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Abstract

Hurricane Epsilon (2020) was a late-season, category-3 tropical cyclone that un-
derwent extratropical transition and became Extratropical Cyclone Epsilon on 26
October. The upper ocean response to the passage of the storm was observed by
three types of autonomous platforms: the eXpendable Spar buoy, the Air-Launched
Autonomous Micro Observer profiling float, and two Seagliders. Taken together,
this array enabled the rare collection of contemporaneous observations of the upper
ocean, air-sea interface, and atmospheric boundary layer before, during, and after the
passage of the storm. The evidence presented highlights how Extratropical Cyclone
Epsilon broke down the residual North Atlantic summer stratification regime and
accelerated the shift to the period of prolonged ocean cooling associated with winter.
The significance of the synergistic capabilities of the array is two-fold: 1) comparing
observations of the same parameters, taken from different platforms, enables a com-
prehensive approach to better understanding how storm-induced momentum, sensible
heat, and moisture fluxes input kinetic and near-inertial energy into the ocean and
thereby alter upper ocean structure; and 2) future, targeted deployments of similarly
capable observational arrays will reduce the uncertainty of tropical and extratropi-
cal cyclone intensity forecasts by facilitating the assimilation of real-time subsurface
ocean data into coupled numerical prediction models.

Thesis Supervisor: Steven R. Jayne
Title: Senior Scientist, Woods Hole Oceanographic Institution
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Chapter 1

Introduction

1.1 Scope

This thesis presents the findings of an observational array, comprised of the eX-

pendable Spar buoy, the Air-Launched Autonomous Micro Observer profiling float,

and two Seagliders, that contemporaneously observed the passage of the remnants of

Extratropical Cyclone Epsilon in late October of 2020 as a part of the Office of Naval

Research (ONR)-funded Near-Inertial Shear and Kinetic Energy in the North Atlantic

experiment (NISKINe) Departmental Research Initiative (DRI). In support of the

ONR NISKINe DRI, the generation, propagation, and decay of near-inertial internal

waves and input of kinetic energy into the upper ocean were investigated; specifically

in relation to how these phenomena modulated upper ocean structure as a result of

the passage of the remnants of Extratropical Cyclone Epsilon. The framework of this

study summarizes the development of a synergistic approach to observing hurricanes

and extratropical cyclones using autonomous systems and elucidates how this com-

plimentary methodology should be used during future observational campaigns and

targeted storm deployments. Future iterations of this, or similarly capable, obser-

vational arrays will facilitate a better understanding of the physics that govern the

evolution of upper ocean dynamics during and after a strong forcing event such as a

hurricane or extratropical cyclone.
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1.2 Near-Inertial Shear and Kinetic Energy in the

North Atlantic experiment (NISKINe) Background

The ONR NISKINe DRI aimed to better understand the physics that govern the

near-inertial response to surface forcing. More specifically, its goals were to investigate

how mesoscale and synoptic-scale variability impacted the generation, propagation,

and decay of near-inertial internal waves and input of kinetic energy into the upper

ocean; thereby enabling more accurate predictive capabilities for the evolution of

vorticity, strain, and shear fields after strong forcing events. Further, the experiment

sought to better conceptualize the differences between the generation of high-mode

near-inertial internal waves, which drive local mixing, and low-mode near-inertial

internal waves, which propagate away from the storm environment. Motivating this

DRI were previous observations of linkages between mesoscale features, near-inertial

internal waves, and modulation of upper ocean structure (Figure 1-1; [1, 2]) [7, 6, 8].

Such modulation pathways affect acoustic propagation in the surface duct and main

sound channel [9, 10, 11], yet despite these observations, poor understanding of the

dynamics at play remain.

Figure 1-1: Life cycle of the near-inertial internal wave. After a storm (white arrow),
upper ocean responses occur according to the local Coriolis frequency (black, cy-
clonically rotating arrow), which includes the generation near-inertial internal waves.
High-mode near-inertial internal waves (black, downward and equatorward pointing
arrow) are associated with strong velocity shear, which results in local mixing (rep-
resented by 𝜀[z]). Whereas, low-mode near-inertial internal waves (gray structure
evolving with depth) propagate away from the storm environment. Figure courtesy
of Simmons & Alford (2012) [1], after adaptation by Alford et al. (2015) [2].
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The North Atlantic, just south of Iceland, was selected as the ideal observational

area to pursue the answers to these research questions given its consistently strong

wind forcing, frequency of mature storms, and energetic mesoscale fields. The ONR

NISKINe DRI consisted of a pilot cruise in 2018, two major field campaigns in 2019

and 2020, and an analysis period concluding at the time of this writing. The results,

analyses, and conclusions of the ONR NISKINe DRI are currently under peer review.

Those accepted will be compiled and published as a Special Issue of Oceanography.

The prospective release date is Fall 2023.

1.3 Motivation

The motivations behind the science presented in this thesis, aside from supporting

the ONR NISKINe DRI, are as follows:

1. To explore the surface and subsurface effects of Extratropical Cyclone Epsilon

in order to conceptualize how extratropical cyclones, otherwise referred to as

nor’easters, are life-threatening natural disasters, not dissimilar to hurricanes.

These implications are considered with the context of the grave societal and

economic impacts of the “Perfect Storm” and “Superstorm” Sandy in mind.

2. Most importantly, this study aims to advocate for future deployments of simi-

larly capable observational arrays, which can assimilate subsurface ocean data

into coupled numerical prediction models in real-time ahead of hurricanes and

extratropical cyclones. Thus, allowing forecasters to make more accurate pre-

dictions, which will keep the public more informed, and ultimately, safer. While

satellite imagery resolves important sea surface features, subsurface ocean obser-

vations are key to more accurately forecasting storm intensity. Though this fact

is well-documented, subsurface ocean sensors are sparingly deployed in support

operational storm forecasting.

Both of these motivations are further described in Chapters 3 and 4, respectively.

However, introducing them here equips the reader with the requisite context to grasp
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the consequence of this research.

1.4 Organization

The remainder of this thesis is organized as follows:

• Chapter 2 briefly introduces how near-inertial and kinetic energy affect the

upper ocean and identifies hurricanes and extratropical cyclones as potential

sources of such modulation.

• Chapter 3 details why extratropical cyclones are worth investigating through

the context of the case studies mentioned in Section 1.3.

• Chapter 4 evaluates how leveraging autonomous instruments can improve hurri-

cane and extratropical cyclone intensity forecasts, and why such advancements

are necessary and worthy investments.

• Chapter 5 outlines the 2020 NISKINe deployment, including a detailed descrip-

tion of each autonomous platform within the observational array.

• Chapter 6 assesses the surface ocean response to the passage of the remnants

of Extratropical Cyclone Epsilon.

• Chapter 7 examines the subsurface ocean response to the passage of the rem-

nants of Extratropical Cyclone Epsilon.

• Chapter 8 summarizes the contributions of this thesis and describes the way

ahead for this area of scholarship.
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Chapter 2

Upper Ocean Modulation Pathway

2.1 Near-Inertial Internal Waves

Atmospheric forcing at the air-sea interface, such as time-variable wind stress,

can incite motions in the upper ocean that oscillate at or near the local Coriolis fre-

quency. Thus, these oscillations are governed by frequencies that are constrained by

the local rotation rate of earth. Such phenomena exchange momentum across the

air-sea interface, which drives internal waves and currents [12, 13, 14]. Motions at

these near-inertial frequencies, so called near-inertial internal waves (NIWs), dom-

inate upper ocean velocity shear. The restoring forces for NIWs are gravity and

Coriolis frequency. Consequently, when they grow large enough or propagate suffi-

ciently poleward, they break non-linearly; akin to surface gravity waves becoming

unstable in the surf zone after reaching the requisite steepness ratio. The breaking of

NIWs significantly contributes to mechanical mixing of the ocean [15, 16].

Historically, the transition from fall to winter is when the North Atlantic experi-

ences the strongest atmospheric forcing [6, 17, 18]. Many storms transport dry and

cold continental air masses over the ocean. This drives some of the largest known

momentum, sensible heat, and moisture fluxes across the air-sea interface. A key

characteristic of the surface forcing during the passage of a mid-latitude storm is that

the cyclonic rotation rate is on a comparable time scale to the near-inertial motion

that develops in response, suggesting a possible resonant response exists in the upper
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ocean [19].

Near-inertial motions can create significant velocity shear at the base of the mixed

layer, which enhances vertical mixing and directly affects the momentum, sensible

heat, and moisture balances of the mixed layer [20, 21]. The temporal alignment of

the wind stress and ocean current vectors can result in significant wind work being

done on near-inertial motions in the mixed layer [22]. A fraction of this near-inertial

energy can radiate across the mixed layer base and propagate into the stratified ocean

interior below [23].

While a portion of this energy is lost at the mixed layer base due to turbulent

mixing processes and conversion to potential energy, some, in the form of propagating

low-mode NIWs, can radiate downward, beyond the mixed layer, and laterally [24].

Such propagation has been observed modulating upper ocean structure far away from

a generation area [1, 15]; whereas, high-mode NIWs drive mixing locally in the genera-

tion area. While their effects are evident, details about the generation, evolution, and

decay of NIWs still remain unresolved. However, recent advances in theory, modeling,

and observations have highlighted mesoscale and synoptic-scale atmospheric features,

and their impact on upper ocean vorticity, strain, and shear fields, as potentially im-

portant mechanisms in the NIW life cycle. Significant synoptic-scale systems features

worth investigating in this regard are hurricanes and extratropical cyclones [25].

2.2 Synoptic-Scale Sources

Hurricanes (tropical cyclones; TCs) are warm-core, non-frontal, synoptic-scale

systems that feature organized, deep moist convection and a closed surface wind field

that cyclonically rotates about a definable center. TCs originate over the tropical and

subtropical oceans and are steered by upper-level atmospheric flows. If TCs propagate

northward into the extratropics, they preferentially lose their tropical characteristics

such as a symmetrical, warm-core structure [26], which causes the wind field to expand

and become increasingly asymmetric [27]. A degradation of tropical characteristics

is linked to the shift from a barotropically-driven, convective regime in the tropics
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to the baroclinically-driven extratropics. Oftentimes, this dynamical regime shift is

evident as the TC will weaken and dissipate, or it will evolve into a post-tropical

cyclone, which can either be a frontal (extratropical cyclone; ETC) or non-frontal

low pressure system (Figure 2-1; [3]) [26, 28]. The National Weather Service (NWS)

uses the term “post-tropical” to refer to any closed low-pressure system that no longer

qualifies as a TC but continues to pose danger in the form of damaging winds and

heavy rains.

Figure 2-1: Typical life cycle of a North Atlantic TC, including transition to an ETC
in part due to frontal development. Figure courtesy of Flynn (2023) [3].

