside the rivers 
discharging into the Chesapeake Bay or located close to the shoreline 
where bathymetry data are less accurate. Finally, unlike Irene, Isabel 
approached nearly perpendicular to the US east coast, approximately 
200 km south of NSN. Therefore, the best model performance was 

Fig. 3. Calibration locations and storm tracks for Hurricanes Irene (IR) and 
Isabel (IS).
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observed at Duck, NC, which is the closest station to the eye/track of 
Isabel. The model is robust at locations at a large distance from the 
hurricane eye where the impact of the hurricane itself is minor and most 
of the water level there is tidal driven (e.g. Atlantic City, Fig. 3).

The peak surge characteristics were evaluated based on three 
criteria: magnitude, duration, and timing. For peak surge magnitude and 
timing, a simple difference algorithm was applied to assess the model 
skill. For duration, the surge was classified into three levels; low: 
(0.5–1.0 m), medium: (1.0–1.5 m), and high: (>1.5 m). The duration of 
each surge level was calculated and compared to the measured data. The 
calculated statistics were applied to Sewells Point only due to its prox-
imity to NSN. Good agreement was obtained between the predicted and 

observed water levels (Figs. 4 and 5). The model captured the peak surge 
during Irene at Sewells Point with a magnitude difference of 0.03 m. 
However, an underestimation of − 0.44 m was observed during Isabel 
(Fig. 4). On the other hand, the timing of the peak surge was captured 
well by the model with almost no temporal delay. The model generally 
underestimates the surge duration, partially due to the underestimation 
in the surge magnitude. However, the maximum underestimations were 
− 3.5 h and − 15.0 h for the low-level surge for Irene and Isabel, 
respectively.

The severity of the flood was evaluated, as a function of the flood 
depth, where the flood areas were classified into four levels; low (0.1 
m–0.25 m), medium (0.25 m–0.5 m), high (0.5 m–1.0 m) and extreme 
(>1.0 m), and a flood map was obtained for the peak flood (during the 
peak surge) using a shapefile that delineates the NSN area (Fig. 6b). This 
classification differs from the National Weather Service (NWS) coastal 
flood classification that comprises only three levels of flooding (minor, 
moderate, and major) with corresponding thresholds (0.30–0.61 m, 
0.61–0.9 m, and 0.9–1.5 m) (1–2 feet, 2–3 feet, and 3–5 feet) (National 
Weather Service ). Using the NWS classification may lead to a slight 
underestimation of the flood extent of 5% (compared to the predicted 
flood area using the adopted classification) with a flooding threshold of 
0.3 m. Therefore, the four-level classification was adopted to provide a 
more comprehensive delineation of the flood extent.

Both hurricanes had a marginal impact on flooding of NSN where the 
maximum detected flood area was 0.34 km2 and 0.24 km2 (<2% of NSN) 
for Irene and Isabel, respectively. However, most of the flooded area is 
located at the coastal boundaries of the base where the model perfor-
mance is highly affected by the large variations in the bathymetry, the 
accuracy of the bathymetry and topography (distinguishing wet and dry 

Fig. 4. Measured vs simulated water levels (MSL) showing surge duration for different surge levels during Irene (a, c) and Isabel (b, d) at Sewells Point and Duck, 
respectively. Dashed lines indicate high surge level (red), medium surge level (blue), and low surge level (black). (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.)

Fig. 5. Scatter plots of the measured and simulated water levels (MSL) at Sewells Point and Duck for Irene (a, b) and Isabel (c, d). Histograms are plotted along the 
right and upper axes.

Table 1 
Summary statistics of simulated and measured water levels (MSL) at the 
different stations during Irene and Isabel.

# Location Irene Isabel

R RMSE 
(m)

Bias 
(m)

R RMSE 
(m)

Bias 
(m)

1 Atlantic City 0.96 0.24 − 0.17 0.90 0.15 − 0.04
2 Lewes 0.97 0.25 − 0.18 0.88 0.22 − 0.13
3 Windmill 

Point
0.96 0.19 − 0.15 0.89 0.15 − 0.10

4 Yorktown 0.95 0.22 − 0.15 – – –
5 Kiptopeke 0.97 0.16 − 0.11 0.88 0.21 − 0.11
6 Sewells Point 0.95 0.23 − 0.17 0.88 0.29 − 0.20
7 Money Point 0.94 0.27 − 0.18 – – –
8 Duck 0.96 0.17 − 0.10 0.92 0.21 − 0.13
9 Wrightsville 0.96 0.20 − 0.05 – – –
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cells), and the model resolution that should be high enough to capture 
the small changes in the water depth. The classification of the flood 
areas into flood levels does not reflect valuable information under this 
scenario because no significant flood was detected. However, for the 
consistency of the analysis for subsequent scenarios, flood statistics were 
calculated for the different flood levels (Table 2).

