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HISTORY AND MECHANICS OF SEA LEVEL BLOWOUTS IN NEW YORK HARBOR

Abstract

In recent decades, much research has been done to understand storm surges, due to
their devastating impact on coastal communities. The opposite of a storm surge, called a
blowout, causes extremely low sea levels, but has been neglected as a research topic
because blowouts do not have direct adverse effects on coastal communities.
Nevertheless, they can play a very important role in the daily operations of the maritime
industry. Blowouts are also called “negative surges”, or – when referring to total water
level with tide included – “blowout tides”. Understanding negative surges is not only
important for forecasting blowouts, but also to better understand the mechanics of sea
level extremes in general, which can help us improve the flood forecast models that are
increasingly relied upon for coastal emergency management.
This thesis aims to explain the mechanics of negative surges and blowout tides in New
York Harbor (NYH), and explore their evolution from 1860 to the present. Negative
surges have qualitatively trended toward being less extreme in recent decades, yet
blowout tides have shown no apparent change. A sensitivity analysis is performed for
wind direction at various locations in NYH that shows that west-northwest wind direction
is most efficient in producing a blowout tide. Over the past century, a multitude of
changes in the environment may have affected sea level extremes in NYH. This study
uses a validated hydrodynamic model to assess the sensitivity of blowouts to factors
such as ice cover in the Hudson, the historical elimination of reefs in the East River, and
changes in bathymetry due to dredging of shipping channels. Of all the factors tested,
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the most consequential is the change in bathymetry due to dredging in NYH. Deeper
channel depths cause less extreme negative surges, yet do not change blowout tides
significantly, consistent with the observed historical trends. A tide-surge interaction
mechanism is described that could explain this pattern.

Author: Praneeth Gurumurthy
Advisor: Philip Orton
Date: April 29, 2017
Department: Civil, Environmental and Ocean Engineering
Degree: Master of Engineering

iv

Acknowledgements
Firstly, I would like to thank my advisor Prof. Philip Orton and reader, Prof. Nickitas
Georgas without whom the completion of this thesis would not have been possible. I am
grateful for their diligent efforts and dedication in making this research and thesis a
success, despite their busy schedule. I would also like to thank Dr. Stefan Talke who
was instrumental in motivating and guiding me through this research. I am grateful to
Prof. Jon Miller with whom I initiated my research at Davidson Lab. I would also like to
thank Prof. Alan Blumberg for his continuous encouragement and Dr. Raju Datla for his
guidance. Throughout my studies at Stevens all the faculty and staff at Davidson
Laboratory were very helpful, especially Dave Runnels who helped me with
computational tools.
I was fortunate to have peers like Sundar Venkat, Yifan Wang, Fanglin Zhang, Bin Wen,
Omar Lopez and Matthew Janssen who always helped me solve any kind of problems I
had and sometimes homework too.
I am greatly indebted to Prof. Sarath Jagupilla for his guidance both academically and
outside of academics. I am forever grateful to my family for supporting me through all
times.

v

Table of Contents
Abstract ........................................................................................................................................... ii
Acknowledgements ...................................................................................................................... iv
List of Tables ................................................................................................................................ vii
List of Figures ............................................................................................................................. viii
1.0 Introduction .............................................................................................................................. 1
2.0 Background ............................................................................................................................. 3
2.1 Shipping Channel Bathymetry .......................................................................................... 6
2.2 Reefs .................................................................................................................................... 6
2.3 Ice Formation on the Hudson ........................................................................................... 7
3.0 Methodology ............................................................................................................................ 8
3.1 Historical Data ..................................................................................................................... 8
3.2 Hydrodynamic Model and Validation ............................................................................... 8
3.3 Blowout Environmental Sensitivities .............................................................................. 10
3.3.1 Wind sensitivity experiment ..................................................................................... 10
3.3.2 Emulating the historical changes ............................................................................ 11
4.0 Results and Discussion ....................................................................................................... 14
4.1 Historical Evolution of Blowouts ..................................................................................... 14
4.2 Validation Results ............................................................................................................. 15

vi

4.3 Blowout Sensitivity to Wind Direction ............................................................................ 16
4.4 Blowout sensitivity to Environmental Factors ............................................................... 21
4.5 Tide-Surge Interaction and Bathymetric Sensitivity .................................................... 23
4.6 Amplification of Negative Surge due to Funneling Effect ........................................... 28
5.0 Summary and Conclusions ................................................................................................. 31
Bibliography ................................................................................................................................. 33
Appendix ....................................................................................................................................... 38

vii

List of Tables
Table 1: Summary of the environmental sensitivity experiments ................................................. 23

