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Abstract  21 

After a storm surge, non-tidal oscillations known as resurgences often occur 22 

independently of continued meteorological forcing and have at times been attributed to either 23 
edge waves or continental shelf seiches. Our wavelet-based evaluation of New York Harbor tide-24 
gauge records (1860-2024) shows that resurgences with 7-8 h periods and amplitudes of up to 25 
1.5 m have been observed following hurricanes in the New York Bight (NYB) in 29 of 112 26 
observed tropical cyclones (26%). A comparison of 17 coastal tidal gauges across the Mid-27 

Atlantic Bight shows that the oscillations in the NYB are anomalously large compared to other 28 
regions. Linear regression reveals that resurgence amplitude is positively correlated with storm 29 
surge, maximum sustained wind speed and northward storm propagation speed. These results 30 
motivate further exploration of resurgence mechanisms using numerical simulations with 31 
idealized onshore wind forcing that abruptly stops, similar to the winds after a fast-moving 32 

hurricane passes. Simulations both with and without Coriolis produce nearly synchronous water 33 
level fluctuations across the NYB shelf, indicative of a localized standing wave. Cross-34 

correlation analysis of the model results reveals waves propagating unidirectionally down the 35 
coast, but at speeds inconsistent with those of edge waves, and only when the Coriolis effect is 36 

present. Our study concludes that the resurgence in the NYB is primarily a standing wave 37 
oscillating at the shelf resonant frequency. Thus, the predominant mechanism of this resurgence 38 
is a continental shelf seiche, with energy trapped and amplified in the NYB by the concave 39 

coastal geometry, with energy loss down-coast by Kelvin waves. 40 

 41 

1. Introduction 42 

Coastal flooding can cause significant damage, particularly in regions with dense 43 
populations and valuable infrastructure. Flooding results from a variety of different causes, 44 

including tides (Eliot, 2010; Marsooli & Wang, 2020; Orton et al., 2012), wind and wave setup 45 

(Dodet et al., 2019; Leijala et al., 2018; Staneva et al., 2016), and atmospheric pressure gradients 46 
(Pugh & Woodworth, 2014), which can be exacerbated by rainfall and river inputs (Orton et al., 47 
2012). A well-known, storm-driven cause of coastal flooding is storm surge, caused, for 48 

example, by strong onshore or alongshore winds from a tropical cyclone (TC) combined with 49 
low atmospheric pressure, pushing seawater toward the shore (Pugh & Woodworth, 2014). 50 
Although storm surges are a primary driver of flooding along the Atlantic Coast, they are not the 51 

only contributing factors to flooding. For example, the forerunner increases the water level as the 52 
storm approaches the coast (Trinh et al., 2020). Redfield and Miller (1957) identified 'resurgence' 53 
as an additional storm-related mechanism influencing coastal water levels. Resurgence is defined 54 
as oscillations of the coastal water levels subsequent to the passage of a storm (Redfield & 55 
Miller, 1957). The authors stressed the importance of resurgence, as it is a sudden increase in 56 

water levels that can occur just when a storm appears to be ending. More significantly, Redfield 57 
and Miller (1957) cautioned that resurgence could present future risks to coastal communities. 58 

For example, a resurgence in 2020 unexpectedly triggered minor coastal flooding in New York 59 
Harbor (NYH) and surrounding local areas during and after the passage of Hurricane Isaias 2020 60 
(Ayyad et al., 2022). The resurgence occurred after the storm's center had passed, and winds had 61 
subsided, as had been warned decades before. 62 

Multiple mechanisms have been proposed to explain the physical causes of resurgence. In 63 
one interpretation, the resurgence is explained by edge waves generated by a travelling 64 
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disturbance over the continental shelf (Munk et al., 1956). The phase velocity, wavelength, and 65 
period of the resurgence over a continental shelf with constant slope were calculated using a 66 

linear wave theory adapted from the classical theory describing wave propagation over uniformly 67 
sloping bathymetry, specifically, the edge wave formulation developed by Ursell (1952). Not 68 
long after, Greenspan (1956) used an analytical model to calculate the wavelengths, frequencies, 69 
and amplitudes of the resurgent wave motion induced by pressure disturbance moving parallel to 70 
a straight coastline and concluded that resurgence is the fundamental mode of edge waves (see 71 

also Wijeratne & Pattiaratchi, 2024). 72 

In another interpretation, the mechanism of water level resurgence is a shelf (or “coastal”) 73 
seiche oscillating in a direction normal to the coastline. A shelf seiche can form when a storm-74 
induced free wave reflects back and forth across the continental shelf (Redfield & Miller, 1957). 75 
Shelf seiches involve reflection off the coast and a phase-shifted reflection off the shelf break 76 

(Vennell, 2010). When a storm passes and the wind subsides, the storm surge retreats toward the 77 
open ocean, back across the shelf. Hope et al. (2013) reported that resonant, reflected long waves 78 

were observed across the wide continental shelf in Louisiana and Texas Gulf Coast, with a 12-h 79 
seiche period matching the shelf’s natural resonance and interacting with and amplifying the 80 

semidiurnal tides. The sharp bathymetric transition at the continental shelf break triggers an out-81 
of-phase reflection of the surge back onto the shelf (Hope et al., 2013). When a wave crosses a 82 
step change in depth, reflected and refracted waves are generated, and the amplitudes of the two 83 

depend on the relative depth (Pasquet & Vilibić, 2013). The difference in depth determines the 84 
amount of energy retained by these reflected waves, and larger depth contrasts result in stronger 85 

reflections. A survey of Pasquet et al. (2013) of sites along the US East Coast reported the 86 
presence of topographically trapped edge waves and standing waves with periods up to 6 hours, 87 
which can contribute to significant wave heights of up to 100 cm. Continental shelf seiches have 88 

also been observed on the Argentine shelf (Mysak, 1980) along the Australian shelf (Pattiaratchi 89 

et al., 2022), and on the Caribbean Coast (Huang et al., 2000).  90 

In this study, we investigate resurgences in the New York Bight using an unusually long 91 
time series of hourly datasets from 1860 to the present (Talke et al., 2014), enabling the 92 

reanalysis of the  Munk et al. (1956) resurgences with improved tools and observations at 17 93 
locations from Nantucket Island in the North to Duck in the South. We utilize wavelet transforms 94 

to detect significant resurgences and quantify their characteristics, evaluate the spatial-temporal 95 

development of resurgences, and determine their relation to storm parameters via linear 96 
regression and cross-correlation. Also, we employ numerical modeling with idealized onshore 97 
shelf-wide wind forcing to assess the intrinsic shelf frequency and dynamical behavior of 98 
resurgence waves. Our objective is to establish a set of criteria to quantify resurgences in the 99 
time series of water levels, study the mechanism behind the phenomenon, and evaluate the 100 

primary factors influencing its amplitude, period, and duration. 101 

The paper is structured as follows: Section 2 details the methodology. Section 3 presents 102 

the results. Section 4 discusses the resurgence mechanisms and controls on resurgence 103 
characteristics. The paper closes in Section 5 with a summary and conclusions. 104 

 105 

2. Methodology 106 
2.1. Study area 107 
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The New York Bight (NYB) is situated along the Atlantic coast of the United States as a 108 
part of the Mid-Atlantic Bight that extends from Cape May in the south to Montauk in the north 109 

(Figure 1). The continental shelf, defined here as depths < 200 m, reaches its maximum cross-110 
shelf width of  ~200 km from Sandy Hook to the shelf break, gradually narrowing down to ~105 111 
km in the southern New Jersey shelf near Ocean City Inlet station. The study area includes a total 112 
of 17 tide gauges to study the spatial development of resurgence (Figure 1). 113 