The final step of the calibration was to cross-reference model results 
to the anecdotal data obtained from the System to Track, Organize, 
Record, and Map (STORM) database. STORM system captures data 
collected by residents and city staff during and after inclement weather 
events. Fig. 6 shows the predicted flood areas for the entire Norfolk area 
(NSN and Willoughby Spit) and the locations where flood events were 
reported during Irene. Almost no flood locations were reported within 
NSN during the storm except for a single location southwest of the base, 
possibly attributed to pluvial flooding (heavy rain associated with the 
storm), which was not considered in this study. Most of the reported 
flooding is located at Willoughby Spit, which coincides with the model 
predictions. Although these data are only qualitative, they support the 
model results and increase confidence in the model performance at NSN. 
There is no additional anecdotal flood data recorded during Isabel at 
NSN or the surrounding area.

4.2. Impacts of meteorological forcing

Manipulating the meteorological forcing is important for under-
standing and evaluating the extent of influence of these forces on the 
severity of the hurricane impact on coastal zones. These findings may be 
relevant for future predictions of hurricane impacts with characteristics 
similar to those of the hurricanes used in this study.

4.2.1. Pressure drop (PD)
Three pressure drop (PD) scenarios were considered in this study. 

The central pressure deficit of each hurricane (relative to the back-
ground atmospheric pressure) was increased by 12% (PD_F0.88), 24% 
(PD_F0.76), and 36% (PD_F0.64) following Knutson and Tuleya (2004)
and Mousavi et al. (2011). This modification resulted in minimum at-
mospheric pressures (PD_F0.64) of 917 mb and 887 mb for Irene and 
Isabel, respectively. The surge and flood area characteristics were 

obtained for all scenarios.
Reducing the central pressure of the hurricane caused a minor in-

crease in the peak surge magnitude at Sewells Point of 0.03 m–0.1 m. 
This marginal increase in the peak surge reflected a slight increase in the 
surge duration with a maximum of 0.5 h. Minor changes were detected 
in the flood areas along NSN for all PD scenarios compared to the 
baseline scenarios for both hurricanes. Nevertheless, a minor increase 
(0.4%) in the predicted flood area was detected for Hurricane Irene due 
to the proximity of the hurricane eye to NSN. In addition, the average 
flood depth (AFD) and maximum flood depth (MFD) had a minor 
response under the PD_F0.64 scenario with a maximum change of 0.1 m. 
Otherwise, no significant impact of the PD on the flood areas was 
observed for both hurricanes. The other two pressure drop scenarios, 
PD_F0.76 and PD_F0.88 showed lower peak surge, duration, and corre-
sponding flood areas.

4.2.2. Radius of maximum wind (RMW)
Three scenarios were considered for the RMW by reducing the radius 

by 10% (RMW_F0.9) and increasing it by 10% (RMW_F1.1) and 25% 
(RMW_F1.25) following Mousavi et al. (2011). The impact of changing 
the RMW was minor for both hurricanes. No significant impact was 
observed for the peak surge for Hurricane Irene, while a 15% increase in 
the peak surge was detected for Isabel for the RMW_F1.25 scenario. 
These minor changes in the peak surge reflect 1–2 h change in the surge 
duration for Isabel’s high surge level. Increasing the RMW extends the 
area dominated by the hurricane force (increases the hurricane size), 
which can affect the water level before and after the peak surge. The 
changes in the flood areas were marginal with a maximum flood area of 
3.3%. The RMW_F0.9 and RMW_F1.1 scenarios had smaller changes 
compared to the baseline scenarios for both hurricanes.

4.3. Impacts of climate change

4.3.1. Sea level rise
Three SLR scenarios were considered for short-term (SLR_0.4M), 

medium-term (SLR_0.8M), and long-term (SLR_1.3M) with 0.4 m, 0.8 m, 
and 1.3 m increase in the mean sea level, respectively up to 2150 
following Sweet et al. (2022). Increasing the mean sea level enhanced 

Fig. 6. Flood map with flood levels (a) and the locations of the flood areas during Irene based on the STORM anecdotal data (b). The solid black line shows the 
boundary of NSN, and the red triangles represent the reported flood locations. (For interpretation of the references to color in this figure legend, the reader is referred 
to the Web version of this article.)

Table 2 
Projected flood area characteristics at the peak flood during Irene and Isabel.