viii

List of Figures
Figure 1-Locations and tide gauges referred to in this study .......................................................... 4
Figure 2-Time Series of water level in m at The Battery for an Extra Tropical Cyclone (ETC) in
1978 with minimum blowout Tide. Prediction is the astronomical tide prediction........................ 5
Figure 3-Time Series of water level in m at The Battery for an Extra Tropical Cyclone in 1862
(ETC) with minimum negative surge. Prediction is the astronomical tide prediction. .................... 5
Figure 4-Time series of the wind speed ......................................................................................... 11
Figure 6-Rough approximation of 1800s (shallow) bathymetry .................................................... 13
Figure 7-Time series of annual minimum negative surges (relative to local mean sea level) from
1860-2015 compiled from various stations and tide-gauges ........................................................ 14
Figure 8-Time series of annual minimum blowout tides from 1860-2015. The annual mean sea
level has been subtracted to remove the effects of sea level-rise ................................................ 15
Figure 9-Retrospective forecast simulation for 3 April 2016 blowout event showing water level at
The Battery..................................................................................................................................... 16
Figure 10-Surge time series at The Battery for west-northwest wind of 18m/s ........................... 17
Figure 11-Surge time series at The Battery for northwest Wind of 18m/s ................................... 18
Figure 12-Maximum surges (red) and minimum negative surges (blue) from separate simulations
with sixteen directions of wind. Radial axes in water level in m. Plots for other locations are
shown in Appendix Figure(v,vi) ...................................................................................................... 19
Figure 13-Simulation results for a tide/wind simulation with Control bathymetry – shown is the
time-series of water level and the surge during a blowout event using a random tide (Computed
as Storm tide - Tide) ....................................................................................................................... 26

ix

Figure 14-Simulation results for a tide/wind simulation with Shallow bathymetry – shown is the
time-series of water level and the surge during a blowout event using a random tide ............... 27
Figure 15- Time-series of water level during a blowout tide event for Control Bathymetry (Fig
13), Shallow Bathymetry (Fig 14), and the difference of the two ................................................. 28
Figure 16- Map showing color-shaded minimum storm surge (m) in time series for a westnorthwest wind event, with no tidal forcing. Forcing is same as that used for Figure 10. ........... 30

1

1.0 Introduction
One of the most studied and well-understood topics in coastal oceanography is the sea
level anomaly due to meteorological forces, also called storm surge (storm surge is the
difference between storm tide and predicted tide). As coastal communities are directly
affected by surge, it is essential for coastal scientists and engineers to understand the
dynamics of a storm surge. But very often, the other side of the story is overlooked. A
meteorological event characterized by extremely low water levels is called a sea level
blowout or just a ‘blowout’. The opposite of the storm surge, which we call ‘negative
surge’, is very critical to the maritime and fishing industry. These negative surges have
less direct adverse effects on the communities on the coast, hence are often less
studied.
Blowouts can have a detrimental impact on the shipping industry. Ships need a minimum
under keel clearance from the bottom of the channel to navigate safely. In the case of a
blowout, the extreme low water level (“blowout tide”) puts ships in jeopardy. In some
cases, there also is an additional clearance required from over-head bridges. To safely
pass under a bridge with low clearance, the ships often ride the low tide to pass with a
safe clearance (Bonney, Joseph, 2014). A surprise blowout in this case would create
lower waters than anticipated and pose a risk to the safety of the ship as it could lead to
grounding. Sometimes, the only way to ensure a safe transit is to wait out the blowout
event, which can cause a significant financial burden to the owner. It is estimated that
the cost of idling an empty oil tanker could be upwards of $25,000 USD per day (Cost of
Idle Oil Tankers, 2014). In addition to commercial ships, casual boaters and fishermen
are also at risk of grounding.
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We examine the New York – New Jersey Harbor (NYH) as a case study, which includes
Port Newark-Elizabeth Terminal, the largest port on the eastern seaboard of the United
States and the third largest in the country. This case has concerns both above and
below vessels during blowout event: The Ambrose Channel, which is dredged
periodically, and Bayonne Bridge, which is now being uplifted to make room for larger
(Post-Panamax) ships. A huge investment of $200 million has been made on facilities at
Port-Elizabeth Container Terminal to handle larger vessels (Post-Panamax) which come
through Panama Canal post-expansion (Morley, Hugh R, 2017). Larger ships need more
tugboats and better and more precise forecasts to navigate the narrow shipping lanes.
The cost of delays also scale up with volume of the ship cargo. Ships entering NYH use
forecasts such as the New York Harbor Observing and Prediction System (NYHOPS)
(Georgas et al., 2016) and real-time observations such as the National Oceanic and
Atmospheric Administration (NOAA) Air Gap System (Ship Under a Bridge, 2014) to
anticipate water levels during blowout events. The NOAA National Weather Service
criterion for a blowout is 0.55m below Mean Lower Low Water (MLLW) (or 1.40m below
the NAVD88 datum) for water level at The Battery, a tide gauge site in NYH (Figure 1).
A unique aspect of storm surge modeling, separating it from hydrologic flood modeling,
is that there is a mirror image to storm surge flooding, called blowout. To some degree,
studying blowouts can also help us better understand the basic physics of storm surge,
and understand the sensitivities to wind duration, wind direction, bathymetry, ice, and
other physical phenomena or forcing agents. Such studies can help improve the
accuracy of computational flood models, and improve forecasting. While forecast or risk
assessment models are commonly evaluated for their accuracy on matching water level
maxima for storms, they are less frequently evaluated for their time-series accuracy, and
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almost never on their accuracy for water level minima. This opens the door to models
being excessively trained (or bias-corrected) to highs and not lows, and the fundamental
physics in the models having lower fidelity to the natural phenomena.
In the present study, our primary goals are to explain the mechanics of negative surges
and blowout tides in NYH, and to explore their evolution from 1860 to the present. We
study the trends in negative surges and water levels (blowout tides) over the past
century. We use a case study of one of the worst blowouts in recent years to validate the
hydrodynamic model’s accuracy, and we evaluate the response of NYH sea level to a
full range of wind directions. Lastly, we perform model experiments to evaluate the
influence of various environmental factors on blowouts, including bathymetry,
historically-present rock reefs, and ice cover friction.