 114 

Fig. 1. Study area and its bathymetry showing 17 tide gauges (red dots) along the NYB 115 

and the Mid-Atlantic Bight. The thick black line represents the 200-m depth contour.  116 

 117 

2.2. Data 118 
2.2.1. Water-level observations 119 

We used two sets of time series of water level observations: (1) single-gauge time series; 120 
and (2) a composite "New York Harbor" time series from 1860 to 2024. Hourly water level 121 
observations along the U.S. East Coast are obtained from the National Oceanographic and 122 
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Atmospheric Administration (NOAA) and the United States Geological Survey (USGS) from 123 
URLs noted in the Data Availability section. Here, we evaluate 17 long-term tide gauges within 124 

the NYB and the Mid-Atlantic Bight region, which are available from NOAA and USGS (see 125 
Figure 1 and Supplemental Table S1). Stations such as The Battery, Sandy Hook, and Sewells 126 
Point have been recording water levels for over a century, with records dating back to the late 127 
1800s and early 1900s. Meanwhile, other stations, such as Reynolds Channel, East Rockaway 128 
Inlet, Great Kills Harbor, Ocean City Inlet, and Chesapeake Channel, began monitoring only a 129 

few decades ago.  130 

For NYH water levels, we use a near-continuous, hourly composite "New York Harbor" 131 
dataset from 1860 to 2024 compiled from data collected at Governors Island, the Hamilton Ferry 132 
Dock in Brooklyn, Fort Hamilton, NY, The Battery, NY, and Sandy Hook, NJ, of which all but 133 
the latter are within 10 km of The Battery (within or at the edge of Upper NY Bay; (see details in 134 

Talke et al., 2014). The purpose of applying the composite datasets is to create a relatively 135 
uniform and complete dataset for as much of the available historical hurricane track record 136 

(1851-present) as possible. Talke et al. (2014) evaluated instrument evolution, uncertainties, and 137 
data homogenization for the long-term record used in this study.  Except for a period from 138 

roughly September 1882-1885, hourly records contained few gaps and were considered of 139 
excellent quality, consistent with other studies of historical tidal records (e.g., Talke et al., 2020). 140 
Beginning in the mid-19th century, historical hourly records were transcribed from continuous 141 

measurements on rolls of paper known as marigrams, and checked daily by on-site tidal 142 
observers (e.g., Latapy et al., 2023; Talke & Jay, 2013; Talke & Jay, 2017). Therefore, 143 

quantitative analysis of 19th and early 20th century data shows that data quality is comparable to 144 
and often exceeds mid-20th century records (see e.g., Ray & Talke, 2019; Talke et al., 2018; 145 
Talke et al., 2020). Thus, our use of historical records is reasonable and enables a more complete 146 

statistical study of an important, but relatively infrequent, phenomenon. We also note that our 147 

wavelet-based methodology (see below) is a good tool for evaluating non-stationary tidal and 148 
non-tidal processes, assessing intermittent gauge noise (including sudden offsets),  and filtering 149 
the signal (see e.g., Jay & Flinchem, 1997; Lobo et al., 2024); here, we detected no evidence that 150 

data issues were influencing our analysis.     151 

2.2.2. Hurricane data 152 

We utilize the Atlantic hurricane database (HURDAT2) (Landsea & Franklin, 2013) from 153 

the National Hurricane Center and Central Pacific Hurricane Center - NOAA, spanning from 154 
1851 to 2024 (https://www.nhc.noaa.gov/data/), which contains the "best track" information for 155 
historical hurricanes. This dataset provides six-hourly observations of location, maximum winds, 156 
and central pressure, enabling the quantification of hurricane characteristics. For the period from 157 
1860 to 2024, 116 TCs passed within a 250 km radius of Sandy Hook. However, due to 158 

overlapping with hourly water level observations at NYH, 112 TCs are used to quantify TC 159 

characteristics and analyze the relationship between storm parameters and resurgence 160 

characteristics. 161 

2.3. Data analysis 162 

A non-tidal residual (NTR) is computed by removing annual mean sea level and tidal 163 
predictions from the total water level observations with year-by-year tidal harmonic analysis, 164 
using T-TIDE developed by Pawlowicz et al. (2002). For partial years of data, tidal harmonic 165 
constituents are extracted through a month-by-month analysis.  166 

https://www.nhc.noaa.gov/data/
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2.3.1. Wavelet transform analysis and criteria used to identify resurgences 167 

Focusing on periods when hurricanes were within 250 km of NYH, the continuous 168 

wavelet transform (CWT) is used to detect resurgences and calculate their period, amplitude, and 169 
decay timescale. CWT is an analysis tool like the Fourier Transform, which returns the signal 170 
components in the frequency domain. However, unlike the Fourier Transform, CWT returns a 171 
two-dimensional result, yielding a time-frequency representation of signals that provides 172 
information in both the frequency and time domains (Torrence & Compo, 1998). Therefore, 173 

CWT is useful for periodic processes that have time-variation in energy at each frequency and 174 
has been applied recently in studies of tide gauge data for meteotsunamis (Dusek et al., 2019; 175 
Kim et al., 2022; Kim & Omira, 2024; Linares et al., 2016). In this study, resurgences are 176 
periodic events that are localized in time; thus, the wavelet transform is an ideal tool for their 177 
quantification. We apply the analytic Morse wavelet, with the symmetry parameter, gamma (γ), 178 

equal to 3.0, and the time-bandwidth product equal to 60  (Lilly & Olhede, 2012). These settings 179 
result in a wavelet with no skewness, five wave cycles, and good frequency localization.   180 

Searching the period when a TC is within 250 km of NYH, we detect the time of 181 
maximum NTR, which sets our time frame for analysis of each storm. The window for wavelet 182 

analysis was defined as 1.0 day before the NTR peak to 4.0 days afterwards. The resulting 183 
scalograms display the shading of the magnitude (absolute value) of the wavelet transform, 184 
which is versus the period and time in the y- and x-axes, respectively. 185 

For each of the 112 hurricane storm surge events evaluated, we use the following two 186 
criteria to identify the common pattern we refer to as a ‘resurgence’: 187 

(1) Local maxima in wavelet magnitude above the noise floor are detected in the 188 
scalogram following the NTR peak. The noise floor is conservatively defined as five standard 189 
deviations above the mean of the scalogram in the selected bands, based on the last ten years of 190 

data.  191 

(2) The period of the local maxima in wavelet magnitude ranges between 4 and 9 h.  192 

The selection of resurgence band periods, ranging from 4 to 9 h, is locally appropriate for 193 
the NYB and informed by prior studies (e.g., Ayyad et al., 2022; Greenspan, 1956; Munk et al., 194 

1956; Redfield & Miller, 1957). It is designed to minimize interference from meteotsunamis 195 
(with periods ranging from 2 min to 2 h, as reported by Dusek et al. (2019) and from residual 196 
semidiurnal tidal energy in the NTR time series (12.42 h). These two criteria successfully 197 

identify previously studied resurgence events in 1938, 1944, 1954, 1960, 1985, and 2020, as 198 
reported in the research of Ayyad et al. (2022) and Munk et al. (1956). 199 

The decay timescale of the resurgence amplitude envelope is estimated based on the e-200 
folding time for the time series of wavelet response magnitude at the period of the local 201 

maximum (see Section 3.2 for an example result using the 1944 hurricane). E-folding time is 202 
defined as the time interval in which an exponentially growing quantity increases by a factor of 203 
Euler’s number (e); here, it is the required time for the amplitude to decline to 1/e (~36.8%) of its 204 

maximum value. The e-folding is used as a standard metric for characterizing temporal or spatial 205 
decay. This measure has been employed to quantify the temporal timescale of forced and free 206 
waves (e.g., Qiu et al., 1997), tsunamis (e.g., Devlin et al., 2023; Rabinovich et al., 2013). 207 