Flood level/Hurricane Irene Isabel

AFD (m) MFD (m) Flood area (km2) Flood % AFD (m) MFD (m) Flood area (km2) Flood %

Low 0.18 0.25 0.01 0.11 0.17 0.25 0.01 0.07
Medium 0.37 0.5 0.02 0.17 0.37 0.49 0.01 0.10
High 0.73 1 0.04 0.3 0.77 1.00 0.03 0.23
Extreme 1.53 1.61 0.2 1.42 1.41 1.52 0.18 1.31
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the peak surge magnitude and duration, which affected the potential 
flood areas. Including a SLR of 1.3 m increased the peak surge up to a 
maximum of 3.12 m (MSL) for Irene compared to 2.74 m (MSL) for 
Isabel (Fig. 7a). Although the nonlinearity between SLR and TWL was 
considered in SLR scenarios, the peak surge increased by 1.3 m ± 0.1 
(SLR_1.3M) for both hurricanes. The water level increased above the 
medium surge level for both hurricanes for SLR_1.3M. The high surge 
level duration increased drastically by 13–20 h compared to 3–4.5 h for 
the baseline scenarios. On the other hand, the flood area (Fig. 7b) 
showed an increase under SLR_1.3M and SLR_0.8M scenarios with 
limited impact under the SLR_0.4M scenario for both hurricanes. The 
flood area increased from a maximum of 0.34 km2 (<2.5%) up to 5.4 
km2 (39%) for Irene with less impacts for Isabel of 2.97 km2 (21%) under 
SLR_1.3M. In addition, although the AFD showed limited change with no 
discernible pattern, the MFD increased up to more than 3 m (Fig. 7c).

The projected flood areas AFD, and MFD were calculated on an 
hourly basis for 25 h around the peak surge that occurred on August 
28th at 00:00 UTC for Irene and on September 18th at 20:00 UTC for 
Isabel. The increase in the flood magnitude and duration, especially of 
the high flood level, also increased the duration of ground flooding. For 
instance, for Irene (Fig. 8a), the flood areas remained relatively constant 
below 0.5 km2 until August 27th at 20:00 UTC, 4 h before the peak 
surge, when the flood area increased up to 5.4 km2 and then started to 
decline again. The flood areas declined to only 2 km2, implying these 
areas will be flooded for hours (maybe days) after the peak flood occurs 
with an AFD and MFD of 0.5 m and 2.5 m, respectively. A similar pattern 
was observed for Isabel but with smaller flood area of 1 km2 after hours 
of the hurricane passage (Fig. 8b).

The north and west parts of NSN are the most vulnerable areas to 
flooding with flood levels of high to extreme (>0.5 m above ground 
level) (Fig. 9). The extreme flood level (red color: >1 m above ground 
level) was concentrated at the golf course and the area adjacent to 
Mason Creek in the northeast part of NSN.

4.3.2. Increasing wind speed
Three scenarios for wind speed change were considered increasing 

the wind speed by 7.5% (WSF_1.075), 15% (WSF_1.15), and 22.5% 
(WSF_1.225) following Camelo et al. (2020) and Emanuel (1987).

Increasing the wind speed resulted in increasing peak surge with a 
maximum surge of 2.66 m and 1.82 m above mean sea level (an increase 
of 0.74 m and 0.27 m over the baseline) for 22.5% increase in WS for 
Irene and Isabel, respectively at Sewells Point (Figs. 10 and 11a). 
Increasing the wind speed by 7.5% showed limited impact on the surge 
magnitude for both hurricanes at NSN. This minimal impact is also re-
flected in the surge duration where there was no detection on surge 
levels for these two scenarios for both hurricanes. The maximum 
detection on surge duration was for WSF_1.225 and ranges from − 0.5 h 
to +2.5 h for both hurricanes.

There was no change in the flood area for Isabel under this scenario 
group (Fig. 11b). However, the AFD and MFD increased to 1.37 m and 
1.87 m, respectively. An increase in flood area was detected under the 
influence of Irene where 3.15 km2 (23%) of NSN was susceptible to 
flooding under the WSF_1.225 scenario (Figs. 11a and 12). Most of these 

areas lie under the high and extreme flood categories representing 43% 
of the total flood area. Although the AFD decreased to 0.7 m, the MFD 
increased up to 2.7 m, which might have more severe consequences on 
the affected areas. Minor changes were also obtained for IR_WSF_1.075 
and IR_WSF_1.15 scenarios with potential flood area of 4.3% and 9.3%, 
respectively.

The ground flood duration maintained a value of 1 km2 (7.25%) for 
hours after peak surge during Irene with AFD and MFD of 0.5 m and 2.2 
m, respectively. The limited increase in the flood magnitude and dura-
tion did not have an influence on the duration of ground flooding for 
Isabel.