2.0 Background
New York – New Jersey Harbor (NYH) lies at the confluence of the Hudson River
Estuary, the East River and New York Bight. NYH is a part of the Port of New York and
New Jersey which includes the harbor areas north from Ambrose Channel, from the
Lower New York Bay and Newark Bay across to the Upper New York Bay and
neighboring waterways. The Harbor opens into the Atlantic Ocean (through the apex of
New York Bight) to the southeast and to the Long Island Sound to the northeast (Figure
1). The Journal of Commerce recorded cargo valued at $175 billion entering NYH in
2010 (Walsh, Kevin J., 2011).
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Figure 1-Locations and tide gauges referred to in this study

Two record-setting examples of NYH blowout events are shown in Figure 2-3. Figure 2
shows the water level in NYH in a 1978 blowout event that had the most negative water
levels in the compiled data set (the dataset is discussed in Section 3.1). The water level
plunges to a low of -2.05 with a negative surge of -1.22m. Figure 3 shows a similar plot
for a blowout event in 1862 which was the most negative surge in the dataset; -1.65m. In
both these plots the peak of the negative surge occurs on a rising tide. This observation
is discussed in detail in the later sections. Blowouts are seen in NYH when west or westnorthwest winds prevail for a day or longer, and prompt the government to issue a
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warning (called a low water advisory) to caution boaters and other shipping interests
who could be affected by blowout tides (Ahl, Zachary, 2016).

Figure 2-Time Series of water level in m at The Battery for an Extra Tropical Cyclone (ETC) in 1978
with minimum blowout Tide. Prediction is the astronomical tide prediction.

Figure 3-Time Series of water level in m at The Battery for an Extra Tropical Cyclone in 1862 (ETC)
with minimum negative surge. Prediction is the astronomical tide prediction.
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2.1 Shipping Channel Bathymetry
Ambrose Channel is the entrance channel to lower NYH and is located between Sandy
Hook, New Jersey (NJ), and the Rockaway peninsula, New York (Figure 1). It stretches
from the apex of the New York Bight to the Verrazano bridge. This channel is routinely
dredged to the depth required by the incoming vessels, presently 15 m (USACE Fact
Sheet - New York and New Jersey Harbor Deepening, 2016). The depth of the channel
has evolved with the growth of ship sizes since the dredging began in the late 1800s.
The shipping channel passes under two overhead bridges- Verrazano–Narrows bridge,
connecting Staten Island to Brooklyn, and Bayonne bridge, located across Kill-Van-Kull
connecting Staten Island to Bayonne, NJ. Due to increased demand for maritime
transportation, and due to technological advancement in the port facilities, the size of the
incoming ships has increased dramatically. Hence, to accommodate the perpetually
growing ship sizes, Bayonne bridge is being uplifted by around 20m. Although the
project is due to be completed in 2019, navigational clearance is expected to be
provided as early as June 2017.

2.2 Reefs
During the 1800s when the shipping industry was flourishing, a major impediment for
transportation in the East River was shipping through Hell Gate which is located at the
junction of the Harlem River and the East River tidal straits. The location was named
after the plight of the sailors traversing this location because of whirlpool currents and
rocky “reefs”. In the late 1800s, the reefs were blown up by various agencies including
United States Army Corps of Engineers (USACE), in a series of dynamite explosions.
This paved the way for much easier and safer shipping in the East River. The presence
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of the reefs could have altered the quantity of tidal transport through the East River,
which could change the mechanics of blowouts in NYH.