The public largely acknowledges that TCs, regardless of potential landfall, can be

life-threatening natural disasters. However, when a TC is downgraded in intensity,

according to the Saffir-Simpson Hurricane Wind Scale (Table 2.1; [29]), or stripped of

its TC-status altogether, there is a common misconception to no longer consider it a

serious threat [26]. Sometimes, storm evolution and associated changes in classifica-

tion can cause media coverage to cease and government-issued warnings to read less

urgently, be downgraded, or be called off completely. Yet, these storms often remain

life-threatening and potentially pose an even greater threat to the public than the

previously forewarned TC [30].
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Table 2.1: The Saffir-Simpson Hurricane Wind Scale rates TC intensity based on
average one-minute wind speed observations and provides an estimation of property
damage. Major hurricanes (Category 3+; italicized) can cause devastating to catas-
trophic wind damage and loss of life. While tropical depressions and tropical storms
are not officially a part of the scale, it is useful for the reader to take note of their
characteristics.

Category Sustained Winds Damage Description

Tropical Depression 0-33 kt
0-38 mph -

Tropical Storm 34-63 kt
39-73 mph -

1 64-82 kt
74-95 mph

Very dangerous winds
will produce some damage.

2 83-95 kt
96-110 mph

Extremely dangerous winds
will cause extensive damage.

3 96-112 kt
111-129 mph Devastating damage will occur.

4 113-136 kt
130-156 mph Catastrophic damage will occur.

5 137+ kt
157+ mph Catastrophic damage will occur.

2.3 Extratropical Cyclones

Many TCs that originate and propagate net-northward in the Atlantic Ocean basin

transition to ETCs after entering the mid-latitudes by a process called extratropical

transition (Figure 2-1; [3]). This occurs especially during late fall when the meridional

temperature gradient is enhanced. As a TC propagates northward, the baroclinic

influence of the extratropics, such as large-scale temperature contrasts between warm

and cold air masses, leads to an increased likelihood for the storm to interact with

synoptic-scale atmospheric features such as upper-level troughs or fronts [3, 27, 28].

The coupling of systems originating from different dynamical regimes sets the stage

for extratropical transition to occur.

There is no traditional, rigorous meteorological definition for extratropical tran-

sition. However, it is loosely defined by some combination of the following, mainly

satellite-borne, observations: 1) decrease of deep moist convection; 2) erosion or dis-

organization of the low-level center or “eye”; 3) dissipation of the high-cloud canopy;
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4) frontal development; 5) high-level clouds developing a comma-shaped appearance;

6) asymmetrical wind and precipitation fields; 7) increase of the tropical storm (TS)-

force surface wind radius; and 8) storm propagation over sea surface temperatures

(SSTs) less than 26∘C [26, 31]. Some or all of these observations indicate that the

internal structure and dynamics of the TC are evolving or have fully transitioned.

Soon after these changes are identified, the National Hurricane Center (NHC) will

reclassify a TC as an ETC.
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Chapter 3

Extratropical Cyclone Case Studies

Regardless of the transitional pathway or observation of key transitory milestones,

ETCs are fast-moving, powerful storms that continue to produce TC-scale winds,

intense rainfall, and large waves despite their non-TC status [26, 28]. Thus, they

continue to pose a significant threat in many of the same ways that a TC would. Two

such case studies of costly and fatal ETCs are seared into the lexicon of those affected

as the “Perfect Storm” (1991) and “Superstorm” Sandy (2012). While both of these

storms originated as TCs, they caused devastating damage as ETCs. This context

makes studying their unique life cycles a worthwhile research endeavour.

3.1 The Perfect Storm (1991)

Synoptic History

From 1988 to 1990, the Atlantic Ocean basin featured above-average TC activity,

yet 1991 was uniquely dormant. No storm south of 25∘N reached TC-intensity, and

for only the third time in the twentieth century, no storm reached TS-, let alone TC-

intensity, over the Gulf of Mexico [32]. The relative quietness throughout the season

proved to be an eerie, foreshadowing quietness for New Englanders, who surely re-

member the 1991 Atlantic TC Season. In late August and then again in late October,

the only two systems to make landfall in North America, TC Bob and the colloquially
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named Perfect Storm, devastated the region [32].

The Perfect Storm of late October and early November was the result of the

interaction between TC Grace, an unnamed ETC (hereafter, Unnamed ETC), and

a cold front, associated with Unnamed ETC, that presided over the region (Figure

3-1; [32, 33]). The incipient circulation of Unnamed ETC formed on 26 October

as a small depression along a stationary front in the Midwest region of the United

States. By 1800 UTC 28 October, it developed into an ETC southeast of Nova

Scotia, Canada [33, 34]. Meanwhile, TC Grace formed at 0000 UTC 28 October,

approximately 240 km south of Bermuda, and slowly propagated north-northwest

[32]. Later that evening, the elongated cold front trailing behind the powerful and

expansive Unnamed ETC transited through South Carolina, while TC Grace was

transiting northward, west of Bermuda. The eastward upper atmospheric outflow

along the southern quadrants of Unnamed ETC, combined with the frontal boundary,

steered TC Grace out to sea. However, before dissipating or evacuating the area, TC

Grace was absorbed by Unnamed ETC at 1800 UTC 29 October, resulting in a

massive transfer of energy [32, 33]. By the morning of 30 October, the coupling of

the three synoptic-scale atmospheric features formed the hybrid storm that would

become known as the Perfect Storm (Figure 3-1).

By 1200 UTC 30 October, while located approximately 630 km south of Halifax,

Nova Scotia, the Perfect Storm considerably strengthened as sustained surface wind

speeds increased to TS-intensity and 78 kt gusts were observed, while the local surface

pressure minimum deepened to 972 mb [32]. By 0000 UTC 02 November, a United

States Air Force weather reconnaissance aircraft observed 86 kt flight-level winds,

suggesting that the system had reached a peak intensity equivalent to a category-

1 or -2 TC before making landfall (Figures 3-1 and 3-2). There was no change in

classification to avoid public confusion throughout New England and the Canadian

Maritimes; however, in reanalysis, NHC and the Meteorological Service of Canada

formally refer to this phase of the Perfect Storm as Unnamed TC.
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Damages

The Perfect Storm inundated the North Atlantic with large waves (Figure 3-3),

maximally measuring 30.8 m, a regional record, by a Canadian buoy south of Nova

Scotia [32]. Its heavy precipitation and storm surge caused extreme flooding along

the Mid-Atlantic, New England, and Eastern Canadian coastlines [34, 35]. Although

winds were destructive (Figure 3-4), they were not remarkable in the context of ETC-

induced wind speeds. However, the Perfect Storm was extraordinarily large, as TS-

level winds blew over a 500 km radius for approximately 114 hours [33]. While the

Perfect Storm made landfall near Halifax, Nova Scotia, New England experienced the

costliest damages that were estimated at $200 million dollars and 50,000 households

left without power. Further, the unusual trajectory of the hybrid storm caught many

fishing vessels off guard and led to 13 lives lost [36]. Of note, the closest point of

approach of the Perfect Storm to New England was approximately 200 km southeast

of Nantucket; combined with the storm coinciding with a neap tide, the upper-level

atmospheric flow and lunar cycle likely spared New England from far greater damage.

The triad of coupled synoptic-scale features formed a uniquely dangerous storm

that could only be described by Bob Case, NWS Boston Deputy Meteorologist In

Charge, as, “Perfect.” The use of that word quickly transcended the storm into local

and international legend: first in the form of a 1997 bestselling novel, The Perfect

Storm, by Sebastian Junger [36]; and then afterwards in the critically acclaimed

2000 film of the same name, which starred George Clooney, Mark Wahlberg, and

Diane Lane. Both of these works detailed the loss of the Andrea Gail, a Gloucester,

Massachusetts, based commercial fishing vessel, which accounted for 6 of the lives

lost during the Perfect Storm.
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Figure 3-1: 1991 Canadian-TC summary, highlighting the best track positions for the
Perfect Storm, referred to as Unnamed TC/ETC, from 28 October to 02 November.
Figure courtesy of the Meteorological Service of Canada.

Figure 3-2: The Perfect Storm as viewed by GOES-7 at 1900 UTC 01 November.
Satellite image courtesy of NOAA.
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Figure 3-3: Waves crashing into homes Scituate, Massachusetts, due to the passage
of the Perfect Storm. Photograph courtesy of the Boston Globe Staff.

Figure 3-4: Destruction caused by the wind field of the Perfect Storm in Scituate,
Massachusetts. Photograph courtesy of Barry Chin of the Boston Globe.
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3.2 Superstorm Sandy (2012)

Synoptic History

More recently, Superstorm Sandy was a typical, late-season TC that formed in the

southwestern Caribbean Sea on 1200 UTC 24 October approximately 150 km south

of Kingston, Jamaica. TC Sandy, first, made landfall in Jamaica as a category-1 TC

at 1900 UTC 24 October, which was the first Jamaican landfall since TC Gilbert in

1988. Its second landfall was as a 100-kt, category-3 TC over eastern Cuba at 0525

UTC 25 October. Thereafter, it weakened below TC-status, however, the radius of

TS-force winds would approximately double by 0000 UTC 27 October (Figure 3-5). It

would grow as large as 800 km before reaching New Jersey two days later; classifying

TC Sandy as the largest TC since 1988 [4, 37].

At 1200 UTC 27 October, the storm was reclassified as a category-1 TC as it

exited the Greater Antilles. Although by then, it started to exhibit extratropical

characteristics: the radius of maximum winds continued its massive expansion; asym-

metry as the strongest winds were observed in the western quadrants of the storm;

and the formation of two nearby fronts [4]. By early morning on 29 October, TC

Sandy encountered an anomalous, extratropical blocking pattern, which prevented

its transit out to sea and instead forced it further northward (Figures 3-5 and 3-6).

This synoptic-scale feature provided sufficient baroclinic forcing, in combination with

transit over the warm Gulf Stream, for TC Sandy to re-intensify [38]. By 1200 UTC,

TC Sandy reached a secondary peak intensity as an 85-kt, category-1 TC [4]. This

interaction initiated extratropical transition.

After taking aim at southern New Jersey, TC Sandy encountered much cooler

waters and a cold air mass presiding over the Mid-Atlantic region, which accelerated

extratropical transition. Also, a deep trough presiding over the southeastern United

States helped increase the translation speed of the storm to 20 kt [4]. The 2100 UTC

29 October surface analysis revealed an occluded front wrapping into center of circu-

lation, while the temperature gradient along a newly formed warm front increased.