4.4. Impacts of poor data resolution or availability

The lack of accurate representative data is often a challenge for 
modeling coastal processes. The hurricane track is one of the most 
important needed parameters. Inaccuracy in the track prediction can 
lead to underestimation of the hurricane impact at one location with 
overestimation at another possibly leading to loss of life or inefficient 
use of emergency services and evacuation orders. Bathymetric and 
topographic data are available from numerous sources with different 
resolutions and accuracies. Model domains generated from these data 
sources can have a significant impact on the model performance.

The performance of the model in predicting the water level and the 
flood areas under controlled perturbations in the hurricane track, 
bathymetric accuracy, and bathymetry/mesh resolution was evaluated. 
Six scenarios were considered for changing the hurricane track by 
shifting the original track to the east (STE) and the west (STW) by 54 nm, 
96 nm, and 138 nm following Salehi (2018). Three scenarios were 
considered for bathymetric accuracy by adding Gaussian noise of 0.3 m, 
0.5 m, and 1.0 m to the original bathymetry/topography data. Four 
scenarios were considered for changing the mesh by decreasing the 
resolution by factors of 5, 16, 33, and 66. These factors correspond to a 
maximum resolution of 75 m, 250 m, 500 m, and 1000 m, respectively.

4.4.1. Storm Track Shift (Error in Storm Track Prediction)
Irene’s track was nearly coast-parallel (Fig. 3). Hence, shifting the 

track to the west resulted in the displacement of a significant part of the 
hurricane on land resulting in a lower influence on the ocean surface 
elevation, hence lower peak surge compared to the baseline. A large 
decrease in the peak surge below the low surge level (0.5 m) was pre-
dicted with the west shift of 96 nm (Figs. 13a and 14a). In addition, a 
negative surge down to − 2 m (MSL) was predicted when shifting the 
track by 96 nm and 138 nm to the west where the offshore wind became 
the more dominant water level driving force. Shifting the hurricane 
track to the east (Fig. 13b) also resulted in a drop in the peak water level 
compared to the baseline. The influence of the hurricane becomes 
weaker at Sewells Point with the eye located farther offshore. The track 
variation results imply the original Irene track was the worst-case sce-
nario and shifting the track to the east or to the west will result in a 
reduced impact on NSN. Nevertheless, the east shift scenarios have 
higher surge values when compared to the west shift scenarios. A similar 
pattern was observed for the surge duration (Table 3) where no high 

Fig. 7. Peak surge (a), flood area (b), and AFD and MFD above ground level (c) for the baseline and the SLR scenario.
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surge level was detected for all scenarios (zero duration). The medium 
surge level was detected only for the 54 nm scenarios for both shift di-
rections but with a 30% decrease in the surge duration. The low surge 
level was predicted with comparable values to the baseline for the 54 nm 
scenarios for both shift directions. No low surge level was detected for 
96 nm and 138 nm for the west shifts, while low surge duration was 
detected for the east shifts (96 nm and 138 nm) but with a 71% decrease 
in duration. The flood area statistics (Fig. 14b) showed a decrease for all 

simulations compared to the baseline simulation under this scenario 
group. The flood area decreased from 0.34 km2 down to 0.24 km2 (1.7%) 
and 0.28 km2 (2%) for the west and east track shifts, respectively. The 
AFD and MFD also diminished down to 0.32 m and 0.39 m, respectively, 
for the west shift simulations and 0.65 m and 0.69 m, respectively, for 
the east shift simulations (Fig. 14c). The reduction in the flood magni-
tude and duration, especially of the high and medium flood levels, 
resulted in insignificant spatial flooding.

Fig. 8. Time series of the projected AFD and MFD above ground level (left axis) and flood area (right axis) for Irene (a) and Isabel (b) for SLR_1.3M scenario.

Fig. 9. Example of the flood maps with the flood levels during the peak surge for Irene (a) and Isabel (b) for the SLR_1.3M scenario.

Fig. 10. Water level (MSL) time series showing the surge magnitude and duration for different surge levels for the baseline and WSF_1.225 scenarios for Irene (a) and 
Isabel (b) at Sewells Point. Dashed lines indicate high surge level (red), medium surge level (blue), and low surge level (black). (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 11. Peak surge (MSL) (a) and flood areas (b) for the baseline and the WS scenario.
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Isabel approached the US East coast at an angle of 325◦ with respect 
to due North where it made landfall near Drum Inlet on the Outer Banks 
of North Carolina (Fig. 3). Shifting Isabel to the due east or west will not 
have a meaningful impact on the predicted flooding. Therefore, the 
hurricane was shifted to the northeast (IS_STE) and to the southwest 
(IS_STW) at 45◦.