2.3 Ice Formation on the Hudson
Historical data (Appendix Figure (i)) show that more than 90% of the blowout events
occurred during the winter season (December to March). Although this is also the
Nor’easter (Extra-Tropical Mid-Latitude Cyclone) season, one could also speculate on
the role of ice-formation (which is a common occurrence in the Hudson during winter
(Appendix – Figure (ii)) in the dynamics of blowouts. The formation of ice takes many
forms such as brash ice, drift ice, fast ice, floe formations or ice jams to name a few
(Georgas, 2012). Of these formations, shore fast ice and ice jams are typically observed
in the Hudson River north of Piermont, with drift ice being observed in southern areas of
the Hudson River near Manhattan (Georgas, Miller, Wang, Jiang, & D'Agostino, 2015).
Ice reports from the United States Coast Guard (USCG) suggest that ice jams
historically occurred in the Hudson River near West Point and Albany. However, the
USCG deploys ice breakers to open the channel for navigation. Occurrence of drift ice in
Lower Hudson, near New York City, is also not uncommon and the quantities of drift ice
increase further northward up the Hudson River. The effect of ice friction on tidal ranges
has been studied by (Georgas, 2012) who showed that the friction from shore-fast ice
can affect the tidal ranges and currents. Ice formation in an extreme case such as ice
jams can block the flow of the river to the south, causing flooding upstream, but lowering
of water levels downstream of the ice jam. Due to their potentially large influence on
water levels in the Hudson River, we also evaluate their possible role in NYH blowouts.
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3.0 Methodology
3.1 Historical Data
In this study, we assemble and evaluate historical time series of annual minimum storm
surge and annual minimum storm tide, reflecting negative surges and blowout tides,
respectively. Tide gauge records from 1860 to 2015 were assembled from four stations
in NYH – The Battery, Governors Island, Fort Hamilton and Sandy Hook, following
methods of (Talke, Orton, & Jay, 2014). The compiled raw data is a collection of hourly
water level data from the above tide gauges for different periods, depending on
availability of the data. For each year and station, separately we: (1) performed standard
least squares harmonic analysis using the available hourly water level data, (2)
synthesized a tide time series and subtracted it from the total water level time series to
obtain storm surge data, (3) computed and subtracted the annual average sea level from
both storm surge and water level time series, and (4) computed the annual minima of
storm surge and storm tide.

3.2 Hydrodynamic Model and Validation
sECOM (Stevens Estuarine and Coastal Ocean Model) is a three-dimensional
hydrodynamic model, based on the Princeton Ocean Model (Blumberg & Mellor, 1987)
and a shallow-water derivative model- ECOMSED (Blumberg, Khan, & St. John, 1999),
expanded with more physics and improved computational techniques (Georgas et al.,
2007; Georgas 2010; Orton et al., 2012; Jordi et al., 2017; Marsooli et al., 2017). In
model runs for the NYHOPS system, the model is run on a high-resolution orthogonal
curvilinear grid from Maryland to Cape Cod, encompassing the New York — New Jersey
Harbor at its highest resolution of 25-100m. The vertical resolution is 10 sigma layers.
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sECOM is also the model behind the ensemble-based Stevens Flood Advisory System
(SFAS). A network of sensors installed by Stevens Institute of Technology as a part of
NYHOPS is used along with tidal harmonic analysis to bias-correct the forecasts
(Georgas et al., 2016; Georgas et al., 2009). The model has been extensively validated
for water level, current velocity, water temperature, and salinity (Georgas et al., 2014;
Kuang et al., 2012; DiLiberto et al., 2011; Georgas & Blumberg 2010; Bhushan et al.,
2010; Georgas 2010; Blumberg & Georgas 2008).
In this thesis, for environmental sensitivity experiments, the model is run with typical
moderate streamflows (for example- 400m3/s into the Hudson at Troy, New York). As
with recent prior applications of sECOM-NYHOPS (Georgas et al., 2016; Orton et al.,
2012; Orton et al., 2016), in all cases here we also include surface waves and use a
wave-slope dependent sea surface drag coefficient (Taylor & Yelland, 2001).
The model is further validated for a recent blowout event that occurred on 3 April 2016.
The meteorological forcing and river streamflows are both taken from the actual forecast
period, with the former being a forecast from the Weather Research & Forecasting
(WRF) model’s North American Mesoscale (NAM) domain application by NOAA. The
model simulation computed the water levels beginning twenty-four hours before the peak
of the blowout event. The model output was then compared to the observed water
levels at The Battery obtained from SFAS. Raw model results were evaluated with a
mean bias correction only, which does not affect our objective to understand the model’s
capacity to capture the mechanics and evolution of negative surge.

10

3.3 Blowout Environmental Sensitivities
The sensitivity of the water level to environmental factors was analyzed by
experimenting with various wind directions and environments with shore-fast ice
formation on the Hudson, an ice jam in the north Hudson, and a wall in the East River.
These experiments are described below.

3.3.1 Wind sensitivity experiment
The objective of this experiment was to understand the sensitivity of the surge to the
wind direction. We performed a batch of sixteen independent experiments to resolve the
optimum wind direction to produce an extreme blowout tide in NYH. A wind direction is
defined by the direction (or the angle from true north in degrees clockwise) from which
the wind originates. For the synthetic experiments to test the sensitivities, sixteen
directions from 0 to 360 degrees with an interval of 22.5 degrees, were considered with
a wind speed of 18m/s, which was typical of wind observations during the worst ten
extreme minimum water level events at The Battery in the past 60 years. Wind
observations were taken at Newark Airport since 1955 and by NOAA in the New York
Bight since 1990 (buoy 44065 and the Ambrose Light platform). The simulations were
run for five days, with a spin-up time for wind forcing, followed by constant wind speed
for twenty-four hours and a spin-down time. The historical observed events were more
variable, with elevated wind speeds for durations ranging from 12 to 30 hours. The wind
speed time series used is shown in Figure 4. The only variable forcing in this experiment
was wind forcing, hence the water level reflects surge only. The results are discussed in
Section 4.3.
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Figure 4-Time series of the wind speed used in environmental sensitivity experiments