By that time, the storm lacked organized, deep moist convection and the central
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dense overcast had dissipated. Consequently, NHC stripped Sandy of TC-status and

reclassified the system as ETC Sandy [4]. At this time, the center of circulation was

only 83 km southeast of Atlantic City, New Jersey (Figure 3-6). ETC Sandy made

landfall at 2330 UTC 29 October near Brigantine, New Jersey, equivalent in intensity

to a category 1-TC with a minimum surface pressure of 945 mb (Figure 3-5; [4]).

Damages

Superstorm Sandy effectively surprised the public, causing catastrophic damage

along the New Jersey and New York coastlines. Damages eclipsed $85 billion dollars,

which ranks Superstorm Sandy as fifth-costliest United States landfalling storm after

adjusting for inflation and other normalization factors. Only TCs Katrina (2005),

Harvey (2017), Ian (2022), and Maria (2017) were more economically disastrous [4,

39]. Further, 150 lives perished, which was the most fatalities caused by a storm

outside the southern United States since TC Agnes in 1972 [4, 40]. Several coastal

New Jersey and New York towns, such as Monmouth Beach and Ocean Beach Unit II,

were devastated by extreme winds and storm surge of Superstorm Sandy (Figures 3-7

and 3-8). The boardwalks of Seaside Heights, Asbury Park, among other shoreline

developments were completely destroyed.

Storm surge in New York City exceeded 3 m; and combined with heavy rains,

a significant amount of Lower Manhattan streets, subway lines, and tunnels were

flooded. In New Jersey, the highest storm surge recorded was 2.61 m at Sandy Hook

Gateway National Recreation Area; however during the storm, the tide gauge failed

and ceased reporting so this is likely an under-representation of the inundation [4].

The infrastructure of the Marine Academy of Science and Technology, a high school

located 2.5 km from the northern most point of Sandy Hook, was destroyed, causing

faculty and students to relocate until the following school year.

The effects of Superstorm Sandy were not isolated to New Jersey and New York.

Its expanse was felt throughout the Mid-Atlantic and Northeast, highlighted by more

than 20,000 flights cancelled and the accumulation of over 1 m of snow through-

out West Virginia, Tennessee, and Maryland. Power outages occurred from North
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Carolina to as far north as Quebec, Canada, to as far west as Illinois. In total, ap-

proximately 9 million households experienced power outages, which lasted months in

some areas [4]. This included a two-day closure of the New York Stock Exchange;

its longest weather-related closure since the Great Blizzard of 1888 that covered the

surrounding area with approximately 5 feet of snow.

Figure 3-5: Best track positions for Superstorm Sandy from 0000 UTC 22 October
to 1200 UTC 31 October. Figure from Blake et al. (2013) [4]).
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Figure 3-6: TC Sandy beginning its extratropical transition as viewed by GOES-13
at 1310 UTC 29 October. The storm would make landfall as ETC Sandy 10 hours
later. Satellite image courtesy of NOAA.
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Figure 3-7: The Casino Pier amusement park in Seaside Heights, New Jersey, de-
stroyed by Superstorm Sandy. The Jet Star roller coaster is seen partially submerged
in the surf zone, where it would remain until May. Photograph courtesy of Mario
Tama of Getty Images.

Figure 3-8: Storm surge flooded the base of the Mantaloking Bridge and State Route
35 in Mantaloking, New Jersey, such that an inlet formed between the Barnegat Bay
and Atlantic Ocean. Photograph courtesy of Master Sergeant Mark Olsen of the
United States Air Force.
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Chapter 4

Leveraging Autonomous Instruments

4.1 Identifying an Observational Gap

Not only do some ETCs like the Perfect Storm or Superstorm Sandy pose a com-

parable, even greater, threat to the public than TCs, but they present a significant

forecasting challenge. Further complicating the matter, most extratropical transition

events happen while a storm is over the open-ocean, such that satellite diagnostic

techniques are the only tools typically available to observe evolving storm character-

istics. This makes assessing storm conditions a very hard problem for forecasters to

solve and leaves room for considerable error. While satellites are leveraged to provide

data for coupled numerical prediction model initialization, the lack of in situ obser-

vations of the atmospheric boundary layer and upper ocean, as well as uncertainties

in satellite observations due to clouds and precipitation, causes significant errors in

the initialization [41, 42, 43]. As a result, monitoring extratropical transition events,

as well as predicting ETC intensity, is incredibly challenging; even for the most ex-

perienced forecasters using the most advanced coupled numerical prediction models.

These factors are major causes for concern as accurate ETC forecasts are critical to

limiting loss of life and property damage, despite the non-TC status of the storm.

One solution to bolster ETC observational and forecasting efforts is to strategically

deploy autonomous and Lagrangian platforms and sensors (ALPS; [44]) ahead of and

in the storm environment [45, 46].
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4.2 Necessity for Subsurface Observations

While accurate storm track forecasting has significantly improved over the past

few decades, forecasting storm intensity lags behind [47]. However, and fortunately,

forecasts of storm intensity have slowly, but steadily improved since the early 2000s

[48], in part because of increased subsurface ocean observations that are designed

to support storm forecasting [45]. ALPS such as surface drifters, profiling floats,

and gliders have been used to observe upper ocean structure before, during, and

after TC passage since at least 2004 when Electromagnetic-Autonomous Profiling

EXplorer (EM-APEX; [49]) floats were deployed ahead of Hurricane Frances (2004)

during the Coupled Boundary Layer Air-Sea Transfer program (CBLAST; [50, 51,

52]). In a post-storm analysis, Sanford et al. (2011) [41] posited that the utility

and unique capabilities of profiling floats made them prime candidates to investigate

the dynamical responses of the upper ocean after significant forcing events in future

studies [41, 53, 54]. These observations supported the theoretical model by Price

(1981) [55] for explaining how the passage of a TC affects upper ocean structure.

Thereafter, Halliwell et al. (2011) [56] identified that ALPS, specifically profiling

floats, were proficient for initializing coupled numerical prediction models, and that

the integration of subsurface ocean data produced more credible intensity forecasts

by allowing more accurate latent and sensible heat fluxes across the air-sea interface

to be derived [42, 56, 57, 58]. TCs are primarily fueled by the ocean, thus the energy

fluxes which govern their sensitivity are sensitive to subsurface properties, such as

upper ocean heat content and stratification [59, 60, 61]. Both of these measurements

are necessary to accurately initialize the oceanic components of coupled numerical

prediction models in order to predict the necessary variables that couple the ocean

and atmosphere such as latent heat, sensible heat, and momentum fluxes. Although

forecasters can use real-time satellite observations and climatological data to predict

TC intensity, this leaves room for significant error; error that is unsatisfactory when

considering that forecasts and warnings are meant to save lives. Thus, subsurface

measurements are paramount to improving forecasting efforts, which will keep the
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public more informed and ultimately, safer [57, 58, 62, 63].

In order to provide the three-dimensional observations key to initializing coupled

numerical prediction models for more accurate intensity forecasts, profiling floats

and gliders have been strategic deployed ahead of storms to survey upper ocean

temperature and salinity structure [46, 64]. In a similar manner, Sanabia et al. (2013)

[57] demonstrated how the real-time delivery of upper ocean temperature profiles to

coupled numerical prediction models significantly improved TC track and intensity

forecasts. These studies built a framework to produce more credible TC intensity

forecasts by strategically deploying ALPS along TC tracks, which assimilated upper

ocean data in real-time; thus, better constraining coupled numerical prediction models

in order to produce more accurate forecasts [42, 45]. This study aims to provide more

evidence in support of this notion.

4.3 Increased Usage of Autonomous Platforms

Post-storm analyses rely on ALPS to investigate how storm passage affected up-

per ocean as there are no other observational capabilities readily available. Storms

are a primary source of momentum, sensible heat, and moisture fluxes across the

air-sea interface, and as previously discussed, they input anomalous near-inertial and

kinetic energy into the upper ocean; signals of each mode of modulation are distin-

guishable thanks to the high resolution and persistent sampling of ALPS. Without

the widespread use of ALPS, exploring the evolution of upper ocean dynamics is a

challenging problem [43, 44, 58]. However, the capabilities of next-generation au-

tonomous platforms, led by the Air-Launched Autonomous Micro Observer profiling

float (ALAMO; [46, 65]), are rapidly advancing the understanding of air-sea interac-

tion before, during, and after the passage of storms [42, 45, 52].

Observations from targeted ALAMO deployments ahead of Hurricanes Irma (2017)

and Florence (2018) revealed a laterally expansive, near-uniform depth of TC-induced

turbulence that mixed the surface layer and propagation of NIWs, identifiable by a

heaving mixed layer base [58]. Observations from another targeted deployment ahead
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of Hurricane Ignacio (2021) highlighted a rapid depression of the thermocline, followed

by NIW propagation, turbulent mixing, and subsequent upper ocean cooling in the

wake of the storm [46].

After a TC or ETC passes through a region, the surface and upper ocean cools,

often described as a “cold wake.” This phenomena has been well captured and docu-

mented using satellite-borne SST observations, and more recently by ALAMO during

TCs Hilda, Ignacio, Oho, and Olaf (2015); Irma (2017); Florence (2018); Teddy

(2020); Ida (2021); Ian (2022); and in Chapter 6, evidence will be provided in the

case of ETC Epsilon, as well. This phenomena occurs due entrainment of cold sub-

surface water into the mixed layer as a result of TC-induced, enhanced upwelling and

breaking of NIWs [58, 66, 67]. This mode of mixing dominates upper ocean dynamics

during the storm, and can slowly communicate energy into the ocean interior dur-

ing and after the passage of the storm [16]. Further, this mechanism depletes the

local thermal energy budget; such that stalling storms may weaken due to decreased

enthalpy flux [68, 69]. Or, even subsequent storms propagating through that same re-

gion could struggle to intensify or perhaps dissipate altogether as a result [70, 71, 72].

Important components of these processes are poorly understood, due in part to infre-

quent observations of parameters critical to these air-sea interactions. However, the

widespread and increased usage of ALPS is filling that void.
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Chapter 5

2020 NISKINe Deployment

5.1 Extratropical Cyclone Epsilon

Epsilon was a late-season, category-3 TC that originated from a trough that

pinched off from a synoptic-scale, upper-level flow [5]. The trough, and its asso-

ciated low pressure, interacted with a surface trough on 16 October; thus, classifying

the formation of Epsilon as non-tropical. The coupling of these two features produced

isolated deep moist convection; hence, initiating cyclogenesis [5]. By 1200 UTC 16

October, forecasters observed maturing low-level cyclonic vorticity, which led to the

vertical stacking of the upper-level cutoff low and the surface trough. Thereafter, the

two low pressure systems remained coupled, but only moderate convective activity

ensued. The systems propagated equatorward over SSTs of 27∘C, which enhanced

convective activity. By 0600 UTC 19 October, satellite observations showed that the

low had sufficiently developed and organized into large convective cloud clusters ap-

proximately 1300 km east of Bermuda. Subsequently, forecasters classified the system

as Tropical Depression 27 (Figure 5-1; [5]). By 1200 UTC, the storm strengthened to

TS-intensity and was therefore reclassified and officially named TS Epsilon [5].