 208 
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2.3.2.  Regression of resurgence characteristics with storm surge and storm-forcing 209 
variables 210 

To investigate the storm-related causes and controls of resurgences, we linearly regress 211 
their empirically determined characteristics (amplitude, period, and decay timescale) against the 212 
maximum storm surge and storm forcing variables obtained from HURDAT2, including storm 213 
intensity, storm path, maximum sustained wind speed, and storm propagation speed. A robust 214 
fitting method, which is less sensitive to outliers in the data compared to ordinary least squares 215 

regression, is used to reduce the influence of outliers (e.g., storm surge during Hurricane Sandy 216 
in 2012) (Pérez et al., 2014). All HURDAT records are interpolated to hourly timesteps, and 217 
storm propagation speed is split into northerly and easterly components. The approach angle is 218 
defined as the direction of the hurricane track in its last timestep before passing the latitude of 219 
Sandy Hook, measured clockwise from the North. For the distance east of Sandy Hook, distances 220 

are measured positively (negatively) in the eastward (westward) direction. 221 

2.4. Numerical modeling and model data analysis 222 

Numerical modeling with idealized wind forcing and no tidal forcing on a realistic ocean 223 

domain is applied here to enhance our understanding of the detailed spatiotemporal evolution of 224 

the NYB resurgence, as well as its mechanisms. 225 

2.4.1. Hydrodynamic model and domain 226 

We utilize the three-dimensional Stevens Institute Estuarine and Coastal Ocean Hydrodynamic 227 

Model (sECOM) with idealized wind forcing (Blumberg & Georgas, 2008; Georgas, Yin, et al., 228 
2016). The model is a free-surface, hydrostatic, hydrodynamic model with terrain-following 229 
(sigma) vertical coordinates set on an orthogonal, curvilinear Arakawa C-grid. The model is 230 

applied on the SNAP (Stevens Northwest Atlantic Predictions) domain with a rectangular 4 x 6 231 

km resolution, 300 x 300 grid extending from the Gulf of St. Lawrence to Cape Hatteras and 232 
approximately 2000 km offshore (Jordi et al., 2019; Orton et al., 2016). It runs in three-233 
dimensional mode, with ten vertical sigma layers and a bottom drag coefficient of 0.0025. SNAP 234 

has constant temperature and stratification; thus, the simulation ignores baroclinic forcing. In 235 
addition, SNAP has a radiating water level boundary condition, and here, the water level is set to 236 

zero instead of its normal approach of an inverse barometer-based water level (Reid & Bodine, 237 
1968). Past quality assurance for sECOM on the SNAP domain has demonstrated typical 238 
operational forecast water level errors of ~0.10-0.15 m (Georgas, Yin, et al., 2016). It has been a 239 
component of the Stevens Flood Advisory System since late 2015 (Ayyad et al., 2022; Georgas, 240 
Blumberg, et al., 2016) 241 

2.4.2. Idealized resurgence simulations 242 

The sECOM-SNAP model is applied with forcing only from a southeast wind blowing 243 

only over the NYB continental shelf (Figure 1), ramping up to ~ 28 m s-1 over 6 h, then holding 244 
constant for 18 h, then rapidly dropping to zero over 30 min. The window of the onshore wind 245 
forcing stretches from Lewes to Montauk and offshore beyond the edge of the continental shelf 246 
(Figures 1 & 7). Winds are spatially smoothed at the edges to avoid an abrupt change to zero. 247 
The simulation period for the idealized wind-forcing case of resurgence is set to 5.0 days, 248 

effectively capturing the decay timescale of the resurgence. This duration helps assess whether 249 
the decay follows the same trend observed in water level observations. An additional experiment, 250 
excluding the Coriolis force, is simulated to isolate its effects on the resurgence dynamics. An 251 
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overview of the experimental cases is provided in Table 1. We refer to the experiment without 252 
the Coriolis effect as the 'non-Coriolis experiment' throughout this paper. 253 

 254 
Table 1. Summary of numerical experimental simulations 255 

Experiments Coriolis force  Expected dynamic behavior Objective 

Control Yes 

Alongshore movement, geostrophic 

balance, and sea level gradients are 

influenced by the Earth's rotation. 

To simulate realistic coastal 

dynamics influenced by the 

Earth’s rotation. 

Non-Coriolis No 

Suppresses alongshore motion; 

highlights non-rotational 

contributions; and alters sea 

level patterns. 

To isolate Coriolis effects 

and quantify the role of the 

Coriolis force in water level 

variations. 

 256 

2.4.3. Quantitative analysis of the correlation and time lag  257 

Edge waves and shelf seiches exhibit distinct physical behaviors: Edge waves travel 258 
along the coastline and can travel in both directions away from the landfall location of TCs 259 

(Pattiaratchi et al., 2022; Yankovsky, 2009), whereas continental shelf seiches are standing wave 260 
oscillations involving reflection of a wave back and forth across the shelf (Pugh & Woodworth, 261 
2014, p. 167). To assess whether traveling waves exist within the study area, we employ cross-262 

correlation analysis on the modeled water level data at several locations along the open coast, 263 
relative to Sandy Hook, from model time day 1.25 to 5.0. Given the oscillating resurgence 264 

behavior, any areas with a strong maximum cross-correlation (at any lag) are subjected to the 265 
same wave behavior. Suppose a strong correlation is observed at a certain time lag. In that case, 266 

it may indicate the presence of edge waves or other types of traveling waves, as well as their 267 
direction of propagation toward the reference point (Sandy Hook). If the NYB region displays 268 
consistently high correlations with a near-zero time lag, this pattern can indicate a standing wave 269 

or a shelf seiche. 270 

 271 

3. Results  272 
3.1. Spatial pattern of historical East Coast resurgence events  273 

The spatial pattern of the NTR for several storms is presented over 5.0 days to capture 274 

the peak and evolution of resurgences at selected stations. Here, we present the spatial and 275 
temporal evolution of the NTR for eight historical resurgence events, which are displayed across 276 
3-17 tidal records (Figure 2). Resurgences in some historical hurricanes, including the 1938 277 
Great New England Hurricane, the 1944 Great Atlantic Hurricane, and Hurricane Carol in 1954 278 

(reported in Munk et al. (1956), had heights (trough to crest) similar to the wave heights of the 279 
primary surge produced by onshore winds. In the 1938 Great New England Hurricane, the 280 
resurgence height reached ~1.5 m at Sandy Hook and 1.2 m at The Battery, resulting in non-tidal 281 
residuals of 0.45 m and 0.65 m, respectively. Meanwhile, the storm surge was ~1.0 m at Sandy 282 
Hook and ~1.2 m at The Battery (Figure 2a). In the 1944 Great Atlantic Hurricane, both the 283 

storm surge and the resurgence's peak NTR values were ~1.0 m. In contrast, for Hurricane Carol 284 
in 1954, the resurgence peak NTR, at 0.95 m, was higher than the primary storm surge, at 0.75 285 

m, at The Battery (Figure 2b and c, respectively). Both of these hurricanes produced multiple 286 
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peaks at The Battery and Sandy Hook, with each subsequent peak declining in amplitude until 287 
they eventually disappeared. A closer investigation of these hurricanes indicates that both 288 

traveled parallel to the New York/New Jersey coast, made their first landfall, and passed over 289 
eastern Long Island, New York, at the same location (East Hampton, NY). However, the storm 290 
surge and resurgence at NYH during the 1944 Hurricane were larger despite its lower intensity 291 
and maximum sustained wind speed (954 mb and 90 kt, respectively, compared with 955 mb and 292 
100 kt in Hurricane Carol in 1954). This may be due to its path's closer proximity to the inner 293 