The west shifts of Isabel resulted in a severe decrease in the peak 
surge down to 0.58 m (MSL) at Sewells Point with the event farther from 
NSN. In contrast, shifting the Isabel track to the east resulted in higher 
peak surge up to 3.2 m (MSL) (compared to 1.55 m for the baseline) 
(Fig. 15a and Table 4).This pattern is also reflected in the surge duration 
where an increase was detected for IS_STE_54 nm and IS_STE_96 nm 
scenarios up to 5 h. Shifting the track farther to the east (IS_STE_138 nm) 
yielded results similar to the baseline scenario. The flood characteristics 
(Fig. 15b) showed almost no influence of the hurricane at NSN with the 
west shifts and a severe impact with east shift simulations. An increase 
up to 6 km2 and 5.2 km2 was predicted for the IS_STE_54 nm and 
IS_STE_96 nm east shift scenarios, respectively. The AFD and MFD 
increased to 0.85 m and 3.25 m, respectively (Fig. 15c). This pattern was 
reflected on the duration of the spatial flood extent where the model 
predicted large flood areas (43%) with AFD and MFD of 0.5 m and 2.5 m, 
respectively, with the east shift simulations.

4.4.2. Bathymetry Accuracy and Resolution
Three scenarios were considered for Irene only for the effect of ba-

thymetry accuracy by adding a Gaussian noise of 0.3 m 

Fig. 12. Flood map with the flood levels during the peak surge (a) and the corresponding areas and percentages (b) for the WSF_1.225 scenario for Irene.

Fig. 13. Water level (MSL) time series during Irene showing the surge magnitude for different surge levels (MSL) for the baseline and storm track west shifts (a) and 
east shifts (b) scenarios at Sewells Point. Dashed lines indicate high surge level (red), medium surge level (blue), and low surge level (black). (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 14. Peak surge (a), flood area (b) and AFD and MFD above ground level (c) for the baseline and the storm track shift scenarios for Irene. West shifts and east 
shifts are in green and red gradients, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)

Table 3 
Peak surge characteristics (maximum and duration) of the baseline and storm 
track shift scenarios for Irene at Sewells Point.

Group Scenario Peak Surge (m- MSL) Duration (hours)

Low Med High

Storm Track Shift IR_STW_138 0.34 0 0 0
IR_STW_96 0.44 0 0 0
IR_STW_54 1.4 18 5 0
Baseline 1.92 17.5 7 4.5
IR_STE_54 1.22 18.5 4.5 0
IR_STE_96 0.87 6 0 0
IR_STE_138 0.71 5 0 0
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(IR_Bathy_Acc_GN_0.3m), 0.5 m (IR_Bathy_Acc_GN_0.5m), and 1.0 m 
(IR_Bathy_Acc_GN_1.0m). The minor inaccuracies in the bathymetric 
data had no impact on the prediction of the water level and the peak 
surge characteristics. Although no changes were observed in the pre-
dicted peak surge magnitude and duration, an increase in the predicted 
flood areas was observed with a significant increase for the Bathy_-
Acc_GN_1.0m scenario up to 0.48 km2 (3.5%). No detectable change was 
found for the AFD and MFD.

Four scenarios were considered for Irene only for the bathymetry/ 
mesh resolution by decreasing the resolution of the baseline simulation 
by a factor of 5 (IR_Bathy_Res_F05), 16 (IR_Bathy_Res_F16), 33 (IR_Ba-
thy_Res_F33), and 66 (IR_Bathy_Res_F66). The model performance in 
water level and peak surge prediction was still accurate even for reso-
lution reduction down to 1000 m. A maximum change in the peak surge 
was − 0.05 m for the Bathy_Res_F66 scenario, acceptable even with this 
very low-resolution mesh. However, the influence of resolution degra-
dation on flood area prediction was substantial. The lower resolution 
reflected inaccurate topographic representation of NSN in terms of 
elevation and spatial representations. Poor resolution resulted in an 
unrealistic increase in the predicted flood areas for all scenarios from 
0.34 km2 (2.47%) for the baseline up to 7 km2 (51%) for the Bathy_-
Res_F66 scenario. The spatial extent of the flood areas became domi-
nated by the pixilated nature of the mesh rather than the actual 
topography. In addition, the AFD increased from 1.3 m for the baseline 
scenario up to 1.85 m. No change was found for the MFD for all 
scenarios.