On 21 October, vertical wind shear and dry air intrusions that previously inhib-

ited further development subsided. As such, the storm sufficiently organized and

an identifiable center of circulation emerged. By 1800 UTC, TS Epsilon underwent

rapid intensification and was reclassified as a 100-kt, category-3 TC, while it was
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approximately located 555 km southeast of Bermuda (Figure 5-1; [5]). At this time,

forecasters observed a small radius of maximum winds, but an enormous TS-wind

radius of over 500 km; hinting that as the storm developed it would grow increasingly

more expansive. Of note, the storm is believed to be the farthest-east major TC to

form after 20 October by 24∘ latitude. The previous record was held by TC Wilma

(2005) after it gained TC-status at 80.3∘W on 25 October [5, 73].

On 24 October, TC Epsilon interacted with another upper-level trough, causing

it to accelerate northeast as it became embedded in the mid-latitude flow. By 25

October, the storm grew elongated across the North Atlantic due to a deepening

extratropical low borne off the coast of Nova Scotia. This baroclinic influence con-

tributed to further expanding the wind field (Figure 5-2). At 1800 UTC 25 October,

the TC Epsilon weakened as it moved north of the warm waters of the Gulf Stream

and was reclassified to TS-status (Figure 5-1; [5]). At 0600 UTC 26 October, the

storm underwent extratropical transition and was reclassified as ETC Epsilon, while

located approximately 900 km east of Cape Race, Newfoundland (Figures 5-1, 5-3,

and 5-4; [5]).

In its final Epsilon-advisory, published at 1800 UTC 26 October, NHC noted that

the storm would remain very dangerous and predicted that it would maintain its track

and intensity deep into the subpolar North Atlantic [5]. The aforementioned deep-

ening extratropical low underwent rapid intensification and absorbed ETC Epsilon

by 1800 UTC 26 October (Figures 5-3 and 5-4). As predicted, the merged storm

continued into the far subpolar North Atlantic, where it approached the NISKINe

observational array. Remnants of ETC Epsilon were identifiable via satellite imagery

through the 1800 UTC 29 October NWS/NCEP OPC forecast (Figure 5-4).
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Figure 5-1: Best track positions for TC/ETC Epsilon from 1200 UTC 16 October to
1200 UTC 26 October. Figure from Papin (2020) [5].

Figure 5-2: TC Epsilon, as viewed by GOES-16 at 1500 UTC 25 October, while
located approximately 395 km southeast of Cape Race, Newfoundland. The storm
would be reclassified as ETC Epsilon 15 hours later. Satellite image courtesy of
NOAA.
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(green diamond) is shown. The black box represents the focused observational area
highlighted in Figure 5-5.
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Figure 5-4: Atlantic surface analyses every six hours from 0000 UTC 26 October to
1800 UTC 29 October, hindcasting the surface conditions. The center of circulation
of ETC Epsilon and its remnants are marked with an “X,” coinciding with the “L”
that delineates a local pressure minimum. Images courtesy of NWS/NCEP OPC.
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5.2 Scientific Design

The NISKINe observational array was deployed on 04 October from the R/V Arm-

strong into an anticyclonic eddy, south of Iceland, at approximately 58.4∘N, 21.5∘W

(Figures 5-3 and 5-5). All four autonomous instruments were deployed in rapid suc-

cession, with the intention of using the enhanced vorticity field of the eddy to keep the

instruments in close proximity of each other throughout the experimental period. Of

note, the deployment location was chosen because the anticyclone referenced above

is quasi-permanent. This feature has been named the “PRIME Eddy” by previous

observers (Figure 5-6; [74, 75]). This deployment strategy was designed to facilitate

the contemporaneous collection of surface and subsurface ocean data of the subpolar

North Atlantic over inertial and intraseasonal timescales.
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Figure 5-5: Remnants of ETC Epsilon (purple) directly interacted with the NISKINe
observational array from 1200 UTC 27 October to 1200 UTC 29 October. The tra-
jectories of each platform of the array are colored: X-Spar (black), ALAMO #9105
(green), Seaglider #234 (blue), and Seaglider #527 (cyan).
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data showing the anticyclonic PRIME eddy, the chosen deployment location for the
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5.2.1 eXpendable Spar Buoy

The eXpendable Spar buoy (X-Spar; [76]) is a recently developed freely-drifting

platform designed and equipped to investigate air-sea interaction and upper ocean

response to atmospheric forcing (Figure 5-7). X-Spar supports a variety of sensors

above and below the ocean surface including those required to make direct measure-

ments of momentum and buoyancy fluxes across the air-sea interface. The Direct

Covariance Flux System (DCFS; [77]) estimates turbulent momentum and buoyancy

fluxes as well as measures bulk wind speed and direction. The X-Spar is further

enhanced with a suite of scalar atmospheric sensors and radiometers. This surface

sensing suite represents the latest version of the autonomous atmospheric turbulent

flux package deployed during the Climate and Ocean Variability, Predictability, and

Change (CLIVAR) Mode Water Dynamics Experiment (CLIMODE; [18]), the Salinity
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Processes in the Upper Ocean Regional Study (SPURS; [78]), the Ocean Observato-

ries Initiative (OOI; [79]), and the Tropical Pacific Observing System (TPOS; [80])

project. The design of X-Spar is motivated by successful deployments of the Air-Sea

Interaction Spar (ASIS; [81]), specifically during winter Gulf Stream drifts in support

of CLIMODE [82].

Below the air-sea interface, X-Spar is capable of sampling the surface wave field

using subsurface pressure sensors in conjunction with an inertial measurement unit,

and the near-surface stratification using an array of temperature and salinity instru-

ments. The small cross-sectional area and sensor placement 7-m above the air-sea

interface induces minimal flow distortion and relative insensitivity to high frequency

waves such as those produced in the storm environment [76]. As such, the raw atmo-

spheric data observed by X-Spar is of higher quality than that which can be obtained

from ships, autonomous surface vessels such as wave gliders, or traditional buoys. Im-

portantly, X-Spar rapidly samples the air-sea interface on the order of once every ten

minutes. Thus, high frequency atmospheric-ocean coupling data is readily observed

without the need for fixed buoys or extensive time on station for research vessels. A

unique capability of X-Spar is its ability to process, compute, and telemeter this high

frequency data in near-real time, which means X-Spar does not need to be recovered

to collect the desired measurements; hence the “X” for expendable [76].

During the 2020 NISKINe deployment, X-Spar observed meteorological, SST, and

wave data. More specifically, wind speed, direction, and stress; surface and subsurface

pressure; air-sea exchange rates of buoyancy and momentum; surface radiative fluxes;

and estimates of SWH were all telemetered. Although X-Spar survived its encounter

with the remnants of ETC Epsilon, after 45 days of operation, a system failure ter-

minated data transmissions on 17 November. In the spring, a Icelandic fishing vessel

came across X-Spar and reported to authorities. Subsequently, the instrument was

deemed a hazard to navigation and was recovered by the Icelandic Coast Guard on

24 March [76].
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Figure 5-7: X-Spar drifting shortly after its deployment on 04 October 2020.

5.2.2 Air-Launched Autonomous Micro Observer

The need for improved observational assets to observe the upper ocean during

TCs and ETCs was made evident by the significant societal and economic caused by

the poorly intensity-forecasted Superstorm Sandy. In response, ALAMO was initially

developed with funding from the National Oceanic and Atmospheric Administration

(NOAA) under the Disaster Relief Appropriations Act of 2013, more commonly re-

ferred to as the Sandy Supplemental bill [46]. ALAMO was developed to meet the

objective of a producing a rapdily deployable, persistent, subsurface ocean profiler ca-

pable of supporting operational storm reconnaissance missions. In doing so, ALAMO

would replace the aging Airborne eXpendable BathyThermograph (AXBT), which

is only capable of one profile and requires communication via VHF signal to the

deploying aircraft.

ALAMO is a small profiling float which was originally designed to be launched

from aircraft equipped with an “A-sized” sonobuoy launch tube, which is defined by

MIL-S-81478C as 123.82 mm in diameter, an overall length of 914.39 mm, and a

total package not exceeding 9 kg to include the air-deployment rigging and parachute
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[46, 65]. Its diminutive engineering is the most recent iteration in the long progression

of profiling float design [83]. After deployment, whether it be by air or other means,

ALAMO provides observations of temperature and salinity structure in the upper

ocean. This instrument can persistently monitor the upper ocean over many months,

and depending on duty cycling it can last over a year. The most enduring floats to

date were #9061, which traversed 292 km over the course of 645 vertical profiles,

and #9023, which profiled for 415 days [65]. ALAMO communicates via a two-

way Iridium transceiver, which allows for reprogramming of profiling frequency and

maximum depth to tailor toward observational needs.

ALAMOs were initially test-deployed by the Air-deployed Profiling Instruments

Group at Woods Hole Oceanographic Institution (WHOI) in collaboration with the

Training and Research in Oceanic and Atmospheric Processes in Tropical Cyclones

(TROPIC) program [57]. TROPIC had established a relationship with the United

States Air Force Reserve 53rd Weather Reconnaissance Squadron - the “Hurricane

Hunters” to deploy AXBTs on tasked storm reconnaissance missions [57]. After con-

siderable cross-organizational effort and testing, it was determined that the WC-130J

Hercules aircraft could support ALAMO deployments, given the similar weight and

dimensions as the AXBT. ALAMO has continued to be deployed during operational

storm reconnaissance missions, as highlighted in Jayne and Bouge (2017) [65], San-

abia and Jayne (2020) [58], and Jayne et al. (2022) [46]). As such, ALAMO, as well

as other ALPS like surface drifters and gliders, is leading the way to provide a better

understanding of air-sea interaction as it pertains to storm activity. The combination

of high spatial and temporal resolution, sampling endurance, and the real-time data

delivery have proven ALPS as a valuable contributor to the TC-prediction community

[42, 64]. Using the same approaches and capabilities, their utility for investigating

the dynamical effects of storm passage was explored during this study.

During the 2020 NISKINe deployment, ALAMO #9105 was programmed to rapidly

profile to 200 dbar (1 dbar ∼ 1 m) at an interval of approximately two hours. In addi-

tion to a conductivity-temperature-depth sensor (CTD) to measure how temperature

and salinity varied with depth, ALAMO #9105 was also equipped with a Wave In-
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ertial Measurement Sensor (WIMS), one of the first of its test deployments of this

technology. WIMS is a compact, low-power 9-axis inertial sensing device designed for

use onboard ALAMO to capture the directional properties of surface gravity waves.