NYB (Figure 3). 294 

Recently, more spatially resolved measurements show that resurgences tend to be far 295 
more prominent in the NYB than in other locations, even when a storm surge impacts the entire 296 
stretch of coastline in the study area (Figures 2b-h). NTRs exhibit spatial patterns that can be 297 
grouped based on visual similarities. For instance, stations in the same group recorded both 298 

storm surge and resurgence at nearly the same time, while some other stations recorded only 299 
storm surges and no accompanying resurgence. Thus, station groups can be: (1) Montauk to 300 

Nantucket Island, (2) Sandy Hook to Reynolds Channel, (3) Lewes to Atlantic City, and (4) 301 
Duck to Ocean City Inlet. Station group #2 records a clear storm surge with a secondary peak, 302 

markedly high at Sandy Hook, The Battery, and Great Kills Harbor inside NYH (Figure 2h). 303 
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 304 

Fig. 2. Non-tidal residuals at selected tide gauges along the U.S. East Coast. Each 305 
successive time series is offset vertically by +0.5 m.  306 
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 307 

Fig. 3. Hurricane best track data from HURDAT (Landsea & Franklin, 2013), in which 308 
lines are drawn assuming the storm intensity remained the same over each 6 h segment. 309 

 310 

3.2. Quantifying a resurgence:  Example from 1944 311 

The 1944 Great Atlantic Hurricane is an extreme example of the resurgence in water 312 

levels during historical hurricane events. Wind forcing from the southeast and east generated a 313 
surge of 1.17 m at NYH relative to the mean sea level. After the hurricane reached its peak 314 
intensity, the winds began shifting offshore, slowly changing direction from northeast to north 315 
and eventually to northwest (Figure 4a). Several distinct NTR peaks (resurgences) were still 316 
observed (Figure 4b). A secondary surge with a height of 1.25 m (trough to crest) was observed 317 

in the NTR at NYH. The first peak of NTR occurred at a time similar to the minimum barometric 318 
pressure; following this, five peaks in NTR occur periodically, with a period of approximately 319 
7.0 h, and their heights gradually diminish after the initial peak.  320 

The presence of a resurgence is clearly identified from the scalogram and distinguished 321 

from storm surges, for which energy is substantial but frequency is broadband. The wavelet 322 
transform analysis indicates the period of resurgence is ~7.0 h, and the resurgence wavelet 323 
amplitude is ~0.53 m (Figure 4c). Compared to the trough-to-crest resurgence height of 1.25 m 324 
(Figure 4b), the resurgence wavelet amplitude, which represents a time-integrated measure of 325 
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amplitude, is less than half the resurgence height. Decay timescale of this resurgence is 20 h, as 326 
quantified by the e-folding time shown in Figure 4d. As expected, given the e-folding timescale, 327 

the complete observable duration of the resurgences (from September 15 to September 16, 1944, 328 
totaling 37 h) is nearly twice as long as the decay timescale.   329 

 330 

Fig. 4. Resurgence in the 1944 Great Atlantic Hurricane. (a) Pressure and wind speed 331 
during the Hurricane; (b) NTRs at NYH; (c) Wavelet scalogram; (d) Decay timescale.  332 

 333 
3.3. Regression analysis  334 

Based on the given list of criteria, 29 resurgence events out of 112 total TC events (26 %) 335 
in the NYB from 1860 to 2024 were identified (Figure 5a). Several relatively small resurgence 336 

events were recorded preceding 1930, whereas all larger resurgence wavelet amplitudes (0.4 - 337 
0.5 m) were observed in the post-1930 period. Regression analysis reveals a statistically 338 
significant, moderate, positive linear correlation between storm surge and resurgence wavelet 339 

amplitude (r = 0.47, p = 0.01; Figure 5b), indicating that TCs producing larger storm surges are 340 
more likely to excite larger resurgences. Hurricane Sandy (2012) presents a notable outlier, with 341 
a resurgence amplitude of only 0.12 m, in contrast to its substantial storm surge of 2.8 m. 342 



13 
 

 343 

Fig. 5. (a) Resurgence wavelet amplitude from 1860 to 2024; (b) Robust regression for 344 
resurgence amplitude and storm surge. The year refers to the storm surge caused by Hurricane 345 
Sandy in 2012. 346 

 347 

The correlation coefficients between storm parameters, including northward storm 348 
propagation speed (VNstorm), eastward storm propagation speed (VEstorm), maximum sustained 349 

wind speed (Vmax), approach angle (θstorm), and distance east of Sandy Hook (Deast), with 350 
resurgence characteristics (wavelet amplitude Ramp, period RT, and decay timescale RDT) are 351 

summarized in Table 2 (see Table S2 for p-values). Generally, VNstorm and Vmax indicate a similar 352 
significant positive correlation with resurgence amplitude. Meanwhile, Vmax and Deast show a 353 
negative relationship with the resurgence period. Only VNstorm shows a significant negative 354 

correlation with the decay timescale. 355 

Table 2. Correlation of NYH resurgence characteristics and storm parameters for 29 resurgence 356 
events from 1860 to 2024. Boldfacing indicates significant correlations (p < 0.05). 357 

 Storm Parameters  

Amplitude 

Ramp 

Period 

RT 

Decay timescale 

RDT 

VNstorm Northward storm speed  0.41 -0.28 -0.55 

VEstorm Eastward storm speed  -0.15 0.17 0.03 

Vmax Maximum sustained wind speed  0.41 -0.49 -0.14 

θstorm Approach angle -0.03 0.06 -0.10 

Deast Distance east of Sandy Hook 0.10 -0.38 -0.29 

 358 

Regression between VNstorm and Ramp indicates that fast TCs travelling northward can 359 
potentially generate significant resurgence events (Figure 6a). The plot shows that TCs having 360 
VNstorm > 5 m s-1 can produce a resurgence in water levels. However, the most recurring 361 
resurgence events (Ramp > 0.2 m) typically occur when VNstorm > 11 m s-1. This is supported by 362 

the statistically significant correlation between VNstorm and Ramp (r = 0.41, p = 0.029). In contrast, 363 
a significant negative correlation exists between VNstorm and RDT (r = -0.55, p = 0.002), indicating 364 
that TCs moving northward at slower speeds tend to experience longer resurgence decay 365 
timescales (Figure 6b). 366 
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Similar to the results observed for VNstorm, a strong statistical relationship exists between 367 
Vmax and Ramp (r = 0.41, p = 0.03) (Figure 6c and Table 2). In contrast, Vmax exhibits a significant 368 

negative correlation with RT (r = -0.49, p = 0.01) (Figure 6d and Table 2). Vmax is a widely used 369 
indicator of tropical cyclone intensity. In addition, Vmax exhibits a significant correlation with 370 
both Ramp and RT, which are the two key characteristics of a resurgence. Thus, it is chosen as the 371 
primary variable for the next phase of modeling simulations using idealized wind experiments. 372 