3.3.2 Emulating the historical changes
After wind sensitivity analysis, the next set of experiments examined the sensitivity of the
water levels in NYH to the evolving historical environment. We emulated three
scenarios: An ice jam in the Hudson, reefs in the East River, and surface friction due to
shore-fast ice in the Hudson River north of New York City. These scenarios were run for
five days in two sets of experiments- one with just west-northwest wind forcing (time
series as shown in Figure 4) and another with the same wind forcing and a random tidal
forcing (which was a snip of historic tidal time-series). These experiments were called
Surge and Tide experiments respectively (Table 1).
a) An extreme case scenario of the reefs in the East River was emulated by building
a wall near Hell Gate. This was done by changing the depth to a negative value
to extend out of the free-surface of the river. Hence, this wall stops flow of water
in and out of Hell Gate.
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b) To emulate an ice jam restricting the flow of water in the Hudson, an extreme
case scenario was modelled in which an ice jam in the river would completely
stop the flow of water to the south. This jam or an ice dam, was built by
manipulating the bathymetry of the Hudson near West Point. The depth was
changed to a negative value to replicate a dam in the grid cells across the river.
West Point was chosen because it has been identified historically as a ‘choke
point’ due to its tendency to form shore-fast ice cover which restricts ship traffic
and prompts USCG ice-breaking operations. This could be due to the very
narrow cross-section and meandering of the river to the north of West Point.

c) To mimic the more commonly observed shore-fast ice cover formation, the
surface ice friction was emulated by imposing a nominal drag coefficient at the
free-surface, which was triple the bottom friction drag coefficient, to the grid cells
in the Hudson to the north of 41.40 N where shore fast ice is commonly observed
in wintertime (Appendix Figure (iii)). These surface drag coefficients were used
by (Georgas, 2012) to explain the tidal modulations due to ice cover in the
Hudson River. Additionally, an extreme case scenario with a surface drag
coefficient six times the bottom friction coefficient (twice the nominal value) was
also tested (Appendix Figure (iv)).

d) The historically-dredged shipping channels at the harbor entrance were
shallowed (Figure 5), by setting the depth of the grid cells in the sections of the
shipping channels deeper than six meters equal to six meters (Figure 6). This
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value is the approximate pre-dredging average bathymetric depth across the
Ambrose Channel area, estimated from the Hassler Chart of New York Harbor
(Hassler, 1844).

Figure 5-Modern-day (control) bathymetry as used in the NYHOPS domain

Figure 6-Rough approximation of 1800s (shallow) bathymetry
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4.0 Results and Discussion
4.1 Historical Evolution of Blowouts
The historical time series of annual minimum negative surge (Figure 7) shows
qualitatively that the minima of negative surges are decreasing in magnitude or are
becoming ‘less negative’ over the century. However, Figure 8 shows that the historical
time series of annual minimum storm tide does not show any distinct trend. It is crucial to
observe and understand that the trend in negative surges is in no way a portrayal of the
trend in water level which in most cases is of greater concern. In Section 4.4 and 4.5, we
discuss which environmental factors could have played a role in these historical trends.

Figure 7-Time series of annual minimum negative surges (relative to local mean sea level) from 1860-2015 compiled
from various tide gauge stations
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Figure 8-Time series of annual minimum blowout tides from 1860-2015. The annual mean sea level has been
subtracted to remove the effects of sea level-rise

4.2 Validation Results
The model validation of the 3 April 2016 blowout event resulted in an RMS error of
18cm, after a bias correction of 5cm (Figure 9). This result is satisfactory for an extreme
event such as this, without tidal bias correction. Further, the skill (e.g. Orton et al., 2012)
for the model was 0.976 and the error on the minimum of the time series was 12cm. The
model captured the peaks of the negative and positive surge within 7cm (not shown).
The blowout tide bottomed-out on 3 April at 04:00 hours, reducing the water level to 1.54m NAVD88 (again, the NWS threshold for a blowout is -1.40m NAVD88).
Occasionally there were tidal cycles with a phase difference between the observations
and model output. Some possible causes of these phase differences could be the very
recently changed dredged bathymetry (Section 4.5), and seasonally-evolving frictional
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drag coefficients which are not typically incorporated into the model due to their
complexity. The bias correction of +5cm could account for seasonal fluctuations in sea
level (Orton et al., 2016) which was not incorporated into the model simulations here.

RMSE= 0.18 m

Figure 9-Retrospective forecast simulation for the 3 April 2016 blowout event, showing water level at The Battery

4.3 Blowout Sensitivity to Wind Direction
The wind sensitivity analysis performed at various locations in NYH and the Hudson
River evaluates sensitivities of surge to all wind directions. Results for the sites in NYH
show that west-northwest winds are optimal for producing the most negative water levels
there. This fact was previously observed during blowout events along the New Jersey
shore which is south of NYH (Auciello, Justin, 2016). A meteorological composite
(pressure, wind speed) for the top-25 negative surge events also suggested westnorthwest winds are typical during low water events in NYH (James Booth, The City
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College of New York, unpublished data). Figures 10 and 11 show the water level time
series at several locations for northwest wind and west-northwest wind, which created
the most negative water levels at NYH and at Haverstraw Bay in the Hudson River,
respectively. The minima (only the magnitude) and the maxima of the time-series for
each of the wind direction were plotted in a polar diagram for three locations (Figure 12),
see (Appendix Figure (v), (vi)) for additional locations.