Due to the limitations of satellite telemetry bandwidth, WIMS performs onboard

orientation estimation, digital signal processing, and spectral analysis. At each sur-

facing, select co- and quadrature-power spectral densities are averaged across several

segments of a ten minute sample window and transmitted by the instrument. These

spectra can then be used to derive characteristics of the wave field, including SWH,

period, and azimuthal direction. These combined capabilities of ALAMO were lever-

aged to evaluate the evolution of the upper ocean before, during, and after the passage

of ETC Epsilon.

Figure 5-8: Left: Designed and manufactured by MRV Systems in collaboration with
the Air-deployed Profiling Instruments Group at WHOI, ALAMO is comprised of
an anodized aluminum tube; temperature, salinity, and pressure sensors, as well as
a merged GPS-Iridium antenna attached to the top cap; a dual-chambered internal
bladder and hydraulic pump to drive upward and downward motion; and stability fins
to dampen motion when the float is surfaced. Right: Cartoon rendering of ALAMO
being deployed from a WC-130J Hercules aircraft.
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5.2.3 Seagliders

Gliders are buoyancy-driven, reusable, long-range autonomous underwater vehi-

cles designed to glide up and down in the ocean and collect profiles of temperature,

salinity, current velocities, and other ocean parameters [84]. They are uniquely ma-

neuverable as they steer through the water by autonomously controlling attitude,

and can thus execute desired survey patterns. Gliders surface at the end of every

dive cycle, at which point they can download new commands and upload data via

Iridium telemetry in a similar manner as ALAMO [85, 86]. Given that gliders horizon-

tally propel themselves, they can be strategically positioned ahead of and hold their

positions before, during, and after the passage of storms [44]. Gliders have been suc-

cessfully deployed to improve understanding of upper ocean temperature and salinity

stratification and mixing processes in relation to storm activity [64, 87].

Seaglider is a family of glider developed by the Integrative Observational Plat-

forms (IOP) group at the University of Washington, Applied Physics Laboratory

(UW-APL) (Figure 5-9; [85]). Two Seagliders, #234 and #527, were deployed during

the 2020 NISKINe deployment to provide spatial coverage around X-Spar and compli-

ment ALAMO. Each instrument measured temperature, salinity, pressure, horizontal

current velocity, dissolved oxygen, and optics. Current velocities were measured di-

rectly using a Nortek Signature 1000 ADCP specifically designed for Seagliders. Each

Seaglider collected ADCP data both on the descent and climb of each profile, with

15 bins and a cell size of 2 meters recorded every 15 seconds. The processing for the

Seaglider ADCP follows the steps described in Todd et al. (2017) [88], which is based

on lowered-ADCP processing [89] and subsequent developments [90, 91]. Initially,

both Seagliders were programmed to execute regular patterns around X-Spar, but

the buoy was moving too fast. Instead, the Seaglider operations were changed such

that Seaglider #234 shadowed X-Spar, while Seaglider #527 executed north to south

surveys across the observational area.
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Figure 5-9: Seaglider executing a dive cycle, which extends from the surface to as deep
as 1,000 dbar. Endurance of these vehicles largely depends on ocean stratification and
programmed profile depth, but a nominal lifespan is over nine months.

5.3 Demonstration of Utility

Given the inherent overlap of sensing capabilities within the observational array,

oceanic and atmospheric characteristics were contemporaneously observed by three

different autonomous platforms. As of the deployment date, no specific synoptic-scale

activity was targeted. The goal was to leverage the observational array to observe

how strong forcing events, such as deep fall lows, would affect upper ocean structure

on near-inertial to intraseasonal time scales. Fortuitously, approximately three weeks

after the deployment, the NISKINe observational array was overrun by remnants of

ETC Epsilon from 1200 UTC 27 October to 1200 UTC 29 October (Figure 5-5).

Although the formation of ETC Epsilon and the propagation of its remnants far

into the subpolar North Atlantic was unforeseen, the data collected by the NISKINe

observational array provided an excellent opportunity to explore the upper ocean

response, not only to a strong forcing event, but to the passage of a fully transitioned

and formally named ETC.
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Throughout the storm passage period, the assets were all within 52.2 km of each

other and at least 650.4 km from the storm. The closest point of approach between

the NISKINe observational array and the storm occurred at 1200 UTC 28 October,

when each asset was within 51.0 km from the center of circulation: X-Spar: 7.9 km;

ALAMO #9105: 51.0 km; Seaglider #234: 39.5 km; and Seaglider #527: 50.5 km

(Figure 5-5 and Table 5.1). Evidence of ETC Epsilon-induced forcing was captured

by the NISKINe observational array through at least 03 November, while remnants of

the storm were no longer recognizable on satellite imagery after 1800 UTC 29 October

(Figure 5-4).

Table 5.1: Distance (km) between each instrument in the NISKINe observational
array and the center of circulation of the remnants of ETC Epsilon from 1200 UTC 27
October to 1200 UTC 29 October. The closest point of approach for each instrument
occurred at 1200 UTC 28 October (italicized).

Datetime (UTC) X-Spar ALAMO Seaglider #234 Seaglider #527
1200 27 OCT 224.9 267.1 257.0 248.0

1800 143.5 188.2 169.5 166.4
0000 28 OCT 83.2 124.2 98.2 101.8

0600 37.8 73.5 49.1 57.9
1200 7.9 51.0 39.5 50.5
1800 88.8 65.2 98.2 85.0

0000 29 OCT 219.1 210.2 242.3 225.4
0600 443.9 429.3 469.2 460.0
1200 627.3 649.8 650.4 647.9
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Chapter 6

Surface Ocean Observations

6.1 Surface Pressure

X-Spar recorded a deep depression in surface pressure as the remnants of ETC

Epsilon approached the NISKINe observational array: 1015 mb at 2310 UTC 20

October; a dip below 960 mb on 23 and 24 October, due to an deep fall low forming

off the coast of Ireland; a rebound to 999 mb by 0410 UTC 26 October as that system

dissipated; and then a rapid deepening to 937 mb at 2310 UTC 26 October just before

storm passage, the lowest of the entire X-Spar record (Figures 6-1 and 6-2). X-Spar

captured the sustained low pressure during the passage period nicely, as well, with

measurements ranging from 981 to 938 mb (Figure 6-2). Observations indicate that

the storm rapidly deepened shortly into the passage period and retested the 937 mb

minimum from the previous day. At 1510 UTC 27 October X-Spar observed this

deepening and reported a secondary minimum surface pressure of 938 mb (Figures

6-1 and 6-2). The 48-hour surface forecast, issued at 1724 UTC 25 October, valid for

1200 UTC 27 October, predicted that surface pressure would fluctuate between 940

and 956 mb in the vicinity of X-Spar at that time (Figure 6-3). X-Spar data shows

that this was a slight underestimate and that the storm was deeper than forecasted

by the NWS/NCEP OPC coupled numerical prediction models.

While more apparent in the observations discussed in Section 6.2, X-Spar captured

the passage of the center circulation of the storm at 1140 UTC 28 October, reading 961
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mb (Figures 6-1 and 6-2). Although it did not co-locate with the minimum surface

pressure reading, this observation is still valid given that the storm was becoming

increasingly disorganized at that time. As the remnants of ETC Epsilon continued

to dissipate, the surface pressure slowly built. At 0440 UTC 31 October, X-Spar

recorded 990 mb, indicating that surface pressure had climbed approximately 50 mb

since the the beginning of the passage period. However, another rapid deepening

occurred on 31 October and lasted until the morning of 01 November. It concluded

with a 958 mb reading at 0410 UTC (Figures 6-1 and 6-2). It stands to reason that

the remnants of ETC Epsilon could have been at play here, but, more likely, the

chief contributor of this event was a second deep fall low that was passing by in close

proximity to the eastern flank of the NISKINe observational array. By 2110 UTC 02

November, surface pressure crossed 1000 mb (Figures 6-1 and 6-2), and the remnants

of ETC Epsilon had been no longer identifiable on satellite imagery for two days.

This marked the end of the Epsilon-induced modulation of the surface pressure field.
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Figure 6-1: Time series of surface pressure (mb) observations from X-Spar before,
during (gray rectangle), and after the passage of the remnants of ETC Epsilon.
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Figure 6-2: As Figure 6-1, but from 0000 UTC 25 October to 0000 UTC 04 November,
highlighting the passage period to resolve the approach of the storm (red to orange
circles), the surface pressure minimums (orange and yellow circles), the passage of
the center of circulation (green circle), the formation of another deep fall low (blue
circle), and the definitive conclusion of Epsilon-induced modulation (purple circle).
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Figure 6-3: 48-hour surface forecasts every 24 hours from 1200 UTC 25 October to
1200 UTC 30 October, predicting North Atlantic surface conditions. Images courtesy
of NWS/NCEP OPC.
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The ALAMO and Seaglider CTDs include a pressure transducer to derive depth,

which were leveraged to estimate a surface pressure anomaly. Such a calculations

were possible because when surfaced, both platforms sample a pressure time series to

correct their respective profiles for atmospheric pressure offset. While these anomalies

are not suitably accurate for measurement of absolute atmospheric pressure, the ef-

fects of the passage of the remnants of ETC Epsilon are apparent. Most importantly,

they are promisingly congruent with the direct measurements from X-Spar (Figures

6-4 and 6-5).

The deep depression of surface pressure was well captured using this method. At

2316 UTC 25 October, ALAMO #9105 recorded a surface pressure anomaly of -6

∆mb, which decreased to -65 ∆mb by 0218 UTC 27 October (Figures 6-4 and 6-5).

The sustained low pressure during the passage period was also adequately detailed,

ranging from -53 ∆mb at 1133 UTC 27 October to a -29 ∆mb at 1249 UTC 29

October. ALAMO #9105 surfaced at 0206 UTC 01 November and observed the

rapid deepening as the remnants of ETC Epsilon dissipated, -51 ∆mb was recorded.

At 0955 03 November, a -1 ∆mb measurements indicated that the anomalous low

pressure due to the passage of the remnants of ETC Epsilon had concluded (Figures

6-4 and 6-5).