 373 
Fig. 6. Scatter plot with the corresponding regressions of (a) Ramp vs. VNstorm; (b) RDT vs. 374 

VNstorm; (c) Ramp vs. Vmax; (d) RT vs. Vmax. 375 
 376 
The Deast shows no significant correlation with Ramp, but a significant negative correlation 377 

with RT (r = -0.38, p = 0.045) (Supplemental Figure S1a). Our findings indicate that TCs with 378 

their central low pressure passing further to the east (e.g., hitting Long Island) are associated 379 
with shorter resurgence periods compared to those passing further to the west or inland. The 380 
largest resurgence events at NYH occurred when tropical cyclones passed near Sandy Hook, 381 

commonly between 110 km west and 130 km east of Sandy Hook. This indicates that 382 
resurgences tend to be small when storms are far away from the New Jersey coast (inland or 383 
offshore), similar to storm surges. Although less common, significant resurgence events may still 384 
be generated by storms traversing inland pathways, as opposed to offshore tracks. An upside-385 

down T-shaped pattern is observed between θstorm and Ramp, suggesting a narrow band of 386 
approach angles is needed for resurgences at the NYB. Supplemental Figure S1b indicates that 387 
TCs that produce a significant Ramp have θstorm from 10o to 30o. The New Jersey coast angle is 388 

approximately 35o in its southern half and 10o in its northern half, averaging about 20o.  389 
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3.4. Results of the idealized wind model experiments  390 
3.4.1. Wind-forced water level response 391 

The largest magnitude of water level response is observed within the window of wind 392 
stress forcing within NYB at the time step corresponding to the end of the first day of simulation 393 
(Figure 7a). The modelled water levels across the study area differ between the control and non-394 
Coriolis experiments. Specifically, the spatial distribution of water levels shows a peak water 395 
level of 1.59 m at Sandy Hook in the control experiment (Figure 7b), compared to a higher peak 396 

water level of 1.81 m in the non-Coriolis experiment (Figure 7c). Furthermore, when the Coriolis 397 
parameter is set to f = 0, the region experiencing high water levels expands both along-shelf and 398 
offshore. In contrast, in the control experiment, the offshore area north of NYB shows high water 399 
levels, whereas the southern area exhibits low water levels. This can be explained by the fact that 400 
Ekman flux convergence occurs on the right side of wind forcing in the Northern Hemisphere, 401 

and divergence occurs on the left side. However, despite the differences between the two 402 
experiments, both showed a spatially continuous rise in water levels from Montauk south to 403 

Lewes, while other areas remained near zero. 404 

 405 

 Fig. 7. Spatial distribution of water levels at the end of the first day (day 1.0) in the 406 
idealized wind forcing experiment. (a) Spatial extent of the onshore wind forcing within the full 407 
SNAP domain; Zoomed target study area with 200-m depth contour (b) in the control experiment 408 
and (c) in the non-Coriolis experiment. 409 
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3.4.2. Free wave response after wind forcing stops  410 

For both simulations, the water level fluctuations after the wind stops at the end of day 411 

1.0 can be considered as the “free wave” response, as there is no longer any external forcing 412 
acting on the water. The temporal and spatial evolution of the free wave response is illustrated 413 
from day 1.25 to approximately day 1.70 (corresponding to hour 30 to 41) in the control 414 
experiment (Figure 8) and the non-Coriolis experiment (Figure 9). In both cases, the maximum 415 
and minimum water levels are observed near the coast, particularly in the NYB. In contrast, 416 

water level variations are small near the shelf break and nearly unchanged throughout the 417 
adjacent deep ocean during the simulation period.  418 

For the control simulation, the peaks and troughs in water level appear to move 419 
progressively down the coastline over time, corresponding to the movement represented by the 420 
blue and red arrows, respectively (see, e.g., the movement of the red arrows down-coast from 421 

day 1.25 to approximately day 1.41 (~4 h) in Figure 8). This oscillation continues, with peaks 422 
and troughs gradually diminishing until the water levels approach zero by the end of the 423 

simulation (day 5.0; not shown). 424 
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 425 

Fig. 8. Water level distribution from day 1.25 to approximately day 1.70 with an interval 426 

of one hour for the control idealized experiment. Abbreviation: NA - Nantucket Island, MA; MO 427 

- Montauk, NY; SH - Sandy Hook, NJ; AC - Atlantic City, NJ; LE - Lewes, DE; OC - Ocean 428 

City Inlet, MD; CB - Chesapeake Channel, VA; DU - Duck, NC. The black line shows the 429 
contour depth of 200 m at the shelf break. The red (dotted line) and blue (solid line) arrows point 430 
to the maximum and minimum water levels, respectively, and track the down-coast movement of 431 
highs and lows. 432 

In the non-Coriolis experiment, water levels seem to rise and fall symmetrically on both 433 
sides of the NYB, consistent with a standing wave pattern rather than a propagating coastal 434 
wave. Similar to Figure 8, Figure 9 also presents a sequence of plots showing the spatial 435 
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distribution of water levels across the study area from day 1.25 to approximately day 1.70 (hour 436 
30 to ~41) of the simulation; however, no arrows are shown because the highs and lows do not 437 

move from NYB. In addition, it appears that more than one wave cycle is presented. The wave 438 
cycle begins around time t = 1.25 days, and after 7-8 h, it starts anew at time t = 1.54 days. A 439 
similar pattern is observed in Figure 8, where the water levels at NYH exhibit the highest 440 
variability and gradually decrease over time as the simulation progresses. 441 

 442 

Fig. 9. Water level distribution from day 1.25 to approximately day 1.70, at one-hour 443 
intervals, for the non-Coriolis experiment. Abbreviation is the same as Figure 8. No arrows are 444 
shown because the highs and lows do not move from NYB. 445 
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   446 

The consistency of the modeled water levels and observed resurgence phenomenon is 447 

verified using a wavelet transform to quantify resurgence characteristics. In both cases of the 448 
control and non-Coriolis experiments, the wavelet scalogram reveals a local signal maximum 449 
with an amplitude of ~0.7 m and a period of 7.56 h (Supplemental Figure S2). The resurgence 450 
wavelet amplitude is higher than the maximum observed resurgence heights in historical TCs 451 
(e.g., 0.53 m in the Great Atlantic Hurricane of 1944). Still, this period matches observed 452 

resurgence periods (see the resurgence periods range in Figure 6d). The simulated resurgence 453 
decay timescales are 1.58 days in the control experiment and 1.54 days in the non-Coriolis 454 
experiment, indicating only a minimal difference between them. Both values are 1.5 to 2.5 times 455 
longer than those observed in historical events (Figure 6b). This extended duration observed in 456 
the idealized modeling experiments may result from the absence of tides and other storm- or 457 

ocean-related processes, which likely contribute to a reduced damping rate in the model. 458 

3.4.3. Modeled water level pattern on cross-shore and alongshore transects  459 

The cross-shore and alongshore transects exhibit rising and falling water levels over one 460 
cycle of approximately 7-8 h (e.g., Figures 8-10). The cross-shore transect (red asterisks, Figure 461 

10a) runs from offshore of Sandy Hook past the shelf break to a location with a depth of 1,566 m 462 
(point 16). The alongshore transect (black dots, Figure 10a) follows the 50-m depth contour from 463 
Cape Cod to Cape Hatteras.  464 

The temporal oscillation of water levels along the cross-shore transect in both 465 
experiments resembles the behavior of a standing wave, with a node at the shelf break and an 466 

antinode at the coast. Water level oscillations along the cross-shelf transect (Figures 10b and 467 
10c) indicate that the highest and lowest water levels occur at the innermost location (near Sandy 468 
Hook) in both experiments. At the shelf break and further offshore in deeper waters, water levels 469 

exhibit small oscillations, remaining near zero at the deepest location throughout the simulation.  470 

This is clearer when tracing the hour-by-hour chronological sequence of water level lines in the 471 
experiments. Water levels along the transect reach their peak simultaneously at hour 2 in the 472 
control experiment (Figure 10b), and nearly simultaneously at hour 2 or 3 in the non-Coriolis 473 

experiment (Figure 10c). In both experiments, the water levels then decrease, reaching their 474 
minimum at hour 6, before rising again at hour 7. The water levels do not exhibit a perfectly 475 
idealized node at the shelf break, as a small oscillation remains. This likely reflects the realistic 476 

conditions in which the bathymetry does not drop off abruptly into an infinitely deep ocean, as 477 
assumed in an idealized seiche. 478 