5. Discussion

The model performance in predicting the magnitude and timing of 
the peak surge was accurate with an average RMSE of 0.22 m (less than 
7% of the water level range) and Bias of − 0.14 m. In addition, the model 
was able to capture the timing of the peak surge with ±1 h accuracy. 
These results are in good agreement with the results obtained by 
Bakhtyar et al. (2020). They were able to predict the TWL using D-Flow 
FM with a RMSE of 0.15 m–0.30 m and a Bias of − 0.02 m–0.12 m during 

Isabel and 0.17–0.24 m and − 0.14 m–0.09 m, respectively during Irene. 
However, they focused on Delaware Bay, and also included the fluvial 
effect by coupling D-Flow FM with a hydrologic model (National Water 
Model).

The model underestimated the water level during Isabel. Model 
prediction skill is highly affected by the wind input and the proximity of 
the area of interest to the hurricane track. Without any background 
wind, the Holland model (Holland, 1980) underestimates the wind field 
with increasing distance from the hurricane eye resulting in underesti-
mation in the predicted water levels by up to 23% at NSN during Isabel. 
The model could be forced with a background wind to compensate for 
the underestimation. However, for areas relatively close to the hurricane 
track, close to the RMW, the Holland model is sufficient for the water 
level prediction associated with hurricane activity. Some underestima-
tion in the duration of the different surge levels was expected due to the 
underestimations in the surge magnitude. However, the model generally 
captured the medium and high surge levels duration with acceptable 
accuracy (3 h within the peak surge).

Li et al. (2013) predicted the water level associated with Isabel at 
NSN using the Coastal Modelling System (CMS) with a RMSE of 0.076 m. 
Their model domain was relatively small and was forced by water level 
and waves from a large-scale ADCIRC simulation. They reported a 6% 
inundation of NSN under Isabel conditions (peak surge of 2 m-MSL). 
Most of the flood areas were located at the NSN golf course and Mason 
Creek. In the present study, because D-Flow FM underestimated the peak 
surge during Isabel, limited flooding was predicted. However, during 
Irene (peak surge 1.89 m MSL), the model predicted similar flood 
locations/extent at the same locations at NSN. Mason Creek is protected 
by a hard structure. Although including this structure might reduce any 
overestimation in the flood prediction (Tang and Gallien, 2023), it was 
not included in the model simulations due to the lack of information 
about its type and characteristics.

The peak surge and flood area characteristics were found to be 
sensitive to the climate change-related scenarios (SLR and WS scenarios) 
(Figs. 16 and 17). Due to low elevation at NSN, SLR will increase the 
water level to a point where it may result in more frequent flooding 
(Boon, 2012; Li et al., 2013). SLR may also result in more frequent 
nuisance flooding even with just high tides (Burgos et al., 2018; Mof-
takhari et al., 2015; Shen et al., 2022) or permanent inundation of the 
coastal lowland such as Willoughby Spit. To investigate the nonlinear 
interaction between the SLR and TWL, a 1.3 m water level offset (SLR) 
was added to the baseline simulation output at Sewells Point and Duck 
and the results were compared to the IR_SLR_1.3M scenario results at the 
same locations. The comparison showed minor differences between both 
time series revealing weak contribution of the nonlinear interaction 
between SLR and TWL at NSN. Moftakhari et al. (2024) studied the 
nonlinear interaction between the storm tide (tide + surge) and SLR at 
446 sites worldwide. They showed that even with positive trend of SLR, 
there is a negative relationship between the SLR and the extreme water 
level along the US Atlantic Coast, which suggests insignificant contri-
bution of the nonlinear interaction between the SLR and TWL in coastal 

Fig. 15. Peak surge (a), Flood area (b) and AFD and MFD above ground level (c) for the baseline and the storm track shift scenarios for Isabel. West shifts and east 
shifts are in green and red gradients, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)

Table 4 
Peak surge characteristics (maximum and duration) and flood area of the 
baseline and storm track shift scenarios for Isabel at Sewells Point.