Similar surface pressure anomalies were calculated from the Seaglider data, al-

though a slightly different methodology was used. The Seaglider surface pressure

anomalies were approximated as a water depth offset, where the total range in pres-

sure associated with the passage of the storm (∼100 mb) corresponded to about 1

m when expressed in this manner. While the magnitudes of the Seaglider pressure

anomalies slightly differ from those of ALAMO #9105, the trends in the time se-

ries are nearly exact (Figures 6-4 and 6-5). It is encouraging that X-Spar, ALAMO

#9105, Seaglider #234, and Seaglider #527 were largely in good agreement, espe-

cially given the novel anomaly computations. It remains to be seen if and how these

measurements could be of use to operational centers.
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Figure 6-4: As Figure 6-1, but including ALAMO #9105 (green), Seaglider #234
(blue), and Seaglider #527 (cyan) surface pressure anomalies (∆mb).
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Figure 6-5: As Figure 6-2, but including ALAMO #9105 (green), Seaglider #234
(blue), and Seaglider #527 (cyan) surface pressure anomalies (∆mb).
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6.2 Wind Speed and Direction

This first indication of the Epsilon-induced wind field in the vicinity of the NISK-

INe observational array occurred at 1610 UTC 26 October when X-Spar measured

30.1 kt winds, marking the arrival of the first band of extreme winds (Figures 6-6

and 6-7). By 1710 UTC, X-Spar measured 34.2 kt, TS-level winds, which increased

to 41.2 kt by 2310 UTC (Figures 6-7). At this time, the center of circulation of the

storm was over 800 km southwest of X-Spar (Figures 5-3 and 6-3). This observation

highlights the extraordinary expanse of the remnants of ETC Epsilon.

The first band of extreme winds concluded when a fine-scale cold front emerged

just after 0000 UTC 27 October. At 0110 UTC, X-Spar recorded southeast (133∘)

winds blowing at 36.2 kt, but by 0140 UTC, south-southwest (194∘) winds were

blowing at just 17.7 kt. Then, by 0210 UTC, a west-southwest (244∘) wind quickly

increased to 31.0 kt (Figures 6-7 and 6-8). After the frontal boundary passed, winds

regained near TS-intensity, and X-Spar observed the second and most sustained pe-

riod of extreme winds. The maximum reading during this period was 36.9 kt at 1010

UTC 27 October and lasted until 0110 28 October when 30.5 kt winds were observed

(Figure 6-7). Then, on the morning of 28 October, winds abruptly decreased, reach-

ing a nadir of 3.6 kt at 1140 UTC 28 October; such calm winds that a wind vane

would have been inactive and a human might not even perceived the breeze. X-Spar

was detecting the passage of the center of circulation, which was also indicated by

the change in wind direction from south (84∘) at 1110 UTC 28 October increasing to

north (353∘) by 1140 UTC (Figures 6-7 and 6-8). The evolution of the wind direc-

tion at this time elucidates cyclonic spin. Thus, while satellite imagery hinted that

only remnants of ETC Epsilon remained, X-Spar observations prove that it was still

sufficiently organized to maintain its cyclonic vortex.

After the passage of the center of circulation, winds regained near TS-intensity,

and shortly after 1540 UTC 28 October, X-Spar resolved the third band of extreme

winds (Figure 6-7). This episode lasted briefly as winds fell below the 30-kt range

by 2140 UTC. The NWS/NCEP OPC 48-hour surface forecast, issued at 0445 UTC
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27 October, valid for 0000 UTC 29 October, predicted 35 to 40 kt southwest winds

would blow in the vicinity of X-Spar (Figure 6-3). Data from X-Spar suggests that

this forecast was an overestimate as it reported 25.8 kt winds as the third band of

extreme winds had already subsided (Figure 6-7). Winds steadily decreased until

15.7 kt at 1810 UTC 29 October, before ramping back up to form the fourth and

final band of extreme winds. This episode reached a peak intensity at 1210 UTC 30

October as X-Spar recorded 37.2 kt winds (Figures 6-7). As stated in Section 6.1, it

is hard to discern how much the remnants of ETC Epsilon contributed to these winds

as compared to the deep fall low that had formed; however, after approximately 1800

UTC 30 October ETC Epsilon-related wind signal certainly became indistinguishable

(Figures 6-6 and 6-7).
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Figure 6-6: Time series of 7-m wind speed observations (corrected to 10 m) from
X-Spar before, during (gray rectangle), and after the passage of the remnants of ETC
Epsilon.
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Figure 6-7: As Figure 6-6, but from 0000 UTC 25 October to 0000 UTC 01 November,
highlighting the passage period to resolve all four bands of extreme winds (red, yellow,
blue, and purple circles), a fine-scale cold front (orange circle), and the passage of the
center of circulation (green circle).
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Figure 6-8: Time series of 7-m wind direction observations from X-Spar before, during
(gray rectangle), and after the passage of the remnants of ETC Epsilon. The colored
circles mark the same events as in Figure 6-7.
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6.3 Total & Near-Inertial Wind Stress

X-Spar calculated direct covariance wind stress, which is a slightly less noisy

representation of wind forcing in the storm environment. At 2210 UTC 26 October,

during the arrival of the first band of extreme winds, X-Spar calculated a maximum

wind stress of 1.32 N m-2. The passage of the cold front at 0140 UTC 27 October was

also well captured when wind stress fell to 0.12 N m-2 and then rapidly recovered into

the second band of extreme winds. By 1010 UTC, the second band of extreme winds

caused wind stress of 0.96 N m-2. The data agrees with the passage of the center

of circulation as it measured, remarkably, a wind stress 0.00 N m-2 at 1140 UTC 28

October. Wind stress then rebounded into the third and fourth bands of extreme

winds, peaking at 0.69 N m-2 at 1940 UTC 28 October, and 1.01 N m-2 at 1210 UTC

30 October, respectively.
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Figure 6-9: Time series of direct covariance wind stress (N m-2) observations from
X-Spar before, during (gray rectangle), and after the passage of the remnants of ETC
Epsilon.
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Figure 6-10: As Figure 6-9, but from 0000 UTC 25 October to 0000 UTC 01 Novem-
ber, highlighting the passage period. The colored circles mark the same events as in
Figure 6-7.
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According to the routine outlined by Silverthorne and Toole [6], an inertial band-

pass filter was performed to extract near-inertial wind stress from the total direct

covariance wind stress. The x-component and y-component of the total wind stress

magnitude was bandpass filtered between 13.6 and 14.3 hours: the corresponding

inertial periods to the minimum and maximum latitudinal positions of X-Spar dur-

ing the observational period. The procedure returned a complex time series of the

cyclonic and anticyclonic near-inertial signals, and after taking the absolute value of

each, the amplitude of the near-inertial wind stress was derived and plotted (Figures

6-11 and 6-12).

The cyclonic and anticyclonic signals detail a major source of near-inertial en-

ergy as the remnants of ETC Epsilon approached the NISKINe observational array.

Around 17 October, near-inertial wind stress increased due to forcing from the pre-

viously mentioned deep fall low that preceded ETC Epsilon (Figures 6-11 and 6-12).

Given the bandpass filtering, there is no way to delineate when this forcing stopped

and when Epsilon-induced forcing took over. However, the influence of the remnants

of ETC Epsilon are apparent as the maximum near-inertial wind stress coincided with

the approach and passage of the storm. The maximum cyclonic near-inertial wind

stress was 3.74 cN m-2, occurring at 0314 UTC 27 October; while The maximum an-

ticyclonic near-inertial wind stress was 1.71 cN m-2 at 0144 UTC 27 October (Figures

6-11 and 6-12). After the passage of the storm, near-inertial wind stress drastically

subsided.
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Figure 6-11: Time series of cyclonic and anticyclonic near-inertial wind stress (cN
m-2) estimations from X-Spar before, during (gray rectangle), and after the passage
of the remnants of ETC Epsilon. Near-inertial wind stress was derived according to
the procedure set forth by Silverthorne and Toole [6].
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Figure 6-12: As Figure 6-11, but from 0000 UTC 15 October to 0000 UTC 05 Novem-
ber, highlighting the passage period to resolve the peaks of cyclonic and anticyclonic
near-inertial wind stress.
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6.4 Sea-State

Throughout its life cycle, Epsilon generated an enormous wave field, highlighted

by record-breaking surf along the European Atlantic coast (Figures 6-13 and 6-14).

On 28 October, the M6 weather buoy of the Irish Marine Data Buoy Observation

Network, observed one of the largest individual waves ever recorded: a 32.3 m rogue

wave located 435 km west of the Irish coast over the Rockall Trough (∼3,000 m depth)

[92]. Reanalysis of the wave data has validated this observation and confirmed that

the wave achieved rogue-status, as it reached 2.4 times the amplitude of the locally

averaged SWH field. Further, on 29 October, Sebastian Steudtner of Germany set

the world record for largest wave ever surfed when he took off on a 26.2 m wave

off the coast of Praia do Norte, Nazaré, Portugal (Figure 6-15). The feat has since

been ratified by Guinness World Records, breaking the previous three-year standing

record by 1.8 m. Of note, Nazaré as it is known, is an infamous big-wave surf break,

where waves can reach more than 30 m during the late fall and winter due to the

combination of frequent strong storms and unique mechanics of a submarine canyon

only 1 km from the surf zone. This surf break accounts for seven of the ten largest

waves ever surfer, including the top three (https://www.redbull.com/us-en/bigg

est-waves-surfed).
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Figure 6-13: Global SWHs (m) at 1200 UTC 27 October highlighting that the waves
observed by the NISKINe observational array (green diamond) were the largest in
the world. Data courtesy of the Mercator Océan International Global Ocean Waves
Reanalysis product.
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Figure 6-14: North Atlantic SWHs (m) every 24 hours from 1200 UTC 25 October
to 1200 UTC 29 October. Data courtesy of the Mercator Océan International Global
Ocean Waves Reanalysis product.
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Figure 6-15: World record caliber waves breaking off the coast of Praia do Norte,
Nazaré, Portugal, on 29 October due to the passage of the remnants of ETC Epsilon.
Photograph courtesy of Heidi Hansen of Surfer Today.

X-Spar and ALAMO #9105 both observed 8 m SWHs as early as 0000 UTC

25 October, and showed that the mean wave field fluctuated between 6 and 10 m

until 1800 UTC. On 26 October, SWHs decreased (Figures 6-16 and 6-17), closely

coinciding with decrease of wind speed and stress (Figures 6-7 and 6-12). Then,

SWHs built back to 8 m, and after briefly decreasing, increased further to exceed

10 m around 1200 UTC 27 October, the highest in the record (Figures 6-16 and

6-17). The NWS/NCEP OPC sea-state analysis, issued at 1325 UTC 27 October,

valid for 1200 UTC, hindcasted that 7 to 9 m SWHs were in the vicinity of the

NISKINe observational area (Figure 6-18). Both platforms recorded higher than

hindcasted SWHs: ALAMO #9105 reported maximum SWHs of 9.8 m at 1911 UTC

27 October, while X-Spar measured 11.1 m at 1910 UTC (Figures 6-16 and 6-17).

These observations indicate that the sea-state was slightly larger than NWS/NCEP

OPC predicted.
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Figure 6-16: Time series of SWH (m) observations from X-Spar (black) and ALAMO
#9105 (green) before, during (gray rectangle), and after the remnants of the passage
of ETC Epsilon.
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Figure 6-17: As Figure 6-16, but from 0000 UTC 25 October to 0000 UTC 01 Novem-
ber, highlighting the passage period to resolve 8 m SWHs due to the deep fall low
preceding the remnants of ETC Epsilon (red circle), 8 to 10 m SWHs as the storm
inundated the observational area (orange, yellow, and green circles), and 8 m SWHs
on 30 October (blue circles), after which the evidence of an Epsilon-induced sea-state
is hard to discern.
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Figure 6-18: Sea-state analysis every 24 hours from 1200 UTC 25 October to 1200
UTC 30 October, hindcasting the North Atlantic sea-state. Images courtesy of
NWS/NCEP OPC.