The behavior of a standing wave is also evident in the pattern of water level oscillations 479 
on the along-shelf transect. The maximum variation occurs in the apex of NYB with declining 480 
amplitude up- and down-coast. Here, Figures 10d and 10e show that the entire NYB study area 481 

(alongshore points 10 to 30) undergoes nearly synchronous fluctuations in both experiments. The 482 
maximum and minimum water levels are typically observed offshore of Sandy Hook (point 21). 483 

In the control experiment, there is motion from the right-hand side to the left-hand side of the 484 
NYB (north to south) between day 1.25 (hour 1) and day 1.37 (hour 4) (Figure 10d). Despite this 485 
southward movement, water levels decrease with distance and become very small beyond 486 
Delaware Bay, while the oscillation remains centered off Sandy Hook during each cycle. 487 
Meanwhile, no alongshore propagation is observed in the non-Coriolis experiment (Figure 10e). 488 
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Nevertheless, in both experiments, persistent small water-level oscillations are observed 489 
eastward from Montauk (MO) to Nantucket (NA). 490 

 491 

 492 

Fig. 10. (a) Our study domain shows the cross-shore transect and alongshore transect 493 
represented by red asterisks and black points, respectively. Water level changes from hour 1 to 7 494 

(day 1.25 - 1.5) as shown in numbers on the cross-shore and alongshore transects in the (b and d, 495 
respectively) control experiment, and (c and e, respectively) non-Coriolis experiments. Dashed 496 

vertical lines in (d and e) indicate the wind forcing window (points 9 to 31). 497 

 498 

Strong evidence of a standing wave centered at NYB is shown in both Hovmöller 499 
diagrams (control and non-Coriolis; Figures 11 a and b, respectively). In both experiments, the 500 

cycle of water-level oscillations repeats with gradual decay through the end of the simulation 501 
(day 5). The largest amplitude occurs from along-isobath distance 400-500 km (alongshore 502 
points 20-23), which is the middle of NYB. In the control experiment, there is a slight 503 

counterclockwise inclination of the wave crests (red) and troughs (blue), reflecting a 504 
predominant alongshore movement from the north (large along-isobath distance) to the south 505 
(small along-isobath distance). There is also temporal variation and some irregularity, likely 506 
attributable to the complexity of the coastline and shelf bathymetry. The non-Coriolis case has 507 
temporal and spatial variations in crest and trough angles, but they generally exhibit more of a 508 
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clockwise rotation relative to the control experiment. A detailed quantification of time lags is 509 
presented in the next section on cross-correlation analysis results. 510 

 511 

Fig. 11. Hovmöller diagram of water level anomaly versus time and distance along the 512 

50-m depth isobath in the (a) control experiment and (b) non-Coriolis experiment 513 

 514 

3.4.4. Cross-correlation analysis results 515 

Maximum cross-correlation values and their corresponding time lags relative to Sandy 516 

Hook are used to examine the time-integrated wave motions across the study area. For time 1.25 517 
to 5.0 in the control experiment, offshore Nantucket and Montauk lead Sandy Hook by 0.67 h 518 
and 0.50 h, respectively. Meanwhile, Atlantic City and Ocean City Inlet lag by 1.0 h and 1.67 h, 519 

respectively (Figure 12a). This indicates the presence of an alongshore component in wave 520 
propagation, spanning the region from Nantucket to Sandy Hook and Ocean City Inlet. Further 521 

south along the continental shelf, the time lag shifts to positive values (e.g., greater than 4 h), 522 
potentially influenced by the internal dynamics of Chesapeake Bay. However, without the 523 
Coriolis force, the time lags are near zero within NYB and reach values of -0.50 h and -0.33 h at 524 

Nantucket and Ocean City, respectively, suggesting an outward spreading from Sandy Hook 525 
(Figure 12c).  526 

The Hovmöller diagrams (Figure 11) indicate that there is some time dependence to the 527 
wave motions, with differences in the earlier cycles of free wave propagation shown (day 1.25-528 
2.00) relative to the remainder of the simulation (day 2.0-5.0). Repeating the cross-correlation 529 

analysis for each period, we find the control results are the same for time lags from Sandy Hook 530 
to Ocean City (1.67 h for either time period). However, they are smaller for Nantucket to Sandy 531 
Hook in the earlier time period (0.33 h) relative to the later time period (1.83 h). That is, the 532 
earlier period shows a near-simultaneous wave arrival at Nantucket and Sandy Hook, in contrast 533 

to the period from day 2.0 onward.   534 

Strong cross-shelf correlations in both experiments highlight synchronized water level 535 
behavior within the NYB. However, for the control run, a reduced correlation of ~0.6 in the outer 536 

shelf region (Figure 12b) suggests that additional dynamical processes may significantly 537 
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contribute to the variability of water levels on the outer shelf. The constancy of the time lag in 538 
the cross-shore dimension in the NYB in the control experiment (Figure 12a) and for all shelf 539 

regions in the non-Coriolis experiment (Figure 12c) suggests the existence of a standing wave 540 
pattern across the shelf, consistent with the findings presented in Section 3.4.3. In addition, 541 
although the signal propagates downcoast, the reduced correlation of water levels southward of 542 
Ocean City and particularly near Chesapeake Bay reflects a phase shift as the disturbance 543 
interacts with the complex coastal geometry. In the non-Coriolis experiment, propagation is both 544 

up-coast and down-coast and remains coherent with little phase disruption. In contrast, when the 545 
Coriolis force is included (control experiment), interactions with Delaware Bay and Chesapeake 546 
Bay introduce phase modifications that reduce correlation without inhibiting the general trend of 547 
downcoast propagation from Nantucket to Sandy Hook and southward to Ocean City. 548 

 549 

Fig. 12. Cross-correlation analysis of water levels between Sandy Hook and the study 550 
area from day 1.25 to 5.0. Panels (a) and (b) show the time lag and maximum correlation, 551 

respectively, for the control experiment. Panels (c) and (d) present the corresponding results for 552 
the non-Coriolis experiment.  553 

 554 
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4. Discussion 555 

Water level resurgences are a fundamental yet insufficiently understood aspect of storm-556 

driven NTR that can be of a similar magnitude to storm surge, particularly in the New York 557 
Bight region (e.g., Figures 2 & 4). Although interpretations of edge waves and shelf seiches have 558 
been proposed for resurgences in the NYB, a definitive understanding of the mechanisms driving 559 
these events has remained elusive. This research applies novel methods, including wavelet 560 
analysis and numerical simulations, to systematically detect, quantify, and investigate 561 

resurgences and their underlying mechanisms. Results (Figures 8-11) suggest that resurgences 562 
between Montauk and Cape May are predominantly a cross-shelf seiche, a standing wave that is 563 
amplified and trapped in the NYB. In the sections that follow, we examine the evidence 564 
supporting seiche behavior (Section 4.1). The secondary along-coast movement is discussed in 565 
light of its disappearance in the idealized modelling experiment excluding the Coriolis force 566 

(Section 4.2). Lastly, we examine the relationships between resurgence characteristics and 567 
tropical cyclone parameters (Section 4.3).  568 

4.1. Primary mechanism of NYB resurgences: wind-driven cross-shelf seiches 569 

Several lines of evidence support the conclusion that the primary mechanism of 570 

resurgence at the NYB is a wind-induced continental shelf seiche. Here, mainly onshore winds 571 
during a storm increase the water level at the coast, and as the storm propagates away, the winds 572 
decrease. This sets up a seiche with a node generally at the shelf break and an anti-node at the 573 

coast. First, our idealized onshore wind simulations, excluding pressure disturbances, replicate 574 
the resurgence pattern in the NYB. This finding contradicts the conclusion of Munk et al. (1956). 575 