Group Scenario Peak 
Surge 
(m-MSL)

Flood Level/Duration 
(hours)

FA 
(km2)

FA 
(%)

Low Med High

Storm 
Track 
Shift

IS_STW_138 0.58 4 – – 0.18 1.31
IS_STW_96 0.63 5 – – 0.19 1.38
IS_STW_54 0.82 7 – – 0.2 1.45
Baseline 1.55 11 8 3 0.24 1.74
IS_STE_54 3.2 12 10 8 5.94 43.14
IS_STE_96 2.92 12 9 7 5.21 37.84
IS_STE_138 1.66 9 6 3 0.28 1.31
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flooding even at extreme potential SLR estimates.
The model results were sensitive to changes in the wind speed 

(Figs. 16 and 17) with a consistent increasing pattern in the peak surge 
and flood area characteristics with increasing wind speed. Increasing the 
wind speed by 22.5% reflected an increase in the predicted surge 
magnitude up to 38.5% (IR) and 17% (IS) at NSN. Isabel’s storm center 
was more than 119 nm away from NSN with RMW of 45 nm (during the 
peak surge), resulting in a maximum wind speed at NSN 30%–35% 
lower than the maximum wind of the hurricane. Therefore, enhancing 
the wind speed by up to 22.5% resulted in a maximum wind at NSN 
lower than the maximum wind of the hurricane by 15%–20%. This 
deficit may explain the limited impact of the WS scenarios on the surge 
and flood area characteristics for Isabel at NSN. However, higher impact 
of enhancing the wind speed was obtained at Duck (closer to the Isabel 
track) with an increase in surge magnitude of 0.71 m (MSL) (46%).

The peak surge prediction showed high sensitivity to changes in the 
hurricane track. These changes can result in displacement of the area of 
interest closer to the RMW resulting in more influence on the water 
level, or far from the RMW, resulting in a lower water level (Bilskie et al., 
2022). This effect is also dependent on the location of the area of interest 
to the east (onshore wind and positive surge) or the west (offshore wind 
and potential negative surge) of the hurricane track. This pattern is 
explained by the shifting of Isabel. Shifting Isabel’s track to the east 
resulted in the displacement of the hurricane much closer to NSN 
causing a significant increase in the peak surge up to 3.2 m (MSL) 
(almost double the baseline of 1.55 m) and flood areas up to 6 km2. 
Shifting the track beyond 96 nm resulted in weaker winds with a strong 
offshore wind direction producing a lower peak surge with low flood 
area characteristics that were comparable to the baseline values 
(Fig. 17). The offshore winds (normally on the west of the hurricane 
track) can produce high negative surge that can affect navigational 

activities rather than coastal flooding. On the other hand, Irene passed 
very close to NSN and, therefore with its original track, had the worst 
impact on NSN. Shifting the hurricane track to the east or the west 
resulted in a diminished impact at NSN, with probable higher impact 
elsewhere (Fig. 16).

The sensitivity to changes in the central pressure deficit of the hur-
ricane (PD scenarios) was limited with the most pronounced impact on 
the peak surge magnitude. When increasing the central pressure deficit, 
the hurricane is roughly the same size, but it is more powerful near its 
center. This stronger hurricane had the effect of increasing the water 
level at the peak. D-Flow FM predicted up to a 5% increase in the peak 
surge above the baseline. However, the impact on surge duration and 
flood area was almost the same. On the other hand, changing the RMW 
also had a marginal impact on the surge and flood areas prediction. 
However, when increasing RMW, the hurricane has the same intensity, 
but with a much larger size. This larger hurricane had the effect of 
increasing the water level before and after the peak, hence increasing 
the surge duration (Figs. 16 and 17).

Generally speaking, model performance is proportional to the mesh 
resolution and the accurate representation of topography/bathymetry, 
especially for flood prediction simulations. However, the computational 
cost also increases with increasing model resolution. Therefore, a bal-
ance must be achieved between these aspects to implement feasible 
simulations. Degrading the bathymetry/topography accuracy and reso-
lution showed limited influence on the model performance in terms of 
peak surge characteristics. The minor inaccuracies in the bathymetry/ 
topography (up to 0.5 m) may not reflect a large change in the predicted 
flood area. However, an unrealistic increase (more than 50% in case of 
NSN) in the predicted flood area may occur when employing a very low 
mesh resolution (1 km) (Fig. 16). Even with a factor of 5 of resolution 
reduction (minimum resolution of 75 m), the predicted flood area was 

Fig. 16. Peak surge characteristics (upper panel), duration (left axis) and magnitude (right axis); and flood area statistics (lower panel), AFD and MFD (left axis) and 
flood area (right axis) for all scenarios for Irene.
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significantly and unrealistically higher (>8.5%) compared to the base-
line. Applying more resolution reduction may result in a mesh that no 
longer represents the topographical nature of the area of interest. The 
result is a flood prediction that is driven by the pixelated nature of the 
mesh rather than the actual topography. However, the lower resolution 
reduces the computational time of model simulations. The simulation 
time was reduced from 14 h for the baseline simulation (15 m resolu-
tion) down to 0.35 h for the Bath_Res_F66 scenario (1 km resolution). 
The decision of the appropriate resolution of the model should be judged 
based on the main purpose of the model. For instance, if the main aim is 
to predict the water level and peak surge, lower-resolution fast simula-
tions can be carried out. However, if the main purpose is to predict 
coastal flood areas associated with different extreme events, higher 
resolution, yet computationally expensive, simulations might be 
required. Numerous test trials should be carried out to achieve the 
middle ground between both approaches especially if the main aim is to 
develop an operational prediction model, that considers several physical 
and meteorological parameters, that can efficiently predict potential 
coastal flooding promptly to inform decision-makers.