Post-storm analysis shows that the design of X-Spar likely led to a tendency to

measure slightly lower SWHs (∼0.5 m) than ALAMO #9105. For the largest ampli-

tude waves, ALAMO #9105 reports higher SWHs than X-Spar; while for the smallest

amplitude waves, X-Spar reports higher SWHs than ALAMO #9105 (Figure 6-19).

X-Spar, as a long spar buoy, tends to dampen high frequency motion while following

the motion of the low frequency swell. Therefore, the low frequency component of

the wave field is estimated by the heave of the platform, computed using the inertial
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motion package. The high frequency component is measured by the subsurface pres-

sure sensor, and the combination is used to compute the total wave field. However,

the wave-induced pressure signal decays exponentially with depth, and, although an

attempt was made to manually compensate for the decay, this is the most plausible

reason for the discrepancy between the X-Spar and ALAMO #9105 SWH measure-

ments.

Another possibility for the discrepancy is that ALAMO is simply a better wave-

follower. While this seems like a disadvantage for X-Spar, the tendency to follow lower

frequency waves makes X-Spar a more stable platform to make atmospheric bound-

ary layer measurements. This allows for continuous and more accurate turbulent flux

estimates, as compared to purely surface following platforms such as ALAMO when

communicating via Iridium, traditional surface moorings, or Saildrone. Therefore,

X-Spar may have an accuracy trade-off between atmospheric boundary layer mea-

surements and observations of the wave field - at least with the current atmospheric

sensor suite package. While both platforms are capable for collecting wave data, in

their current designs, ALAMO is more-apt to observe high-frequency waves found in

the storm environment; while X-Spar is better served to target lower frequency swell

that organize and propagate away from the storm environment (Figure 6-19).
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Figure 6-19: Scatter plot of X-Spar and ALAMO #9105 SWH observations with a
one-to-one line for comparison.

6.5 Sea Surface Temperature

The NISKINe observational array provided a comprehensive way to assess SSTs

before, during, and after the passage of the remnants of ETC Epsilon. All four

instruments are capable of observing SSTs, and they all had similar readings; while,

more promisingly, the trends in the data are exactly the same (Figure 6-20). At

1200 UTC 20 October, one week before the passage period, X-Spar measured 7-m

air temperatures of 8.46∘C and SSTs of 11.0∘C. From 20 to 27 October, as the storm

generated and approached the array, 7-m air temperature was fairly constant, while

SSTs dropped by 0.5∘C (Figure 6-20). From 29 October to 02 November, following the

passage period, SSTs decreased by another 0.5 ∘C from 10.8∘C to 10.3∘C, while 7-m

air temperatures fluctuated between 5.6∘C and 9.2∘C. Although an anomalous warm
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air mass intruded into the observational area from 03 November to 06 November,

causing slight warming of the surface ocean (Figure 6-20), the prominent cooling

directly after the storm passage period is evidence of the cold wake of the storm.

Observations of the cold wake caused by ETC Epsilon by all four instruments is an

achievement for operational oceanography.

10/05 10/12 10/19 10/26 11/02 11/09 11/16

5

6

7

8

9

10

11

12

T
em

p
er

at
u
re

 (
o
C

)

X-Spar SST

ALAMO #9105 SST

Seaglider #234 SST

Seaglider #527 SST

Air Temperature

Figure 6-20: SSTs (∘C) observations from NISKINe observational array: X-Spar
(black), ALAMO #9105 (green), Seaglider #234 (blue), and Seaglider #527 (cyan),
compared to 7-m air temperature observations from X-Spar (red), before, during (gray
rectangle), and after the passage of the remnants of ETC Epsilon.
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Chapter 7

Subsurface Ocean Observations

7.1 ALAMO Profiles

7.1.1 Temperature

Temperature profiles during early October show that the mean pre-passage ther-

mocline resided between 60 and 100 dbar with mixed layer temperatures ranging from

11 to 11.5∘C. On 25 October, mixed layer temperatures fell below 11.0∘ for the first

time in the record, indicating the first sign of Epsilon-induced modulation (Figure

7-1). During the passage period, the mean mixed layer temperature decreased to

10.7∘C, while the thermocline deepened between 100 and 120 dbar. Thus, during the

passage period, Epsilon-induced forcing cooled the upper ocean by at least 0.8∘C and

shear-driven mixing deepened the thermocline by approximately 40 dbar. From 30

October to 17 November, mixed layer temperatures ranged from 10.0 to 10.6∘C, while

a weak thermocline existed below 120 dbar. As the storm dissipated, it left behind

a considerably eroded thermocline and mixed layer temperatures had decreased by

more than 1.0 ∘C (Figure 7-1). These observations validate the presence of a cold

wake due to the passage of the remnants of ETC Epsilon, as presented in Figure 6-20.
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Figure 7-1: Top: ALAMO #9105 temperature (∘C) profiles observed before the pas-
sage of the remnants of ETC Epsilon. Middle: As top panel, but for the post-passage
period. Bottom: Mean temperature profiles before, during, and after the passage
period.
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7.1.2 Salinity

Pre-passage salinity profiles highlighted some variability due to the local precip-

itation and evaporation budget. The approach of the storm is highlighted as mixed

layer salinities seemingly organized toward 35.25 PSU by 26 October. During the pre-

passage period, the salinity field was constrained between 35.1 and 35.4 PSU, and the

halocline resided between 60 and 80 dbar (Figure 7-2). The passage and post-passage

mean salinity profiles are isohaline from the surface to below 100 dbar and exhibited

an average mixed layer salinity of 35.25 PSU. Interestingly, the average mixed layer

salinity increased during and after storm passage as compared to the pre-passage

environment (Figure 7-2). These observations highlight that the mixing of saltier

water, from depth, into the mixed layer and wind-induced evaporation outweighed

any signature of fresh water input via precipitation during the passage period.
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Figure 7-2: Top: ALAMO #9105 salinity (PSU) profiles observed before the passage
of the remnants of ETC Epsilon. Center: As top panel, but for the post-passage
period. Bottom: Mean salinity profiles before, during, and after the passage period.
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7.1.3 Potential Density

Potential density (𝜎0 = 𝜌 − 1000) profiles show that before the passage of the

remnants of ETC Epsilon, the North Atlantic grew more slightly dense as the upper

ocean slightly cooled due to the seasonal transition from summer to fall (Figure 7-3).

Throughout the pre-passage period, mixed layer potential density increased quasi-

linearly towards 27 kg m-3, and a strong pycnocline existed between 60 and 100

dbar. Given the steady increase in surface forcing leading up to the passage period,

it is hard to discern when Epsilon-induced influence started to change the potential

density field. However, by the start of the passage period on 27 October, significant

Epsilon-induced modulation was occurring.

During the passage period, the pycnocline deepened beyond 100 dbar, and by

the end of the passage period, mixed layer potential density ranged was bounded

by 26.9 kg m-3 and 27.0 kg m-3 and a severely eroded pycnocline now existed at

150 dbar (Figure 7-3). Evolution of the potential density field was chiefly caused by

the presence of shear-driven mixing and a decrease of upper ocean temperature as

a result of the passage of the storm (Figures 7-1 and 7-3). This stands to reason

in the context of the Equation of State for Seawater, as the dependence of potential

density is nonlinear in the favor of temperature, vice salinity. This makes further sense

given the context that variability of the salinity field was small and no precipitation

signature was detected during the passage period (Figures 7-2).
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Figure 7-3: Top: ALAMO #9105 potential density (𝜎0 = 𝜌 − 1000; kg m-3) profiles
observed before the passage of the remnants of ETC Epsilon. Middle: As top panel,
but for the post-passage period. Bottom: Mean potential density profiles before,
during, and after the passage period.
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7.2 Upper Ocean Transects

7.2.1 Temperature, Salinity, and Stratification

Subsurface ocean observations from the NISKINe observational array revealed

a strong and enduring subsurface response due to the passage of the remnants of

ETC Epsilon. Similar to the profiles presented in Section 7.1 (Figures 7-1, 7-2, and

7-3), ALAMO #9105, Seaglider #234, and Seaglider #527 upper ocean transects

detailed intraseasonal variability characteristic of fall prior to the approach of the

storm. Upper ocean conditions started to change by 26 October (Figures 7-4, 7-5, and

7-6), one day before storm passage, coinciding with the arrival of the Epsilon-induced

surface forcing, as discussed in Chapter 6. Deepening of the mixed layer is evident

in vertical records of the temperature, salinity, and potential density fields (Figures

7-4, 7-5, and 7-6). Further, the passage period delineates an impressive pre-storm

and post-storm environment contrast of the upper ocean temperature. Figures 7-4,

7-5, and 7-6 highlight the stark transition from the summer to winter stratification

regimes as well as a near-erasing of the halocline caused by Epsilon-induced forcing.

As early as 27 October, high-amplitude NIWs oscillated at the base of the mixed

layer, evident by the contours heaving upward in the bottom panels of Figures 7-4,

7-5, and 7-6. The Brunt-Väisälä frequency, or buoyancy frequency, was derived us-

ing Seaglider data to better assess upper ocean stratification and the time evolution

of the mixed layer surrounding the passage period (Figures 7-7 and 7-8). Strong

stratification, indicated by a high buoyancy frequency, means more work is required

to mix parcels across isopycnals; whereas, less work is required in regions of weak

stratification. Thus, the depth of maximum buoyancy frequency can be used to asses

mixed layer depth, which separates the upper ocean from the interior. Both Seaglid-

ers highlight the rapid and sustained increase of the depth of maximum buoyancy

frequency during and after the passage of the storm and also indicate the presence of

NIWs (Figures 7-7 and 7-8).
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Figure 7-4: Top: ALAMO #9105 (∘C) temperature transect before, during (gray
rectangle), and after the passage of the remnants of ETC Epsilon. Middle: As top
panel, but for salinity (PSU). Bottom: As top and middle panels, but for potential
density (𝜎0 = 𝜌− 1000; kg m-3).
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Figure 7-5: As Figure 7-4, but for Seaglider #234.
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Figure 7-6: As Figures 7-4 and 7-5, but for Seaglider #527.
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Figure 7-7: Brunt-Väisälä frequency squared (s-2), as calculated from observations by
Seaglider #234 before, during (gray rectangle), and after the passage of the remnants
of ETC Epsilon.
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Figure 7-8: As Figure 7-7, but for Seaglider #527.
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7.2.2 Total & Near-Inertial Currents

Calculations derived from Seaglider ADCP data elucidated how the remnants of

ETC Epsilon input kinetic and near-inertial energy into the upper ocean (Figures

7-9, 7-10, 7-11, and 7-12). The near-inertial currents were extracted from the total

current magnitudes using a complex Morlet wavelet demodulation at the local inertial

frequency and filter-width of one day, according to the routine of Liu and Miller [93].