They attributed the resurgence to low-pressure systems propagating along the coast, which 576 
generate coastal edge waves trapped by refraction, with amplitudes on the order of the inverted 577 
barometer effect. Instead, our results support the hypothesis of Redfield and Miller (1957) that 578 

resurgence phenomena in the NYB exhibit characteristics of seiche oscillations. Identifying a 579 

7.56-hour oscillation in the idealized wind forcing simulations, consistent with the observed 580 
resurgence, provides further evidence that the wind-driven storm surge and its abrupt release are 581 
the drivers of the phenomenon. Second, the modeled water-level variations along the cross-shelf 582 

and along-shelf transects (Figure 10) show that the entire NYB undergoes nearly synchronous 583 
fluctuations, indicative of a localized standing wave. Critically, these free oscillations remain 584 
trapped in the NYB for several days after all forcing has ceased. These results are further 585 

supported by the analysis of the Hovmöller diagram in Figure 11. Third, although the cross-586 
correlation analysis indicates that some down coast wave propagation, the water level variations 587 
down the coast, in the south (Figure 10d points 1-10) are much smaller than those at the apex of 588 
the NYB, where the amplitudes are maximal. This suggests that most of the energy is trapped 589 
within the NYB and behaves like a standing wave (seiche) with only a small fraction of energy 590 

leaking into along-coast propagating waves. Lastly, the non-Coriolis experiment reveals both 591 

that the Coriolis effect is necessary for the alongshore wave progression and, most crucially, that 592 

the primary oscillation remains of the same amplitude (0.701 m in the control experiment and 593 
0.697 m in the non-Coriolis experiment) and of the same period (7.56 h) when this alongshore 594 
movement is absent (see Supplemental Figure S2). 595 

In both numerical experiments, the concave NYB coastal geometry appears to both 596 
amplify and trap the seiche, as was observed with historical TCs (Figure 2). The idealized wind 597 
forcing simulation extends from Montauk to Ocean City Inlet, but the peak of resurgence 598 
remains stationary at the apex of the NYB (Figure 10c) throughout the remainder of the 5-day 599 
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simulation. A concave coastal geometry, such as the NYB, is known to amplify storm surges 600 
(Deb et al., 2024; Gurumurthy et al., 2019; Harris, 1957; Redfield & Miller, 1957) and this 601 

research extends that effect to include the trapping and amplification of shelf seiches. Similarly, 602 
semidiurnal lunar (M2) tidal amplitudes are amplified by 17% between Atlantic City (0.58 m) 603 
and Sandy Hook (0.68 m). 604 

Along-coast transects reveal that energy remains trapped at the NYB in both experiments, 605 
with amplitudes considerably larger at the NYB compared to surrounding locations. For 606 

example, in the control simulation during the period shown in Figure 8, the maximum water 607 
level at SH is 1.03 m, while at Atlantic City it is 0.34 m, a factor of ~3 smaller. At Montauk and 608 
Lewes, the maximum levels are 0.20 m and 0.26 m, respectively, and at Nantucket Island and 609 
Ocean City Inlet, they are 0.19 m and 0.17 m, respectively, a factor of ~5 smaller than at SH. 610 

Two additional idealized wind experiments were conducted to investigate the sensitivity 611 

of these results to wind direction. Simulations with an east or south wind led to similarly 612 
persistent oscillations that were smaller, but nevertheless much larger at Sandy Hook than down- 613 

or up-coast at Ocean City or Cape Cod. These results suggest that other wind directions can still 614 
trigger seiching at NYB and the along-coast wave movement under this forcing remains 615 

relatively small. Other research has shown that seiches can be triggered by extratropical cyclones 616 
(Ozsoy et al., 2016; Pasquet et al., 2013) which often have longer-duration, alongshore winds, 617 
and these results suggest that extratropical cyclone-driven seiches could also occur at NYB. 618 

Cross-shelf seiches are difficult to identify visually in comparison to along-shelf wave 619 
propagation (e.g., from Figure 9) and require deeper investigation because the cancellation of 620 

incident and phase-shifted reflecting components of the wave leads to nearly zero amplitude at 621 
the shelf break (George et al., 2020; Howarth, 1979). To illustrate this concept in a simplified 622 
manner, we synthesized two opposing waves on a continental shelf: one propagating shoreward 623 

and the other seaward, resulting in the black line in Figure 13. The reflection at the coast is a 624 

mirrored reflection (zero-degree phase shift) and thus the incoming wave and outgoing wave are 625 
matched and amplitude doubled, whereas we assume that the reflection at the shelf break is an 626 
approximately 180-degree phase-shifted (negative) wave reflection, causing the two waves to 627 

cancel. The resulting standing wave exhibits maximum amplitude at the coast, where the 628 
oscillations are amplified, and approaches zero amplitude in the deep ocean, consistent with the 629 
water-level variations observed along the cross-shore transect in Figure 10. This agreement 630 

highlights the physical relevance of the standing-wave interpretation. Such behavior is identical 631 
to idealized shelf (or bay) quarter-wave tidal resonance, with a node at the shelf break and an 632 
antinode at the coast. Storm-driven seiches in the New York Bight only differ from quarter-wave 633 
tidally resonant systems (e.g., the Gulf of Maine) in that there is no periodic forcing; no 634 
additional energy is added to the trapped wave with every tidal cycle. Moreover, understanding 635 

these storm-driven seiches is complementary to understanding quarter-wave tidally resonant 636 

systems, due to the similar coastal and shelf-break reflections and trapping processes. 637 
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638 

 639 

Fig. 13. Illustration of the kinematics of a shelf seiche. A sinusoidal cross-shelf wave 640 

form is assumed, with perfect coastal reflection at X = 0 and negative reflection (180° phase 641 
shift) at X = L/4, where L is the seiche wavelength and L/4 corresponds to the continental shelf 642 
width. The amplitude of the offshore and onshore waves is “a/2”, while the maximum amplitude 643 

of the resultant wave is “a”. An animation is included in Supplemental Figure S3. 644 

 645 

4.2. Secondary along-shelf movement 646 

The observed southward phase progression in the control experiment is consistent with 647 
the behavior of Kelvin waves. A Kelvin wave is a type of free wave strongly influenced by the 648 

Coriolis force, propagating unidirectionally along a boundary with the coast on its right in the 649 
Northern Hemisphere (Cushman‐Roisin & Beckers, 2011; Stewart, 2008). This behavior is 650 
clearly visible in the pattern of NTR propagation along the coast (Figure 8) and in the shift 651 
leftward from hour 1 to 4 in the along-shelf transect (Figure 10c). Conversely, in the experiment 652 

without the Coriolis effect, the water level oscillates synchronously within the NYB, with phase 653 
lags on both sides indicating that the main locus of trapped wave energy is at the center. The 654 
potential influence of the Coriolis effect is supported by a computed Rossby number (Ro) of 655 
~0.006, far below 1. Here, Ro=U/Lf (Cushman-Roisin & Beckers, 2011), where modeled water 656 
speeds (U) on the shelf are O(0.1) m s-1, shelf width (L) is 190000 m, and Coriolis parameter (f) 657 

at this latitude is 0.000094. However, the Rossby radius of curvature (Cushman-Roisin & 658 
Beckers, 2011) is sqrt(gh)/f ~240 km, where the mean shelf depth (h) is ~50 m, supporting only a 659 