6. Conclusions

D-Flow FM was used to evaluate the sensitivity of water level and 
coastal flood prediction to the combined impact of hurricanes and 
climate change at Norfolk, VA, USA. The model skill in water level 
prediction is highly dependent on the proximity of the hurricane track to 
the area of interest. D-Flow FM predicted the timing of the peak surge 
characteristics accurately. The peak surge and flood area prediction are 
sensitive to climate change impacts (WS and SLR). Increasing the WS by 
22.5% reflects an increase in the predicted maximum surge of 17%– 
38.5. Increasing the sea level causes a direct influence on flood area with 

a maximum predicted flood area of 5.41 km2 up to 2150 at NSN, with 
insignificant contribution of the nonlinear interaction between SLR and 
TWL. More frequent nuisance flooding is expected to occur due to SLR. 
Modifying the pressure drop or the radius of maximum wind has mar-
ginal impacts on the surge magnitude and flood area. However, 
increasing the radius of maximum wind can slightly increase the dura-
tion of the peak surge.

The results show high sensitivity to changes in the hurricane track. 
High surge magnitude can be obtained in the vicinity of the hurricane 
track with high positive or negative surge at the east or the west of the 
hurricane track, respectively. Potential errors in a hurricane track can 
lead to misleading overprediction and underprediction at incorrect lo-
cations, which can result in inaccurate decision-making. Although minor 
inaccuracies (up to 1 m) in the bathymetry can have limited influence on 
the peak surge prediction, these inaccuracies can have a significant in-
fluence on the accuracy of the flood area prediction. Reducing the mesh 
resolution has a high impact on flood area prediction if the mesh does 
not accurately represent the topography. Nonetheless, the lower reso-
lution is also associated with lower computational cost. Therefore, 
choosing the appropriate model resolution depends on the main use for 
model output.

The findings of this work show how Holland Model wind forcing, 
with D-Flow FM, can be used to predict the water level under hurricane 
activity, with some limitations. The simulations show how the water 
level predictions might have relatively low sensitivity to minor changes 
in the pressure deficit and radius of maximum wind of the hurricane, at a 
specific location, and high sensitivity to the changes in the hurricane 
track and the climate change impacts. In addition, water level pre-
dictions can tolerate some inaccuracies in the bathymetry and mesh 
resolution. However, it is crucial to have an accurate representation of 
the wind field and the consideration of the different forces in the TWL 

Fig. 17. Peak surge characteristics (upper panel), duration (left axis) and magnitude (right axis); and flood area statistics (lower panel), AFD and MFD (left axis) and 
flood area (right axis) for all scenarios for Isabel.
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prediction. In addition, accurate representation of the topography and 
coastal structures is critical for accurate flood area prediction. Finally, 
climate change impacts should be integrated into the long-term military 
infrastructure resilience plans.

The sensitivity findings of this study streamline risk assessment ef-
forts by focusing on more impactful variables like SLR and hurricane 
track accuracy. They can enhance military/coastal facilities’ planning 
and emergency response strategies. The model predictions can serve as a 
decision support tool for proactive coastal planning by allowing scenario 
simulations. For instance, the identification of flood-prone areas, like 
Willoughby Spit or Mason Creek, can inform the prioritization of 
adaptation measures at these locations and update the City of Norfolk 
flood zoning ordinance (City of Norfolk). This could be accomplished by 
revising Norfolk’s flood insurance rate map (FIRM), provided by the 
Federal Emergency Management Agency (Federal Emergency Manage-
ment Agency, 2017) (FEMA) (last updated 2017), to incorporate newly 
identified flood zones and their corresponding flood/risk levels.

7. Limitations

Model prediction may have suffered by ignoring the effects of river 
discharge and precipitation associated with the hurricanes. In addition, 
applying a 3D model might also be beneficial for accounting for the 
vertical stratification of the water column and resolving the baroclinic 
impact of the water that cannot be undertaken using a depth-averaged 
2D model. Finally, a phase-resolving model (e.g. FUNWAVE-TVD), 
(Shi et al., 2012), might also be considered for incorporating the 
wave-induced water level components, although it is assumed to be 
small at the study location.
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