Figure 10-Surge time series at The Battery for west-northwest wind of 18m/s
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Figure 11-Surge time series at The Battery for northwest wind of 18m/s
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Figure 12-Maximum surges (red) and minimum negative surges (blue) from separate simulations with sixteen
directions of wind. Radial axes are water level in m. Plots for other locations are shown in Appendix Figure (v,vi)
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In all the polar plots (Figure 12) for NYH, maximum negative surges arise from the westnorthwest wind direction. Haverstraw Bay which is in a northwest-southeast oriented
segment of the Hudson River has the maxima and minima of surges aligned
predominantly in that direction. For The Battery and Port Newark, the minima and
maxima are oriented in west-northwest and east directions, respectively, even though
the geometry of the shorelines in these harbor areas is not oriented in these directions.
Specifically, water must locally move mainly along a north-south axis to leave or enter
NYH from Raritan Bay. The fact that the optimal wind directions are more aligned along
an east-west axis implies that the water level response at these locations may be
independent of the local geometry, and not as sensitive to the local wind stress when
compared to the locations up the river like Haverstraw Bay. The water levels at The
Battery are known from prior studies (Lin, Emanuel, Smith, & Vanmarcke, 2010; Orton et
al., 2012) to be strongly influenced by the remote effects of wind stress in New York
Bight. Additionally, the influence of local wind stress over the small harbor surface area
could influence water levels.
Ekman transport likely plays a role in these wind sensitivity results. A reasonable time
scale for Ekman setup is the inertial period, which is the period of oscillation arising from
the Coriolis Effect. At this latitude, this period is 18.4 hours (inertial period equals
2 / where f is the Coriolis factor), which is greater than the duration of the elevated
wind speed. A prior study of hurricanes by (Lin et al., 2010) found that positive storm
surge was maximized by a southeast wind, blowing directly into NYH through the apex
of New York Bight, yet hurricanes typically have a much shorter steady wind duration
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than 18 hours, and therefore a smaller role for Ekman setup. Here, we find the most
extreme positive surge is caused by an east wind, and the most extreme negative surge
by a west-northwest wind. The difference between our results and the hurricane study
are likely a result of the wind duration and resulting importance of Ekman transport.
Further, the analysis suggests that the negative surges have similarities in physical
mechanisms to the positive surges during long duration storms, such as relatively slowmoving Mid-Atlantic Nor’easters. This similarity could be the reason why negative surges
nearly mirror image the positive surges in directionality at all the locations in our wind
forcing experiments (Figure 12). This near-symmetry at all the locations may indicate
that positive and negative surges follow similar mechanics when subjected to wind
stress, irrespective of the location.
An important phenomenon called the ‘Funneling Effect’ is sometimes observed for
positive surges in bays or harbors, accentuating the local amplitude of positive surges
(As-Salek, 1998). Due our observation that the wind sensitivity of negative surge is
nearly a mirror image to positive surge, it is interesting to ask whether this same
phenomenon exists for negative surges in the reverse direction. The funneling effect is
discussed further in Section 4.6.

4.4 Blowout sensitivity to Environmental Factors
In the simulated scenarios for an ice jam in the Hudson and a wall in the East River, the
water levels showed some sensitivity to the changes made in the model grid. As
mentioned in Section 3.3, these simulations are the extreme case scenarios of the
historical observations. The surges for each of the scenario were compared with the
control grid surges (Table 1) and the following inferences were made.
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a) East River Wall
In the case of a wall in the East River, the west-northwest (WNW) wind simulation
increased the minimum water levels in The Battery by a small amount (2.5cm). This
could be due to two reasons. The water in the Hell Gate region of the East River which
lies in the northeast-southwest orientation is not directly influenced by WNW wind.
However, the Long Island Sound which predominantly lies in the east-west orientation is
affected by the WNW wind which drives water eastward out of the Sound, creating a
region of barotropic pressure gradient across the Hell Gate region of the East River. In
the presence of a wall this pressure gradient is cut-off, which leads to higher water level
at The Battery than would have occurred in the absence of the wall. The other aspect to
this scenario is the wind stress driving the water from NYH from the west to east and up
the East River. A presence of a wall could lead to accumulation of water near The
Battery, hence increasing the water level locally. One or both of these mechanisms
leads to a higher water level at The Battery due to the wall. Due to the small change
found here, in an extreme scenario that is greatly exaggerating the actual historical
scenarios of reefs, we will not investigate this experiment further.
b) Ice jam
In the case of an ice jam in Hudson River, the water levels at The Battery also did not
change substantially. This could be due to the long distance from West Point to The
Battery, which could spread out or attenuate any sea surface slope produced by the ice
jam. If the ice jam was further south in the Hudson River, or relatively nearer to The
Battery, one could expect a change in the water levels at The Battery due to the
reduction in the effective Hudson River Estuary length or volume that can flow
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southward to ameliorate the low water levels in NYH .