weak tendency of the wave energy to turn down the coast. 660 
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Edge waves are commonly observed in coastal environments, where the bathymetric 661 
slope serves as the primary mechanism for trapping wave energy through refraction, as described 662 

in the formulations of Munk et al. (1956). Edge waves are not rotationally controlled, whereas on 663 
the continental shelf, the Coriolis effect becomes increasingly dominant at larger spatial and 664 
temporal scales. As geostrophic balance plays a significant role in governing oceanic water 665 
movement, Kelvin waves become more relevant. In addition, according to Pattiaratchi et al. 666 
(2022), edge waves can propagate both up- and down-shelf, which is not observed in our control 667 

simulation.  668 

Lastly, the wave speed inferred from the cross-correlation analysis is inconsistent with 669 
the behavior of an edge wave. Supplemental Figure S4b illustrates the time lags corresponding to 670 
the highest cross-correlation values, referenced to the northernmost tide gauge at Nantucket 671 
Island, with an estimated speed of 66.7 m s-1 for wave phase propagation from Nantucket Island 672 

to Ocean City Inlet (see their location in Supplemental Figure S4a). For comparison, the 673 

theoretical speed of an edge wave given by the dispersion relation of gT(sin )/2 used by Munk 674 

et al. (1956) is 18 m s-1, where  is beach inclination or slope of the bathymetry, g is the 675 

gravitational acceleration, and T is the wave period. We thus conclude that the large-scale 676 
alongshore movement in the control experiment is better described by Kelvin waves, rather than 677 
by classical edge wave behavior. 678 

4.3. Resurgence characteristics associated with Tropical Cyclone parameters 679 

Regression analysis identifies two storm‐related parameters with significant correlations 680 

to resurgence amplitude: northward translation speed (r = 0.41) and maximum sustained wind 681 
speed (r = 0.41), in addition to the strong correlation with storm surge (r = 0.47). Early 682 
theoretical work by Munk et al. (1956) and Greenspan (1956) concluded that resurgences occur 683 

with rapidly moving tropical cyclones traveling parallel to a straight coastline, emphasizing the 684 

importance of the storm track and speed. Our study, drawing on an extensive historical dataset, 685 
both corroborates these seminal insights and extends them by quantifying the relative influence 686 
of these storm characteristics on the formation of resurgence. It also offers a few additional clues 687 

for further, more detailed research. 688 

Firstly, our results suggest that the northward storm speed plays a crucial role in the NYB 689 

resurgence wavelet amplitude, with larger (>20 cm) amplitudes only observed for fast-moving 690 

(>11 m s-1) tropical cyclones. Reviewing the large resurgences observed by Munk et al. (1956) 691 
and Greenspan (1956), northward storm propagation speeds ranged from 14.3 m s-1 to 15.2 m s-1. 692 
However, TCs with relatively slow storm speeds were able to produce smaller resurgence events. 693 
For example, the New Jersey Hurricane of 1903, with a storm speed of 5.3 m s-1 approaching the 694 
NYB, corresponding to a northward speed of ~5.0 m s-1, generated a resurgence amplitude of 695 

0.17 m at NYH. Another case is Hurricane Sandy, with a storm speed of ~8.0 m s-1, 696 

corresponding to a northward speed of 6.8 m s-1 when making landfall near Brigantine, New 697 

Jersey, as a tropical storm, producing a resurgence wavelet amplitude of 0.13 m.  698 

Secondly, significant resurgence amplitudes are observed only at wind speeds exceeding 699 
12 m s-1. Wind speed shows a positive linear correlation with resurgence amplitude and a 700 
negative correlation with resurgence period. Specifically, TCs associated with weaker wind 701 
speeds tend to produce resurgences with longer periods, whereas stronger wind speeds are linked 702 
to shorter resurgence periods. Meanwhile, the decay timescale of resurgences is linked to the 703 
northward storm propagation speed. Fast-moving storms, such as the 1938 Long Island Express 704 
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Hurricane, likely generate storm surges with limited spatial extent relative to the large scale of 705 
the NYB, thus less overall scale and energy for the trapped seiche, resulting in faster decay.  706 

Our results show that TCs moving parallel to the New Jersey coast can cause significant 707 
sea level resurgences, as observed by Greenspan (1956). However, some tropical cyclones, such 708 
as Hurricane Two in 1904 and Hurricane Zeta in 2020, whose paths travelled from inland toward 709 
the sea, still generated a resurgence. In addition, the significant negative linear correlation 710 
between RT vs Deast (Table 2, Supplemental Figure S1a) suggests that TCs further offshore in the 711 

NYB produce resurgence events with shorter periods than those passing close to the New Jersey 712 
coast or inland to the west. This could arise if the narrower southern New England continental 713 
shelf (south of Newport, Nantucket, and Cape Cod) results in shorter-period seiches. 714 

 715 

5. Summary and Conclusions 716 

This research investigates the historical occurrences and mechanisms of water level 717 
resurgences in the NYB associated with tropical cyclones. Through the analysis of historical 718 

water level observations from 17 tide gauges distributed along the U.S. Mid-Atlantic Bight coast, 719 
we demonstrate that the NYH area exhibits significantly elevated resurgence magnitudes 720 

compared to other sites across the study region. To examine the mechanism of resurgence, we 721 
examine water level data for NYH during 112 TC events from 1860 to 2024. Wavelet analysis is 722 
applied to detect resurgences and quantify their characteristics. Resurgence wavelet amplitudes 723 

range from 0.10-0.53 m, periods vary from 5.7-8.6 h, and e-folding decay timescales range from 724 
9-30 h. Based on linear regression analysis, we find significant correlations between resurgence 725 

amplitude and initial storm surge, as well as both maximum sustained wind speed and northward 726 
storm speed, suggesting that these forcing variables are prerequisites for a significant resurgence 727 
event.  728 

The observations and regression analysis results motivate experiments with idealized 729 

onshore wind forcing that ramps up and then abruptly shuts off, mimicking the rapid approach 730 
and passage of a tropical cyclone. These simulations reproduce resurgences both with and 731 
without the Coriolis effect, with the primary difference being the absence of southward water 732 

propagation along the coast when the Coriolis force is removed. Model results display a clear 733 
across-shelf standing wave pattern, indicative of a shelf seiche. Transect analyses reveal 734 
significant energy trapping and amplification at the NYB, with water level amplitudes 735 

substantially higher than those in the surrounding regions. The Coriolis forcing modifies the 736 
response, resulting in spatial time lags and a southerly alongshore movement. We conclude that 737 
Kelvin waves are a secondary mechanism that may arise under specific conditions, leading to 738 
energy leakage from the seiche down the coast, and thereby modestly influencing their 739 
directionality and spatial structure.  740 

Given the unforeseen and potentially hazardous nature of these seiches, which occur 741 
hours to days after the passage of a tropical cyclone and have a magnitude often greater than half 742 

that of the initial storm surge, more research is needed. Through their superposition and 743 
interaction with tides, these continental shelf seiches can prolong the duration of the acute phase 744 
of a storm event. Public safety messaging on hazards coming after a storm passes may be a 745 
challenge, and the range of hazards could include strong currents, flooding, or ship grounding if 746 
extrema in seiche water levels coincide with extrema in tides, as well as severe coastal erosion as 747 
seiche highs coincide with large post-storm swells on an already eroded coast. In ongoing 748 
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research, we are assessing the prevalence of these events across the United States Gulf and East 749 
Coasts, their total number of historical occurrences regardless of storm forcing conditions, and a 750 

wide range of potential resulting hazards.  751 

 752 

Appendix A. Supplementary material  753 

Supplementary material associated with this article is provided as a separate file 754 
submitted with the manuscript. This includes additional figures and tables supporting the results 755 
presented in the main text. 756 
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