As early as 25 October, Seaglider #234 detailed near-inertial current magnitudes

greater than 0.15 m s-1 as deep as 60 dbar (Figures 7-11 and 7-12). As expected, the

strongest total and near-inertial currents were observed during and after the passage

period and correlate to when heaving of the mixed layer was observed in Figures

7-4, 7-5, 7-6, 7-7, and 7-8. By 28 October, the near-inertial signal reached its peak,

measuring greater than 0.20 m s-1 until 31 October and subsiding there afterwards.

During this period, signals of this magnitude propagated as deep at 90 dbar.

The near-inertial currents extracted from the Seaglider #527 ADCP data were not

as significant during the passage period. Figure 7-12 mainly details a significant input

of near-inertial energy directly after deployment. Although, there was a moderate

near-inertial signature on the order of 0.10 m s-1 during the passage period, which

encouragingly extended past 100 dbar. Given these observations, there is not is

sufficient evidence of NIW propagation into the ocean interior. Figures 7-11 and 7-12

indicate that NIWs rapidly decayed at approximately 100 dbar. Alternatively, the

NIWs could have horizontally propagated away from the generation area in the “out-

of” or “into-the-page” directions; however, this is unlikely. Given these observations,

these signals of near-inertial energy are cautiously classified as high-mode NIWs that

contributed to mixing close to the NISKINe observational array.
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Figure 7-9: Total current magnitude (m s-1), as calculated from observations by the
ADCP onboard Seaglider #234 before, during (gray rectangle), and after the passage
of the remnants of ETC Epsilon.
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Figure 7-10: As Figure 7-9, but for Seaglider #527.
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Figure 7-11: Near-inertial current magnitude (m s-1), as calculated from observations
by the ADCP onboard Seaglider #234 before, during (gray rectangle), and after the
passage of the remnants of ETC Epsilon.
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Figure 7-12: As Figure 7-9, but for Seaglider #527.
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7.2.3 Shear-Driven Mixing

During and after the passage period, vertical velocity shear was strongly enhanced

in the near-surface and at the base of the mixed layer (Figures 7-13 and 7-14). While

the presence of strong velocity shear is necessary to drive shear-driven mixing, it is not

a sufficient condition to induce it; as it must overcome the local stratification in order

to stir the environment. Evidence for shear-driven mixing can be examined by using

reduced shear, which is defined as 𝑆2 − 4𝑁2, where 𝑆 is the velocity shear (Figures

7-13 and 7-14), and 𝑁 is buoyancy frequency, as above (Figures 7-7 and 7-8). This pa-

rameter is a means of assessing the stability regime across the upper ocean, unstable,

stable, or neutral. Regions of the water column characterized by the unstable regime

are the most susceptible to shear-driven mixing. In such regions, shear-driven mixing

can overcome the existing stratification and vertically mix parcels. The passage of

the remnants of ETC Epsilon intensified the signature of unstable regions (Figures

7-15 and 7-16), and as such, Epsilon-induced forcing triggered strong momentum and

buoyancy forcing which enhanced vertical shear. These signature were most evident

at the base of the mixed layer, resulting in significant deepening (Figures 7-13, 7-14,

7-15, and 7-16).
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Figure 7-13: Velocity shear squared (s-2), as calculated from observations by the
ADCP onboard Seaglider #234 before, during (gray rectangle), and after the passage
of the remnants of ETC Epsilon.
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Figure 7-14: As Figure 7-13, but for Seaglider #527.
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Figure 7-15: Reduced shear squared (s-2), as calculated from observations by the
ADCP onboard Seaglider #234 before, during (gray rectangle), and after the passage
of the remnants of ETC Epsilon.
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Figure 7-16: As Figure 7-15, but for Seaglider #527.
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Chapter 8

Conclusions and Way Ahead

8.1 Summary

Highlights of the surface and subsurface observations of the NISKINe observational

array before, during, and after the passage of the remnants of ETC Epsilon are as

follows: time evolution of total and inertial wind stress (Figures 6-9, 6-10, 6-11, and

6-12), leading to sustained period of surface cooling (Figure 6-20); modulation of

the upper ocean temperature, salinity, and density structures (Figures 7-4, 7-5, and

7-6); vigorous shear-driven mixing (Figures 7-13, 7-14, 7-15, and 7-16), leading to a

deepened mixed layer (Figures 7-7 and 7-8); and evidence of generation, propagation,

and decay of high-mode NIWs (Figures 7-11 and 7-12). Given these observations, the

NISKINe observational array elucidated how Epsilon-induced forcing accelerated the

onset to the winter stratification regime by breaking down the residual North Atlantic

summer stratification via significant cooling and mixing processes.

8.2 Contribution

As a part of the ONR NISKINe DRI, this study explored air-sea interaction in the

subpolar North Atlantic during the passage of the remnants of ETC Epsilon using

three types of autonomous platforms: the X-Spar buoy, the ALAMO profiling float,

and two Seagliders. While the passage of the storm was unforeseen, the utility and
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unique capabilities of each platform enabled a multi-pronged approach to investigate

the evolution of the upper ocean before, during, and after the passage of a strong

forcing event. The synergistic capabilities of the observational array facilitated a

thorough understanding of how the storm affected upper ocean structure to the gen-

eration, propagation, and decay of NIWs. Most of all, the NISKINe observational

array proved that it has the potential to become a force multiplier for the TC and

ETC prediction communities. This is a significant accomplishment, and congratula-

tions are due to all those involved.

8.3 Future Work

8.3.1 Improving Intensity Forecasts

Future deployments of this, or similar, complimentary observational arrays ahead

of TCs and ETCs will provide coupled numerical prediction models with more com-

prehensive initialization datasets. The assimilation of real-time subsurface data will

greatly improve the accuracy of intensity forecasts; thus, allowing forecasters to make

more informed advisories and issue more credible warnings in order to keep the public

safer.

8.3.2 NISKINe Dataset

Future work could include using measurements from the NISKINe observational

array to test and interpret mixed layer models that predicted the upper ocean response

to the passage of the remnants of ETC Epsilon. This will lead to an improved

understanding about how momentum, sensible heat, and moisture fluxes input near-

inertial energy into the upper ocean. Further, building off this contemporaneous

dataset will facilitate a continued understanding of the physics that govern how the

upper ocean responds to the passage of a TC or ETC.
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8.3.3 X-Spar

On 24 March, X-Spar was recovered by the Icelandic Coast Guard who reported

that its mast had broken off, and unfortunately, the full dataset was lost. However,

analysis of the telemetered data is underway beyond this thesis. Future work will

include leveraging X-Spar to investigate the seasonally varying upper ocean response

to surface forcing and how high-mode NIWs affect the upper ocean in the presence

of a mesoscale vorticity field. Further, X-Spar data will be used to improve the

understanding of air-sea coupled physics and enhance bulk-formula-type air-sea flux

parameterizations. Application of these capabilities will increase the skill of coupled

numerical prediction models.

Even though the instrument was badly damaged, this deployment of X-Spar was

worthwhile. The results from the 2020 NISKINe deployment are being used to harden

the X-Spar telemetry system as well as increase the robustness and performance of

the meteorological sensors in high winds and large, steep waves. This will likely call

for a slight redesign. In future iterations of X-Spar, an infrared hygrometer will be

merged with the DCFS to directly measure sensible and latent heat fluxes. Both are of

particular interest in the tropics, so X-Spar could be deployed to investigate tropical

cyclogenesis. The instrument will also be equipped with upward and downward-

looking ADCPs to sample upper ocean currents and directional wave spectra. The

salvaged structure of X-Spar is in storage at WHOI, awaiting refurbishment, further

testing, and tasking.

8.3.4 ALAMO

More ALAMOs will be deployed during operational storm reconnaissance missions

by the WHOI Air-deployed Profiling Instruments Group, thanks to continued support

and hospitality of the United States Air Force Reserve 53rd Weather Reconnaissance

Squadron. These observations will continue to measure ocean heat content and other

important upper ocean features ahead of TCs, initialize coupled numerical prediction

models with real-time subsurface data, and ultimately enable a better understanding
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of the evolution of the upper ocean during and after storms. The continued inte-

gration of WIMS onboard ALAMO will allow for more rigorous characterizations of

TC-induced wave fields, which will improve storm surge forecasting. Further, devel-

opments to improve ALAMO are currently underway. This includes the integration

of passive acoustic receivers to estimate wind speeds and therein turbulent mixing

beneath storms; acoustic positioning and communications to support Arctic missions

and enhance under-ice capabilities, and testing of bottom anchoring modules.

8.3.5 Seagliders

The IOP group at APL-UW has been on the cutting edge of the development

of buoyancy-driven autonomous underwater vehicles for over a decade. They will

continue to do so by rolling out the new generation of Seaglider known as SGX.

SGXs tout incredible endurance via 60% more battery life, which has resulted in

year-round mission capability. This has proven especially advantageous for under-ice

Arctic missions. Future missions for SGX could include interseasonal observations of

the upper ocean.
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8.4 Data Availability

X-Spar

Telemetered data from X-Spar is password-protected, but available at https:

//www2.whoi.edu/site/casimas/data/niskine-data/. Please contact Dr. James

B. Edson, jedson@whoi.edu, or Dr. John M. Toole, jtoole@whoi.edu, to request

access.

ALAMO #9105

Quality controlled data from ALAMO #9105 is publicly available at https:

//argo.whoi.edu/alamo/9105/.

Seagliders #234 and #527

Raw Seaglider data from the 2020 NISKINe deployment is publicly available at

https://iop.apl.washington.edu/seaglider/dives.php?glider=234\&mission

=NISKINE_Oct20\&count=0, and https://iop.apl.washington.edu/seaglider/d

ives.php?glider=527\&mission=NISKINE_Oct20\&count=0, respectively.
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