c) Ice Friction Sensitivity
The simulated ice-friction in the Hudson River did not produce any significant effect on
the water levels at The Battery. Ice friction did not have a significant impact in NYH even
when the friction coefficient was double the nominal frictional coefficient (Appendix
Figure (iv)). The long distance of the ice-friction zone from The Battery could be the
reason for the very small differences produced by the ice friction. However, the
experiments produced observable difference at Haverstraw Bay which is located inside
the ice friction simulated zone. Hence, we conclude that ice-friction did not play a major
role in evolution of negative surges over the years in NYH. These results were
qualitatively comparable to the findings of (Georgas, 2012).

Table 1: Summary of the environmental sensitivity experiments

Experiment

Environmental change

Surge experiments
(Wind only forcing)

Wall in East River
Ice jam at West Point
Shallowing shipping channels
Ice jam at West Point
Shallowing shipping channels

Tide experiments
(Wind + Tide forcing)

Anomaly of the minimums in
time series in cm at The
Battery
+ 2.6
+ 0.3
- 7.3
+ 1.1
+ 5.4

4.5 Tide-Surge Interaction and Bathymetric Sensitivity
Depth is a prime factor that influences tide and surge, as well as their interaction in
shallow waters. One aspect of interaction involves the speed of an incoming long wave,
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which is dependent on depth in two ways – (1) directly from its shallow water wave
properties which relate speed to the square root of depth times gravitational
acceleration, and (2) indirectly from bottom frictional effects, for which decrease in depth
lead to decrease in wave speed. As the depth of the water column is modified by storm
surge, it therefore affects the speed of the incoming long wave with it. This change in the
speed of the incoming tide wave induces a phase difference between the predicted tide
and the actual tide, and that anomaly is perceived as an additional component of the
“surge”.
A resulting characteristic of tide-surge interaction is the clustering of the peak surges on
a rising tide, which has been observed in the past (Prandle & Wolf, 1978). The dynamics
of this phenomenon were explained by (Horsburgh & Wilson, 2007) using a simple
mathematical explanation. They considered two sinusoidal signals which represented
predicted tide and actual tide, the later preceding the former with a small phase
difference. The residual, calculated as the difference between the observations and
predicted tide, was also a sinusoidal signal which had a local maximum on rising tide.
Using this demonstration, they explained the clustering of positive surges just before the
tidal high.
The same explanation can be applied for negative surge – in our case where storm tide
is analogous to an observed tide that trails the predicted tide due to a reduction in water
column depth. The negative surge (calculated as the anomaly between storm tide and
predicted tide) will also have its greatest amplitude on the rising tide. This can be seen in
Figures 2 and 3 where the surge minima often occur on a rising tide. The same was also
observed in the model outputs for the Bathymetric sensitivity analysis (Figures 13 -14).
However, the mathematical explanations discussed above are based on an idealized
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scenario where the tidal ranges are not varying. In our case, the tidal range is also
attenuated in shallow bathymetry (Appendix Figure(vii)), but this change in tidal range
actually has a relatively small effect on the resulting estimated surge.

Moreover, due to the aforementioned dependence of the tide-surge interaction on water
depth, the shallower the water, the greater the interaction between tide and surge due to
the slower tidal wave propagation, and the larger the induced additional apparent surge.
Hence we can expect that the shallower bathymetry in the 1800s could give rise to more
negative surges than the present day (dredged) bathymetry due to more tide-surge
interaction although various other factors could also contribute to changing negative
surges.
The time-series plots (Figures 13 - 14) both show water level for tide alone (astronomical
tide), tide with west wind (storm tide), and the estimate of surge (anomaly) computed by
differencing the two. In Figure 13, the model simulations used the control bathymetry,
while in Figure 14 they use shallow bathymetry as described in Section 3.3.2. The most
prominent changes with the shallowed bathymetry are that the minimum of the negative
surge decreases by 20 cm (Appendix Figure (viii)) and the tidal range is subtly
attenuated (Appendix Figure (vii)). The change in negative surge is a combination of
tidal attenuation and phase shift (Appendix Figure (ix)). This substantiates the postulate
mentioned above that tide-surge interaction in shallow bathymetry is accentuated,
causing lower negative surge compared to control bathymetry. This is also consistent
with the historical records for annual minimum negative surges becoming less negative
over the century which was discussed in Section 4.1. Figure 15 shows that the minimum
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water levels are relatively unaffected by the shallowing of bathymetry, because the
larger minimum surges of the shallower historic bathymetry happen at a later (and thus,
higher) phase of the rising tide.

Figure 13- Simulation results for a tide/wind simulation with control bathymetry – shown is the time series of water
level and the surge during a blowout event using a random tide (computed as Storm tide - Tide)
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Figure 14-Simulation results for a tide/wind simulation with shallow bathymetry – shown is the time series of water
level and the surge during a blowout event using a random tide

28

`

Figure 15- Time series of water level during a blowout tide event for control Bathymetry (Fig 13), shallow Bathymetry
(Fig 14), and the difference of the two

4.6 Amplification of Negative Surge due to Funneling Effect
It is a known fact that funnel shaped bays (e.g. Raritan Bay, Figure 16), have an
amplified storm surge at their apex compared to the entrance to the bay or offshore
areas. One reason for this is simple conservation of mass. In an idealized scenario with
constant water depth and constant wind stress setting up a steady state current, the
amount of water flux must be the same near the apex and at the entrance to the bay. To
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conserve mass, the water level changes more at the apex to compensate for the small
cross sectional area compared to the entrance.
In the case of a blowout event, the wind-stress drives the water out of the bay into the
ocean, causing a similar but opposite effect as a storm surge. Applying the same
principle of conservation of mass, the water level near the apex of the bay decreases
more than the water level at the entrance to the bay. Hence the locations inside the bay
will have lower water levels than outside the bay, as shown with a map of the nearsteady-state negative surge for a west-northwest wind event (Figure 16). This can be an
important factor for funnel shaped coastal areas where some ports are located, such as
New York Bight and the Raritan Bay area.
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Figure165- Map showing color-shaded minimum storm surge (m) in time series for a west-northwest wind event, with
no tidal forcing. Forcing is same as that used for Figure 10.
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5.0 Summary and Conclusions
In this thesis, the often-ignored aspect of water level forecasts, called blowout tides, is
analyzed. These low water events can carry high costs for the maritime industry when
causing delayed passage of ships or if not accurately predicted. They are also a concern
for the safety of uninformed boaters and recreational fishermen. Experiments were
utilized to explore the mechanics of negative surges and blowout tides in New York
Harbor (NYH), and historical data were used to explore their evolution from 1860 to the
present. The water level records in New York Harbor (NYH) from 1860 to 2015 showed
that negative surges have been less extreme in recent decades, yet blowout tides have
shown no apparent long-term change.
We evaluated the sensitivity of blowouts to a) wind direction, b) ice formation in the
Hudson River, c) reefs in the East River which were present historically but later
removed to improve navigational safety and, d) deepening of bathymetry in the shipping
channels due to dredging. Sensitivities of blowouts to these environmental factors were
tested using experiments with a validated hydrodynamic model. Wind sensitivity
experiments showed that a west-northwest wind was most efficient in producing the
lowest water levels in a blowout event in NYH. Wind sensitivity experiments also
suggested a dominance of remote (offshore wind stress) wind effects for influencing the
water levels in NYH, but a possible increased role for local wind stress in the Hudson
River. The experimental results suggested that the negative surges could be influenced
by Ekman setup and convergent coastal geometries in a similar manner to positive
surges.
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The experiments with ice formation showed that a complete jamming of the Hudson
River north of New York City at West Point would not produce a substantial change in
water levels at The Battery. Further, simulating a more realistic case of shore-fast ice
cover friction along the Hudson River did not have a significant impact on blowouts in
NYH. The experiment that emulated reefs in the East River showed only a small effect
on negative surges in NYH. The blowout tide experiment with modified shipping channel
depths showed that deeper channel depths resulted in less extreme negative surges, yet
did not change blowout tides significantly, which are both qualitatively consistent with the
observed historical trends. A tide-surge interaction mechanism was described that could
explain these results.
Several additional analyses are being conducted toward the target of submitting this
research as a manuscript to a peer-reviewed journal. Statistical analyses will be utilized
to quantitatively assess the historical trends that are qualitatively discussed in this thesis.
A historical time series of Ambrose Channel depth is being sought that could help
evaluate the role of bathymetry in the historical trend. Time scales of wind forcing
ranging from 12 to 36 hours will be tested in the wind sensitivity analysis, helping better
understand the influence of Ekman forcing on the water levels in NYH during blowouts.
To get a clearer picture of the role of remote versus local wind effects, additional
locations outside NYH will be analyzed, and wind stress experiments may be utilized
where winds are set to zero outside the NYH region. Through research on blowouts,
continued improvements are possible for our understanding and forecasting capabilities
of blowouts as well as sea level extremes in general.
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Appendix

Figure(i) Number of blowout events occurring in each month in the historical records (18602015). Data sources are described in Section 3.1.
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Figure(ii) Shore-fast ice in the Hudson River near Manhattan
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Figure(iii) Ice Friction Zone- Grid cells which were simulated with surface drag friction

Figure(iv) – Time series
of a blowout event with
and without ice friction
(extreme case of drag
coefficient)
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Figure(vii) Water level time series for tides with control and shallow bathymetry and the difference
between the two. The tidal range is attenuated in case of shallow bathymetry.
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Figure(viii) Time series of the surges in case of control and shallow bathymetry. The surges are
computed as the difference between blowout tide and tide (predicted). Difference between the two
surges is also calculated.
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Figure(ix) Time series of the anomalies of tides (Appendix Figure (vii)), storm tides (Figures 15) and
surges (Appendix Figure (viii)).

